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Abstract

The construction and engineering fields have losgfsimple shear connections
such as single plates, single angles, and t-secéisrsupports for framing members in
steel framed structures due to their relative sicitgland cost effectiveness of
fabrication and erection. Historically these conimets have been thought to support
vertical shear loads exclusively; however, knowkdgtheir ability to support axial
forces and moments has been speculated but seleldined.

The purpose of this research is to provide obsemnsitand numerical verification
of the single plate “Shear Tab” connection’s apild support the combination of shear,
axial, and moment forces as a result of a simuletdamnn failure. This research presents
a historical background of the single plate coninett development along with
providing insight into the connection’s ability wtilize catenary action as an inherent
secondary load transfer mechanism.

Nine full scale tests simulating an interior colufailure have been conducted for
various depths of single plate connections. Steda), and moment forces, as well as
beam end rotation values have been derived frorarerpntally measured strain and
deflection data to provide numerical evidence efvhrious observed connection rupture
failures. A preliminary bolt force analysis techiéghas been developed to provide an
understanding of the connection’s behavior pridiaiture as well as to provide
comparisons between the observed failure mecharaaohthose expected using the
current steel specification.

This research has shown the single plate connektisra low level ability to
transform from a shear and flexural response tenezay tension. The experimental data
suggest the shear tab connection alone could ppiosuits intended design level shear

load in the event of a catastrophic loss of a sttpppcolumn.
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Nomenclature

Symbols

a= horizontal distance from the bolt line to thelavline, inch.

ac = distance from column flange to column centerlineh.

Cn= distance from strain gage ‘n’ to the neutrakaofithe supported beam.
d= nominal bolt diameter, inch.

dp = bolt diameter, inch.

dog=  depth of the bolt group, inch.

dnax=  maximum distance from the bolt group centroidht® beam flange, inch.
e= natural logarithm equal to 2.71828...

& = bolt design eccentricity, inch.

ey = eccentricity taken as ‘n’ bolts in inches frame weld line.

fi = applied normal tension stress, ksi.

fy= applied normal shear stress, ksi.

g= horizontal distance from the face of suppodupported beam end, inch.
h= hole pattern depth.

h, = vertical distance from beam support to column suppg, inch.

hy, = vertical distance from beam support to columppsut ‘B’, inch.

ks = elastic rotational stiffness

n= number of bolts.

t= thickness of the connected material, inch.

y= vertical deflection at failed column, inch.

Xp = horizontal distance from the true pin connectmthe bolt line, inch.

12



Xf =

13

horizontal distance from the true pin connectimthe supporting column
flange, inch.

horizontal distance from the true pin connecttmthe strain gage, inch.
cross sectional area, in.

gross shear area,n.

net shear area, fn.

net tension area, fn.

eccentricity coefficient per the ICOR methodlgsis.

Modulus of elasticity of steel, 29,000 ksi.

applied shear force, kips.

maximum principal tensile stress based on nalteapacity, ksi.

specified minimum tensile strength of the cotedenaterial, ksi.

maximum principal shear stress based on matcity, ksi.

horizontal bolt force component due to measunedhent ICOR analysis, kips.
vertical bolt force component due to measuredient ICOR analysis, kips.
strong axis moment of inertia, in.

framing bay width, inch.

distance between the centerlines of the begapasts, inch.

clear edge distance in the direction of foreeMeen the edge of the hole and the
edge of the adjacent hole or the edge of the caedevaterial, inch.

horizontal distance from the center of bolt kat@ edge, inch.
vertical distance from the center of bolt totpladge, inch.
horizontal distance from the true pin connettmthe strain gages, inch.

Whitmore Section length, inch.
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theoretic moment in the connection, kip-inch.
intermediate non-dimensional moment value.
flexural force at the bolt line, kip-inch.

measured moment, kip-inch.

Mm. max = Maximum connection moment capacity based onrmenbonly ICOR

PRost=

PRpsv=

Ry

Ry, max=

Rur=

analysis, kip-inch.

reference moment based on a pure moment agpl@donnection with all
bolts loaded to their maximum capacity, kip-inch.

yield moment, kip-inch.

normal force, Kips.

applied axial force, kips.

horizontal axial force component at each bajts.
vertical axial force component at each bolpski
horizontal reaction at support ‘A’, kips.
horizontal reaction at support ‘B’, kips.

LRFD block shear rupture capacity in the directod the applied tensile force,
Kips.

LRFD block shear rupture capacity in the directad the applied shear force,
kips.

nominal shear strength of one bolt at defoionat, kips.
resultant bolt line shear force of applied steeal measured axial force, kips.

ultimate connection shear capacity base thebenwf bolts times the ultimate
experimental bolt shear value, kips.

Vertical reaction at the true pin connectioipsk
resultant shear vector, kips.

ultimate shear strength of one bolt, kips.
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Ry = Vertical reaction at the true pin connectiondwle ‘X', kips.
T= pure catenary tensile force, kips.

Tu= factored tension force using LRFD load comborss, kips.
Ups=  factor of 1.0 for uniform tension stress.

Vb max,n= resultant bolt shear force due to the forcabapoint of the maximum
measured moment, kips.

Vy= factored shear force using LRFD load combaored]j kips.
Vmxn= horizontal bolt force component due to the atee shear ICOR analysis, kips.

Vmyn= Vvertical bolt force component due to the eageshear ICOR analysis, kips.

A= theoretical maximum bolt deformation equal 1840inches.

An = vertical deflection measured by DWT at timepstg, inch.

Q= LRFD safety factor taken as 0.75 for shear andd.€nsion.

@'= free end rotation of the beam divideddpy, radians.

@er=  beam end rotation reference angle, radians.

0y = maximum beam end rotation associated with conned4iture, radians.

By, max= Mmaximum beam end rotation prior to beam flange inmdadians.
O, = beam end rotation at time step ‘n’, radians.

6, = maximum beam end rotation associated with the atiomes maximum flexural
capacity as a result of excess bolt or bearingrdedtions, radians.

we= experimentally measured microstrain.

on = stress at strain gage ‘n’, ksi.



Abbreviations
in

Ibs
kips
ksi
psi.
AISC
ASD
ASTM
BGAF
CSEC
DWT
FEMA
KSI
ICOR
LRFD
MSOE
NIST
RCC

RCSC
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Inch

Pounds

1000 pounds

Kips per square inch

Pounds per square inch

American Institute of Steel Construction
Allowable Strength Design

American Society of Testing and Material
Bolt Group Action Factor

Construction Science and Engineering Center
Draw Wire Transducer

Federal Emergency Management Agency
Kips Per Square Inch

Instantaneous Center of Rotation

Load Factor and Resistance Design
Milwaukee School of Engineering

National Institute of Standards and Techgglo
Reduced Component Connection

Reduced Coarse Shell Connection
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Chapter 1

INTRODUCTION

1.1 Background

Current design and construction practices in teel stonstruction industry utilize
the concept of simply supported framing to simpiifgmber and connection design. As a
framing member is subjected to typical loads, saglgravity loads, the ends of the
framing members rotate as the beam deflects viytiedlowing the ends of the framing
members to rotate, the transfer of moment fromfaaraing member to another is
eliminated resulting in an idealized transfer adahforces exclusively. Doing so,
designers are able to simplify design by redudmggtype and complexity of connection
design. Figure 1.1 shows a simplified illustratbemparison of the framing member

moment distribution under uniform loading for fixadd simple end conditions.

: Load (w) Load (w)
IERRRRRRRRRRRRRRRRREEREE %HHHHHHHHHHHH§
(@] A N

L Length (L) L L Length (L) L

g5 S| T T

EL EL

$% SE =4

= (a) = (b)

Figure 1.1: Typical Moment Distribution Due to Different Beam End Restraint Conditions [1].
(a) Pinned-Roller Simple End Support; (b) Fixesdei End Support

Several key advantages exist by eliminating thesfiex of moment from
secondary framing members to primary framing mesiberluding reduced engineering,

fabrication, and erection costs. Standard connesticategorized as simple connections,
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have been developed which allow for this simplepgupassumption at the beam ends.
The behavior of these connections subjected tatgrimad conditions has been well
documented and researched during the course éficstegtruction history. The current
American Institute of Steel Construction (AISC) igesmanual Steel Construction
Manual, 13" Edition, provides specific design requirements that agigters’
understanding of the behavior of simple connecttorensure the characteristic behavior

of simple end supports is maintained [2].

1.2  Single-Plate Connections

One of the least complex forms of simple connestiatilized in the steel
construction industry is the single-plate. Thismection requires little fabrication and
installation time because of the limited numbepaiffts required for fabrication and
installation. As the name implies, the single-pladanection is made of a single high
strength steel plate welded to a primary framingnioer,i.e. column or girder, and
bolted to the web of the secondary member. Theenu&klSC manual presents two
different forms of single-plate connections. Thestnmommon connection is the
“Conventional Configuration”, also referred to ashear tab” or “finplate” connection
[2]. Shown in Figure 1.2, the “Conventional Configtion,” referred to as a “shear tab”
from this point forward, utilizes one row of vedidolts at the supported member’'s web.
The shear tab is attached to the flange or websopaorting column or to the web of a
supporting primary girder. The second form of sgaglate connection, the “Extended
Configuration”, is unlimited in the number vertidadlt rows [2]. The “Extended

Configuration” will not be further investigated ia$s outside the scope of this report.
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ﬂ/\l “__BEAM N BEAM
h S COLUMN GOLUMN
N_ BEAM o

GIRDER — GIRDER

Figure 1.2: Typical Shear Tab Configurations [3].

1.3  Scope of Research

As Figure 1.2 shows, the shear tab connectiorvessatile and relatively simple
connection to design, fabricate, and erect. ThaWeh of this connection under gravity
loads has been well documented and researchedhavpast forty years [3]. Yet, an
important question was presented by Jim DeStefabe8tefano Associates in a
November 2006 TRUCTURENagazine article, entitled “Detailing to Prevent
Progressive Collapse”, pertaining to the curremtenstanding of the behavior of simple
shear connections subjected to unexpected for¢eBigtussing the events of
progressive collapse occurring at the World Tradat& Towers in New York City,
New York on September 11, 2001, DeStefano statee,dS a [engineering] profession

don’t really know how to design buildings to regsbgressive collapse. We can’t even
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agree on what progressive collapse is or what waldrctall it.” [4] The increasing
threat of planned destruction as a result of testioractivities requires designers to think
beyond typical gravity and lateral load cases. B&®b believes the recent rise in
terrorism threats has produced a situation in wHitle most likely perceived terrorist
event is a car bomb removing an exterior colum}” While hopefully rare, Destafano
raises concern pertaining to the ability of a dtritesto withstand the loss of a load
bearing column without initiating progressive cpla resulting in the catastrophic loss
of human life.

The most likely solution to this problem is throutje phenomenon of catenary
action allowing the supported structure to bridgerdhe loss of a load bearing column.
The intent of this research is to provide backgtbuniormation into the development of
the shear tab connection and its intended funciibe.interaction of shear and tension
forces combined with beam end rotation will be eixed to better understand the
rotational ductility limits of the shear tab contien. Doing so, this research will provide
a basis of understanding of the shear tab conméstatility to handle the unexpected
forces and deflections resulting from the loss lofaml bearing column and whether

catenary action can be achieved as an effectieenaliive load path.
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Chapter 2

LITERATURE REVIEW

2.1  Overview

The characteristic behavior of the shear tab carorebas been well studied and
researched with respect to gravity load conditi@hsLimit states for design due to
vertical shear loads have been formulated anddgstesing the capabilities and
predictability of the connection. Also, researchdihas been well spent understanding
the rotational characteristics occurring duringdipelications of gravity loads [3]. Yet,
limited research has been invested into the pdbgibf unexpected forces transferred
through the shear tab connection. Namely, undetsigrithe interaction of shear and
tension combined with the connection’s inherent rphtapacity has largely been
neglected.

This literature review describes the informationrently available pertaining to
the unit behavior of shear tab connections as agthe behavior of the individual
connection components. A review of past researshrideng the shear tab connection’s
behavior subjected to gravity loading is providaidng with its correlation to the current
AISC design manual requirements. Furthermore, egplé research pertaining to
abnormal loading conditions and force interactmdescribed providing insight into the

need for the current research.

2.2 Previous Shear Tab Research
Progressive collapse of steel structures may leetalibke advantage of catenary

action by using ductile girder to column connecsiavhich have the ability to handle
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beam end rotations and resist high axial loads.eSexperts recommend avoiding seat
connections and one sided connections due toittierent physical limitations [4]. Yet
for existing structures with one sided connectisunsh as shear tabs this assumption
holds little value when trying to understand thef@@nance and capability of an existing
structure. Before an understanding of how cateaatipn affects the characteristic
behavior of shear tab connections, an review dof iggearch is required to understand
the intended behavior of shear tab connections wlkesigned per the current AISC

design requirements.

2.2.1 The Analysis and Design of Single Plate Fran@onnections

Research by Richamet al.[5] in 1980 looked to verify the design specifioat
of the time through testing two, three, five, artlen bolt shear tab connections. Richard
et al.looked to validate 1968 Canadian research by Ligpwhich concluded the shear
tab connection’s ductility is derived from bolt dehation, plate and/or beam web hole
distortion, and out-of-plane bending of the platd/ar beam web. Richaet al.[5] also
conducted research to determine if sizeable mowesgdcities could be developed in the
shear tab connection. The research maintainedfisigmi moment capacity could be
developed at the supported beam ends by varyingdh@umber, size, configuration,
thickness of plate and/or beam web, beam spanpth datio, and loading.

The end moments generated by the shear tab cammewetere evaluated by
constructing a comparison between a “beam lineeggtied on a moment-rotation curve.
Figure 2.1 provides the typical relationship betwe®ment and rotation where the
vertical axis represents the beam fixed end momvéile the horizontal axis represents

the simple span beam end rotation. A linear ratatigp between moment and rotation
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was defined for the particular beam while the matmetation curve was generated using
analytical and experimental data. The interseatiaie two lines represented the

moment-rotation capacity of the shear tab connectio

Moment

Rotation q:'F
Figure 2.1: Shear Tab Idealized Moment-Rotation Inéraction Diagram [5].

Richardet al. utilized finite element modeling for two, threeydi and seven bolt
shear tab connections to develop a theoreticalteu determine moment-rotation
curves for various connection configurations. Tésting variable was limited to the
eccentricity versus the connection bolt pattergligiwhere the eccentricity was taken as
the distance from the weld line to the bolt lingchHardet al.[5] formulated a theoretical

eqguation for the shear tab connection moment, wshas,

M= M*[l—(l—ﬁj | }Mm , 1)

based on non-dimensional values,

M’ = 60¢ 2)
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+
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and,

_ 0.3in 3)

b (n-2) (3in)
2
where

<
I

moment in the connection,

<
3
g,

[

= reference moment based on a pure moment bepigdpo a connection
with all bolts loaded to their maximum capacity,

M* = intermediate non-dimensional moment value,

@ = free end rotation of the beam divided by a esfee valueg,, ,

n = number of bolts,
e = eccentricity of load (horizontal distance frarld line to bolt line),
h = Dbolt pattern depth (center to center distdrara the top to bottom bolt).

The finite element results for the shear tab cotimes indicated key connection
characteristics. First, the results indicated wiltfuall connection ductility originates
from the deformation of the bolts as well as thisdeation of the bolt holes in the plate
and/or beam web. Also, the outer bolts showed &wvels of behavior. During initial
loading, as moments in the connection increasedoittes on the outer bolts were nearly
horizontal. As loading continued, these forcesteatdo near vertical until max bolt
forces were reached. According to Richatdl, this behavior indicated a shift in the

connection eccentricity allowing the connectiortéory more vertical shear.

Seven full scale experimental tests were conductedrify the finite element

results and the validity of Equation (1). The expental testing used a load cell to
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measure the applied load at the end of a cantiéelvetub beam and measured the beam
end rotations using rotation bars at the weld fater of the connection. The connection
material tested included 1/4 inch ASTM A36 platéhwa/4 inch diameter ASTM A325
bolts. The experimental testing indicated maximwarb end rotations of 0.06 and 0.045
radians for the three and five bolt connectionspeetively. Figures 2.2 and 2.3 depict
the theoretical and experimental moment-rotatianesifor the three and five bolt

connections, respectively.

180
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Three Bolt Connection
% dia. A325 Bolts
Plate Thickness = %"
A eh =1.0
=/ Theoretical Curve
—e@— Experimental Curve Beam To

Column Rotation
—A— Experimental Curve Beam To
, Plate Rotation

T ] L] L] L] Ll | i Ll

0.00 0.015 0.030 0.045 0.060
Rotation (Radians)

Figure 2.2: Theoretical and Experimental Beam LineCurves for Three Bolt Connections [5].



26

Kip - Inch)

Moment |
g
1

Fivg Bolt Connection
¥ dia. A325 Bolts
Plate Thickness = '4°
eh =10

Theoratical Curve
—a— BExperimental Gurve Beam To
Column Rotation
, —A— Experimental Curve Beam To
Plate Rotatior

1] ] ] ' ] L ] L 1
0.00 D.C1s 0.030 0.045 0.060
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Figure 2.3: Theoretical and Experimental Beam LineCurves for Five Bolt Connections [5].

The analytical analysis and experimental verifmagperformed by Richaret al.
produced a relationship between an analytical madélexperimental results. Richad
al. provided an approximate equation to determine tbmemt and rotation capacities for
shear tab connections. The results also establitiedoehavior of the bolts as the
connections are subjected to rotation. Howeverrdhalts were based on a maximum
rotation of 0.06 radians and did not include desive testing. Further research in 1989
by Astanetet al.[7] developed formulas and design specificatiohgctvwere eventually
adopted by th&ISC Steel Construction Manudf Edition [8] and which disagreed with

Richardet al.findings.
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2.2.2 Design of Single Plate Shear Connect.

Research by Astaneet al.[7] developed a designastdard in which she:
strength, rotatinal flexibility, and ductility were consider¢ Figure2.4 provides an
illustration of he test stup used by Astaneét al. The testingncorporated one load c
near the connection to apply dir shear while ano#r load cell was placed near 1
supported beam enchpartin¢ the beam end rotations about thear tal connection. The
experimental testing was conducted on five scale specimensith two lots of
materials. The first lot us' 3/4 inch diameter ASTM 225 bolts, 3/ inch ASTM A36
plate, and ASTM A36 beanwhile the other group used 3/4 indlameter ASTM A49

bolts, 3/8ASTM A36 plete, and Grade 50 beam material.

ACTUATOR 5

ACTUATOR *R* AR
- LOAD CELL SR

1l [

EEAM -—/#_/ T
SINGLE PLATE ;

SHEAR CONMNECTION
COLUMM i
REACTION BLOCH - el

Figure 2.4: Astanehet al. Experimental Test Setup [7]

Astanehet al.created a standard sh-rotation relationship which described
beam’s behavior and the corresponding es of the connectioto develop desig
equatias for the shear tab connecti Shown in Figure 2,8hree distinct phases the
shear versus rotatiaelationshigwere used to describe the characteristic belr of the

connection and supported beam. In pfong segment “ab” depicts the elasbehavior
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in the beam during the applied loading. To devéfopline, Astanelet al.assumed the
yield moment of the beam, )Mcorresponded to a beam end rotation of 0.02 madiEhe
corresponding shear value when the beam reachedalithen taken as 4N where L

is taken as the beam span length. As loading isetkanelastic behavior began as the
beam reached its plastic moment,. @epicted as segment “bc”, the beam is assumed to
reach the full plastic moment as the beam endiootatached 0.03 radians with a
corresponding shear of 4Ml. Finally, segment “cd” represents increased beapacity
due to strain hardening where the beam end rotatiassumed to reach 0.1 radians.

1.6
1.4
1.2 c
1.0

0.8
0.6

Beam End Shear
V/ Vy

0.4

0.2
0.0

a

T T T T T T
0.0 0.01 0.02 0.03 0.04 0.05 0.06
Rotation of Beam End, rad.

Figure 2.5: Simply Supported Beam End Shear-Rotabin Relationship [7].

The destructive testing by Astanehal.provided key insight into the shear tab
connection’s behavior during gravity loading. Fitbe bolts exhibited sudden fracture.
The researchers discovered that the bolts of #tedeconnection exhibited inelastic
deformations prior to fracture as well as significkearing in the plate and beam web
holes. Furthermore, the development of Figure @rfesponded with the development of

three expected phases of the shear tab’s beh&vitoally, the connection is thought to
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act as a short cantilever where moment capaciiglsaipcreases. As load is increased,
shear yielding in the connection generally contrelilting in component failure of the
connection. Finally, if fracture has not occurredhie plate or bolt components, large
deformations cause the shear tab to act as a dihgmmber of a truss with shear and
diagonal tension effects. Provided the bolts anldisvef the shear tab connection have
the capacity and/or ductility to withstand the shgalding phase, the connection’s
ability to transfer the combination of shear antstee forces is important in quantifying
the ability of the connection to handle unexpedtedes due to column collapse. This
concept is further discussed in Section 2.5.

