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Abstract

As structural engineering practice moves from-$iédety to functional recovery after a
significant seismic event, taking advantage of structural components to enhance the energy
dissipation of a structure will be importanBased on current design criteria, lateral loads are
resisted only by the lateral force resisting system. The erggggrated by seismic events is
designed to be dissipated through plastic deformation in specific ductile components to meet life
safety requirementShear tab connections designed as part of gravity load system are assumed as
pinned and ignored as contiiors to the lateral load resisting systétawever, previousesearch
showsthatthe shear tab connections in the gravity load systentaag momentnd dissipate
energyas rotation occurat the end of beanincluding the shear tab connections in thedel
improves the performance of structure in the seismic analgsisupplemental dissipatofisvo
modificationsto theshear tab connectionadding aBottom Flange Friction Device (BFFD) and
increasing the connection deffthider bolt spacing)were proposed to improve the performance
of shear tab connections. Both modificatiggrevide larger moment strength and stiffness of
connection and dissipate more energy.

This dissertation is divided into three phases (manuscrifis)first phase of the research
project is to experimentally evaluate tsleear tab connection with different configurations. The
second phase of the research project is to evaluate the shear tab connection with different
configurations numericallat the component level. A simplified methaaf modelling the shear
tab connection was proposet usein numericalbuilding models. The thirgrojectphase is to
investigatehe impact of shear tab connections on the seismic response of steel structures.

The findings of the work presented in this dissertation are expected to be useful for

performancebased design and seismic analysis of steel structures.
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Chapter 1 Introduction

1.1 Motivation for the Research

In structural steel design, the lateral lgadisting system and gravity load system are
normally designed independently. The lateral {oesisting system is controlled by lateral force
demands while gravity load frames arairolled by gravity demands. Waelktailed and designed
structural steel frames are generally considered to have very good ductility and hence are able to
meet and exceed the life safety demands specified by current building codes for seismic events.
Gravity load frames are typically not included in the lateral load design and subsequent
performance assessment. The reason the gravity systems are typically neglected in the lateral load
design and assessment is the difficulty of modelling the Heasnlumn ©nnection and lack of
information regarding the expected behavior of connecfiblises, Charney, & Lope@arcia,
2016) Simple shear tab connections are widely used in the gravity load system in steel structures.
Experimetal tests on simple shear connections with and without the concrete slab conducted by
Liu and Astane{2000) show that energy can be dissipated by the simple shear tab connection.
The primary objective of this researcffoet is to identify ways in which the analytical
performance of structural steel frames could be improved by including the effects of energy
dissipation from the gravity system. In addition, enhancing the energy dissipation of these
connections could prade significant performance improvement for seismic and wind events for
steel structures. Several modifications of the shear tabs are considered to increase the positive
effect of the gravity system on dynamic response. These modifications include a@ditigra
Flange Friction Device (BFFD) and increasing the bolt spacing on the shear tab. Both these
methods increase the connection slip moment and energy dissipation capacity. Neither of these

modifications have begureviouslyassessed analytically or expmentally.



1.2 Scope ofWork

The overall research objective is to improve the energy dissipation capacity of steel frames
by supplementing the lateral system with the gravity system. The energy dissipation from the
gravity system can be activated in small and moderate earthquakéswehild result in energy
dissipation without damage to the structure. Enhancing energy dissipation would serve to decrease
demands on the structure and improve performance of steel structures in small, moderate and
severe earthquakes as well as signifieantd events.

This dissertation is divided into three phases (manuscripts). The first phase of the research
project is to experimentally evaluate the shear tab connection with different configuratisns. It
the first stage of this effort and includes theperimental testing needed to assess the hysteretic
response of shear tab connections and shear tab connections with the proposed modifications.
second phase of the research project is to evaluate the shear tab connection with different
configuratiors numericallyatthe component level. ttontinues the research effort by utilizing the
experimental test results in rigorous numerical models that investigate the important parameters of
baseline shear tab models as well as shear tabsavidfFD and withwider bolt spacingA
simplified method of modelling the shear tab connection was proposed to be usadeirical
building models. The thirdesearctphase is to investigate the impact of shear tab connections on
the seismic response of steel structumear tab connectiongere includedn numericabuilding
models to investigate the overall influence of shear tab conneatidrtie proposed modifications
on theresponse a$teel structures.
1.3 Organization of Dissertation

Chapter 1 ighe introductiorto define the problem ithis dissertationThe motivation of

the research and scope of the work are also discussed in this chapter.