Specifically, Astanelet al.observed characteristic limits of the connections
within the three phases of connection behavioraBiielding on the gross area of the
plate was clear to have occurred uniformly throughbe section. As part of this shear
yielding effect, signs of local buckling occurred the plate bottom edge as a result of
stiffness loss. However, this limit was outside lihets of the research and was
suggested to best be avoided by limiting the detdretween the weld and bolt lines to
one-half the length of the connection plate. Anptiieservation was the change in the
connection’s rotational ductility based on the nemdf bolts in the connection. For a
seven bolt connection the rotational ductility ddZ6 radians was nearly half the
rotational ductility of the three and five bolt ewttions of 0.05 radians. The ductility
was observed to be controlled by the design obties in the connections. Before bolt
fracture occurred, tolerable shear deformatiornefliolt shank as well as the bolt holes
was evident. Based on previous research by AstanéliNadar [9], tolerable bolt hole

deformations occurred when the connection platktid@ss was limited to one-half the
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diameter of the bolts plus 1/16 inch for ASTM A328ts and ASTM A36 plate
materials. These tolerable deformations providedcttinnection with increased rotational
ductility.

The results of Astaneét al.’stesting culminated in the formation of five limits
states which controlled the capacity of the shalarconnection. Shear failure of the bolts
was calculated [7] using an eccentrically applie€as load analysis where the
eccentricity &, as shown as

g =(n-1)(1.0)- a (4)
where,
&, = bolt design eccentricity,
n = number of bolts in the connection,
a = distance from the bolt line to the weld line.

The weld design was required to resist a similaestrically applied shear where
the eccentricityge,, was taken as the number of boitsin inches away from the weld
line. The minimum weld thickness was recommenddaktequal to 3/4 the thickness of
the connecting plate to ensure plate yielding aeclprior to weld yielding. Further
connection limits were based on existing limitscsfped in the AISCManual of Steel
Construction 8 Edition [10] for gross shear yield of the plate, net draature of the

plate, and bearing failure in the plate and beatn. we
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2.3 AISC 13" Edition Design Provisions
2.3.1 \Verification of a New Single Plate Shear @artion Design Model

Research by Baldwin Metzger in 2006 [3] conductgaeeimental tests to prove
the adequacy of the AlSRanual of Steel Construction Edition specification [2].
The research provided a thorough investigation tinéodevelopment of the shear tab
connection and how the AISC 1 &dition adapted prior research. Among the
investigated research, Baldwin Metzger summarihedindings of Richareét al.[5] and
Astanehet al [7]. Baldwin Metzger also presented research Adtaneh’s role in the
definition of the shear tab eccentricity as it agpko the AISC % [8] and AISC 18
Editions [2]. The research showed eccentricity ddad ignored for connections with
three or more bolts if a twenty percent reductactdr, known as the “bolt group action
factor” (BGAF), was applied to the bolt capacitheTAISC 1% Edition utilizes this
reduction in the tabulated value of nominal bakss$ to “account for non-uniform load
distributions in connections.” [2] The investigatiby Baldwin Metzger concluded that
bolts toward the ends of shear splice plate commesexhibited higher stress levels than
those of bolts near the center of the connectiorcdanections up to a length of 50
inches. Research by Creech [11] indicated the B@&#&tor was not applicable to single
plate shear connections based on the assumptibfiah@ng connections such as the
shear tab do not experience this same occurrence.

The experimental phase of Baldwin Metzger’s redetested the compatibility of
the analytical values of connection capacity piiescr by the AISC 18 Edition [2] with
those found through experimentation. Four full edakts were conducted using three,

four, five, and seven bolt connections all abidyghe geometric parameters specified
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by the AISC 18 Edition [2]. The test setup utilized a supportedin with two point

loads supplied at the beams third points by hydraams. One end of the beam used a

true roller support while the other end of the beeas supported by a shear tab specimen

to a supporting test column flange. The test meaktire applied force using load cells at

the roller support while measuring the beam enati@t using linear potentiometers.
Analytical nominal capacities of Baldwin Metzge€speriment were based on

the provisions prescribed in the AISC™Bdition [2]. These values are based on the use

of 3/8 inch ASTM A36 plate material, ASTM A992 GmB0 support steel, and ASTM

A325 bolts with the threads included in the shéang. The weld line was based on 5/8

times the plate thickness rather than 3/4 timeplhie thickness as prescribed by

Astaneh [7]. The applicable limit state capacitaesshown in Table 2.1.

Table 2.1: Baldwin Metzger Analytical Nominal Capaities [3].

Bolt Shear] Bolt Shear | Plate |Plate Shedplate Bloc| Plate | Beam
Bolts Rupture Rupture _She_ar Rupture Shear | Bearing |Bearing
(No BGAF) |Yielding
(Kips) (Kips) (Kips) |  (Kips) (Kips) | (Kips) [ (Kips)
3 64.0 80 96 86 100 113 137
4 84.8 106 129 117 131 156 20pb
5 106 133 163 148 162 200 25(
7 148 186 231 210 224 288 44b
1

--! Not a permitted limit state according to procedurein the AISC 13" Edition Manual.

The outcome of Baldwin Metzger’'s experimental tesssilted in the failure of

two of the four connections. The three and fout bohnections did not fail before lateral

torsional buckling of the test beam occurred. Afemronfiguration of the testing

apparatus, failure of the five and seven bolt catioes occurred due to bolt shear

rupture. Table 2.2 provides the experimental ultexshear load and beam end rotation

measured for Baldwin Metzger’s four tested conmesti
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Table 2.2: Baldwin Metzger Experimental Results [B

Maximum Maximum
Test Columns of Bolts Connection Conneg:tion Connection Failure
Bolts Shear Rotation Mode
(kips) (radians)
1 1 3 81 0.032 L
2 1 4 110 0.027 L
3 1 5 146 0.03 Bolt Shear
4 1 7 173 0.018 Bolt Shear

[

--~ Test beam failure occurred prior to connection fdure.

The results of Baldwin Metzger's tests correspangell with 1989 research by
Astaneh. The maximum connection rotation of apprately 0.03 radians measured by
Baldwin Metzger is consistent with Astaneh’s asstiompof the maximum beam end
rotation of 0.03 radians during the shear yielghgse. The results also show the
decreased rotational ductility evident for sevetsoeersus the three, four, and five bolt
connections as was concluded by Astaneh [7]. Camgpdiable 2.1 and Table 2.2, the
conservative nature of the current specificatioemslent. The bolt shear rupture
capacities for analytical values with no BGAF mol@sely match the experimental
values than do the nominal bolt shear rupture aapacThe research by Baldwin
Metzger provides a clear logical progression ofttisory of shear tab research and how

the current AISC 18 Edition Manual compares to experimental values.

2.3.2 AISC Manual of Steel Constructior Bition Specification

The “Conventional Configuration”, or shear tab gection as it has been defined,
is the focus of this research. The shear tab cdimmegesign requires that six geometric
connection properties are met to utilize the piiovis of the AISC 1% Edition

Specification [2], including:
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1) One single vertical column of bolts with at leago but no more than twelve
rows of bolts
2) The horizontal distance from the weld line te bolt line must be less than or
equal to 3 1/2 inches;
3) The use of standard or horizontal short slotigiés;
4) The horizontal edge distance must be greaterdhaqual to twice the bolt
diametergd,, for both the plate and beam web;
5) The vertical edge distande,, must meet AISC Table J3.4;
6) Either the plate or beam web must be less thaqgual tod, plus 1/16 inches.
As previously discussed by Astaneh [7], the shalaicbnnection’s rotational ductility is
derived from the ability of the bolt line to undertplerable deformations in the
connecting material. To ensure this, the AISE Eglition limits the plate thickness based
on the diameter of the bolts and by requiring munimedge distances to prevent the
possibility of bolt bearing tearouts from occurritigring typical beam end rotations.
Eccentric effects on the bolt line have been aftémethe AISC 1% Edition to
reflect the research of Creech [11]. Connectiorth wp to nine rows of bolts are not
required to be designed for eccentric effects dute AISC 18 Edition’s [2] use of the
BGAF. Creech showed the twenty percent reductiallowable bolt shear stress does
not apply to shear tab connections with fewer tiearrows of bolts [11]. For connections
with ten through twelve rows of bolts, a 1.25 npllar is required when calculating the
eccentricity coefficientC, as described per the AISC™Bdition Specification [2]. The
bolt group eccentricityg,, is given by

&= (n-4) (5)
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where

& = bolt design eccentricity,

n = number of bolts in one vertical row.
Comparing Equation (4) provided by Astaneh [7] &uogiation (5) provided in the AISC
13" Edition, for ten rows of bolts with a three indstdnce from the bolt line to the weld
line, both equations produce a design eccentradigix inches.

Weld design requirements for the AISCMBdition utilize a required weld size of
5/8 times the plate thickness versus the 3/4 timeplate thickness specified by
Astaneh. The AISC Committee on Manuals and Textbatermined weld thickness
should be based on weld fracture rather than wieldigig [12]. As was verified by
Baldwin Metzger [3], the requirement of 5/8 timbs plate thickness provides the shear
yielding limit state of the plate will control befoweld fracture for pure moment, pure
shear, or the combination of shear and moment.

Further limits states for the design of the shiahrconnection are highlighted in
the design example éfppendix A. These design checks include bolt sHaack shear
rupture, bolt bearing, shear yielding and sheatungpof the plate. The AISC TEdition
does not require a check for plate buckling duenty minor evidence that local buckling

occurs in select conditions of shear tab connestion

2.4 Interaction of Shear, Tension, and Rotation
The shear tab connection’s ability to handle eattshear loads has been well
researched and documented. The findings have tsedul flor maximizing the

connection’s capabilities due to expected grawigdl conditions. However, the
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introduction of incidental tensile forces and thateraction with gravity load induced
shear forces has largely been undeveloped by thevéhtional Configuration”
provisions of the current AISC design specificatiBhe AISC 18 Edition does not
account for incidental tension or the combinatibteasion and shear in simple shear
connections. Analytical and experimental reseasshldeen conducted providing some
insight and approximate design limitations to aectdar the combination of shear and

tension forces.

2.4.1 Combined Shear and Tension Stresses

Based on the provisions of the AISC Allowable S¢r®esign (ASDManual of
Steel Construction"8Edition [10], evaluating shear and tension stresses iidalfy for
members where maximum stresses of shear and teshsioot occur simultaneously is
acceptable. According to analytical research byl @@}, designing connections
separately for shear and tension stresses leaegsly un-conservative results. Goel
provided an analytical comparison of different medsd the combination of maximum
shear and tension stresses. The first comparisehr@ade was using maximum
principal stress criterion. Goel stated, “the maximprincipal stress theory can be
justified in design situations where the failuredaas governed by brittle fracture, such
as fatigue loading.” [13] Goel related the norngadgion and shear stress to the maximum

principal stress [13] shown as

2 2
l L + L +1_6 L =1 (6)
2| K F 9 F,
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where,
f = applied normal tension stress,

f, = applied normal shear stress,

Fi = maximum principal tensile stress based on nadteapacity,

F, = maximum principal shear stress based on matajscity.
As Figure 2.6 shows, for low levels of tension &rEquation (6) can result in nearly a
fifty percent overstress. This model indicatesrtteximum principal stress theory is not
applicable for limit states controlled by yielding.

Goel's second comparison utilized the combinatibthe Von Mises’ yield

criterion and a four-thirds safety factor per tH&@ 8" Edition [10] to develop an

interaction equation [13] which is
f

2 4 f 2
]+ 2| =1
The interaction curve for Equation (7) shown onuiFgg2.6 indicates a conservative limit
for the maximum shear stre$g,of 0.866~, for the situation where low levels of normal

tension stress are present. Goel then comparedigigtline interaction of shear and

tension stress [13] shown as

fof
dtplvog
F F (8)

As Figure 2.6 indicates, Equation (8) is largelnservative compared to Equation (7) for
most ranges. The combination of Equation (7) anggEgn (8) led Goel to the develop a
final interaction equation [13] for combined shaad tension stresses shown as
2
9
L+ L =1. ( )
Ft I:v

The interaction curve of Equation (9) depicts anatigpn which largely follows Von

Mises’ yield criterion while having similar end lite of 1.0 as in Equation (8).
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Figure 2.6: Shear and Tension Stress Interaction Gue Comparisons [13].

Goel's empirical equation for the interaction oéahand tension, given by
Equation (9), provides a simple interaction equatitich can be effectively
incorporated in the design and analysis of shdacoanections while providing an

equation which corresponds well to the accepted Mi@s yield criterion.

2.4.2 Simple Beam Connections under Shear and Loéals

The design of shear tab connections subject tarsired tensile forces requires
adequacy checks for many limit states. As outlimefippendix A and B, these limit
states are required to be checked independentlyofbr shear and tension cases. As Goel
observed, ignoring the interaction of these apgiedes can result in an un-conservative
connection design [13]. Further complicating theéssigns are design checks such as
bolt bearing and block shear rupture. The AIS& Edition [2] does not address how to
design bolt bearing and block shear rupture forlmoed shear and tension forces.

Tamboli [14] provides an analytical design approfithese connections.
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The design equation for the connection strengéhtdibolt bearing per the AISC
13" Edition Specification [2] requires a designer &tcalate both bolt bearing and bolt
tearout capacities for each connection ply using

R =1.2LtF < 2.4dtF, (10)
where

L. = clear edge distance in the direction of theddyetween the edge of the
hole and the edge of the adjacent hole or the eflthee connected
material in inches,

t = thickness of connected material in inches,

d = nominal bolt diameter in inches,

Fu = specified minimum tensile strength of connectedanal.

According to Tamboli [14] the correct method fotetenining the clear edge
distance is to determine the magnitude and dineaifdhe resultant force vector,,R
based on the applied shear and tension forcesteBéant vector is then applied at the
resultant angle from the center of each bolt. Thareedge distance can be taken as the
distance from the center of the bolt to the edgéeimaterial less one-half the diameter
of the bolt. Figure 2.7 provides an illustrationT@mboli’'s recommendation. As a
conservative method, Tamboli suggests designerkesethe lesser distance in the

direction of the vertical and horizontal compondty.



40

X

~J

Figure 2.7: Clear Edge Distancel.., due to Combined Shear and Tension [14].

Tamboli also discusses the design of block shgaure in connections subject to
shear and tension. According to Tamboli, the miigtient and conservative way to
design for block shear rupture is to tregtaR the design shear force. Tamboli also
suggests a more involved analysis utilizing the Wbses yield criterion. Tamboli

suggests an elliptical interaction equation [14jvimch

(o) + (G2) <1 11)

where
V, = factored shear force using LRFD load combinatjon
T, = factored tension force using LRFD load combioragi

@R = block shear rupture capacity in direction of shea

@R, = block shear rupture capacity in direction ofsien.
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The block shear rupture capacities are based oal8@ 13" Edition
Specification [3] shown as

R, =4 (06F,A,+U,F,A)<(06F,A+ U FA]] (12

where
@ = LRFD safety factor taken as 0.75,

Fu = specified minimum tensile strength of connectederial,
Ayy = gross area subject to shear,

Any = net area subject to shear,

At = net area subject to tension,

Ups = 1.0 for uniform tension stress.

Equation (11), presented by Tamboli, requires Eqng12) to be calculated for
both the shear and tensile directions. The grodsxahareas must be calculated for each
direction to determine the block shear rupturegtestrength. Figures 2.8 and 2.9
provide illustrations of the block shear ruptursida components for the shear and

tension directions, respectively.
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Figure 2.8: Block Shear Rupture Subject to Shear {4].
a) Failure due to combined shear yield and tengipture
b) Failure due to combined shear rupture and tersipture.
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Figure 2.9: Block Shear Rupture Subject to Tensiofil4].
a) Failure due to combined shear yield and tengipture
b) Failure due to combined shear rupture and tensipture

Tamboli’'s methods for calculating component cafpexifor bearing, tearout, and
block shear rupture due to the combination of shedrtension forces offer the designer
a practical and simple design equation. In practloe process of calculating block shear
as presented in Equation (11) would be inefficiastit requires more calculation time
with a less conservative result. However, for expental purposes, Equation (11)
provides a useful comparison value when determipossible failure mechanisms which

occur during destructive testing.

2.4.3 Simple Beam Connections in Combined Sheafansion

Guravich and Dawe [15] experimentally tested sheaiconnections behavior
when subjected to combined shear and tension foftesNational Building Code of
Canada requires that structures are designed widpra level of structural integrity
which prevents the initiation of progressive coflepSimple shear connections are
required to have the ability to transfer vertidabar and incidental tension forces.
However, the Canadian steel design standard CAN/SS&\01 [16] and the AISCB

Edition [8] do not specifically provide guidelinés the design of connections subject to
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combined shear and tension forces. While spedificatdo exist for the design of bolts
and welds subject to combined forces, little guaaexists for the design of other
connection components.

The experiments conducted by Guravich and Dawiededeven shear tab
connections using 3/4 inch ASTM A325 diameter bwlith 3/8 inch ASTM A36 shear
plates. The testing was conducted on two and thw#econnections using an assembly of
hydraulic rams which provided stability as wellths applied shear and tensile forces.
Guravich and Dawe specifically constructed the $esa rotation of 0.03 radians was
initially imposed on the connection. After thistial rotation, no additional rotation was
introduced into the connection. The forces werdiapusing an inverted “T” frame,
where the shear force was transferred horizonsallglose to the connection as possible,
while the tension force was applied verticallyreg €nd of the test beam. The testing
specifically looked at the capacity of the connattby eliminating potential test beam
failure modes through the use of stiffeners andtplates on the beam web. Load was
applied using four different benchmarks includingepshear, fifty percent of the factored
shear strength, one hundred percent of the fac&redr strength, and pure tension.

The results of Guravich and Dawe'’s testing progtideveral behavioral
characteristics. During two pure shear tests, éytane buckling occurred in the
connecting plate. However, the connections didme¢t the AISC specification
requirement which requires the connection’s ovedeaigth to be greater than one-half the
supported beam’s clear web depth, T, to reducékdliéhood of an out-of-plane buckling
failure mode. The research also found plastic lbedtring deformations occurred in the

direction of the resultant forcg,RThese results were typical with the analytical
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expressions presented by Goel [13] for determibwig bearing capacity. An average
ratio of 0.94 was found comparing the applied tasulforce to the plate bearing
capacity indicating the bolt bearing limit stateedo combined shear and tension was a
good predictor of the shear tab connection capacity

The testing conducted by Guravich and Dawe looktxithe effects of combined
shear and tension forces on shear tab conneclibesiesearch determined bolt shear and
plate bearing are proper design capacities whickergdly control the connection
capacity. The research also inadvertently provedrtiportance of the overall connection
length provisions. However, the research by Gutasaied Dawe did not look at the
combined effects of shear, tension, and momenttdsteng configuration specifically
enacted a static rotation and measured the ambtenigion which could be transferred
after a predetermined shear load was applied. Wdepplied rotation agrees with
previous research by Astanetal.[7] for typical beam end rotations subject to gnav
loading scenarios, the introduction of severe beathrotations produced by a
supporting member failure was not researched. &stenty was also limited by only
analyzing two and three bolt connections and didaddress nor compare the influence

of full web depth connections.

2.4.4 FEMA-355D: State of the Art Report on ConieadPerformance

In response to the 1994 Northridge Earthquakeom Angeles, California, the
Federal Emergency Management Agency (FEMA) fundiedge undertaking under the
name of the SAC Joint Venture to research stesidthstructures subjected to cyclical

loadings as a result of earthquakes. FEMA-355D dea®loped to present “the current
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state of knowledge with regard to cyclic inelastghavior of beam-column connections
that have been employed in moment-resisting stapid structures.” [17] While cyclical
loading as a result of seismic events is out osttape of this report, FEMA-355D
produced valuable research studying the behavishedr tab connections subjected to
combinations of shear and rotation resulting irsfitadeformation and connection
failure.

The research by the partners of the SAC Joint Merguggested two distinct
rotational characteristics exist in the behavioslodéar tab connections. First, the
rotational limit,0,, exists at which the connections moment capaetks as a result of
excess bolt or bearing deformations. Second, tiaate rotational limitfg, occurs
when the connection loses the ability to suppa@tapplied vertical shear load. Both
rotational limits result in plastic deformation;wever, the ultimate rotational limit
provides insight into the ultimate capacity of gieear tab connection. The experimental
analysis presented in FEMA-355D used the geomépirogperties shown in Figure 2.10

to determine the plastic rotational capacity ofsshiab connections.
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Figure 2.10: FEMA-355D Rotational Limits Controlling Connection Geometry [17].
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Two plastic rotation limits were used to charaeeethe expected beam end
rotations. First, the maximum plastic beam endtiamtavas established to characterize
the maximum beam end rotation the connection ceitlistand prior to failure. The
mean average [17] of the test data yielded

6, = (0.15 — 0.0036 * d},,) £ (0.015 — 0.0011 * dj,) (13)
wherefy is the beam end rotation in radians, dggs the connection depth in inches.
The second half of Equation (13) represents themxgntally based standard deviation.

An upper bound maximum geometric beam end rotditiaih [17],

Ogmax = 7-—— 0.02, (14)

max

was established to account for binding which maguogvhen large beam end rotations
cause the supported beam flange to become pinra@asathe supporting column flange
whereg is the beam end gap dimension in inchesdpg, is the distance from the
center of the bolt group to the extreme supporeshbflange.