Chapter 2 provides the literatuieview onshear tab connections and friction desiaosed
in beamcolumn joints.
Chapter 3escribes the first phase of this research project whitthedi Ex per i ment al
Evaluation of a Shear Tab Connection with a B
Chapter 4 describes the second phase of this researchtprochi ch i s A Numeri c
Evaluation of Strength and Energy Dissipation
Chapter 5 describes the third phase of this
connection on the Seismic Response of Steel S
Chapter6 is the conclusion of thidissertationThis chapter will summarizghe entire

researclprojectandpresenthe importanbutcomes andonclusions



Chapter 2 Literatur e Review

Steel structures typicallgontain both ofyravity load and lateral load resisting systehich
aredesigned separatelyhe lateral load resisting system is designed to remseffects of wind
and seismic loads as well as providing stability to theityraystem The gravity load system is
designed t@arly the dead and live loads with beams aolimnsand a concrete filled steel deck
Therefore, in structural analysis, the gravity load system is afealized as pinned connectgn
with negligible participation in the resistance of lateral loads. Howedvased on previous
researchthe gravityload system caralso provideconsiderable lateral stiffnessd dissipate
energythrough the continuous column effect and the rotational resestafrgimple connections.
In structuralsteel design, certain levels of damage happen in lateral resisting systder
significant earthquaked his damage as well as the otharergy dissip&in mechanismsnake
sure structurethatmeet life safety critéa duringearthquakedlowever, tlis damage mightesult
in permanant (residual)displacement in the system even after a small earthquake. Detecting and
repairing damagean bedifficult and expensive. iction damping, provided by devices like the
slotted bolted friction damper, is an effective sounfeenergy dissipation in structures. The
behavior of shear tab connections #meluse of slotted bolted friction dampensfriction energy
dissipationare key elements of the low slip force connection ephcThese low slip force
connections present a low damage solution in the early stage of earthquakes.

2.1 Shear Tab Connections

Shear Tab ConnectisffSTC)arethe most common connections for gravity load system
steel frame structures in North Ameri@sstanehAsl, Liu, & McMullin, 2002). Although these
connections are not designed for resisting seismic load, they are frequentin sssel frame

structures in seismic zones. This type of connection consists of a steelathedniah is fillet



welded to a column or girder and bolted to the web of a beam or girder. Unlike the design of
connections in moment frame which moment capacity will dominate the design, the design of
shear tab connections are dominated by the sheagttrensupport the beams as well as ensure
the occurrence of ductile failure modes before the fracture of welds andAsidisehAsl, Liu,

& McMullin, 2002). Several examples of STCs are showRigure2-1.
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Figure 2-1. Single Plate Shear Tab Connection@stanehAsl, Liu, & McMullin, 2002)

In steel frame structures, beamshegravity load systeraredesignedidealized)assimply
supported with STCsvhich can bemodeledwith moment releaseat both endgCrocker &
Chambers2004) In addition, he shear connections must allow the beams to reach their rotational
demandswith little resistancgAstanehAsl, Liu, & McMullin, 2002) which meansshear tab

connectiongypically arenot considerednithelateral load resisting system.



During an earthquake, lateral displacement occurs in both gravity load frames and lateral
resisting frames. The rotational demand on the shear tab connections due to lateral load is much
larger than that due to shearde which is created by gravity load which means the response of
shear tab connection will be different during a seismic eastampare with agravity load only
situation. If there is only gravity load on the structure, the moment generated at theticonis
a result of a rather small eccentricity relatively to the bolt line. Based on previous research, if the
shear force is far away from the bolt ljmghich means the distance between shear force and bolt
line is larger than the height of bolt line, the relasbip between rotation and moment is
insensitive to connection she@ichard R. G., 1980)The connection plate Bxperiencing the
rigid body plate rotation under cyclic load. Therefore, predicting the behavior of these shear tab
connections is important in predicting the structure seismic perforni@noeker & Chambers,
2004)

In structual design, the assumption of be&orcolumn connections are typically considered
as rigid or pinned. Rigid connections provide full restraint andotiallow anyrelativerotational
movement while pinned connections provide zero restrainageable torotatefreely. However,
these assumptionare not consistent witetandardconstruction due to the actual condion
According to previous research, bothe tshear talconnectionswithout slab and shear tab
connections combined with slab systéoiu & AstanehAsl, 2000) have been shown to have
significant rotational stiffness and resistance to lateral load.

For shear tab connectiswithout a slab, yield linedegan to appear at the top and bottom
bolts of the shear talguring loadingfollowed by slip betweethe shear tab anthe beam webs,
bolt hole deformation and other mechanide®ling to connection failurliu & AstanehAsl,

2000) Typically, the first of these mechanisms is yieldoighe shear tab followed by bearing of



the bolt holes and owdf-plane warpingf the plate and beam web. Limit states observed in STCs
includeyielding of the shear tab, fracture of the net section of shear tab, bearing failure of the bolt
holes, bolt facture, and fracture of the weleigure 2-2 shows the progression of slipielding,

and fracture of a shear tab connection.

T

(b) 0.03 radians (¢) 0.04 radians

(d) 0.06 radians (¢) 0.08 radians (f) 0.09 radians

Figure 2-2. STC Failure Progression(Liu & Astaneh-Asl, 2000)

For shear tab connection wiehslab, the connectiobehavior in the cyclic tesis like the

behavior of simple connections without slab. In general, it starts withodlijpved by yielding in



the shear tab and beam web, deterioration of concrete slab, bolt deformation and other mechanisms

leading to connection failure. The contribution of composite behavior of simple beam connection
and slab is proved toesignificant tsts. InLiu& Ast aneh_ Asl 6s test s, i

resistance capability was literally doubled based on the connections which wereTthetsthb
also had the effect dimiti ngrotation as expectedecause of the restrafinbm theconcrete floor.
In detail, the shear tab connection wéthlab were acting like semnigid connectionsatherthan
simple connections which means the moment capacity was significantly increased. However, after

the concree of slab crushed, the connection began to kelii@va bare shear tab connection.