As a result of the plastic rotational limits detémed by the experimental research
of FEMA-355D, an elastic rotational stiffness eguatvas derived which described the
initial rotational stiffness having a direct coaebn to the depth of the connections. The
elastic rotational stiffnesgs, increased linearly with respect to connection depth
yielding

ks = 28000 * (dpy — 5.6) (15)
whereks is in units of kip-in/radian. Equation (15) repeass approximately fifty to
seventy-five percent of the maximum achieved rotedi resistance measured during
testing. However, the rotational stiffness obsemhedng the experimental testing was as

low as ten percent of the supported beam stiffness.research presented by FEMA-
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355D suggested the low rotational stiffness of skaaconnections requires modeling of
the connection to be considered a rotational sglament. Yet, as the connection
stiffness is supplemental to the overall connectemuirements, the elastic stiffness of
the connection presented in Equation (15) provadesneficial stiffness to the overall
structure. Equation (15) provides an accurate gagun of the early stages of the shear
tab connections’ behavior when subjected to thebdoation of shear and rotation.

The research specifically stated the use of Equdfi3) was only valid provided
the horizontal edge distances of the single platesaipported beam web were such that
the bolt group was allowed to reach its ultimagspt moment capacity. Shown in
Figure 2.11, the connections plastic moment capaais estimated to be equal to the
shear strength of the bolt group analyzed withttiheads excluded from the shear plane
and without the use of safety factors. Based oresperimental results obtained by the
research of FEMA-355D using 7/8 inch diameter ASABRS bolts and 3/8 inch ASTM
A36 plate material, the estimated plastic momepacay was within ten percent of the

measured moment capacity.

J

% CONNECTION PLASTIC MOMENT
CAPACITY EQUAL TO THE ULTIMATE
SHEAR CAPACITY OF THE BOLT GROUP

/\/

Figure 2.11: FEMA-355D Estimated Connection Plastiddoment Capacity [17].
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While the development of Equation (13) may weiresent the findings of the
specific analysis conducted by the researcherseo$AC Joint Venture Group, the
equation may not represent a true guideline foettpected rotational limits for shear tab
connections. Restricting the connection rotatidaifdire to a bolt shear failure rather
than bolt bearing or bolt tearout failure for eithige single plate or beam web indicates
sufficient thicknesses and edge distances arereztjto develop the full shear capacity of
the bolt group. Current design practices do noessarily account for this occurrence.
The shear tab design protocol per the AISE Edition Specification [2] provides the
minimum edge distance requirements based on teetié of the fasteners used. The
edge distance does not limit the connections Iigitailure state to bolt shear failure as
several other limit states including bolt bearimgl &olt tearout of the connecting plate

and supported beam web may control.

2.5 Catenary Action

When damage occurs within a structure, the dasignt is to prevent the
initiation of progressive collapse and catastropgiacture loss. In the event of a
structural failure of an occupied structure, theigle must allow patrons adequate time to
exit the structure to prevent the likelihood ofafdtes. An example of such an occurrence
is the loss of a column. Members framing to thikiocm are subject to loads which were
not accounted for in the original connection desifme ability of the connection to
bridge over the lost column is believed to be Igrgentrolled by catenary action and the

connecting elements’ ability to transfer the raagltensile forces.
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2.5.1 Behavior of Bolted Beam-Column Connectiomeufatenary Action in

Damaged Steel Structures

Girhammar [18] tested the phenomenon of catengigraexperimentally using
bolted end plates and bolted heel connections.a@irhar looked into the statics of
catenary action, investigated the capacities ofébkted connections, and presented a
design theory and systematic design procedureafcn ef the connections. The
functionality of the bolted heel plate is a Swisssion of what is commonly known as an
un-stiffened seat connection, where a supportethlveats on a plate which is bolted to
the supporting member. The bolted end plate tegteda semi-rigid connection with a
designed moment capacity. Girhammar’s researchhedype of connections is valid
for this report in terms of the test setup andstia¢ics for a simply supported member
subject to catenary forces. The physical resuliscamclusions pertaining to the specific
connections will not be discussed in length as tieerally do not apply to the shear tab
connection and the scope of this research.

The test setup utilized by Girhammar’s resear@nignportant aspect in
understanding the behavior of catenary action atmhaections ability to bridge over a
damaged column. Girhammar’s test setup shown iar€ig.12 utilized two equally
spaced bays with simply supported connections tht éxterior columns as well as at
each side of the interior column. Because of ttsrdetive nature of the testing, the test
arrangement was laid parallel to the ground to gméthe collapse of the structure upon
failure. The exterior columns were idealized todn&uly restrained connections
preventing both axial and rotational movements. ifkerior column simulated the

destroyed column and served as the point of lopticgpion, F, for the testing.
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Figure 2.12: Test Arrangement for Simple Supports &bject to Catenary Action [18].

The bay length, L, used in the Girhammar expertmes approximately sixteen
feet in length. Because of this, large deflectianthe interior column were generated
which exceeded the stroke of the hydraulic ramsTiterent test deficiency required the
ram assembly to be adjusted multiple times dursgjrig. Testing measurements
included deflection of the interior column, strgiage readings of the beam flanges near
the connections to determine moment distributiothenbeam, strain gage readings of the
bolts to determine the normal load on the boltd, @oplied force from the hydraulic ram.

Girhammar provided a breakdown of the static fatistribution of the system in

Figure 2.13 assuming a symmetric test system ghewpplied load.
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Figure 2.13: Static Free Body Diagram for Beam an&upporting Column [18].
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A static equilibrium equation was derived [18] tore-half of the tested system to

provide the normal force, N, caused by the apdhece, F, shown as

(F'—b +|v|-|v|mj (16)
N=—2

y

Assuming a true catenary state where no momemegept, Equation (16) can be

simplified to
— FLb
N = 2y (17)
In pure catenary the shear force, T, can be taken a
F
T=—
5 (18)

Summing the horizontal forces to zero, the suppgrtiolumn reaction at support A is

equal to
Nh,+R.a. -M
= (e Rt M) (19
(h,+hg )
Similarly, the supporting column reaction at B el to
(Nhy-R.a. +M) - (20)

° (h,+hs)
Assuming during catenary action the moment capadityin the beam to column
connection has been released andslequal to b, the reactions at A and B can be
simplified to
N
R,=Rs; =— . (21)
2
Girhammar’s simple statics model can be usedddiprthe normal forces
present when catenary action occurs as a resait applied vertical load. This process
can also be used to ensure load measurement devaede accurate data during elastic

stages of load application by maintaining equilibtiin the test system where the sum-

of-forces is equal to zero. Furthermore, the patertary response can be used to
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determine the maximum tensile force occurring atabnnections. Doing so, maximum
forces can be developed for the initial desigrheftested connections and for the
verification of testing apparatuses. Girhammar'slel@nd test methodology will be

used as the experimental test model for the relseanmducted for this report .

2.5.2 Robustness of Composite Floor Systems wiar &onnections: Modeling,

Simulation, and Evaluation

As part of the National Institute of Standards @edhnology’s (NIST) study of
events leading to progressive collapse, Sadek [19] conducted analytical research
similar to the experimental research of Girhamm&ij ftudying the characteristic
behavior of shear tab beam to column connectiorewshibjected to a simulated column
collapse. Sadeét al. studied two specific scenarios using a multitutisodeling
techniques. First, an understanding of the conoe'stbehavior and failure modes was
studied by isolating the modeling to a planar franoaelel comprised of a supported
beam, supporting column, and a single plate comrecthe information obtained from
this isolated model was then used to develop @& ttiireensional multi-bay framing
system incorporating the contributions of steelkdmtd a wire mesh reinforced concrete
slab component to determine analytical values eftibustness of the total floor system
when subjected to a simulated slow rate colummuifail

The analytical modeling was based on a prototyge famed building designed
by NIST comprised of twenty by thirty foot baysngiw16X26 ASTM A992 beams and

W14X74 ASTM A992 columns connected by the sheactaimection shown in Figure
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2.14. All models were analyzed using a twenty &m#n with one connection modeled as

a true pin connection opposite of the researchis@sc

N
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Figure 2.14: NIST Theoretical Test Assembly for Sher Tab Connections [19].

-- Reproduced image, converted to Imperial units

Due to the lack of experimental data availabldeascribe the shear tab

connection’s response to column failure, threddielement models of various degrees

of complexity were used to describe the isolatethection’s behavior allowing the

researchers the ability to narrow down the sizenofiel required for the overall system

model. The finite element modeling techniques ipooated high fidelity, reduced

component, and reduced coarse shell connectionlmddes more complex high fidelity

model shown in Figure 2.15(a) incorporated cordactaces between the beam web,

bolts, and shear plate. This model provided thelbesdata used to develop the less

complex modeling scenarios. The high fidelity moslebwed the connections flexural

stiffness controlled the early stages of load tiemthrough a force couple created by bolt

bearing about the neutral axis of the bolt grouptife column reached approximately
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1/2 inch of vertical deflection or 0.002 radiandbeam end rotation, the connection
moved towards cable-like or catenary behavior. Tdaissition point was one-tenth of the
elastic rotational limit described by Astaneh [@i] the elastic rotational range of shear
tab connections for shear only tests. Failure oedudue to large catenary forces at
approximately twenty-one inches of vertical defil@ctor 0.088 radians of beam end
rotation as a result of bolt bearing tearout ofghpported W16 beam web. Substantial
plastic deformation was also exhibited in the rghte bolt holes as well as the

connecting bolts while the overall supported W1&rheemained in the elastic state.
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Figure 2.15: lllustration of Different Complexities of Finite Element Models [19]
(a) High fidelity connection model; (b) Reduced @mment connection model;
(c) Reduced coarse shell connection model.

Based on the results of the high fidelity conitecimodel, a reduced component
connection (RCC) model was created simulating tmnection strength using non-linear
springs and rigid supports. Shown in Figure 2.15tbke non-linear springs simulated
the behavior of the contact surfaces of the hidality model. The initial elastic stiffness
of the springs was based on the research of the B/ Venture Group [17] with a
yield and rupture point established using the AIS® Edition Specification [2] limit
states for axially loaded connecting elements. §greng’s inelastic deformation limit,

84, was established using the plastic rotation limftEquation (13). An additional 0.02
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radians was added to the plastic rotational limataccount for elastic deformation. The
combination of the two values resulted in a totéhtional deformation limit of
6, = (0.17 — 0.0036 * dp,). (22)

The approximate total rotational deformation faclke spring element was estimated
at 0.14 radians. This approximation is interesting to the fact that the calculated
controlling ultimate capacity of the connection vaggermined to be a bearing tearout
failure of the beam web.

The final finite element model utilized the aspeat the previous models to produce
the most simplistic of the three models. The redwmmarse shell connection (RCSC)
model shown if Figure 2.15(c) utilized a connectalgment with a width equal to the
supported beam web and a thickness equal to tlmohtal edge distance shown in
Figure 2.14. The elastic-inelastic characteristiese represented by a spring element
based on the behavior of the spring elements etilim the RCC model. The model
required less detail yet maintained the same dineangd rotational ductility
characteristics exhibited by the more intensive eliad methods.

The data accumulated from the three finite elemsrdels were used to model
various three-dimensional framing systems subjettedsimulated column failure. The
research analyzed three states of a steel framggtige including framing only, framing
plus a secured metal deck, and finally, a detaitedel including a composite concrete
slab. The framing only scenario is pertinent asrémeaining scenarios are beyond the
scope of this research. Figure 2.16 provides thgarse of the simulated column failure

for the framing only (columns restrained) scenavith a peak displacement of
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approximately twenty-four inches which results inemm end rotation of approximately

0.98 radians.
56.3
45.0
z Detailed Floor Model]
z
= 338 :
s |Framing + Metal Deck |
i
=
=
=
="
=
o \\ [Framing Only .
Framing Only (No Constraints)||
(Columns Constrained) !

0 4 8 12 16 20 24 28 32 36 40 44

Center Column Vertical Displacement (Inches)

Figure 2.16: Analytical Floor Model Analysis Compaisons [19]

The three finite element modeling methods simdlateolumn failure which
caused the connections to exceed their flexuraagp The connection progressed to
cable-like catenary action due to large rotatiaedbrmations as a result of vertical
deflections which caused the bolts to plow throtighconnecting material of the
supported beam web. The actual peak beam endomtt0.088 radians was
significantly less than estimated beam end rotatioh 14 radians determined using
Equation (22). Sadedt al. attributed this difference due to the inherentatan in load
transfer mechanisms of flexure and catenary aclibe.research described in FEMA-
355D [17] reported a flexural failure mechanismaassult of the connection’s plastic
rotational capacity being exceeded by an interoralef couple about the centroid of the
bolt group. The connection ductility was based eptl of the connection and the

distance from the outermost bolt to the bolt groaptroid. The analytical models created
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by Sadelet al.[19] determined though flexure limits initially cwal, the column failure
created a tensile failure mechanism where the ltyatias based on the connections
ability to stretch. The research by Saéelal concluded for the particular tested scenario
bolt bearing tearout of the beam web was the ctimgdimit state. The beam web

tearout failure contradicts the criterion estaldbtior Equation (13) by FEMA-355D

[17]. The research stated Equation (13) and thezdfquation (22) were only valid
provided the edge distances and element thicknegsessuch that bolt shear rupture
was the controlling limit state [17]. This discregg will be further investigated by this
research to determine which method most accurdegicts the ultimate plastic beam

end rotation limit when subjected to catenary fencéroduced by column failure.

2.6  Structural High Strength Bolt Behavior
2.6.1 Guide to Design Criteria for Bolted and Recttoints

Previous research has shown the bolt shear rupaypacity for shear tab
connections is the pivotal link for determining tennections’ capabilities to transfer
various forces. Kulakt al.[20] conducted direct shear tests which estaldishe base
line data for the shear strength of high strengtctural steel fasteners adopted by the
AISC 13" Edition Specification [2]. The testing utilizeddavgeparate jigs to determine a
mean ultimate shear stress as a percentage oftithate tensile strength for ASTM
A325 high strength bolts. Shown in Figure 2.17pmpression and tension shear jig
made of like materials applied load, P, to higlkemsgith bolts in double shear. The
compressive jig produced higher ultimate sheasstcapacities than the tension jig

because the tension jig's lap plates pried awaw fitee main connection plate. This
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prying action caused additional flexural stressedetvelop in the bolts which the

compressive jig tests did not observe.
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Figure 2.17: Ultimate Shear Stress versus Deformath for ASTM A325 Bolts
Tested in Compression and Tension Jigs [20].
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Kulak et al. determined the ASTM A325 high strength bolts scigé to shear
through the tension jig reached an average ultisiagar stress of 80.1 kips-per-square-
inch (ksi) equal to sixty-two percent of the ultiaensile capacity. The compressive
tests reached and average ultimate shear str@§s50ksi equaling sixty-eight percent of
the ultimate tensile capacity. Kulak al’s research also suggested the lower bound
experimental values obtained by the tension tygpég used in practice to prevent un-
conservative designs. The research conducted mkietilal. can be used to establish

ultimate bolt shear forces which can be expectethdexperimentation.
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Chapter 3

Experimental Testing

3.1 Experimental Overview

The purpose of the experimentation was to capheeiear tab’s characteristic
behavior when subjected to unexpected forces cams#tk failure of a supporting
column. A total of nine full scale tests were cocted at the Milwaukee School of
Engineering (MSOE) Construction Science and Enginge&Center (CSEC) laboratory
on three, four, and five bolt shear tab connectaesgned per the “Conventional
Configuration” procedure described per the 2005G\&pecification 18 Edition [2].

The connection properties were chosen to simgat@mon connection
configurations typically found in steel framed stures. Furthermore, the current
experimental testing was conducted in conjunctidgh similar testing of WT simple
shear connection specimens by Friedman [22] asasedingle angle simple shear
connection specimens by Johnson [23]. Connectiomgégries were selected which were
within the allowable provisions of the current cention design specifications while
allowing the use of a single test apparatus setuplftesting.

Figure 3.1 shows the typical test system configoma The testing simulated a
planar two bay framing system of equal lengths isbing of two exterior columns, one
interior column, and two supported beams. The @sxtbeam connections were
connected with fabricated true pin connection$atexterior column flanges. The
interior beam connections were connected with singhear tab test specimens at each
flange of the interior column. The test systemmd include steel deck or concrete slab

connections as the goal of the research was tatéstiie shear tab’s response to extreme
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loading conditionsA hydraulic cylinder connected to the inter stub column simulate
load and displacemeroccurringas if the column had been compromisA complete

description of the test apparatus and test speainsgrovided in Section 3

Figure 3.1: Typical Test System Configuration Priorto Testing

The goal of the simulated column failure 'to induce tensile forces in the sh
tab connections not accounted for in the “Converdi&onfiguration” design as well .
to generate beam end rotations exceeding curreigrdstandards of 0.03 radie
assumed for simply supported framing. Reseis presented providing experimen
data depicting the shear tab’s characteristic heh&ahen subjected to a combination
shear, tension, and moment as a result of a sietutalumn failure. Furthermore, t
robustness of the shear tab connectionthe connection’s ability to reach a caten

state is investigated.
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3.2  Test Specimens
3.2.1 Test Specimen Geometry

A total of eighteen connection specimens weregtesi per the provisions of the
2005 AISC 13 Edition Specification using connection lengthzes $ole varying
parameter in the specimens’ geometry. Three lossxatonnections consisting of three,
four, and five bolt connections were chosen to pl®@wa full range of connection depths
which fit within the available web depth of thettbsams.

The connections were designed with the maximuowatl bolt offset dimension
of 3 1/2 inches to reduce the possibility of th& teeams’ top flange from binding against
the test column as the specimens were expecteslsaljected to large beam end
rotations. The connection plate material was lichite 3/8 inch ASTM A36 material
along with 3/4 inch diameter A325 bolts with theetdids excluded from the shear plane
to keep within the load capabilities of the MSOEECStest frame. In accordance with
Table J3.4 of the 2005 AISC " Edition Specification [2], a vertical and horizahedge
distance of two times the bolt diameter equal id2linches was selected. A three inch
center to center bolt spacing as well as three jurith-down dimension from the beam
top flange to the center of the first bolt hole watected in keeping within current
industry standard practices. Figures 3.2 throughd8pict the connection geometry and

naming convention used for the three, four, and bult tests, respectively.



62

3-5T-L-1/ 3-5T-L-2/ 3-5T-L-3 .
3/8" x 5" x 0-9" SHEAR TAB w/

(3) 3/4° DIA. A325-X BOLTS IM
STAMDARD HOLES

L 14
1/d

TYP.

312" 11/2"
e
™
e
&
@ I
—
\ - [~
\ -

)Y

\— 3-8T-R-1/3-8T-R-2/3-5T-R3

3/8° x 5" x 09" SHEAR TAB w/f

(3) 3/4" DIA, A325-X BOLTS IN
STANDARD HOLES

W12x53 SUPPORTING

INTERIOR COLUMN

Figure 3.2: Typical Three Bolt Shear Tab ConnectiorGeometry.

L‘.

4-ST-L-1/4-ST-L-2 / 4-ST-L-3
3/8" x 5" x 1'-0" SHEAR TAB w/
(4) 3/4" DIA. A325-X BOLTS IN
STANDARD HOLES.

H 1/4
1/4 TYP.

312" 11/2"
®
&
e
%
®
™
@
—~ale
N\ F
4-ST-R-1/ 4-ST-R-2 | 4-ST-R-3
3/8" x 5" x 1'-0" SHEAR TAB w/
(4) 3/4" DIA. A325-X BOLTS IN

STANDARD HOLES.

W12x53 SUPPORTING
INTERIOR COLUMN

N

Figure 3.3: Typical Four Bolt Shear Tab ConnectionGeometry.



63

31/2" 1.1/2"
® ®
™
i 1/4 ¢
WHYP' ™
e e
®
e ®
o
® ®
| \%M
- >_
|-
g/g,Tu [o-STL-2] oS8T =3 5-ST-R-1/5-ST-R-2/ 5-ST-R-3
x 5" x 1-3" SHEAR TAB w/
» 3/8" x 5" x 1'-3" SHEAR TAB w/
(5) 3/4" DIA. A325-X BOLTS IN =\ 374" DIA. A325-X BOLTS IN
STANDARD HOLES. (5) - -

STANDARD HOLES.

W12x53 SUPPORTING
INTERIOR COLUMN
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3.2.2 Connection Design Capacities

Two controlling limit states were determined faotload scenarios. First, the
governing limit state was calculated for the corioeés capacities per the AISC 13
Edition Specification [2] “Conventional Configurati” guidelines without the use of the
specified safety factors for a vertical shear dod case. A complete example of the
required connection limit states due to shear aprovided in Appendix A.

The second limit state was calculated for the eatian’s capacity as a “Hanger”
or tension only connection per the design equatidi@hapter J of the AISC {Edition
Specification [2] without the use of the specifsafety factors. A complete example of
the required limit states for the tension only scemnis provided in Appendix B.
Summaries of the connection capacities for theethfaur, and five bolt connections are

provided in Tables 3.1 and 3.2.
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Based on the analytical research by Sadlekt.[19] the connection failures were
expected to result from a combination of bolt skeat bolt bearing rupture failures due
to large beam end rotations and the introductidargfe catenary forces as the interior
column deflected vertically.

Table 3.1: “Conventional Configuration” Single Plate Un-Factored Shear Capacities per
AISC 13" Edition Limit States [2].

Single Plate "Conventional Configuration" Ultimate Shear Capacity
o AISC 13" |3 Bolt Shear| 4 Bolt Shear| 5 Bolt
Connection Limit State
Equation Tab Tab Shear Tab

Single Bolt Shear Rupture (kips/bolt) 13-1 26.5 26.5 26.5
Shear Plate Single Bolt Tearout (kips/bolt) 13-6b 35.7 35.7 35.7
Shear Plate Single Bolt Bearing (kips/bolt) 13-6b 48.9 48.9 48.9
Beam Web Single Bolt Tearout (kips/bolt) 13-6b - - -
Beam Web Single Bolt Bearing (kips/bolt) 13-6b 43.9 43.9 43.9
Bolt Shear Rupture (kips) 13-1 79.5 106.0 132.5
Shear Plate Bolt Bearing (kips) 13-6b 133.6 182.4 231.4
Beam Web Bolt Bearing (kips) J3-6b 131.6 175.6 219.5
Weld Shear Rupture (kips) 12-4 129.9 174.4 219.0
Base Metal Shear Rupture (kips) 14-4 114.2 153.3 192.5
Min. Support Thickness (inches}) p. 9-5 0.38 0.38 0.38
Shear Plate Shear Yield (kips) 14-3 72.9 97.2 121.5
Shear Plate Shear Rupture (kips) 14-4 83.2 1109 138.7
Shear Plate Block Shear Rupture (kips) 14-5 83.9 108.2 132.4
Beam Shear Yield (kips) G2-1 159.3 159.3 159.3

Table 3.2: Single Plate Un-Factored Tensile Capadits per AISC 13" Edition Limit States [2].

Single Plate Ultimate Tensile Capacity
Connection Limit State AISC 13" | 3 Bolt 4 Bolt > Bolt
Equation | Shear Tab |Shear Tab | Shear Tab

Single Bolt Shear Rupture (kips/bolt) 131 26.5 26.5 26.5
Connecting Plate Single Bolt Tearout (kips/bolt) 13-6b 35.7 35.7 35.7
Connecting Plate Single Bolt Bearing (kips/bolt) 13-6b 48.9 48.9 48.9
Beam Web Single Bolt Tearout (kips/bolt) 13-6b 32.0 32.0 32.0
Beam Web Single Bolt Bearing (kips/bolt) 13-6b 439 43.9 43.9
Bolt Shear Rupture (kips) 13-1 79.5 106.0 132.5
Connecting Plate Bolt Bearing (kips) 13-6b 107.1 142.8 178.5
Beam Web Bolt Bearing (kips) 13-6b 96.0 128.0 160.0
Weld Shear Rupture (kips) 12-4 194.9 261.7 328.5
Base Metal Tensile Rupture (kips) 14-2 190.3 255.6 320.8
Connecting Plate Tensile Yield (kips) 14-1 1215 162.0 202.5
Connecting Plate Tensile Rupture (kips) 14-2 138.7 184.9 231.1
Connecting Plate Block Shear Rupture (kips) 14-5 116.5 163.1 209.3
Beam Web Block Shear Rupture (kips) 14-5 107.8 149.3 190.7
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3.3 Experimental Setup
3.3.1 Test Assembly Overview

An overview of the experimental test setup is shawrFigure 3.5. Refer to
Appendix C for design calculations of the test appes sub-assemblies. All sub-
assemblies excluding the interior columns weregihesl to withstand all testing

conducted for this research as well as the resedirehedman [22] and Johnson [23].
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Figure 3.5: Test Assembly Overview.

3.3.2 Test Beam

The interior test specimens were connected bystmametrical ASTM A992
W18X35 sections. The section size was selectedusedhe interior web depth provided
adequate clearance for five bolt connections whientaining the one-half depth
requirement required per the AISC™Bdition Specification [2] for the three bolt

connections. To ensure bolt bearing deformation® wenimized at the test specimen
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bolt hole locations, a 3/8 inch ASTM A36 web doullplate was welded to the far side
of the beam web with an all-around 1/4 inch E70XMtfwelds. The exterior beam ends
were fabricated with one 1-5/16 inch diameter lalkd one 3/8 inch thick ASTM A36
web doubling plate welded with a 5/16 inch E70XXethsided fillet weld on each side
of the beam web to accommodate the true pin colmmedihe bottom beam flange was
chamfered to prevent the possibility of the flabgeling against the MSOE CSEC test
frame during testing. Figure 3.6 shows the typieat beam configuration.

6'-6 5/16"

112" 21/4"
g
= ~ -
w1 NS/FS!>—F—‘
k 3 SIDES 5/16 |/ N
1@ \
&

- (1) 15/16" DIA. HOLE — A{;i L
@ |
Eﬂ / &
B =
.\ W18X35 y w

\— (5) 13/16" DIA. HOLES 3/8" A36 Wﬁﬂ?g?ﬁéﬁﬁ; = - E

Figure 3.6: Typical Test Beam Configuration.

3.3.3 True Pin Connection

True pin connections were designed for the testrbeonnections to the MSOE
CSEC test frame to limit the load transfer at tearb end to a unidirectional tensile force
in line with the test beam strong axis. Doing &e, pin location was treated as a point of
zero moment when developing the moment envelopthétested connection. The pin
connections consisted of a welded plate assemipliyemted to the test beam with a 1-1/4
inch diameter ASTM A490 bolt with the threads exidd. The assembly was bolted to
the MSOE test frame with six 3/4 inch ASTM A325tsakith the threads included.

Figures 3.7 and 3.8 show the typical true pin cohiae assembly
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Figure 3.7: Exterior Beam End True Pin Connections

Figure 3.8: Erected True Pin Connection.

3.3.4 Hydraulic Cylinder Fram

A hydraulic cylinder was utilized timpart vertical loads and displaceme
which simulatd a controlleccollapseof the interior column by retractirthe threaded
rod assemblgonnected to the interior column web. To provideresistance whic
allowed the hydraulic cylinder to retract, a fraassembly was designutilizing welded
plates and threaded rods. Theme assembly also provided the housingtwo load

cells whichwere used to measure the load applied to the sy§&kawn in Figur 3.9, the
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frame assembly was composed of a one inch ASTMek®bplate reinforced with a pair
of one inch ASTM A36 stiffener plates. The end @hats fabricated with a four inch
diameter hole centered on the plate to allow thardnylic cylinder to extend through the

plate assembly. The hydraulic cylinder’s outsidéacavas used as the end plate bearing

surface.
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-~ THREADED CONNECTING ROD
CYLINDER PLUNGER —
(APPROX. STROKE = 1-4") RN
HYDRAULIC CYLINDER FRAME T~ = - o LOAD CELL
END PLATE ASSEMBLY N 1 r 1l
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Figure 3.9: Hydraulic Cylinder Frame Assembly Oveniew.

The end plate assembly was required to be rigodigim to transfer the bearing
force from the hydraulic cylinder to two 1 1/2 indlameter ASTM A36 threaded rods.
The threaded rods projected through a load celtla@@nd plate assembly. A threaded
nut was used on each side of the load cell angktd assembly providing a clamped
support for the assembly. The threaded rods wasndgd down and attached to the

MSOE CSEC test frame. The threaded rods passedgihni@two inch ASTM A36 end
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plate where threaded nuts on each side of the latedpclamped the threaded rod in
place. The end plates were then attached to theBMSEEC test frame with four 3/4
inch diameter ASTM A36 threaded rods. Two latetgdports were attached from the
welded end plate assembly to the MSOE CSEC tasiefta prevent lateral movements
from occurring during the testing. Figure 3.10 shdie erected assembly of the

hydraulic cylinder frame.

Figure 3.10: Hydraulic Cylinder Erected Condition.

3.3.5 Threaded Rod Connection

The hydraulic cylinder plunger was connected ®oitterior column by the use of
a 1 3/4 inch diameter ASTM A193 Gr. B7 rod threated the hydraulic cylinder and
clamped with two threaded nuts to a welded platerably. The welded assembly
consisted of a one inch ASTM A36 end plate with t® inch ASTM A36 shear plates
welded to the end plate face. Four 1/2 inch ASTM A8ffener plates were added to the
welded joint to ensure the connection was rigidugimoto withstand the hydraulic

cylinder retraction. The welded assembly was cotaaketo the interior column specimens
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with three 3/4 inch diameter ASTM A325 bolts wiltetthreads excluded. Figure 1

and Figure 3.18epic the threaded rod connection assembly.

81/2"

1 j/
e o o
/

£
— (4) 1/2" ASTM A36 STIFFENER PLATES
P
/ 1" ASTM A36 END PLATE

(3) 13/16" DIA. HOLES
@
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1 3/4" DIA. ASTM A193 GR. B7 ROD

Figure 3.11: Threaded Rod Connection Overviev

Figure 3.12: Threaded Rod Connection Erected Conditn.

3.4  ExperimentalInstrumentation

The experimental data acquisiticonsisted of three primary compone
measuring thapplied load, vertical deflection, and resultingst in the test beam
Shown in Figure 3.2he applied vertical shear load was providedn ENERPAC

Model RR-1001&ydraulic cylinder capable of pducing approximateleighteen inches
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of vertical stroke with i100 ton retraction capacipowered by a manually operai64
ton capacity hydaulic pumy. The applied force was measured by Sensotec® Model
41-A530-01-03 lads cells each capable of meiing 50 tonswith accurate measurem
increments of fifty pounds of forceShown in Figure 3.13, twdnimeasure® Model P-
30DS-L5Mdraw wire transducers (DWT) connected to a colchixt steel track wel

attached to the interior column flan providing tte vertical deflection measureme

Figure 3.13: Draw Wire Transducer Placemen

Strain data wereollected frorreight 120 ohm, series EA-XX25BT-120, strain gauges
placed four feet from the center of the test agparé&Shown in Figure 34, one strain
gauge was centered on each flangth the remaining two strain gages placethe

beam section’guarter points

Figure 3.14: Typical Strain Gage Placemelon Test Beam
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Data readings from the load cells, DWT'’s, and stgauges were transmitted to a
National Instruments “DAQPad” Model 6020E, twelvedata acquisition system.
Readings were collected by a Compaq Armada Mod@e0HE&ptop computer with

National Instruments “LabView” software for intecawith the data acquisition system.

3.5  Experimental Safety

Due to the destructive nature of the experimeesgtirig, safety of the researchers
and MSOE CSEC laboratory equipment was of primeamyartance. A lexan containment
cage was fabricated to contain bolt and plate feagswhich sheared off during testing.
To prevent the test beams and interior column speas from crashing or propelling out
of plane, three steel cable hand ratchets, or “edongs,” were attached from the MSOE
test frame to each individual component. The calvla® slacked to allow the full stroke
of the hydraulic cylinder without interfering withe test process but provided a restraint
in the event of a complete connection failure. Thmealongs also aided in holding the

positions of the test beams as the interior colspetimens were switched between tests.

3.6  Experimental Procedure

Upon the arrival of the fabricated steel specinfem® Germantown Iron and
Steel based in Jackson, Wisconsin, the hydraulindsr, true pin connections, and
cylinder frame were installed and secured to thOBESEC test frame. The test beams
were lifted into the test frame and attached tathe pin connections with a 1-1/4 inch

ASTM A490 bolt. The bolt was only snug tightenedtiow the beam end to freely



73

rotate. An additional nut was added to preventtirenection from loosening during the
testing. The test beams were held in place witbraealong at each beam end.

Next, the experimental instrumentation was vedifier accuracy. The load cells
were independently verified for accuracy using semal MSOE CSEC laboratory
small scale test frame. The two load cells weradoaccurate within 100 pounds of force
or 0.1 percent error of the rated capacity. Thd lgells were then place in the hydraulic
cylinder frame and secured with a plate washerremdl tightened threaded nut as shown
in Figure 3.9. The DWT'’s were verified within 0.01ches before being installed and
secured in the fabricated cold-formed steel tr&akally, the strain gauges were verified
to have 120 ohms of resistance before being wirédd data acquisition equipment.

With the instrumentation accuracy verified, theeided rod connection was
bolted to the interior column specimens. The iotecblumn with the fabricated
connection test specimens was then lifted intoglaith the MSOE CSEC laboratory
overhead crane. The specimens were connected mithtght bolts with one washer on
the nut side. A comealong was attached to theianteolumn and the test system was
leveled. The DWT'’s were then attached to the colfiammges, a plaster white wash was
applied to the near side connection face, andetkenl safety cage was secured. The
hydraulic cylinder and threaded rod were extendetadtached with two threaded nuts
to the threaded rod connection. As is discussé&hapter 4, the plaster white wash
provided a real-time visual aid into the undersiagaf the load path(s), stress patterns,
and material yielding which occurred during testing

Upon verification that all test instrumentatioaswcorrectly attached, safety

devices installed, and the plaster white wash hffccently dried, the testing was
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conducted. The data acquisition system was sei ppwvide a real-time plot of force
versus displacement to serve as a guide of thej@teonnection failure point as the
hydraulic pump used to control the retraction @f tlydraulic cylinder required manual
operation. The pump was not capable of sustainstgady state of force nor could the
pump automatically apply force based on predetezthforce or displacement
increments. Therefore, load was slowly appliededdy increments based on the pump
operator’s discretion. As is shown in Chapter 4,discretionary load increments caused
non-uniformity in the plotted data; however, théidity of the collected data remained.
Loading was continued until connection failure. Te¢ermination of the connection’s
failure was based on the sudden loss of force tegday the data acquisition system’s
real-time graph. The connection failure was visuedrified as an obvious failure mode
was evident simultaneous of the loss of force. Fgu15 shows a typical connection
failure. Upon connection failure, the comealongsenghtened and the hydraulic ram
was released. Observations and notes of the coanéatlure were taken, the

connections were released, and the testing waatethe

Figure 3.15: Typical Connection Failure Visual Verfication.
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Chapter 4

Experimental Results

4.1 Experimental Results Overview

The experimental results included within this deajpave been compiled to
describe the four fundamental measurements obsdowat testing. A description of
the applied shear, measured axial and moment foacdsmeasured beam end rotations
have been compiled to describe the behavior ahgéamechanisms of the three, four,
and five bolt shear tab connections. Furthermoprghminary analysis method has been
described to provide an initial step to determhne maximum bolt forces at the point of
the maximum measured moment. The preliminary lootief calculations have been used
to validate the failure mode mechanism calculatjgnosided for each test’s failure

mode.

4.2 Data Analysis Process
The following represents the analysis processzatilito synthesis the collected
experimental data. The raw experimental data weneerted to axial and flexural force
utilizing three fundamental equations. First, tlraia gage measurements at each time
step for each strain gage were converted to siieeg Hooke’s Laws, shown as
o, = E*u®=10° (23)

where

on = stress at strain gage ‘n’ in ksi,

E = Modulus of elasticity of steel equal to 29,080, k

w® = measured experimental microstrain.
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These stress measurements represented the conaBiaednd flexure stress at
the location of each strain gage as shown in Fig§uré. The stress at any point of the

beam section was evaluated as

(24)
where

A= Cross sectional area of a W18X35 equal to I0°3 i

¢, = Distance from strain gage ‘n’ to the neutral afishe supported beam,

I, = Strong axis moment of inertia of a W18X35 eqoas10 in?,

P = Axial force in kips,

M = Flexural force in kip-inches.

To determine the axial and flexural forces insbpported beam at each time
step, a system of simultaneous equations was denisiag the stress measurements at
two equidistant strain gages on opposing sideseheutral axis of the supported beam.
The collected data showed erroneous results wédlexta for strain gage 1 on the left
supported beam and strain gage 6 on the rightssigported beam. Because of this
invalid data, strain gages 2 and 3 on the left sted beam and strain gages 5 and 8 on
the right supported beam were used to determinaxiad¢ and flexural forces of the

respective beams. Solving the stress equation fufr P yields

MC2

2). (25)

X

P:A(02+

Equation (25) is substituted f&rinto the stress equation of

Ao, +252)
g3 = — 14 X% (26)

A Iy
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Settingc, equal tocs Equation (26) is simplified to

03 = Oy + Z:VIC (27)
Solving forM, Equation (27) can be shown as
_ Ix(o3—-0y)
M=——"" (28)
Substituting Equation (27) fdl in Equation (25)P can be simplified to
P =0.5%A * (03 + 0y). (29)

Equation (28) and Equation (29) provide the flexamd axial forces in the left side
supported beam at the strain gage location for gahstep. Similarly, substituting in

the right side stress values, the flexural forcghiswn as

M — IX(JS_GS) (30)

2c

and the axial force is taken as
P =0.5*A * (0g + 03). (31)

The data at the strain gage locations were usddteymine the forces at the bolt
lines of the tested connections. The measured iz at the strain gage location and
the bolt line remained unchanged. The flexuralder@were extrapolated from the forces
at the strain gage locations using a simple trilargunoment distribution model. Using
the true pin connection at the exterior column @mtions as a point of zero moment, the

slope of the moment distribution line was taken as
slope = % (32)
whereMy is equal to the moment in kip-inches at any distaraway from the true pin

connection in inches. Using the slope of the mondesitibution line, a comparison of

similar triangles at each time step yielded,
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M, = (33)

where
My, = flexural force at the bolt line in kip-inches,
M = flexural force at the strain gage location ip-kiches per Equation (28) and
Equation (30),
Xsg = horizontal distance from the true pin connectmthe strain gage location
equal to 36.875 inches,
X = horizontal distance from the true pin connectmthe bolt line of the tested
connection equal to 74.625 inches.
The beam end rotation for each supported beamchtteme step was determined
using fundamental trigonometric properties. Ushngvertical displacement data

measured by the DWT'’s, the beam end rotation wesiéned by

6, = tan™? z—f (34)

n

where
x; = horizontal distance from the true pin to themuped column flange face
equal to 78.375 inches,
0, = beam end rotation at time step ‘n’ in radians,

Aq= vertical deflection measured by DWT at time stépn inches.

4.3 Experimental Results
The data analysis process provided in SectiomdsZdeen used to evaluate the
experimental data from the nine experimental testformed. All data shown hereafter

have been extracted using the process outlinedctid 4.2.



79

4.3.1 Test 3ST1

The failure mechanism for test 3ST1 was a bolashgpture failure of the third
bolt of specimen 3STR1. Test 3ST1 was the onlyethi@t connection specimen to
exhibit a bolt shear failure mode. This is belietethe caused by an initial alignment
issue due to the fabricated misalignment of themsgtole location in specimen 3STR1.
The second bolt hole in the shear plate was mantedimed to provide proper fit-up
tolerance prior to testing. The hole reaming prscesulted in a non-uniform bearing
surface at the second bolt location.

Shown in Figure 4.1, the bottom hole of specin@8§R1 and 3STL1 exhibited
large bolt bearing deformations while the seconé hemained mainly undistorted. The
bottom bolt holes exhibited small tears at the belring surface where the material had
yielded and began to rupture in multiple locatiansund the radius of the bolt hole.
While the plaster white wash was not availabldattime of testing, the mill scale as
shown in Figure 4.2 provided a good indicationha stress distribution near the bearing
contact areas. A force couple in the bolts wasentids stress marks indicated the top
bolt put a compressive force on the shear platéevthe bottom bolt caused a tensile
force. As shown in Figure 4.2, the bearing strésiduted at approximately a thirty
degree angle from the horizontal centerline ofttbk holes. Furthermore, a substantial
stress concentration was evident at the bottom efitiee shear plate where the

formation of a tear had begun on specimen 3STR1.
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Figure 4.2

(b)

Figure 4.1: Test 3ST1 Connection Specimen Posest Condition.
a) Specimen 3STL1. b) Specimen 3STR1.

\ + 30 Degree

Y e

Figure 4.2: Specimen 3STR1 Stress Distribution ate Bottom Hole.

The force couple indicated by the stress markkemill scale of specimen
3STR1 was backed by the measured moment capasitherflexural stiffness of the
connection was exceeded the tensile forces indhaection quickly increased until the
point of the connection’s failure. This behaviodirated the switch between flexure and
catenary load paths in the connection. FiguresaAd34.4 indicate the key characteristics

measured during the experimental testing for specs8STR1 and 3STL1, respectively.
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4.3.2 Test 3T

The failure mechanism of test 3ST2 was due to sidarrupture failure at tr
bottom edge of specimen 3STFShown in Figure 4®), the shear plate unzipped alc
the bolt line from the bottom plate edge throughdkcond bolt hole location. Specim:
3STR2 and 3STL2 also experienced large bolt bea@igrmations in the bottom b
hole in a thirty degree ftern similar tatest 3ST1. Furthermore, the bottom bolts of €
tested specimen experience large plastic shearmdafions.Shown in Figure 4.5he
shear deformation in the bottom bolt of specimenRB&Srediced the bolt cro-sectional

area by more thathirty percent

Figure 4.5: Typical Bolt Cross-Section Area Deformation.

The plaster white wash was not available at the wfitestin; however, similar
to test 3ST1the mill scale provided a good indication of thg k&ress locations in tf
connection. A force couple in the bolts causeddlpbolt to compress the shear pl
while the bottom bolt imparted tele forces on the shear plaféhe top bolt and bo
holes of each specimen exhibit large scale plastiormationsA large stres:
concentration was evident at the bottom plate edgme the connection failure occurre
As the bolt bearing deformations increased smalunes around the radius of the

hole developed until the plate faile Shown in Figure 4.the shear plate of specim
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3STR2 did not rupture completely along thdt line asthe shear plate’s bottom edhad
a distinctrupture pattern. The bottom echad a sudden curved failure
approximately a 1/4 inch from the bottom edge @asiplate

As the flexural stiffness of the connections waseede, the tensie forces in the
connection quickly increased until the point of demnections failure. As shown
Figures 4.8 and 4,%e load path mechanism shifted from flexureateoary tensils
force transfenear the point of maximum moment. The connectidokly gathered

tensile forces until the rupture point of speciB&TR2.