The maximum moment capacity of shear tab connection is related with the conhexction
neutral axis location. For shear tab connections witaslab, when the beam flangears on the
column at large rotations, the neutral axis moves close to this point of c{Gtacker &
Chambers, 2004Figure 23 shows a shear tab connection with the bottom flange of the beam

bearing against the column. Slanly, by adding a concrete floor system on the bare shear tab

connection can also move neutral axis.

\- Binding of
\ beam flange
and column

Figure 2-3. STC Rotation(Liu & Astaneh-Asl|, 2000)



This stiffnessincreasesshear tab connectisnespeciallythe beamflange contactingthe
column flangewill cause yielding in column panel zones and lead to fracture of the sh¢aiutab
& AstanehAsl, 2000) Some shear tabonnections are designed with angle plates fixing the
bottom of the beams to the columns which can be considered aggidrnonnection. These types
of shear tab connection masignificantly higher moment capacity as well as rotational stiffness
which dso put a high demand on the column which can induce yielding in column panel zones,
followed by yielding and fracture of angle plates and shear tab plate& AstanehAsl, 2000)

Fig 24 shows a failed of shear tab coatien with a seat angle plate.

LEY
8A |

SPECIMEN SA |

L 6=009rad |

Figure 2-4. STC with Seat Angle Failure(Liu & Astaneh-Asl, 2000)

Extensivelaboratory testing of simple shear tab connections was also pedoatthe
University of California at Berkley as part of Subtask 7.04 of Phase Il of the SAC Steel Project.

The testing was performed to determine if shear tab connections in the gravity frame could provide



decent lateral resistance. A variety of shear dabnections were put into cyclic tests with
simulated gravity loadLiu & AstanehAsl, 2000)
A typical shear tab moment rotation model was developedlffo& AstanehAs | 6 s r esear

as well Figure 25 shows the gener@khavior of the model presented in the SAC Steel Project
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Figure 2-5. STC MomentRotation Model (Liu & Astaneh-Asl, 2000)

The initial stiffness of the connection is established by determining the moment and rotation

required to overcome the static friction restrairtimgconnectiofLiu & AstanehAsl, 2000) This

friction is caused by the bdknsion, and the moment required to overcome it is referrasl ttoe

Asl i p magh€aculated eshimates of the slip moment begin with identifying the frictional
force of one bolt. This assumes the minimum bolt tension defined and the coefficgtatic
friction for a class A faying surface. An estimate of the slip momen§i{Ms then calculated from

the resultant force couple needed to overcome the static friction of each bolt. Figsine\&s the
assumed force distribution on shear talbrectiors without and witha slab system. The SAC

experiments found that underestinssd@d overestimassof slip moments happened consistently
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on the shear tab bare connection and shear tab connecticasieith respectively. Therefore, two
adjustmenfactors which were 1.5 and 1.67 were developed and with them an accurate estimate
of the slip moment can beade(Liu & AstanehAsl, 2000) In addition, the corresponding slip

rotation is determined empirically from the S&&periments which is 0.0@4ad.
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Figure 2-6. Force Distribution on STC without and with Slab(Liu & Astaneh-Asl, 2000)

Once the shear tab connection slips, the stiffness of shear tab connection decreases. The
reduced resistance of subsequent cycles comes from kinetic friction in the connection. Therefore,
it may be moreccurateo use the secant stiffness mofau & AstanehAsl, 2000) The secant
stiffness model neglects ti@tial stiffness based on the initiglip behavior. The secant stiffness
is established by the maximum positive and negative moment capacity and correspondomg rotati
This secantstiffness is roughly15% of the initial stiffness for bare shear tab connections and
roughly 50%of the initial stiffnesgor shear tab connectiswith aslab systenfLiu & Astaneh
Asl, 2000) Figure 27 outlines the behavior of a shear tab connection showing the secant stiffness
for positive moment. Though not depicted, the secant stiffness would also apply to the negative

momentrotation relationship.
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Figure 2-7. STC Secant StiffnesgLiu & Astaneh-Asl, 2000)

Design equations for calculating the maximum moment capacity of shear tab connection have
been developed and verified through cyclic testing asgbdhe SAC Steel Project. The rotation
at which the maximum capacity first owdurs i s
defined as the rotation at which the beam flange bears against the column. This is purely a function
of the conneabn geometry.

The drop in the positive momenrdtation relationship oFigure 26 signifies the failure of
the concrete slab. The rotat i ddjisanempdalivadue. t he
The slab only participates when bendinghaf tonnection puts the concrete in compression. Thus,
the negative portion of the STC momeation curve has no drop in capacity. The positive
momentrotation relationship mirrors this portion of the curve for bare shear tab connections and
shear tab corecttions with composite slabs following the failure of the concrete. The shear tab
connection momerrotation models are a basis for incorporating simple connections in structures
subjected to laterdbadings(Liu & AstanehAsl|, 2000)

A more complicatedinite element model was established by Rou Wen.g28l.3) The
finite element simulation provides more information relaigtth shear tab connection with and

12



without slab in the micro level including stress distribution in shear tab connection zgne
changeof the neutral axis along the beam sectionsthadistribution ofnormal stresalong the
shear tab connection. FigureBxhows the 3D Global view and local view close to shear tab

connection.