Figure 4.7

(@) (b)
Figure 4.6: lI'est 3ST2 Connection Specimen P«Test Condition.
a) Specimen 3STL2. b) Specimen 3ST1

Figure 4.7: Specimen 3STR2 Rupture Source.
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4.3.3 Test 3T

Test 3ST3 experienced a similar failure mechanistest 3ST2Shown in Figure
4.10(b), aensile rupture flure of the shear platf specimen 3STR3 caused the plat
unzip along the bolt line. Large plastic bolt bagrdeformations were exhibited in t
shear plates of specimens 3STR3 and 3STL3 as walkabstantial reduction in t
bottom bolt shear due large plastic shear deformations. Similar to 8&TI'2, the
bottom hole of specimen 3STR2 had small rupturesgathe radius of the hole cause
the elongation of the bolt holThe failure point at the bottom plate edge alsdurgalin
a curved patterapproximately 1/4 inch from the plate ed

Shown in Figures 41 and 4.12the connection exhibited similar behavior as
previous three bolt shear tests where a transiidmad path from flexure to catene

tension was evident.

-

('
_ {

-
}
'Z'il
:
v
!

K

Figure 4.7
(Similar)

(b)

Figure 4.10: Test 3ST3 Connection Specimen P-Test Condition.
a) Specimen 3STL3. b) Specimen R3.
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4.3.4 Test 4ST1

Multiple failure mechanisms occurred during teST4 leading to the
connection’s overall failure. Shown in Figures 4a)3and 4.13(b), a force couple similar
to the three bolt tests was evident about the oehtif the bolt group in each specimen.
The plaster white wash showed that the top anaioliolts of specimens 4STR1 and
4STL1 provided a greater percentage of the corm@stflexural resistance. As the
tension forces in the fourth bolt increased, sutigthbolt hole bearing deformations and
bolt shear deformations occurred. The initial faloccurred in the shear plate of
specimen 4STR1 as a localized block shear failutleesfourth bolt hole. Shown in
Figure 4.14, the tension force generated by theifld resistance of the shear tab caused
a shear failure at approximately a thirty degreglefrom the bolt hole’s horizontal axis.
Simultaneous to the shear failure, the plastic meédions of the bolt hole created a tear
in the radius of the bolt hole due to a tensiortutgfailure of the shear plate. As Figure
4.14 shows, the tension failure of the plate caasdtinct failure shape near the bottom
edge of the plate similar to the failures of t&$3 1 and 3ST2. The tension failure
appeared to be a brittle fracture of the tensiam@las the plate material did not visibly
deform in the tension zone prior to the block shapture.

The block shear failure of the fourth bolt holedton did not lead to the
connections overall loss of strength. A secondailyrie due to the bolt shear rupture of
the third bolt of specimen 4STR1 lead to the cotiaes inability to support the applied
shear load. Though the fourth bolt hole locatiatiahy failed, the connection was still

able to resist an increased shear load until tbenskary bolt shear failure occurred.
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Figures 4.1%nd 4..6 showthe connections develop catenary tensile forcese
connections reached their peak flexural resisteAxial forces increased as plas
bearing deformationdecreased the connections flexural resistanceo@dirig continuel
the load path for specimen 4STR1 became exclusavéiynsion only connection as i

connections flexural stiffness was negligib

Figure 4.2
(Similar)

Figure 4.14
Concentration,
Typical

(a) (b)
Figure 4.13: Test 4ST1 Connection Specimen P-Test Condition.
a) Specimen 4STL1. b) Specimen 4S1

\\ + 30 Degrees

\
1
1
1
1

o G
Figure 4.14: Specimen 4STR1 Initial Failure Mode
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435 Test4ST2

The behavior of the connection specimens of te$248semblethe behavior of
test 4ST1; howevethe connectia’'s failure mechanism differed. As shown in Fig
4.17a) and Figure 4.17(, the connection specimenshiited a similar force couple
the previous tests as well as similar bolt holeibgadeformation of the bottom bolt
holes of each specim. Howeverthe failure mechanism of test 4ST2 was due tc
shear rupture of the bottom bolt of specimen 4¢.

Shown in Figure 48, the load transfesf the bottom bolt of specimedSTR2
was nearly identical to the behavior of specimefRE The shear force in ti
connection plate of specimen 4STR2 distributedsatrélar thirty degree anc while the
tension forces werevient along the bolt line. The bottom bolt holewed evidence ¢

the initiation of multiple rupture failures alongesar and tension line

Figure 4.18

(a) (b)
Figure 4.17: Test 4ST2 Connection Specimen P-Test Condition.
a) Specimen 4STL2. b) Specimen 4S71
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Shown in Figure 49 and Figure 4.20 the load pathtest 4ST2 also sembled
the behavior of test 4ST1 where the catenary tarfsices increased as the connecti
reached and exceeded their flexural capacity.specimens of test 4ST2 w able to
resist an applied shear loafter the initial bolt failure; howevette testing was stopped

before a secondary failure mechanism could be lestted.

"+ 30 Degree

Figure 4.18: Bottom Hole Condition of Specimen 4STRShear Plate
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Figure 4.20: Specimen 4STL2 Bolt Line Forces versiBeam End Rotation.

4.3.6 Test 4ST3

Test 4ST3 exhibited a third type of failure medeanfor the four bolt shear tab
tests. Similar to test 3ST2 and 3ST3, the she#e plespecimen 4STL3 failed due to a
tension rupture failure at the bottom bolt holeosh in Figure 4.21(a) and Figure
4.21(b), the plastic deformations due to the tanside of the bolt force couple
resembled the typical connection behavior exhibitgthe previous tests. As the bolt
bearing deformations in specimen 4STL3 increasedplate developed small tears in the
bolt hole radius near the connection bolt line legdo the tension rupture of the shear
plate. Shown in Figure 4.22, the tension zone ffaihear the bottom edge of the shear
plate of specimen 4STL3 matched the brittle ruptailere shape of similar tests which

failed due to tension rupture and block shear meptdi the shear plate.
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The load path of test 4ST3 was similo the previous four bolt shear tab tests
to the point of failure. Shown in Figure 3 and Figure 4.24he connections develop
catenary tensile forces as the connection reacheé@xeceeded their flexural capac
until specimen 4STL3 failed. Aftehe initial failure, the connectis continued to
transfer axial loads however the connecs werenever able to reach the peak app

shear load aspecimen 4STL began to unzip along the bolt line as the beanretaded

Figure 4.18
(Similar)

sV

@) | (b)
Figure 4.21: Test 4ST3 Connection Specimen P-Test Condition.
a) Specimen 4STL3. b) Specimen 4S71

Figure 4.22: Specimen 4STL3 Bottom Ho Failure Mechanism.
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4.3.7 Test5ST1

Test 5ST1 exhibited similar behavior and multifgidure mechanisms as was
noted during test 4ST1. Shown in Figure 4.25(a)Egdre 4.25(b), the initial load
transfer was through the typical force couple obsein previous tests about the centroid
of the bolt group. The connections’ ductility wassbd on the connections’ ability to
withstand bolt hole bearing deformation and bo#iestdeformation at the bottom bolt.
The initial failure mechanism was a localized blstlear failure in the shear plate of
specimen 5STR1 caused by the tension componehedbtce couple at the bottom bolt.
The plate failure replicated the failure of spea&TR1 with the shear failure at a
thirty degree angle form horizontal and the tendalure occurring at the shear plate’s
bottom edge along the bolt line. The tension failproduced the typical curved failure
path as a result of a brittle tension rupture atrddius of the bolt hole.

After the initial failure, the connection exhildtgimilar behavior as was seen
during the four bolt shear tests. A secondary failmode due to bolt shear rupture of the
fourth bolt of specimen 5STR1 resulted in the catinas’ inability to support the
applied shear load. The plaster white wash indittte force at the third bolt location of
specimen 5STR1 increased as the connection’s tattaansformed into a four bolt
connection. Similar to Figure 4.5, significant belttear deformations were observed in
the top bolts of specimens 5STR1 and 5STL2 reguitira reduction of nearly fifty
percent of the bolts cross-sectional area.

The measured data collected for test 5ST1 weneskelue to an initial error in
the test setup. As shown in Figure 4.26 and Fig2&, the collected data prior to

approximately 0.06 radians were neglected as tHealnlic pump used to power the



96

hydraulic cylinder was incorrectly attached. Durtegt 5ST1 it was discovered the
hydraulic hoses had been reversed and were lintii@@utput capacity of the hydraulic
pump. The error had not been noticed prior to ilelfolt testing as the increased
applied shear demand was not required for the @mmdeour bolt tests. Test 5ST1 was
stopped and the hydraulic lines were correctlycatd to maximize the ability of the
hydraulic pump. The testing and data collectionenestarted after correcting the
hydraulic connections. As Figure 4.26 and Figug¥ 4how, the data collected after
restarting test 5ST1 indicated the testing wasrest near the connections maximum
flexural capacity. While the collected data areveda@, the behavior after the connection
reached its peak flexural capacity resembles thawer of the four bolt tests. The
connections’ load path transferred from flexuredtenary tension after the initial block
shear failure occurred. The axial forces increasdi the second failure mechanism

occurred resulting in specimen 5STR1’s inabilitpgort to the applied shear.

Figure 4.14

Bearing Stres
(Similar)

Concentration,
Typical

(b)

Figure 4.25: Test 5ST1 Connection Specimen Post-T&ondition.
a) Specimen 5STL1. b) Specimen 5STR1.
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4.3.8 Test5ST2

The connection behavior and failure mechanismesif3ST2 were nearly
identical to that noted during test 5ST1. The ahitailure mechanism was a localized
block shear rupture of the fifth bolt hole on tivear plate of specimen 5STR2 as a result
of the tension component of the force couple geadray the flexural resistance of the
connection. Shown in Figure 4.28(a) and Figure @R 8he connections’ ductility was
based on the bolt hole bearing deformation anddbaar deformation capacity of the
connections. The shear and tension planes of tok Bhear failure in specimen 5STR2
were identical to those observed during the bldwas failure of test 5ST2. Similarly, the
secondary connection failure mechanism was dueltsbear rupture failure of the
fourth bolt of specimen 5STR2. The connection’sawsdr simulated the behavior
observed during the four bolt tests with the thuadt transferring increased shear forces
after the initial failure.

The collected data indicated the connections tearexi more axial forces prior to
the peak flexural capacity of the connection thated during the three and four bolt
tests. However, as shown in Figure 4.29 and FigL8®@, the rate of increase in tension
force transfer increased as the connections reablegdlexural capacity. This behavior
was similar to that observed during three and bmit tests. Also, similar to tests 4ST1
and 4ST2, the connection was able to recover sditiee @pplied shear load lost during
the initial connection failure. The connections gapt able to recover the maximum

applied shear load observed prior to the secondexiion failure of specimen 5STR2.
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Figure 4.14
(Similar)
(b)
Figure 4.28: Test 5ST2 Connection Specimen P-Test Condition.
a) Specimen 5STL2. b) Specimen 5S71
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4.3.9 Test5ST3

Similar to the previous five bolt tests, test 5&kBibited multiple failure
mechanisms. However, the initial failure mechanigas due to tension rupture of the
bottom bolt hole of specimen 5STL3 similar to théure observed during test 4ST3. As
with all previous tests, the initial force transteas through the force couple generated by
the flexural capacity of the connection about taetmid of the bolt group. Shown in
Figure 4.31(a) and Figure 4.31(b), the tension camept of the force couple caused
significant bolt hole deformation and bolt sheaiodmation resulting in the formation of
tears at the radius of the bolt holes. Similagtecsmen 4STR3, the tears caused a brittle

tension rupture failure near the bottom edge tleausplate.
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Unlike previous tests where the initial tensiontwup oithe connection plat
caused the connection to unzip, a secondary fam@ehanism occurred in specimr
5STL3. Similar to thepreviousfive bolt tests, the secondary failure was dudéoltolt
shear rupture of the fourth bolt of specimen 5S1Also, theconnection’ behavior after
the initial failure resembled the behavior obsergtadng the four bolt tests. Compari
Figure 4.31a) to Figure 4.1(b), the plaster white wash indicated an increasheal
stress at the third and fourth bolt as a resf the initial failure of specimen 5STL

The load transfer mechanisms shown in Figur2 and Figure 4.3 closely
resemble the behavior observed during test 5The tension force transfer increaset
the connection reached its flexural capacity. hermore, after the initial connecti
failure the flexural capacity was decreased tovallsimilar to the four bolt tests. As t
applied shear increased, the measured axial fooreased while thflexural capacity

maintainechearly a steady level Ll the second failure of specimen 5STI

Figure 4.2
(Similar)

(b)

Figure 4.31: Test 5ST3 Connecon Specimen Postrest Condition.
a) Specimen 5STL3. b) Specimen 5S71
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Figure 4.33: Specimen 5STL3 Bolt Line Forces versiBeam End Rotation.
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4.3.10 Experimental Results Summary

The tested shear tab connections displayed sitrélaavioral characteristics when
subjected to the simulated column collapse. Th@ediions all exhibited measureable
flexural capacity as well as the ability to utilize alternative load path mechanism via
catenary action. The collected data showed theofdaterease in catenary tensile forces
increased as connections reached their maximumureshmoment. Shown in Table 4.1,
the connections’ maximum measured flexural capawoity corresponding data
measurements have been provided for each spedbuerto the variability in the
collected data, the reported values are basedsampled average taken between
extremes in the measured moments. The data rargjbagad on the controlling

connection specimen and applied to the opposingexiion specimen’s data.

Table 4.1: Specimen Bolt Line Forces at Approximat®éaximum Measured Moment.

Applied Measured Beam End
Test | Specimen Shear Measu.red Moment Axial Rotation
(Kips) (Kip-Inch) (Kips) (Radians)
3ST1 3STR1 2.62 157.36 8.45 0.072
3STL1 2.62 144.68 8.08 0.073
3ST2 3STR2 2.88 169.10 6.05 0.097
3STL2 2.88 182.70 5.54 0.097
3ST3 3STR3 1.97 169.44 6.61 0.080
3STL3 1.97 185.02 5.38 0.080
4ST1 4STR1 5.18 315.35 11.43 0.073
4STL1 5.18 334.33 11.03 0.074
4ST2 4STR2 5.85 331.19 19.21 0.076
4STL2 5.85 362.16 18.64 0.076
4ST3 4STR3 5.50 279.25 16.70 0.076
4STL3 5.50 296.55 16.51 0.076
5ST1 5STR1 10.52 549.66 30.32 0.072
5STL1 10.52 624.45 29.92 0.071
5ST2 5STR2 10.00 568.24 27.52 0.069
5STL2 10.00 624.94 28.05 0.070
5573 5STR3 9.70 541.41 28.90 0.064
5STL3 9.70 619.60 28.78 0.064
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The experimental testing for the three, four, ivel bolt shear tab connections
produced three key failure mechanisms resultingnfiioe two stages of load transfer
exhibited during testing. These failures includett bhear, localized block shear rupture,
and tension rupture of the connection specimeréasplate. Located in Table 4.2, the
controlling limit states, bolt line forces, and beand rotations have been assembled

summarizing the numerical findings for the inifiallure points for each specimen.

Table 4.2: Initial Failure Mechanism and Bolt Line Forces for the Tested Shear Tab Connection

Controlling | Applied | Measured | Measured | Beam End
Test Connection| Shear Moment Axial Rotation | Failure Mechanism
Specimen (Kips) | (Kip-Inch) (Kips) (Radians)
3ST1 3STR1" 6.76 Negligible 48.95 0.128 Bolt Shear Rupture
3ST2 3STR2 6.43 Negligible 42.29 0.137 Tension Rupture
3ST3 3STR3 5.41 Negligible 48.89 0.133 Tension Rupture
4ST1 4STR1 7.02 268.35 32.14 0.093 Block Shear Rupture
4ST2 4STR2 8.62 279.07 41.64 0.096 Bolt Shear Rupture
4ST3 4STL3 6.34 22412 28.44 0.093 Tension Rupture
55T1 5STR1" 10.59 494.72 33.21 0.075 Block Shear Rupture
5ST2 55TR2 11.69 535.81 45.44 0.083 Block Shear Rupture
5ST3 5STL3 10.22 606.15 34.04 0.071 Tension Rupture

?Initial connection misalignment lead to uneven bepsurface of the middle bolt in order
to facilitate erection.

® Testing was interrupted due to initial reversahgdraulic couplings.

The experimental testing revealed several conmesthad the robustness to
continue transferring the applied shear load afteinitial failure mechanism occurred.
While not all connections exhibited the abilitydeercome an initial failure, several
connections were able to support a larger or negylyal shear load as a result of the load
path transition from flexure to catenary tensione Experimental summary of the
connections’ secondary failure mechanism and cporeding bolt line forces are shown

in Table 4.3.
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Table 4.3: Secondary Failure Mechanism and Bolt Lia Forces for the Tested Shear Tab Connections.

Controllin Applied | Measured | Measured | Beam End
Test Connectio% Shear Moment Axial Rotation | Failure Mechanism
(Kips) | (Kip-Inch) (Kips) (Radians)
3ST1 -7
3ST2 -7
3ST3 -7
4ST1 4STR1 9.93 Negligible 64.83 0.129 Bolt Shear Rupture
4ST2 -
4ST3 ---°
5S5T1 5STR1 8.16 287.39 33.88 0.087 Bolt Shear Rupture
5ST2 5STR2 9.49 269.38 48.17 0.097 Bolt Shear Rupture
5ST3 5STL3 10.39 381.57 54.13 0.091 Bolt Shear Rupture

---2Secondary failure mechanism was not attainablealtiee initial tension rupture failure.

---" Loading was not continued to the point of a seeoydilure.

---®Initial tension rupture failure resulted in unzipgiof shear plate. A secondary failure was nottredc

4.4

Statics Verification

An equilibrium analysis of the test system wasduanted for each test to ensure

reliable data were collected from the experimeinistiumentation. The basis of the

analysis was to verify the collected strain gaga darresponded well with the applied

vertical shear load. The analysis was conductethgltine linear force-rotation increase

state which provided a location during test progesghich a statically determinant

system could be evaluated using fundamental sgatigsiples. Using the free body

diagram shown in Figure 4.34, the sum of forcesranthents were solved for each test

beam.

!

TRUE PIN
CONNECTION

Mm

/ Pwm
STRAIN GAGE

LOCATION Vm
Figure 4.34: Free Body Diagram at the Strain Gage &cation.
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The horizontal reaction at the true pin connecRgmvas set equal to the
measured axial loa@y. The true pin vertical reaction was solved sumntirgmoments

about the strain gage location, shown as

Ry = M (35)

Lsc

where
Rr = Vertical reaction at the true pin connectiorkiips,
Mwm = Measured moment solved using Equations (28)addin kip-inches,

Lsc = Distance from the true pin connection to thaistgage locations in inches.

The true pin connection reactions were solvedHtervertical component of each
reaction using fundamental trigopnometric principl@embining the vertical components
of each force, the total vertical reaction was te&e

Ry = Rysin@ + Ry cos 6 (36)
where

Ry = Vertical reaction at the true pin connectiongife X’ in Kips,

0 = Measured beam end rotation in radians.

The summation of the vertical reactions for tHfeded right test beams were
compared to the measured applied vertical shedr\ag, to determine a percentage of
error for each test. The comparisons for the nkpeemental tests are shown in Table
4.4. The test data fell within a four percent margfi error with the exception of test
3ST3. As Figure 4.12 shows, the test data for spati3STL3 appeared to be an

anomaly as the test data unexplainably showed sepékes throughout the duration of
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testing unlike the remaining tests. The accuradhefdata collected for specimen 3STL3
is questionable due to the inconsistency determusaty the fundamental statics
equations. The data collected for specimen 3STk@ baen noted but have not been
evaluated in further sections of the current redeas the failure of test 3ST3 was

isolated to specimen 3STR3.

Table 4.4: Experimental Data Statics Verification.

Test Pu My ] Vi Vapp Error
(kips)| (kip-inch) | (Radians) | (kips) (kips) (%)

3ST1 L | 2.08 45.14 0.040 1.31 1.22 111
R | 1.13 41.41 0.040 1.17 1.22

3572 L | 2.69 80.86 0.080 2.40 2.24 143
R | 2.13 72.82 0.080 2.14 2.24

3573 L | 0.69 46.26 0.052 1.29 0.98 2750
R | 0.45 51.80 0.051 1.42 0.98

4ST1 L | 231 116.37 0.040 3.24 3.05 196
R | 297 103.97 0.039 2.93 3.05

4ST? L | 905 172.60 0.066 5.27 4.90 311
R ]10.75]| 152.84 0.066 4.84 4.90

4ST3 L | 9.09 | 14331 0.060 4.42 4.41 384
R | 8.87 130.51 0.060 4.06 4.41
L

5ST1°
R

55T L |10.69| 278.57 0.050 8.07 7.78 113
R |12.43| 260.12 0.050 7.66 7.78
L |15.00( 274.03 0.051 8.19 7.98

5ST3 1.25
R ]15.26] 251.34 0.051 7.57 7.98

? Data not evaluated due to invalid data collecfidor to connection failure for test 5ST1.
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4.5  Approximate Bolt Force Analysis

In an effort to better understand the effects efecbmbination of shear, tension,
and moment on the tested shear tab connectiordt fotre analysis technique was
developed which provided approximate bolt forcethatreported maximum moment.
Providing an approximation of the individual badtdes, limit states which occurred
during testing could be approximated as well agébng accuracy verified. The single
bolt shear tests conducted by Kuktkal.[20] determined the ultimate bolt shear strength
for ASTM A325 bolts as approximately 80.1 ksi. Ttest data served as a benchmark for
the experimental testing. Based on ASTM A325 bwith the threads excluded used
during testing, the maximum experimental bolt steegrected was determined to be 35.4
kips.

The bolt force analysis independently analyzeceffects of the collected
experimental data for shear, tension, and momewelisas the effects of the inherent
eccentricities resulting from the connection’s getm All forces were simplified to
express units of magnitude for the primary orth@@xes. The measured axial force
was first simplified to force components using fanmgental trigonometric principles
before being evenly distributed to the connectiool$s. The horizontal component of the

measured axial force for each bolt was shown as

Px — PM*C059 (37)

n

and the vertical component was taken as

*sin 6
P, = ”M% (38)

The bolt forces resulting from applied momentshmbolts were resolved using

the Elastic and the Instantaneous Center of Rotéll©OR) Method described in the
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AISC 13 Edition Specification [2]. The Elastic Method prded conservative bolt
forces which did not correspond to reasonablefootes when compared to the
benchmark maximum bolt shear capacity of 35.4 iexause of the conservative nature
of the Elastic Method the ICOR method was usedusketly. Unlike the Elastic Method,
the ICOR method takes into account the plasticrsthefmrmations which occur in the
bolt shank near failure loads. Based on experinhehiservations by Kulakt al.[20],
the approximate maximum plastic shear deformaoASTM A325 bolts with the
threads excluded was equal to 0.34 inches. Kelal.[20] used this plastic deformation
limit to construct a load-deformation relationsbgsed on the ultimate shear strength and
ultimate plastic deformation limits of a bolt shoas
R = Ry (1— e7108)05 (39)

where

R = nominal shear strength of one bolt at de&diom A, in kips,

Ryt = ultimate shear strength of one bolt in kips,

A = total bolt deformation equal to 0.34 inches,

e = natural logarithm equal to 2.71828...

The ICOR method was used to derive the bolt foases result of the measured
moment and the eccentrically applied shear load.bidit force analysis summaries for
the maximum moments derived in Table 4.1 have bezaded in Appendix E. Shown
in Figure 4.35, the measured momev,, was resolved into bolt forces using a
normalized unit shear forc¥yorm, applied at an eccentricitg, equal to the measured

moment in inches. Shown in Figure 4.36, the reafltae ICOR method provided
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component bolt forces;, , and,Fy , rotated with respect to the anglealong the line of

action of the supported beam.

’ e =My
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Figure 4.35: Measured Moment ICOR Model

Figure 4.36: Measured Moment ICOR Model Bolt Compoent Forces.

The ICOR component bolt forces were transformeartistogonal component
forces using fundamental trigonometric principlBse horizontal force ., for each
bolt in the connection was taken as

Hpxn = (Fx,n cos 9) + (Fy,n sin 9). (40)
The vertical bolt forcetHy » with respect to the orthogonal axis for each rothe
connection was taken as

Hpyn = (Fonsin®) + (F,, sin ). (41)
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Using the normalized shear with a unit value of,ahe vertical bolt force components
for the measured moment analysis were omitted. Biymg Equation (40), the
horizontal bolt force was shown as
Hyxn = (Fx,n cos 9) (42)
and Equation (41) was simplified to
Hpyn = (F,nsinf) (43)
A second ICOR analysis was conducted for thergdcally applied shear load.
All experimental tests were conducted with an ettagty equal to 3 1/2 inches from the
face of the stub column flange face. The curreavisions of the AISC 13 Edition
Specification do not account for this eccentridinectly in the design of the shear tab
connections as the BGAF used in the bolt shearcttzgmaccounts for this eccentricity.
The eccentrically applied shear load has been ateddor in this research based on the
intent of determining the ultimate bolt shear farddsing the 3 1/2 inch eccentricity, the
ICOR method produced a horizontal shear fo¥G&,, and a vertical shear fortéy n
for each bolt in the connection with respect totdst system orthogonal axis. The
summary of the second ICOR analysis is providefigpendix E.
The bolt force analysis was conducted using thpeegdmate maximum moment
data provided in Table 4.1 for each test specifBg.bolt shear forc&/, maxn for each
bolt as a result of the approximate maximum momexs determined by summing the

horizontal and vertical forces shown as

2 2
Vb maxn — \/(Px + me,n + me,n) + (Py + Hmy,n + me,n) . (44)
Figure 4.37 provides a summary of the bolt foreslyzed for each bolt in the

tested connections. The bolt forces developed usquation (44) are shown in Table
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4.5. The forces represent the resulting shear fdueeto the connections maximum
measured flexural capacity. Beyond this point thenections’ load transfer transitioned
from flexure to catenary action as a result ofégptastic deformations in the plate and
bolt cross sections. As shown in Table 4.5, tha daslysis corresponded well with the
benchmark maximum bolt shear capacity for the threkfour bolt connections;
however, the five bolt connections were consisyentitside this range.

App a my n

‘ App x mx,n

Figure 4.37: Bolt Analysis Bolt Force Summary.

Table 4.5: Bolt Shear Forces at Approximated Maximm Moment.

Maximum Bolt Forces (kips)?
Test S i
es pecimen Bolt 1| Bolt 2| Bolt 3|Bolt 4|Bolt5
3ST1 3STR1 25.0 3.1 30.7 - -
3STL1 23.1 2.9 28.5 - -
3572 3STR2 28.6 2.4 32.6 - -
3STL2 30.6 2.3 34.4 - -
3573 3STR3 27.9 2.4 32.3 - -
3STL3 30.5 2.0 34.1 - -
4ST1 4STR1 26.3 | 206 | 26,5 | 32.1 -
4STL1 28.1 | 221 | 27.8 | 33.7 -
4STR2 26.0 | 19.9 | 29.7 | 35.6 -
4ST2
4STL2 28.8 | 22.3 | 31.8 | 38.2 -
4ST3 4STR3 220 | 16.8 | 25.3 | 30.4 -
4STL3 235 ] 18.1 | 26,5 | 31.8 -
5ST1 5STR1 279 | 244 6.4 36.7 | 40.1
5STL1 321 | 28.2 6.4 40.4 | 44.2
55T 5STR2 29.4 | 25.8 5.9 37.0 | 40.5
5STL2 324 | 285 6.0 399 | 43.8
5573 5STR3 27.6 | 24.1 6.1 35.8 | 39.2
5STL3 319 | 28.1 6.1 39.8 | 435

@ Highlighted cells represent bolt shear forceslierfailed specimens.
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4.6 Preliminary Interaction Diagram

To evaluate the effects of the combination of shiegsion, and moment, an
interaction diagram was developed to portray therotling force components for the
three, four, and five bolt connections. The intdoacdiagrams plotted the resultant

vector of the applied shear and measured axialibelforce, shown as

R, = ,/(Vappz + Pu’), (45)

versus the maximum measured moment for the vaileddated in Table 4.1. A baseline
linear interaction equation was developed usingogrechmark maximum bolt shear
capacity of 35.4 kips established by Kuktikal. [20] to develop the shear capacity and
pure moment capacity of the bolted connection. ddreection’s maximum resultant
shear capacity was taken as

Ry max = 35.4 * n. (46)
The maximum moment capacityymax Was determined as described in Section 4.5
using an ICOR analysis for an applied moment whieteloped the benchmark bolt

shear force. The interaction equation was shown as

Ry My

+ <1 (47)

Rv,max MM,max

The linear interaction equation provided a condargastimate of the maximum
combined force interaction for the tested connasti@ssuming bolt shear was the
controlling limit state of the connection. Howevas, the testing showed, shear and
tension rupture limit states controlled a majoatyhe tested connections. The
connections were not able to develop the full skkapacity of the bolts prior to failure.
As shown in Figure 4.38, the experimental datalfelbw the linear interaction diagram

for the three and four bolt tests while the fivdt loata fell outside the interaction line.
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Figure 4.38: Shear Tab Interaction Diagram for For@s at the Maximum Measured Momen
The linear interaction diagram provided insighbiseveral key behavioral

characteristics for the tested shear tab connexctiime interaction diagram clearly shows
the main force contribution to the connections daes to the flexural forces imparted as
a result of the vertical deflection of the test@pens. Also, for the three and four bolt
connections the use of a linear interaction diagoased on the shear capacity of the
bolts provides an un-conservative limit for the wections. As shown in Table 4.5, the
maximum bolt forces observed emulated Figure 4r@@Bthe failures observed during
testing as the connections’ primary failures ware tb shear plate limit states. A more
accurate interaction diagram may be produced ubmghear plate limit states. However,
as shown in Section 4.7, the observed limits setesot well represented by the design
equations of the AISC I'Edition Specification [2] as the specification ltretates are

based on direct shear or direct tension limitsoAss Table 4.5 and Figure 4.38 show,
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the five bolt connections fell outside the benchodata as the measured maximum
flexural capacity of the five bolt connections aarached the maximum bolt capacity

determined using the ICOR analysis for the appinednent only case.

4.7 Failure State Derivations

The failure limits states depicted in Section 4duded bolt shear rupture,
localized block shear of the shear plate, and ibedinet tension rupture of the shear
plate. The development of Equation (47) and theesponding interaction diagram was
based on the experimental data provided by Kata. [20] which found the ultimate
bolt shear strength for ASTM A325 bolts with thestids excluded from the shear plane
to be equal to 35.4 kips. However, as shown inddl2 seven of the nine tests
conducted failed due to the shear plate limit stal&e shear plate failure patterns do not
follow the typical behavior for the design limiagts provided by the AISC $Edition
Specification [2] resulting in limit states whicl dot correspond well with the bolt
forces in Table 4.5. The approximate connectioitdirstates for the failures observed
during testing have been calculated per the prangsbf the AISC 18 Edition
Specification [2] to show the variability which ags when applying the specification
limit states to the current testing. The completiewations are provided in Appendix F.

The single bolt shear capacity was calculatedgusia specification capacity and
compared to the experimental data determined bgkat al. [20]. Shown in Table 4.6,
the unfactored AISC rated capacity for an ASTM AR2 with the threads excluded
from the shear plane in single shear is twenty{figecent less than the ultimate capacity

reported by Kulalet al. [20].
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The shear plate net section rupture capacity wksilated using the Whitmore
Section effective width criteria defined by Sectiof the AISC 18 Edition
Specification [2]. Shown in Figure 4.39, the White&ection is based on spreading the
bolt force from the edge of the plate thirty degreach side of the line of force back to

the bolt line.

Figure 4.39: Whitmore Section Description

Shown in Table 4.6, the Whitmore Section providésgely conservative value
for the localized net section capacity of the shdate at the bottom bolt hole. By
varying the Whitmore Section angle between thing-fand forty degrees, the net section
capacity can be increased to values which moreslgl@a®rrespond with the bolt forces
determined in Section 4.5.

The bolt forces calculated for the connection \Wwhailed due to a localized block
shear failure did not correspond well with the oddted capacity determined using the
AISC 13" Edition Specification. Using the specificationl®tk shear equation, the un-
factored capacity for the failure path shown inufeg4.40 was calculated to be 36.9 kips.
This capacity does not correlate with the failuredes exhibited in three of the nine
experimental tests as the specification capacigyester than the benchmark single bolt
shear capacity of 35.4 kips reported by Kutdlal. [20] as well as the calculated bolt

forces per Table 4.5.
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Figure 4.40: Typical Localized Block Shear Failure

Table 4.6: Approximate Localized Shear Rupture Failire Comparisons.

Approximate Shear Plate Rupture Limit States
Limit State Capacity

(Kips)
Single Bolt Shear Rupture Per AISC 13" Edition® 26.5
Single Bolt Shear Rupture Per Kulak Data” 35.4
Net Shear Rupture Per AISC 13" Edition Whitmore Length®* 18.6
Modified Net Shear Rupture Using 8 = 35 Degrees 26.6
Modified Net Shear Rupture Using 6 = 40 Degrees 35.7
Localized Block Shear Rupture Per AISC 13" Edition® 36.9

2 Capacity calculated per the previsions of the AIS® Edition Specification [2].

bSingle bolt shear capacity per the experimenta dgported by Kulak [20].
¢ Whitmore section based on a thirty degree Ispread angle each side of the line of f

Poor correlation exists between the shear pldtelleded capacities per the AISC
13" Edition Specification [2], the experimental datayided by Kulaket al.[20], and
the bolt forces reported in Section 4.5. The diganeies indicate further investigation is
required to determine shear plate capacities wimicfte accurately define true limit states

for shear tab connections subject to the combinaifeshear, tension, and flexure.
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Chapter 5

Conclusions

5.1 Research Summary

The purpose of this research was to provide exsriah observations and data
describing the behavior of single plate “shear tihiple shear connections subjected to
extreme loading conditions caused by the loss@ptimary supporting column. The
testing sought to determine if shear tab connestitad a measurable flexural capacity as
well as determining if catenary tension could se&xs@ secondary load path mechanism.
The experimental setup isolated the tested systemly evaluated connections without
the contributions of a steel deck or concrete flddre connections, designed per the
“Conventional Configuration” provisions of the AISE" Edition Specification [2] for a
shear only load application, were subjected to beadrotations and tension forces not
typical expected in gravity load only supportingmizers. The results of this research
have provided insight into the behavior of shebrdannections subjected to extreme

loading conditions as well as correlation to pregishear tab research.

5.2 Connection Response Summary

Collected data for the tested specimens’ respanteetsimulated column failure
provide three distinct phases of force-rotationawetr. The force-rotation behavior was
minimal for the initial load application until theeam end rotation reached approximately
0.025 and 0.03 radians. Beyond 0.03 radians, arlinerease in the measured beam end
moment and beam end rotation existed as the apgitiear increased. As the

connections’ flexural capacity was achieved thatr@hship between the measured beam
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end moment and the beam end rotation leveled ath We flexural capacity leveling
the measured tension forces increased until thi@licbnnection failure occurred.

Three bolt connections displayed a more dramatitsition between a flexural
and tension response indicating catenary actionanasfective alternative load path for
the applied shear load. At the peak of the measu@dent, the tension forces increased
as the measured moment dissipated. At the poifailafe, the connections were
primarily subjected to shear and tension only astleasured moment was negligible.

Four and five bolt connections displayed simileh&vior as the three bolt
connections however the transition from flexuréetosion was not as significant. As the
measured moment peaked, the measured tension focceased. The measured moment
dissipated slightly as the tension forces increalsedever, at the connections’ initial
failure point, a measurable beam end moment arsioiefiorce existed. The four and five
bolt connections indicated flexure and tension Ipaths existed; however, catenary

tension was not the exclusive load path.

5.3 Rotational Ductility

The ductility mechanisms observed in the curres¢aech correspond well with
previous research for shear tab connections; hawtherotational ductility magnitudes
differed. Research by Richaed al.[5] and Astanelet al.[7] determined the shear tab
ductility was primarily based on the ability of tbennections to undergo acceptable
levels of plastic bolt shear deformations as welbalt hole deformations. Tested

connections in this research underwent similartiglaeformations in the shear plate and
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bolts shanks. Significant plastic bolt bearing aott shear deformations eventually led
to the rupture limits states observed during tgstin

The tested connection’s rotational magnitudesttyrééfered from previous test
data and assumed behavior reported in the curesigm specifications for the expected
beam end rotation characteristics of simple conoestsubjected to gravity loads. As
reported in the AISC 13Edition Specification [2] based on experimentationducted
by Astaneh [7], the beam end rotations expectedifople shear connections near the
initiation of failure was 0.03 radians. The infleenof small applied shears and large
measured moments and axial forces in the connectibthis research resulted in beam
end rotations at the initial failure point rangiingm 0.133 radians to 0.076 radians for
the three and five bolt connections, respectivEhese beam end rotations were similar
to those determined by the finite element analysmslucted by Sadek al.[19].
However, this research suggests Sagtel.’s [19] comparisons made to the research of
FEMA-355D [17] are misleading as the controllingili states determined by this
research as well as Sadetkal [19] were a result of bearing and tearout fasuséthe
shear plate or beam web rather than bolt shearésilreported by FEMA-355D [17].

Ultimate beam end rotations at the initial faillwads also differed from previous
research of shear tab connections subjected ttasilaige scale beam end rotations. The
research provided in FEMA-355D [17] developed Emumea¢13) which suggested a
maximum rotational ductility limit existed based v ability for the shear tab
connection to develop the full moment capacityhef tonnection bolts. Table 5.1
provides a comparison of the average rotationdiildyobserved during the current

research versus the rotational limits establishethe FEMA-355D provisions using
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Equation (13). Table 5.1 shows the current reseladibated the connection shear plates
were not capable of developing the full moment capaf the bolts in the connections
as the shear plate limits controlled the connestmapacity. While the three bolt
connections rotational data fell within FEMA-355tarsdard deviation, the limits stated
for the validity of Equation (13) were not met dodhe controlling shear plate limits.

Table 5.1: Theoretical versus Experimental Beam En&otation Limits.

Rotational Ductility Limits (Radians)
Bolts Equation (13) Theoretical Limits® Experimentally
Maximum Minimum Observed Limits
3 0.137 0.120 0.133
4 0.123 0.113 0.094
5 0.109 0.105 0.076

@ Limits established by research reported per FENBAEB[17]

5.4  Connection Failure Modes

Based on the configurations of the specimensde#itese limit states controlled
the ultimate capacity of the connections. Failuhes to bolt shear, localized net section
tensile rupture, and localized block shear ruptueee observed at the bottom bolt
location. Previous research conducted by Keliadtl. [20] provided benchmark data for
the ultimate shear capacity of the bolts usedimrésearch. The bolt force analysis
conducted for the test data of the three and foltrdmnnections fell within the
benchmark bolt shear data developed by Kela&l. indicating a good correlation existed
with the analysis method and the observed failtates. However, the five bolt analysis
yielded maximum bolt forces which were consistegtiyater than the maximum bolt
shear benchmark value. This discrepancy indicaieisdr research is required to

determine the validity of the proposed bolt foroalgisis method.
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The experimental research confirmed the conservaiiture inherent in the bolt
shear capacities provided by the current provisadriee AISC 18 Edition Specification
[2]. As reported by Baldwin Metzger [3], the BGABad in the current provisions allows
for non-uniform bolt stresses occurring in certgipes of connections. The specification
bolt shear values are greater than twenty-fiveguértess than forces calculated in this
research and the experimental values reported takkan al. [20]. This research agrees
with the conservative nature of the specificationdonnection design; however,
investigation into existing structure’s robustnasd reserve capacity may be hindered
using the specifications limits. Further researscrequired to determine the extent the
conservative bolt shear values has on deeper tfleaonnections as well as different
types of connections.

The plate rupture limits observed during testiregemot well represented by the
current design equations provided by the AISE Edition Specification. The Whitmore
Section analysis conducted for the limit stateeiftension rupture suggested an increase
force spread angle between thirty-five and fortgreées provided plate capacities which
better fit the collected data. The localized blsbkar calculation for the bottom bolt hole
provided plate capacities greater than the benck bwt shear capacity. The poor
correlation between the observed failure modescatailated bolt forces, maximum bolt
shear data reported by Kulakal. [20], and the limit state equations provided g t
AISC 13" Edition Specification [2] suggests further resbascrequired to validate
design equations for the plate capacities incotpagdension and shear forces. Further
research developing equations for the plate ruptoniestates will also verify the

validity of the suggested ICOR bolt force analysis.
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5.5 Data Validity

The data collection for the current research ietimeasurements of applied
load, vertical displacement, and strain. A manuafigrated hydraulic pump was utilized
to power the hydraulic cylinder used for the appbéear load due to limitations of the
MSOE CSEC facility. The reported results indicatedhe variability in the collected
data existed as the rate of load application waedban the discretion of the pump
operator. Spikes in the graphical data indicatethldity existed in the application of the
applied shear load; however, consistency was obddygtween the plotted data
throughout the duration of the experimental testiigther testing would benefit from
the use of a hydraulic pump capable of sustainisigady rate of force or displacement
to reduce the peaks and variability between catkdata time steps.

The experimental strain gage data indicated twaigitit strain gages reported
invalid results. One strain gage from each sidieftest system providing inconsistent
data was eliminated from the data analysis. The dbshe strain gages did not void the
tests as only two strain gages from each sideeo$yistem were required to extrapolate
the system results. However, the ability to mapstiness diagrams along the cross section
of the supported beams using four points of dataned achieved. The left side beam
data were consistently greater in magnitude ancmariable than the right side data.
The location of the valid strain gages were belieteebe the reason for this
inconsistency. The valid strain gage readingsHerléft side were at the quarter points of
the beam cross section compared to the right sidm gages at the flange faces which
provided more consistent data. Further testing dbehefit from multiple strain gages

placed at each flange face as well as more stegjpgplaced within web of the
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supported beam profile to increase the probahilityollecting valid data as well as
increasing the ability to map the stress distrdoutivithin the supported beam cross
section.