Shear Studs yd Wire Mesh
a8 X
! ¢ E /
7] i g T o
§ 1 5
-

Figure 2-8. 3D Global and Local View of Finite Element Model of STGWen, Akbas,
Sutchiewcharn, & Shen, 2013)
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These finite element simulations found that for shear tab connectioa glab systeml.iu
& AstanerAs | 6 s -mmtorematel of shear tab connection performs well while significant
differences happened between the results of AstAnel 6 s mod el and finite ¢
AstanehAs| model is underestimating moment capacity and rotation limitation for the shear tab
connedbn with a floor system. Figure-® and 210 shows the comparsion of remibetween
experiment and numerical simulation on shear tab connection Widiabh and shear tab

connection with slab, respectively.

140 VS
+2A-FEM
®2A-Test
120
+2B-FEM > 2
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Z | 80 IO o 4
g | 60 '
a
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20 [ i The event when the beam and

column flanges touched.

0 2 B 6 8 10
Drift Ratio (%) (A/h)

Figure 2-9. Comparison of Result between Experiment and Finite Element Simulation on
Bare STC(Wen, Akbas, Sutchiewcharn, & $ien, 2013)
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Figure 2-10. Comparison of Result between Experiment and Finite Element Simulation on
STC with Slab System(Wen, Akbas, Sutchiewcharn, & Shen, 2013)

Anotherfinite element model veligd by experiment resudt(Rahman A. , Mahamid, Amro,
& Ghorbanpoor, 2010)sing andunstiffened extended shear tab connectiba shear tab was
welded on the column wedlweak axis)was accomplishedybAbou-zidan& Liu (2015) Figure

2-11 shows the extended shear tab connection meshing in this finite element simulation.

Figure 2-11. Extended STC Meshing(Abou-zidan & Liu, 2015)
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A parametric study was conducted based on the finite element model which shows that the
extended shear tab connection can also dissgradrgy during the testFigure 212 shows the
comparison of experimental and finite element shear versusdsghrotation response for all four
connections(a) 3bolt shear talconnection; (b) Solt shear tab connectiofg) 3-bolt extended

shear talzonnection and (d)-6olt extended shear tab amection(Abou-zidan & Liu, 2015)
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Figure 2-12. Comparsion of Result between Experiment and Numerical Simulation on
Different STC (Abou-zidan & Liu, 2015)

More recent examples of shear tab connection studies have relatedetotyqies of

demands.For example, the effect of column removal scenario on shear tab connection
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(Daneshvar & Driver, 2017and effect of thermal creep on shear tab connection due to fire
(Jabotian & Hantouche, 2018)herefore, considering the behavior of simple shear tab
connection®n system behavias important in structal design and analysis.
2.2 Slotted Bolted Friction Dampers

The Slotted Bolted Friction Damper (SBFD) is a commonly used device for dissipating
energy. The device is a simple and inexpensive design that can be installed in many arrangements
throughout a structure. A typical configuaat for a slotted bolted friction device is shown in
Figure21 3. Generally, these devices are composed
of a selected friction material with high strength bolts clamping all five layers together. Spring
washes maintain bolt tension during loading cycles. The center plate contains slotted holes
allowing it to move relative to the rest of the device. Energy dissipation occurs as the slotted plate
slides past the shims above and below it. A detailed depictian aésembled SBFD is shown in

Figure 214.

outer members

Figure 2-13. Typical SBFD Configuration (Balendra, Yu, & Lee, 2001)
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Figure 2-14. Slotted Bolted Friction Damper(Erochko, 2013)

Friction dampers resist motion as kinetic energy converts to thermal energy by the abrasion
of one surface against another. Friction dampers bedwgding to the Coulomb frictiamodel
(Erochko, 2013)The Coulomb friction model is an empirical description of dry friction behavior
(Bhavikatti & Rajashekarappa, 199&)assumes that only ansll portion of the friction surfaces
are in atomically close contact thus the friction force is independent of the contact area. The model
assumes the friction force is linearly proportional to the normal force compressing the surfaces
together(Bhavikatti & Rajashekarappa, 1998) coefficient of friction is an empirical multiplier
that equates the normal force to the frictional foAceoefficient of friction is unique to the two
contacting surfaces as well as the mode iofiém. This classic model describes friction in two
modes: static and dynamic. Static friction can occur when friction surfaces are stationary relative

to one another. Dynamic friction occurs when friction surfaces are in relative motion. Friction is a
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more complicated physical interaction, but the Coulomb model is a simple and adequately accurate
approximation of friction damper behavi@havikatti & Rajashekarappa, 1998)

The SBFD activates through axial deformation. A imum of two bolts assures the device
deforms in a straight line. As the device is loaded, there is an initial elastic st{fBwesadrino,
et al., 2013) The axial load on the device builds until the force exceeds the static friction and the
surfaces bedg to slide. The load at which this occurs is called the slip force. After the SBFD slips,
there is a constant force of kinetic friction resisting deformation. This resistance is referred to as
the sliding force. The SBFD behaves similarly under tensileoorpressive loads. Figurelb

shows the SBFD sliding mechanics.