Despite the variability of the collected data ¢luéhe inaccuracies of
experimental measurement devices, the experimdatalvalidity was verified by an
equilibrium analysis indicating the data were withifour percent margin of error when
compared to fundamental statics principles. Théyaisawas conducted within the linear
range of the force-rotation relationship to assigeificant plastic deformations would
not skew the analysis. One irregularity was obskime three bolt test resulting in
greater than twenty percent error as a resultrgelacale variability in the collected data.
Future experimentation would benefit from implenmegta more precise hydraulic pump

as well as an increase in the number of straingage

5.6  Overall Connection Performance

The shear tab connections’ overall performance shlawe ability to withstand
measureable unexpected forces from those spebyfmatsidered per the design
equations of the AISC 3Edition Specification [2]. Average flexural capies
generally ignored by current design standards &fkig-inches, 320 kip-inches, 580 kip-
inches were measured for the three, four, anddoleconnections, respectively.
Significant tensile forces were also developedadonnections up to the point of
failure. All tested connections yielded due to flezural forces developed as a result of
vertical deflection and ruptured as a result teamsiothe combination of tension and

flexure. All connection failures were due to rugtdailures of the bottom bolt and/or bolt
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hole. The gross section as well as the shear f@atelumn flange weld did not show
signs of damage.

The connections appeared to have the inherenstobss to transfer flexural and
axial forces not accounted for in the original cection design. However the three, four,
and five bolt test systems were only capable ofesiing an applied shear load ranging
from 7.5 to 9 percent of the un-factored connectiesign strength. The connections
designed to withstand gravity loads were not ableridge over the column failure using
catenary forces exclusively prior to failure. Soev@ence existed of the five bolt
connections ability to recover from the initialltae mode and support less than a one
percent increase in applied shear load. Howeverd#ta were limited and would benefit

from future research.

5.7 Suggested Future Research

The design of shear tab connections per the AISCEHition Specification [2]
has been based on previous research which andlyg@bnnection’s characteristic
behavior when subjected to gravity loads and tygieam end rotations. Much time and
effort has been spent understanding the shearitdbisded behavior. Yet, research into
the connection’s behavior when subjected to thebtoation of shear, tension, and
moment as a result of extreme loading scenariosaingsly been unreported. While a
few analytical studies have been conducted fewraxgatal tests have been conducted
to verify these studies.

As of today, the New York City Building Code iseaf the first United States

building codes incorporating structural integrigrameters for steel connections. Under
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the 2008New York City Construction Co(23], simple shear connections are required to
have a tensile capacity equal to the shear capaitgot combined. Specifically for
shear tab connections, the tensile capacity ismed|to be equal to the bearing capacity
of the plate or supported web with bolt hole defations not a consideration. While a
step in the right direction, this requirement mesate un-conservative designs. Without
looking at the interaction of the shear and terfsitees this blanket requirement, while
well intended, may not be the solution for struatimtegrity design in simple shear
connections.

The current research has provided a step inrttedlidea of inherent robustness
of steel framed structures. The current researchisaated to one connection along a
planar two bay frame without influences of a stk and concrete floor. Future
experimental research exploring the benefits adakdimensional framing systems with
deeper connections, different diameter and grafibslts, and thicker shear plates would
provide a more expansive understanding of a staeldd building’s response to the loss
of a supporting column. Future research is sugddsteefine the bolt force analysis
technique utilized in the current research as teldg limit state capacity equations for
the combination of localized shear and tensiond®iin the shear plate. Additional
benefits of a non-composite and composite stedd ded concrete floor system are
suggested for future analytical and experimentgaech. Increasing the complexity of
the flooring system may better determine a steehé&d structures response to
unexpected forces. Doing so, future research mayigie a more complete understanding

of current and future structures ability to withretaextreme loading conditions.
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Appendix A

“Conventional Configuration” Shear Tab Calculations

The following calculations represent the speafiterion and design procedure
presented in the 2005 AISC"1&dition Specification for the design of singletplahear
connections under the “Conventional Configuratibmitations. These calculations
represent the expected capacities for the tested,tfour, and five bolt shear tab
connection subjected to vertical shear only. Thaseulations have been used to predict
an expected maximum applied load level requireghigure a defined failure mechanism
is known during experimental testing. The calcolasi and page number references
shown throughout pertain to the 2005 AIS¢ Rlition Specificatioh The calculations
have been carried out without the use of the sigelcifafety factors as the analytical
ultimate connection capacities are pertinent toctiveent research. Detailed calculations
have been provided for the tested three bolt dladaconnection. A summary of the

ultimate shear connection capacities for the tHiee, and five bolt connections is

shown in Table A-2.
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Figure A-1: Typical Three Bolt Shear Tab Connection‘Conventional Configuration”.

! American Institute of Steel Construction (AISC)0B.Manual of Steel Construction 13th Edition
Chicago, IL.
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A.1  Connection Material Properties.

Table A-1: Connection Material Properties

Yield Rupture
Strength | Strength ot / twen / thange
Shear Plate 36 ksi 58 ksi 0.3751in
W18x35 50 ksi 65 Ksi 0.3in
W12x53 50 ksi 65 Ksi 0.575in

A.2  “Conventional Configuration” Geometric Requirements (p.10-101).

a. The connection is limited to one column of ®elith the number of bolts,
less than or equal to twelve bolts in the connectio

n = 3,4,5 bolts

b. Distance from weld line to bolt lina, less than or equal to 3 1/2 in.
a =31/2in.

c. Standard or Horizontal Short Slotted Holeg/onl

d. The horizontal edge distantgy, from the center of the bolt hole to the edge
of the connecting plate and beam web must be greete twice the diameter

of the bolt.
Lep = 1 1/2in.

e. The vertical edge distandg,, from the center of the bolt hole to the edge of
the connecting plate must be equal to or greatar 1h1/4 in. for 3/4 in.
diameter bolts.

Le, = 11/2in.

f. Either the thickness of the connecting pl&jeor beam welt,,, must be
thicker than one half the diameter of the bolt moe-sixteenth of an inch.

ta = 0.5(0.75in.) + 0.0625in. = 0.4375in.
ty= 0.375in.  t,=0.3in,

g. The minimum weld thicknest, min, must be equal to or greater than /(8

tymin = 0.625 * 0.375
tymin = 0.25in.



A.3

A4

A5

A.6

A7

A.8

Bolt Shear Rupture Capacity (Eqg. J3-1).

R,=n=x*E, x4,
R, = (3)*(60 ksi)*
R, = 79.5 kips

1(0.75 in)?
4

Weld Shear Rupture Capacity (Eq. J2-4).

Rn=0.6*Fexx*\/2—E*tW*lW*2

R, = 0.6*(70ksi)*g*(0.251n)*(9in-0.25in)*2
R, = 129.9 kips

Connecting Plate Base Metal Shear Rupture (Ed4-4).

R,=06xF, *xA,,
R, = 0.6*(58 ksi)*(0.375in)*(9in-0.25in)
R, = 114.2 kips

Supporting Column Flange Rupture Strength (p. 96).

0.6*Fexx*\/—25*tw*2
tﬂ, min — 06+Fy
. 0.6%(70ksi)"2#(0.25n)*2
fl, min = 06*(65ksi)
tg, min = 0.381in.

Connecting Plate Shear Yielding (Eq. J4-3).

R,=0.6F, x4,
R, = (0.6)*(36ksi)*(9in)*(0.375in)
R, = 72.9 kips

Connecting Plate Shear Rupture (Eq. J4-4).

R,=06xF, *xA,,

A,y =ty * (I — (n = (dp + 0.125in))
A, = (0.375in)*(9-(3*(0.75in+0.125in))
A,, = 2.39in?

R, = (0.6)*(58ksi)*(2.39in?)

R, = 83.2 kips

131
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Connecting Plate Bolt Bearing (Eq. J3-6b).

r,=15*L.xt*xF, <3.0xd,*xt*F,

L. =L, — 0.5 % (d}, + 0.0625in)

L. = 1.5in-0.5*%(0.75+0.0625in)

L. =1.094 in

r, = (1.5*%(1.094in)*(0.375in)*(58ksi))
<(3.0*(0.75in)*(0.375in)*(58ksi))

r, = 35.7kips<48.9kips

R, = 35.7kips+2*(48.9kips)

R, = 133.6 kips

A.10 Supporting Beam Web Bolt Bearing (Eq. J3-6b).

r,=15*L.xt*F, <3.0xd,*xt*F,
L.=N/A

r, = (3.0%(0.75in)*(0.3in)*(65ksi))

r, = 43.9Kkips

R, = 3*(43.9kips)

R, = 131.6 kips

A.11 Connecting Plate Block Shear Rupture (Eq. J435

Ry = Ups * F, * Ay + min (0.6 * F, * Agyy, 0.6 x F, * Ayy)

Agv = tpl*(Lpl'Lev)

Agy = 0.375in*(9in-1.5in)

Ag= 2.81in?

Any =ty * (Lp; — Ley — ((n —.05) = (dp + 0.125in)))

A,, = 0.375in*(9in-1.5in-((3-0.5)*(0.75in+0.125in)))

A= 1.99 in?

Ane =ty * (Len — (0.5 * (dp + 0.125in)))

A, = 0.375in*(1.5in-(0.5*(0.75in+0.125in)))

A, = 0.398 in®

Ubs =1.0

R, = (1.0*58ksi*0.398in?)
+min((0.6*36ksi*2.81in?), (0.6*58ksi*1.99in?))

R, = 83.9 kips

A.12 Supporting Beam Shear Yield (Eq. G2-1).

R, = 0.6 xF, x 4, * C,
R, = (0.6)*(50ksi)*(17.7in)*(0.3in)*(1.0)
R, = 159.3 kips



133

Table A-2: Ultimate Shear Capacities for Three, Fory and Five Bolt Shear Tab Connections.

Single Plate "Conventional Configuration" Ultimate Shear Capacity
L Alsc 13™ |3 Bolt Shear| 4 Bolt Shear| 5 Bolt
Connection Limit State
Equation Tab Tab Shear Tab

Single Bolt Shear Rupture (kips/bolt) J3-1 26.5 26.5 26.5
Shear Plate Single Bolt Tearout (kips/bolt) J3-6b 35.7 35.7 35.7
Shear Plate Single Bolt Bearing (kips/bolt) J3-6b 48.9 48.9 48.9
Beam Web Single Bolt Tearout (kips/bolt) J3-6b - - -
Beam Web Single Bolt Bearing (kips/bolt) J3-6b 43.9 43.9 43.9
Bolt Shear Rupture (kips) 13-1 79.5 106.0 132.5
Shear Plate Bolt Bearing (kips) J3-6b 133.6 182.4 231.4
Beam Web Bolt Bearing (kips) J3-6b 131.6 175.6 219.5
Weld Shear Rupture (kips) 12-4 129.9 174.4 219.0
Base Metal Shear Rupture (kips) Ja-4 114.2 153.3 192.5
Min. Support Thickness (inches) p.9-5 0.38 0.38 0.38
Shear Plate Shear Yield (kips) J4-3 72.9 97.2 121.5
Shear Plate Shear Rupture (kips) Ja-4 83.2 110.9 138.7
Shear Plate Block Shear Rupture (kips) 14-5 83.9 108.2 132.4
Beam Shear Yield (kips) G2-1 159.3 159.3 159.3




134

Appendix B

Single Plate “Hanger” Connection Calculations

The following calculations represent an idealiggdation in which the shear tab
connection designed per Appendix A is subjecteahtanexpected tensile force. These
calculations represent the expected capacitieth&tested three, four, and five bolt shear
tab connections subjected to a perpendicular eefmite only. These calculations have
been used to predict an expected maximum catenerg fequired to ensure a defined
failure mechanism is known during experimentalitgstThe calculations and page
number references shown throughout pertain to @& AI1SC 13 Edition
Specificationt. The calculations have been carried out withbetuse of the specified
safety factors as the analytical ultimate connactiapacities are pertinent to the current
research. Detailed calculations have been providietthe tested three bolt shear tab
connection. A summary of the ultimate shear conoedapacities for the three, four,
and five bolt connections is shown in Table B-2.
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Figure B-1: Typical Three Bolt Shear Tab ConnectionConfiguration — Tension Case.

! American Institute of Steel Construction (AISC)0B.Manual of Steel Construction 13th Edition
Chicago, IL.
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B.1  Connection Material Properties.

Table B-1: Connection Material Properties.

Yield Rupture t o [t
Strength | Strength pl 7 web  Hlange
Shear Plate 36 Ksi 58 ksi 0.3751n
W18x35 50 ksi 65 Ksi 0.3in
W12x53 50 ksi 65 Ksi 0.575in

B.2 Geometric Requirements.

Refer to the Appendix A Section A.2 for the gearneatonsiderations required

for the connection shown in Figure B-1.

B.3  Bolt Shear Rupture Capacity (Eq. J3-1).

R,=n=*E, x4,

N2
R, = (3)*(60 ksi)* X220
R, = 79.5 kips

B.4  Weld Tensile Rupture Capacity (Eq. J2-4 & J2-5)

R,= E, xA,

F,,= 0.6*Fpxx*(1.0+0.5*sin!°0)
0.6*(70ksi)*(1.0+0.5*sin'°(90))
63.0ksi

R, = (63ksi)*2*(0.25in)*(9in-0.25in)*2
R, = 194.9 kips

Fy
Fy

B.5 Connecting Plate Base Metal Tensile Rupture (Eg4-2).
R, =F, * 4,
R, =(58 ksi)*(0.375in)*(9in-0.25in)
R, =190.3 kips
B.6  Connecting Plate Tensile Yielding (Eq. J4-1).
R, =F, x4,

R, = (36ksi)*(9in)*(0.375in)
R, = 121.5 kips

B.7  Connecting Plate Tensile Rupture (Eq. J4-2).



136

R, =F, x4,

A.=A4,*U

A, = (0.375in)*(9-(3*(0.75in+0.125in))*(1.0)
A. = 2.39in?

R, = (58ksi)*(2.39in2)

R, = 138.7 kips

B.8  Connecting Plate Bolt Bearing (Eq. J3-6b).

I =15 Lexty *F, <3.0%dp *ty *F,

L. =L, — 0.5 % (d}, + 0.0625in)

L. = 1.5in-0.5*%(0.75+0.0625in)

L. =1.094 in

r, = (1.5*%(1.094in)*(0.375in)*(58ksi))
<(3.0*(0.75in)*(0.375in)*(58ksi))

r, = 35.7kips<48.9kips

R, = 3*(35.7kips)

R, = 107.1 kips

B.9  Supporting Beam Web Bolt Bearing (Eq. J3-6b).

rn=15*xL.*t, *F, <3.0xdp*t, *F,

L. =L¢, — 0.5 % (d}, + 0.0625in)

L. = 1.5in-0.5*%(0.75+0.0625in)

L. =1.094 in

r, =(1.5*(1.094in)*(0.3in)*(65ksi))
<(3.0*(0.75in)*(0.3in)*(65ksi))

r, = 32.0kips<43.9kips

R, = 3*(32.0kips)

R, = 96.0 kips

B.10 Connecting Plate Block Shear Rupture (Eqg. J4)5

Ry = Ups * F, * Ay + min (0.6 * F, * Agyy, 0.6 x F, * Ayy)
Agv =2 * tpl * Ley

Ag, = 2%(0.375in)*(1.5in)

Ag= 1.13in?

Any =2 * ty * (Ley — (0.5) * (d, + 0.125in))

A,y =2*0.375in*(1.5in-(0.5)*(0.75in+0.125in))

A, = 0.8 in?

Ape =ty * (Lp; — (n — 1) * (dp + 0.125in) — 2 * L)
A, = 0.375in*(9in-(3-1)*(0.75in+0.125in)-2*(1.5in))
A, = 1.59 in?

Ubs = 10



R, = (1.0*58ksi*1.59in?)

+min((0.6*36ksi*1.13in?), (0.6*58ksi*0.8in?))

R, = 116.52 kips

B.11 Supporting Beam Web Block Shear Rupture (Eq.4-5).

R, = Ups * B, * Ay + min (0.6 * F, * Agy, 0.6 % F, x Apy,)

Agy =2 % t,, * Lgy

Agy = 2%(0.3in)*(1.5in)

Agy= 0.9in?

Ay, =2 %ty * (Lo — (0.5) * (dy + 0.125in))

A,, =2* 0.3in*(1.5in-(0.5)*(0.75in+0.125in))

A,,= 0.64 in?

Ap=ty,*(n—1)*s)—(n—1) *(d, + 0.125in)
Ay = 0.3in*((3-1)*3in)-(3-1)*(0.75in+0.125in))

A, = 1.28in?
Ubs = 10

R, = (1.0*65ksi*1.28in?)

+min((0.6*50ksi*0.9in?), (0.6*65ksi*0.64in?))

R, = 107.8 kips

137

Table B-2: Ultimate Tensile Capacities for Three, Bur, and Five Bolt Single Plate Connections.

Single Plate Ultimate Tensile Capacity

. AISC 13" | 3 Bolt 4 Bolt 5 Bolt
Connection Limit State
Equation | Shear Tab | Shear Tab | Shear Tab

Single Bolt Shear Rupture (kips/bolt) 131 26.5 26.5 26.5
Connecting Plate Single Bolt Tearout (kips/bolt) 13-6b 35.7 35.7 35.7
Connecting Plate Single Bolt Bearing (kips/bolt) 13-6b 48.9 48.9 48.9
Beam Web Single Bolt Tearout (kips/bolt) 13-6b 32.0 32.0 32.0
Beam Web Single Bolt Bearing (kips/bolt) 13-6b 439 43.9 43.9
Bolt Shear Rupture (kips) 131 795 106.0 132.5
Connecting Plate Bolt Bearing (kips) J3-6b 107.1 142.8 178.5
Beam Web Bolt Bearing (kips) 13-6b 96.0 128.0 160.0
Weld Shear Rupture (kips) 12-4 194.9 261.7 328.5
Base Metal Tensile Rupture (kips) 14-2 190.3 255.6 320.8
Connecting Plate Tensile Yield (kips) 14-1 121.5 162.0 202.5
Connecting Plate Tensile Rupture (kips) 14-2 138.7 184.9 2311
Connecting Plate Block Shear Rupture (kips) 14-5 116.5 163.1 209.3
Beam Web Block Shear Rupture (kips) 14-5 107.8 149.3 190.7
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Appendix C

Test Frame Component Design

The following represents the verification andigesonducted for the design of
the of the test frame apparatuses. All design tatioms and design equations included in
Appendix C are based on the AISCMBdition Specificatiohusing the LRFD design
equations. Refer to Appendix D for the design stii@wings referenced in the following

design calculations for all dimensions and mategiaties.

C.1  True Pin Connection

A true pin connection was designed for the extdream to column connections
to ensure a point of zero moment existed in thiestestem. This was accomplished by
using one 1 1/4 inch diameter ASTM A490 bolt wiie threads excluded from the shear
plane at each end. The connection was designeddombined shear forc¥, of 60

kips and a tensile forc@&, of 110 kips.

C.1.1  Bolt Design Shear Load
Vinax = VVZ + T2
Vimax = +/ (60 kips)? + (110 kips)?2
Vinax = 126 Kips

C.1.2 “Pin” Bolt Shear Design
From Table 7-1 of thaISC 13' Edition Steel Construction Manuyal 1 1/4 inch
diameter ASTM A490 X bolt in double shear is adaguar 138 kips.
¢R, = 138 kips > 126 kips

=~ Bolt has adequate capacity.

! American Institute of Steel Construction (AISC)0B.Manual of Steel Construction 13th Edition
Chicago, IL.
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C.1.3 Beam Web Bearing and Tearout Strength (J3-6a)

R, = 1.2L,tE, < 2.4dtE,

R, = (1.2)[2.25 in. —(0.5)(1.25 in. +0.0625 in.)]t,, (58 ksi)

< (2.4)(1.25 in.)ty, (58 ksi)

R, = 111t,, < 174t,,

®R,, = 126 kips = (0.75) * (111) = t,

“ twmin = 1.51in.

Two 3/4 inch ASTM A36 doubler Plates were requioadeach side of the beam

web. Similarly, two 3/4 inch extended plates aiguieed for the connection from the pin
to the end plate.

C.1.4 End Plate Web Bearing and Tearout Strend2h6@))
Top Bolts:
R, = 1.2L,tE, < 2.4dtE,
R, = (1.2)[1.5in. —(0.5)(0.75in. +0.0625 in.)]te, (58 ksi)
< (2.4)(0.75 in. )t (58 ksi)
R, = 76.1te, < 104te,
=~ Therefore tearing is the controlling portion oé thquation.
Other Bolts:
R, = 1.2L,tE, < 2.4dtE,
R, = (1.2)[6.0 in. —(0.75in. +0.0625 in. )]t., (58 ksi)
< (24)(0.75 in.)tep (58 ksi) = 104t,,
R, = 361te, < 104t
=~ Therefore bearing is the controlling portion of gguation.
$R,, = 126 kips = (0.75)[(2 bolts = 76.1te,) + (4 bolts * 104t.,)]
“ tepmin = 0.295 in.
A minimum 3/4 inch ASTM A36 end plate was usedn@aich the thickness of the
extended shear plates.
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C.1.5 End Plate Bolts in Shear and Tension (J3-2)
PR, = ¢F,ntAb
! Fn
Foe = 1-3Fnt_¢T:tfv < Fue

F'e = 1.3(90 ksi) — —ooksD ( 60 Kips

(0.75)(48 ksi) \6 boltsx0.442 in.Z) = (90 kSl)

F' ¢ = 60.4 ksi < 90 ksi

$R,, = (0.75)[(60.4 ksi) (6 bolts * 0.442 in.? )]

®R,, = 120 kips > 110 kips

~ The end plate bolts are adequate for the appdiesidn.

C.1.6  Block Shear of Endplate (J4-5)
PR, = @[0.6F,Apy + UpsFy A < 0.6F,Agy, + UpsF Ay

Ly = 13.5in,

Agy = 5.06 in?

Ly, = [13.5in.—(2.5)(0.75in. +0.125 in.)] = 11.3 in.
A, = 4.24in?

Ly, = [1.5 in. —(0.5)(0.75in. 40.125 in.)] = 2.13 in.

A, = 0.799 in.2

®R,, = $[0.6F Apy + UpsFuAye < 0.6FyAgy + UpsFuAy]
UpsFuApe = (1.0)(58 ksi)(0.799 in.2) = 46.3 kips

0.6F, A, = (0.6)(58 ksi)(4.24 in.2) = 148 kips

0.6FyAgy = (0.6)(36 ksi)(5.06 in.2) = 109 kips

=~ Shear yielding controls

¢R, = (0.75)[109 kips + 46.3 kips] = 116 kips > 126 kips
¢R, = 116 kips > 90 kips

~ The end plate has adequate shear capacity.
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C.1.7 Extended Plate Flexure Checks (F2-1)
The design moment is based on the eccentricitigeopin to the end plate.
M, =V X distance to end plate
M, = (60 kips)(3.25in.)
M, = 195 kip-in.
Assuming the end connection’s outside plates &é8h thick from bearing and

tearout section, the flexural capacity of the edeshplates is shown.

oM, = ¢Fny
bd?
=y
; (032
Zx _ (0.751n.)4(121n.) — 27.0in.3

oM, = (0.9)[(2)(36 ksi)(27.0 in.? )]
¢M,, = 1750 kip-in.> 195 kip-in

=~ Plate has adequate capacity.

C.1.8 End Plate Shear Yielding (J4-3)
dR, = $0.6F,A,
$R, = (1.0)[(0.6)(36 ksi) (12 in.x 0.75 in.)]
¢oR, = 194 kips > 60 kips

~ The end plate has adequate capacity.

C.1.9 End Plate Shear Rupture (J4-4)
R, = $0.6F, Ay,
oR, = (0.75)[(0.6)(58 ksi)(12 in.x 0.75 in.)]
¢R,, = 235 kips > 60 kips

~ The end plate has adequate capacity.

C.1.10 End Plate Prying
To check whether prying action was a concernt@ ¢connection, Section 9 from
the AISC 13 Edition Steel Construction Manuaas used.
Tporr = 110 Kips/6 bolts = 18.3 Kips
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db 0.75 in.

b =(b-2)=(275in.-

) = 2.38in.

p = 6.01in.

_ |444Tpoid’
tmin - PFy

b= 4.44(18.3 kips)(2.38 in.)
min (6 in.)(58 ksi)

tmin = 0.7451in.< 0.75 in. (Thickness of End Plate)

=~ Prying does not control the end plate design.

C.1.11 Weld Design (J2-4)
Due to limited weld access, a partial penetratveid was designed to secure the

side plates of the end connection to end plate.

Tension Capacity

SRy, = $0.6F, Ay
¢R, = (0.8)[0.6(70 ksi)(12in)(0.5in.)(2)(0.5)]
¢oR, = 202 kips > 110 kips

~ Weld has adequate tensile capacity.

Shear Capacity

PR, = $0.6F, A,
dR, = (0.75)[0.6(70 ksi)(6 in.?)]
oR,, = 189 kips > 60 kips

~ Weld has adequate capacity.

Combined Force Capacity:

PR, = VVZ + T2

R, = /(189 kips)? + (202 kips)?
¢R, = 277 kips > 126 kips

~ Weld has adequate capacity.
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Cl1.12 MSOE CSEC Test Frame Flange Local Bucklifg-@)
BR, = $6.25t2Ff
®R,, = (0.9)[(6.25)(0.94 in.)2(50 ksi)]
¢R, = 248 kips > 55 kips
=~ Flange has adequate capacity.
C1.13 Web Local Yielding:
dR, = &(5k + N)E,,ty,
oR, = (1.0)[{(5)(1.34in.) + 12 in. }(50 ksi)(0.890 in.)]
¢R, = 551 kips > 55 kips

-~ Web has adequate capacity.

C.2  Design of Hydraulic Ram Base Connection

A secondary apparatus was constructed to secaieytiraulic ram to the MSOE
CSEC test frame. The assembly provided the restndiich prevented the ram from
kicking out or excessively moving during the tegtinrhe connection was designed for
an ultimate tensile force the hydraulic ram wasddbr equal to 100 kips. The overall
ram support apparatus consists of an upper and setion. Shown in Appendix D, the

lower section provided a base connection for tB&linch ASTM A36 threaded rods.

c2.1 Connecting Bolts Ultimate Design Load
Tuit/pore = 100 kips/2 sides /4 bolts = 12.5 kips /bolt

C2.2 Bolt Tensile Strength (J3-1)
o1, = PR Ap
¢n, = (0.75)[(90 ksi)(0.442 in.)?]
¢r, = 29.8 kips/bolt > 12.5 kips/bolt

=~ The bolts have adequate capacity.

Cc2.3 Threaded Rod Ultimate Tensile Load
Tuit/roa = 100 Kips/2 sides = 50 kips/rod
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Threaded Rod Tensile Yielding (D2-1)

oh, = ¢tFyAb
P, = (0.9)[(36 ksi)(1.77 in.?)]
¢P, = 57.2 kips > 50 kips

=~ The threaded rods are adequate.

Threaded Rod Tensile Rupture Strength (J3-1)

¢B, = R Ay

E, = 0.75F,

P, = (0.75) [(0.75) (58 ksi) (5  (1.5in.)?)]
¢P, = 57.6 kips > 50.0 kips

~ The threaded rods are adequate.

Thread Tensile Strength in Bottom Plates

The initial design of the threaded rods shown ppéndix D intended the treaded

rods to be threaded into their respective baseslaDue to a fabrication variance from

the shop drawings, the threaded rods were insteldedthrough the plate. Because the

original pieces were sized to prevent strippinguiout of the threads, it was found that

the same sizes were adequate for the final set-up.

C2.7

Base Plate Prying:

The minimum base plate thickness ensuring pryatiga would not control the

connection was based on Section 9 from&t®C 13" Edition Steel Construction

Manual

Tpoir = 50 Kips/4 bolts = 12.5 Kips
b =(b-2)=(275in- ) = 238in.

p = 6.0in.

_ |4.44Tpo1eb’
tmin - PFy
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b = 4.44(12.5 kips)(2.38 in.)
min (6 in.)(58 ksi)

tmin = 0.621n.< 1.0 in

=~ Prying is not a concern using one inch base plates

C.3  Design of Hydraulic Ram Upper Connection.
The upper portion of the hydraulic ram supportted the vertical and lateral
restraint for the hydraulic ram. As shown in Appierid, the apparatus also provided the

support for the load cells.

C3.1 Statics Summary
The top plate was designed to resist a load appli¢he center of the plate with a
maximum force of 100 kips. The two threaded roglsighed in Section C.3 provided the

simple supports. With a centrally located pointlad 100 kips, the bending moment is

Pl
Moy = T

__ (100Kkips)(24in.)
Mmax = 2

Mpax = 600 Kip-in.

C3.2 Flexural Yielding of Built-Up Top Plate Secti(F9-2)
¢M,, = M, = OF,Z, < 1.6M,,
oM, = (0.9)[(36 ksi)(23 in.?)] < (1.6)(600 kip- in)
¢M,, = 745 kip-in < 960 kip- in
¢M,, = 745 kip-in > 600 kip- in

=~ The built-up section has adequate flexural capacit

C3.3 Lateral-Torsional Buckling of Built-up Secti(Stems in Tension) (F9-4)
oM, = OM,, = d)ﬂ_l;:;yG] [B +vV1+ BZ]

B=+23 (&)\E
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B=23 (5&) 679 in.4

24 in. 4in*4

B =6.24

®M,, = (0.9) an(29ooo ksi)(679 in.4 ) (11500 ksi)(4 in.%) [6 24 +vVITE 242]
. = (0. . .

(24 in%)

$M, = 1.41 x 10° kip- in > 600 kip- in

-~ Lateral torsional buckling does not control.

C34 Flange Local Buckling of Built-up Section J ¢€9-6)
Check to see if section is compact
2 — 12 in. =12

1in.

t
A = 1.49\/E= 149 [ZR00KD _ 45 5 12
Fy (36 ksi)

=~ Section is noncompact.

B _oso(2) [B
Fer = Fy (1'19 0.50 <2tf) J:)

B B (12in.) (36 ksi)
Fo = (36) <1-19 0.50 (2(1 in.)) \/mTOkﬂ)

For = 39 ksi

OM;, = GFSxc

dM,, = (0.9)[(39 ksi)(34 in.3)]
¢M,, = 1193 kip-in > 600 kip- in

=~ Built-up section has adequate capacity.

C3.5 Stiffener Weld Demand

_ Mpnax

Vmax 2d

Vv __ 600 Kip-in
max = 5(25in.)

Vinax = 120 Kips
Vmax/stiee = 120 kips/2 Stiffeners = 60 kips/stiffener
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C3.6 Stiffener Plate Weld Design (J2-3)
$R, = OF, Ay
FE, = 0.6F,,,
oR, = (0.75) [0.6(70 Kksi) (2 welds * 36 in.* g * %in. )]

¢R, = 500 kips > 60 kips

~ Weld has adequate capacity.

C3.7 Base Metal Shear Yielding (J4-3)
®R, = 0.6F, 4,
R, = (1.0)[0.6(36 ksi)(36 in.x 1in.)]
¢R, = 778 kips > 60 kips

~ Weld has adequate capacity.

C3.8 Base Metal Shear Rupture (J4-4)
$R, = 90.6F, Ay,
oR, = (0.75)[0.6(58 ksi)(36 in.x 1 in.)]
¢R, = 940 kips > 60 kips
~ Weld has adequate capacity. Use 5/16” fillet weld

C3.9 Plate Apparatus Deflection

l
Apmax= —
max 240

__ 24in.
max- 240

max= 0.10 in.

pi3
48E]

>

A= (100 kips)(24 in.)3
T (48)(29000 ksi)(45.3 in.%)

A=0.02in.< 0.10 in.

-~ The section will not deflect more than the linllbwed.
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B.4  Design of the Threaded Rod Connection

A bolted clevis-type connection was designed tivigle the link between the test
specimen column stubs and the hydraulic cylindbee donnection also provided a
support location for the threaded rod extendedbttie hydraulic cylinder. The
connection was designed for an ultimate applied @fal00 kips based on the hydraulic
cylinder’s rated capacity. The following represethts design calculations conducted
verifying the connection capacity. Refer to Appenidifor all dimensions and sizes not

shown.

C4.1 Threaded Rod Tensile Yield Strength (D2-1)
The threaded rod connecting the hydraulic cylindeghe column stub connection
was designed as a 1-3/4 inch diameter ASTM A572I6&69 rod.
¢, = PF A,
$P, = (0.9)[(60 ksi)(2.41 in.2)]
¢P, = 129 kips > 100 kips

~ Threaded rod has adequate capacity

C4.2 Threaded Rod Tensile Rupture Strength (J3-1)
PP, = 0K Ap
E, = 0.75E,
¢P, = (0.75)[(0.75)(75 ksi)]
¢P, = 101.5 kips > 100 kips

~ Threaded rod has adequate capacity.

C4.3 Threaded Rod Connection Bolt Shear
From Table 7-1 of thA&ISC 13' Edition Steel Construction Manuyal 3/4 inch
diameter A325 X bolt in double shear is adequat8%08 kips.
®R, = (39.8Kkips/bolt) * 3 bolts
¢R,, = 119.4 kips > 100 kips

= Bolts have adequate capacity.
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C4.4 Clevis Bearing/Tearout Strength (J3-6a)
R, = 1.2L,tE, < 2.4dtE,
R, = (1.2)[1.5 in. —(0.5)(0.75 in. +0.0625 in.)](2)(0.5in. ) (58 ksi)
< (2.4)(0.75 in.)(2)(0.5 in. ) (58 ksi)
R, = 76.1 kips < 104 kips
=~ Therefore tearout is the controlling portion of #gquation.
®R,, = (0.75)[76.1 kips * 3 bolts]
¢R, = 171 kips > 100 kips

~ The Clevis plates are adequate in bearing anduear

C4.5 Specimen Column Stub Bearing/Tearout Strgdgtiea)

R, = 1.2L,tE, < 2.4dtE,

R, = (1.2)[1.5 in. —(0.5)(0.75 in. +0.0625 in.)](0.26 in. ) (65 ksi)

< (2.4)(0.75 in.)(0.26 in. ) (65 ksi)

R, = 22.2 kips < 30.4 kips

=~ Therefore tearout is the controlling portion of gquation.

®R,, = (0.75)[22.2 kips * 3 bolts]

¢R,, = 49.9 kips < 100 kips

~ W12 column stub web is not adequate in bearingt@acbut.

Al/2 inch ASTM A36 web doubling plate is requirgideach side of the W12X26

column sub web. Doing so, the column web connedti@dequate by inspection as the
thickness of the web is greater than the thicknés#se clevis connecting plates

calculated pe€4.4

C4.6 Clevis Plates Block Shear (J4-5)
Case 1: “L” shape rupture path
PR, = P[0.6F, Ay + UpsF A, < 0.6F,Ay, + UpsF Ap]
Ly, = 1.51n.
Agy =0.75in2
Ly, = [1.51in.—(0.5)(0.75in. 4+0.125 in.)] = 1.06 in.
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A,, = 0.53 in.2
L = [7.25 in. —(2.5)(0.75in. +0.125 in.)] = 2.64 in.
A, = 2.53in.2

UpsFuAye = (1.0)(58 ksi)(2.53 in.2) = 147 Kips
0.6F,Apy = (0.6)(58 ksi)(0.53 in.2) = 18.4 kips
0.6FyAg, = (0.6)(36 ksi)(0.75 in.2) = 16.2 kips
=~ Therefore with yielding controlling

oR, = (0.75)(2)[16.2 kips + 147 kips]

¢R,, = 244kips > 100 kips

Case 2: “C” shaped rupture path
PR, = P[0.6F, Ay + UpsFy A < 0.6F,Ay, + UpsF Ay ]

Lgy = 3.01n.

Agy, = 1.5in?

L., = [3.0 in. —(1.0)(0.75in. +0.125 in.)] = 2.13 in.
A,, = 1.06 in.2

Ly: = [6.0in. —(2.0)(0.75in. +0.125 in.)] = 4.25 in.
A, = 2.13in2

UpsFuApe = (1.0)(58 ksi)(2.13 in.2) = 123 Kips
0.6F,Ap, = (0.6)(58 ksi)(1.06 in.2) = 36.9 kips
0.6FyAg, = (0.6)(36 ksi)(1.5in.2) = 32.4 kips
=~ Therefore with yielding controlling

®R, = (0.75)[32.4 kips + 123 Kips]

¢R,, = 234kips > 100 kips

=~ Plate has adequate capacity.
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C4.6 Column Stub Web Block Shear Rupture
Similar to the bearing check p&4.5 the addition of the web doubling plates

assures the block shear capacity of the columnwélibis adequate.

C4.7 Clevis Plate Tension Yielding (J4-1)
$R, = PFA,
oR, = (1.0)[(36 ksi)(2 sides * 2 pieces * 2.25 in.x 0.5in.)]
¢R,, = 146 kips > 100 kips

=~ Plate has adequate capacity.

C4.8 Clevis Plate Tensile Rupture (J4-2)
$R, = PEA,
®R, = (0.75)[(58 ksi)(2 (8.5 in. —(3)(. 0875 in.)) * 0.5 in.)]
¢R,, = 256 kips > 100 kips

~ Plate has adequate capacity.

C4.9 Clevis Plate Weld Design (J2-3)
Ry = PE Ay
F, = 0.6Fgyyx
oR, = (0.75)(0.6)(70ksi)(2.251n.)(2)(4)(0.25)(\/72)
¢R, = 100.2kips > 100 kips

=~ Use 1/4 inch fillet welds on each side (4 totdltlevis plates.

C4.10 Clevis Plate Base Metal Rupture (J2-2)
PRy = $0.6F,Apy
®R,, = (0.75)[(0.6)(58 ksi)(2)(2)(0.5in. )(2.25in.)]
$R, = 117.5 kips > 100 kips

-~ Base metal has adequate capacity.
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C4.11 Flexural Demand on Base Plate of Clevis Apijs
Assuming a point load of 100 kips at the centahefthreaded rod connection
bottom plate, the connection was analyzed to ertherbase plate had sufficient flexural

capacity to span between the openings in the cfdatss.
— Pul
T4

M, = (o0kips(425im)

M,

M, = 106.3 kip-in

C4.12 Flexural Yielding Capacity of Clevis ApparaBase Plate (F2-1)

oM, = ¢Fny
bd?
Zx="
. . \2
ZX _ (10in.)(1.25in.)
4
7, = 3.9in3

dM,, = (0.9)(36ksi)(3.9in.3)
édM,, = 126.6kip-in > 106.3kip-in

~ The base plate has adequate capacity.



153

Appendix D

Test Apparatus Shop Drawings

The following represents the shop drawings deweddpr the fabrication of the
test apparatuses required for testing. The maseaiad fabrication was donated by AISC
certified Germantown Iron and Steel based in Jagkdbsconsin. Figure D-1 provides

an erection drawing referencing the particular sth@wing piece marks.

/— MSCE CSEC
1," TCST FRAMC

; DWT EUPFORT
| RAIL

— 31, C32, €33

BMI1 Q =ik
% M M %

~

Figure D-1: Test Setup Erection Drawing.
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Appendix E

Bolt Force Development

The following provides the Instantaneous CentdRatfation (ICOR) bolt force
analysis conducted for the experimental tests. ITIER method was implemented for
two cases of applied moments about the bolt gré@ach connection including the
measured moment and the eccentrically applied $badr The data collected at the
tested specimens’ approximate maximum moment wsed for the analysis. The ICOR

analysis was conducted as described peAtS€ 13" Edition Specificatior.

! American Institute of Steel Construction (AISC)0B.Manual of Steel Construction 13th Edition
Chicago, IL.
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Appendix F

Approximate Shear Tab Limit State Capacities

The following calculations represent the approxenanit states evaluated for the
shear tab specimen’s various rupture failures whiete reported during the
experimental testing. All equation references witliis appendix refer to the AISC1.3
Edition Specificatioh The connection capacities have been calculatétbuii the use of
any specified safety factors as to provide a comsparof ultimate capacities versus
experimental data.

F.1  Bolt Shear Rupture (J3-1)

R, = F 4y

in)2
R, = (60 ksi)* (F220)
R, = 26.5 kips

F.2  Bolt Shear Rupture

The following calculations represent the bolt shre@ture capacity as reported
per the experimental testing of Kulakal?. The average shear rupture stress was
reported as 80.1 ksi for an ASTM A325 bolt.

R, = E, Ay

_ . (0.75 in)?
R, = (80.1 ksi)* (—4 )
R, = 35.4 kips

F.2  Net Tension Rupture
The net shear rupture calculation is based on thiemWdre Sectiordescribed in
Part 9 of the AISC 13Edition Specification.
R, = FAn
L, = 2Ly tan 30
Ly = (2)(1.5)tan 30
L, = 1.732in.

! American Institute of Steel Construction (AISC)0B.Manual of Steel Construction 13th Edition
Chicago, IL.

2 Kulak, Geoffrey L., John W. Fisher, John H. A.usitr 2001.Guide to Design Criteria for Bolted and
Riveted Joints2™ ed. Chicago, lllinois: American Institute of St&@dnstruction.
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L, = L, — (dp + 0.125in.)

L, = 1.732 — (0.75in. +0.125in.)
L, = 0.857in.

R, = (58ksi)(0.857in.)(0.375in)
R, = 18.64 kips

F.3  Alternative Net Tension Rupture
The Whitmore Section in Section F.2 has been medifising a range of angles

varying from thirty-five to forty degrees to proeié range of capacities.

F.3.1  Alternative Angle of Thirty-five Degrees
R,=EA,
L,, = 2Ly tan 35
L, = (2)(1.5)tan 35
L, = 2.1in.
L, = Ly, — (dy + 0.125in.)
L, = 2.1 — (0.75in. +0.125in.)

L, = 1.23in.
R, = (58ksi)(1.23in.)(0.375in)
R, = 26.6 kips

F.3.1  Alternative Angle of Forty Degrees
R, = EAn
L, = 2L, tan 40
Ly = (2)(1.5) tan 40
L, = 2.52in.
L, = Ly, — (dy, + 0.125in.)
L, = 2.52 — (0.75in. +0.125in.)
L, = 1.64in.
R, = (58ksi)(1.64in.)(0.375in)
R, = 35.7 kips
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F.4  Localized Block Shear Rupture (J4-5)
R, =UyF Ane + 0.6F, A,

Apy =ty (Ley — (0.5)(dp + 0.125in.))

A,, =(0.375in.)(1.5in-(0.5)*(0.75in.+0.125in.))
A,,= 0.398 in.?

Ay =tp(Ley — (0.5)(dp + 0.125in.))

A, = (0.375in.)(1.5in.-(0.5)(0.75in.+0.125in.))
A, = 0.398 in.?

Ups = 1.0

R, = (1.0*58ksi*0.398in.2)+ (0.6*58ksi*0.398in.?)
R, = 36.9 kips



182

Appendix G

Experimental Data

The experimental data recorded for this researelaeailable upon request.
Contact the Milwaukee School of Engineering caniparary for further information on

how to obtain access to the experimental data.
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