TeNsION SLIDING COMPRESSION SLIDING

Figure 2-15. SBFD MechanicgErochko, 2013)

Thefriction force is a function of the normal force provided bg tension in the boltand
the friction coefficient for the sliding surface@solondrino, et al., 2013)This relationship is
described for a SBFD by Equationl2In this equation,s# e pr esent s t higthes!| i di n
effective coefficient of frich n , n is the number of bolts, d i s
is the bolt tension. The sliding force is set by adjusting the bolt tension. The other variables

generally remain reasonably constéablondrino, et al., 2013)
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€ £1 2 ZAR Equation 2-1

Energy dissipates in moving the SBFD as a constant force is exerted through the sliding
distance. The energy required to deform the device is shown in a plot of the applied feuse ve
the resulting deformation. This plot is called a hysteresis. The area enclosed by the hysteresis loop
represents the energy dissipated. This hysteretic behavior of SBFDs changes for different friction
shim materials. Common materials used in SBFDisidecaluminum, brass, mild steel, and Non
Asbestos Organic (NAO) friction compositéSolondrino, et al., 2013Figure 216 shows the
hysteresis of a SBFD with an NAO. Hysteresis of SBFDs using different metals as friction shims
is shown in Figure 27. A friction device with a constant and repeatable slip force is desirable for

design and reliable performance. These characteristics are evident in a stable hysteresis.
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Figure 2-16. SBFD Hysteresis for NAO Fiction Shims (Golondrino, et al., 2013)
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Figure 2-17. SBFD Hystereses for Different Metallic Shims (Golondrino, et al., 2012)

Certain metallic friction surfaces exhibit irregular hysterbgbavior like the mild steel to
mild steel contact shown in FigurelZ (c). This is caused by particles that wear off one surface
and interfere with the friction contact. These wear particles can have an adhesive effect, and their

physical presence betwethe two sliding surfaces can create more physical damage. The adhesive

effect of

(Khoo, et al., 2012)An upper andower bound design approach is recommended for the friction
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coefficient to deal with uncertainty in the slip fol&ochko, 2013)

SBFDs withbrass and aluminum shims have moderately stable hysteresis, but still suffer
some sirface wear effect@Golondrino, et al., 2012Ensuring a difference in hardness between
the friction surfaces results in a more stable sliding performance and lesS hisallows the
softer material to conform to the harder material and absorb wearngs(Khoo, et al., 2012)
SBFDs with NAO composite shims provide a more stable hysteretic behavior than metallic friction
surfacegGolondrino, et al., 2013 his is visible when comparing the smooth hysteresis loops of
a SBFD with NAO composite shims in Figurel@ to the sporadic hysteresis of SBFDs with

metallic shims in Figure-27. The components of a SBFD with NAO composite shims can be seen
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in Figure 218. The NAO material is bonded to machined recesses in thepates of the SBFD

with epoxy(Erochko, 2013)

kepad
Figure 2-18. NAO Composite SBFD (Golondrino, et al., 2013)

NAO composite shims produce a constant friction force throughlittiegslength once a
ifisteady wear o state occurs. A steady wear st a
heterogeneous NAO composite carry the bolt load and the softer filler material is worn and
receded. Wear continues after the system reasteasly state, but the damage to the friction
surfaces and adverse effects on friction behavior are considerably less than devices with metallic
shims(Golondrino, et al., 2013)The stable and repeatable behavior of NAO composite friction
pads and steel bded this to become a popular combination in friction applicat{gnschko,
2013) However, the longerm performance of SBFDs with NAO composite shims is not well
documented. Issues with creep of the NAO material may leaalttoelaxation and a reduced slip
force (Erochko, 2013)

SBFDs have been used in a variety of structural applications. A prestressed concrete rocking

wall with SBFDs is shown in FigureI9. These devices are commonly ing@lin bearrcolumn
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connections of moment resisting frames and brace connections of braced(féamoesirino, et
al., 2013) Figure 220 shows a beamolumn joint with a SBFDIn this connection, the FCme

activated by laral displacement of the coluras well as inplane rotatiorat the enaf the beam
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Figure 2-20. BeamColumn Connection with SBFD (Golondrino, et al., 2013)

The Sliding Hinge Joint (SHJ) is a moment resisting frame connection currently in use that

contains bottom flange SBFDs. The SHJ utilizes NAO composite and stestées sliding
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surfaces. While the SHJ does not have aa@itering mechanism, residual drifts of structures
with bottom flange friction device@FFD) are typically less than structures that rely on beam
hinging in the moment resistinijame (Khoo, et al.,, 2012)A posttensbn friction damped
connection for steel moment frames is introduced by P.Roja$28iG8) The friction device was
installed on the top and bottom of beam flamdgle the postension high strength strands were
installed parallel to the corresponding beams. Fige2& 8hows the frame with petgnsiored

friction damped connections (PFDC).

PT strands
e-column ] ‘,beam i
(a) anchorage -
anchorage
shlrn plate outer plate
‘) i //'PT strands
L |
= [sl=l1=1+14]
shear r Hf a_ veoeod| ]
q (B reinforcing plate
Tk spacer
b) brass shim friction plate

Figure 2-21. Overview of Frame with PostTensiored Friction Damped Connectiongtop
and bottom of beam flange)and Details of PostTensiored Friction Damped Connections
(Rojas, Ricles, & Sause, 2005)

Inelasticanalysis was performed on festory and sixstory moment frames to evaluate the
effect of using this type of pestnsion friction damped connection on the seismic behavior of
steel moment franse Figure 222 shows the comparison of residual floor disptaens of a six-
story steel frame between moment frame with fp@ssiored friction damped connecticrand

moment framswithout posttensioredfriction damped connectian
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Figure 2-22. Comparsion of Residual Floor Displacement between Moment Frame with
PFDC and without PFDC (Rojas, Ricles, & Sause, 2005)

The result shows the pesnsion friction damped connectionsvha signficant effect on
the moment frame while the change of maximum friction force in the friction device did not have

significant effect on seismic behavior of steel monfearhes (Rojas, Ricles, & Sause, 2005).
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Figure 2-23. Overview of Frame with PostTension Friction Damped Connectiongboth
sides of beam weband Details of PostTension Friction Damped ConnectiongTsai K.-C. ,
Chou, Lin, Chen, & Jhang, 2008)

Another seltcentering postension friction damped connection was introduced by Tsai et al.
(Tsai K-C. , Chou, Lin, Chen, & Jhang, 2008he friction device was installed on both sides of
beam web while the pegtnsion high stregth strands were installed parallel to the corresponding
beams through the column flange. Both slot holes and oversized holes were used in these tests.
Figure 223 shows the frame with petnsiored friction damped connections and the details of

posttersionedfriction damped connections in this research.
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Since the floor system is on the top of the moment frame in steel structure, installing friction

devices interferes withthe slab system. Therefore, a new type of p@ssiored friction damped

connectim was introduced by Wolski et #2009) The friction device was installed on the bottom

beam flange while the postnsiored high strength strands were installed parallel to the

corresponding beams through the column flange. Al&ftee slded hole was adopted in the

friction device to have a better fit tfe rotational behawr in the test. The test results show that

theBFFD provides reliable energy dissipation, and that the connection remains dieggeder

the design earthquak@Volski, Ricles, & Sause, 2009The result was also validated by the

numerical analysis using OpenS€€aio, Song, & Zhang, 2011figures2-24 and 225 show

sketclesof experimental details for setientering connecti@with BFFD and the corresponding

numerical model, respectively.
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Figure 2-24. Details for SelfCentering Connection with BFFD (Wolski, Ricles, & Sause,

2009)
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(a) Layout of elements (b) Deformation under earthquake loading

B Beam/column node O= =0 Truss element for tendon
Beam/column element

Rigid link element to consider
the depth of beam & column

O—0O Truss element for energy dissipation

OWO Zero-length elements for gap opening/
closing

Figure 2-25. Numerical Model for Self-Centering Connection with BFFD(Guo, Song, &
Zhang, 2011)

Based on the previous literature review, friction devltave been proved to be effective to
dissipate energy during earthquake event. If the friction device is combined with tberdeting
beamcolumn system, the charecr damage in the designed earthquake is low. However, the
friction device might be damaged even in a small earthquatkefriction device is not combined
with aself-centering beam column systemnew removable friction device for low damage steel
beamcolumn joins was introducedLatour, et al., 2018)Figure 226 shows the detail of beam
column joint withBFFD with two different configurations. The result was alsbdaedthrough
numerical analysis by using Abaqus. Figuw272shows the mesh detail thie beamcolumn joint
with BFFD with two different configurations. FigureZ8 shows the result of moment vess
rotation forthe beamcolumn joint witha BFFD for two different configurations with small
assemblies and large assemblies. The results show that even withouttkeatseihg system, the
beamcolumn joint witha friction device can still be efficient to dissipate energy. These two

different configurationdave almost the same effect on the behavior of bedomn joint. A
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design criterion for beam column joint with BFFD was propdgeancavilla A. B., Latour, Piluso,

& Rizzano, 2020pased these testndthe numerical analysisesults
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Figure 2-26. Detail of Beam Column Joint with BFFD with Two Different Configurations
(Latour, et al., 2018)

o
b

Figure 2-27. Abagus Model of Beam Column Joint with BFFD with Two Different
Configurations (Latour, et al., 2018)
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Figure 2-28. Moment versis Rotation for Beam Column Joint with BFFD with Two
Different Configurations a) Small Assemblies and) Large AssemblieqLatour, et al.,
2018)

SBFDs are also employed in braces. A typical use of a SBFD can be $eégaren229. Here,
an SBFD has been incorporated into one of the brace connections. THeeSelfing Energy
Dissipative (SCED) brace is a brace design with an internal friction damper. The SCED brace has
internal pretensioned tendons that provide aaaitering mechanism (Erochko, 201Bigure 230
shows an idealized SCED brace as it undergoes its full range of motion. The brace must first
overcome the pretension force before the SBFD begins to take load and slip. T$teafiad
hysteresis seen in kige 230 is typical of selcentering devices with energy dissipation. The
friction damping braces decrease drifts while increasing accelerations when compared to

conventionally braced structur@srochko, 2013)
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d) INrTIAL STIFFNESS
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2.3Summary

This chapter provides a review of literature pertaining to shear tab gravity frame connections
and slotted bolted friction devices in structural applications. The design, application, and
performance of these structural elements are necessary in undegstdimel connections
investigated in this thesis. The reviewed literature suggests slotted bolted friction dampers with
NAO composite shims provide a simple and reliable source of energy dissipation in a wide variety
of structural applications. A scarce esgtion of literature exists on the effect the gravity frame

during lateral loading and how those effects should be accounted for in structural modeling.
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Abstract

As structural engineering practice moves from-$iééety to functional acovery after a
significant seismic event, taking advantage of structural components to enhance the energy
dissipation of a structure will be important. This paper is the first phase of a research effort to
assess the impact of enhancing the energy dissnpaf the gravity system to improve the response
of steel frames. One of the proposed connection modificati@Bagtom Flange Friction Device
(BFFD). Increasing energy dissipation in simple gravity connections provides an economical
mechanism for ineasing energy dissipation for moderate to severe earthquakes and severe
windstorms. In order to provide the experimental data to assess the impact of the gravity
connections on a frame, a series of 27 sisrdle tests were used to investigate the pegoom
of a Slotted Bolted Friction Device. Then, a series of 18 {aogée tests were performed to
investigate the performance of a Bottom Flange Friction Device on a shear talcddaam
connection. The hysteretic response, energy dissipation, botiiefrgition coefficient and initial
connection stiffness are presented and discussed in this paper. The experimental testing of the

shear tab connection with a bottom flange friction device showed improved energy dissipation and
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capacity over the simpleonnections without any adverse impacts on the performance and
deformation capacity of the shear tab alone.
Keywords: early phase energy dissipation, slotted bolted friction deBiopm FlangeFriction
Device
3.1lIntroduction

In structural steel design, tHateral loadresisting system and gravity load system are
normally designed independently. The lateral {oesisting system is controlled by lateral force
demands while gravity load frames are controlled by gravity demdrelsdetailed and designed
structural steel frames are generally considered to have very good ductility and hence are able to
meet and exceed the life safety demands specified by current building codes for seismic events.
Gravity load frames are typicallyot included in the lateral load design and subsequent
performance assessment. The reason the gravity systems are typically neglected in the lateral load
design and assessment is the difficulty of modelling the Heasnlumn connection and lack of
information regarding the expected behavior of connect{giasres, Charney, & Lope@arcia,
2016) Simple shear tab connections are widely used in the gravity load system in steel structures.
Experimentatests on simple shear amctions with and without the concrete slab conducted by
Liu and Astanel{2000)showed that energy can be dissipated by the simple shear tab connection.
The primary objective of this research effort is to identify wayswhich the analytical
performance of structural steel frames could be improved by including the effects of energy
dissipation from the gravity system. In additiomhancing the energy dissipation of these
connections could provide significant performamprovement for seismic and wind events for
steel structures. Several modificatianfsthe shear tabare considered to increase the positive

effectof the gravity systenon dynamic response. These modifications include adding a Bottom
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Flange Friction Dei¢ce (BFFD) and increasing the bolt spacing on the shear tab. Both these
methods increase the connection slipmentand energy dissipatiocapacity Neither of these
modifications have been assessed analytically or experimentally.

The overall research olggve is to improve the energy dissipation capacity of steel frames
by supplementing the lateral system with the gravity system. The energy dissipation from the
gravity system can be activated in small and moderated earthquakes which would result in energy
dissipation without damage to the structure. Enhancing energy dissipation would serve to decrease
demands on the structure and improve performance of steel structures in small, moderate and
severe earthquakeBhis paper is the first stage of this effartd includes the experimental testing
needed to assess the hysteretic response of shear tab connections and shear tab connections with
the proposed modifications. The simplest modification to increase the slip moment of the shear
tabs is to widen the bo#fpacing. The second modification is the addition of a BFFD which is a
Slotted Bolted Friction Device (SBFD) attached between the bottom flange of a beam and the
supporting column flange (See Figu€l). It is paramount that the BFFD be able to activate
consistently and subsequently workdissipate energy in a stable manwhile also maintaining
the gravity load pathEqually important is that upon activation of the main lateral force resisting
system, the BFFD acts to supplement energy dissipafismsupplemental energy dissipation
would be engaged before the seismic force resisting system yields providing a mechanism to
dissipate energy without damatgethe frameand throughout the event. This supplemental friction
device would be effective when ts&ructure is experiencing a minor earthquake or under wind
load when the lateral system is still elastic. In order to evaluate this concept, this paper provides a
description of and then reports on a series of experimental tests that characterize e simpl

connectionwithout andwith a BFFD. The simple shear tab connection itself is considered as a
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baseline model in this experimental test. The concrete floor system is an imponguanent of

the systenwhich can significantly affect the behavior of thienple shear connectipaespecially

in a composite floor systenowever, it was not considered in this research. A similar effect of

the BFFD is expected whether the shear tab connection is bare or has a concrete slab. Including
the floor system in the $éis considered to increase the effect of BFFD more than for a bare shear
tab since the center of rotation of the connection is moved up which means the distance between
center of rotation and BFFD will increase whaduldprovide lager moment strengthdadissipate

more energy.

4%
/Beam

/Shear Tab
e

Column

000

ol -srrD

4%

Figure 3-1. Sketch of Simple Shear Connection withBFFD

This paper represents the first stage of the research with experimental testing. The data
generated from these testsl be critical to future efforts related to the overall research objective.
The next phase will be validating high fidelity finite element analysis models of the connections
with and without the proposed modifications. These validated models will betauseaentify
important parameters and develop numerical models lfackbone curves) that can be used in

structural analysis models. The last research phase will assess the impact of including the gravity
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system with enhanced shear tabs on the respéress®study steel frame buildings. The research
presented in this paper provides the foundation for these future efforts.
3.2 Literature Review

At the core of the BFFD is the slotted bolted connection that is referred to as a Slotted Bolted
Friction Device(SBFD) in this work. According t@rigorian and Popoy1994) the original
design (see Figurg2) consisted of a steel plate interposed between two external steel plates and
clamped together by a steel bolt with Bellleviwashers to maintain clamping force. The
connection succeeded in dissipating energy through friction but was plagued with an unstable
hysteretic response stemming from the tribological effects of steel sliding across steel. Subsequent
research byGrigorian and Popov (1994) found that these shortcomings could be resolved by
installing brass shims into the friction planes, resulting in a consistent friction force and stable
hysteretic response. A great deal of reseamgblving the use of materials other than brass for
shims and the effect on friction device response, as well as new methods of implementing sliding
friction devices into traditional lateral force resisting frames followed these research(Starts
Song, & Zhang, 2011, Tsai K. , Chou, Lin, Chen, & Jhang, 2008; Zhang A. , Zhang, Li, & Wang,
2016)

Clamping Bolt

fStationary Plate
\Stationary Plate

/—Moving Plate with Slot Hole
]

Clamping Bolt

NN

fStationary Plate
\Stationary Plate

Figure 3-2. Slotted Bolted Friction Connection wihout Shims (top) and with Shims
(bottom)

/—Moving Plate with Slot Hole
|

Shim Plate
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Research undertaken by Clifton (2005) resulted in additional SBFD design options through a
classification intdSymmetric Friction Connectior{SFCs) andAsymmetric Friction Connections
(AFCs). SFCs are the traditional designs which provide a symmetric load path by transferring force
through two external plates to a single interior plate, or vice versa. An altered version of this, the
AFC, was introduced as component oé joint developed by Clifton (2005) for steel moment
resisting frames. Noticeably different when comparing AFCs with SFCs is the asymmetrical load
path introduced by a backing plate clamping the connection together and replacing theslgreviou
present external plate that provided both clamping action and continuity between connection
elements. This modification enables the AFC to be applied at-belammn joints in a manner that
results in both the internal plate and its friction plane adjgi the beam flange while allowing
sliding upon joint rotatiofClifton, 2005)

Research by Golondrino, et €2013)found that hysteretic behavior of SBFDs changes based
on different shirmaterials. Common materials used as shims include aluminum, brass, mild steel,
and NonrAsbestos Organic (NAO) composites. Golondrino, ef2dl12)and Khoo, et al(2012)
showed that high hardness steel shims with low wear rates were more conducive to achieve
consistent and stable hysteretic behavior. Ensuring a difference in habéhessn the friction
surfaces also results in more stable sliding performance and less Wwisanlldws the softer
material to conform to the harder material and absorb wear patfdies, Clifton, Butterworth,
MacRae, & Ferguson, Influence of Steel Shim Hardness on the Sliding Hinge Joint Performance,
2012) SBFDs with NAO composite shims.Q., Ferotec Friction Inc. D3923) provide a more
stable hysteretic behavior than metallic friction surfa@@slondrino, et al.,, 2013)NAO
composite shims produce a constant friction force through the sliding lengthivrecedae ady we ar

state occurs. A steady wear state occurs when the wear resistant segments of the NAO composite
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carry the bolt load and the softer filler material is worn and receded. Wear continues after the
system reaches steady state, but the damage fiictien surfaces and adverse effects on friction
behavior are considerably less than devices with metallic st@olondrino, et al., 2013)The

stable and repeatable behavior of NAO composite friction pads and steel has led this to become a
popular comimation in friction applications. However, the letgrm performance of SBFDs with

NAO composite shims is not well documented. Issues with creep of the NAO material may lead
to bolt relaxation and a reduced slip fo(Eeochko, 2013

A Bottom Flange Friction Device was developed Wylski M. (2006) as a method of
incorporating an energy dissipating friction device into -8ahtering (SC) Moment Resisting
Frames (MRF) with PosEensioned (PT) steel moment connections or PAVERE systems. The
device was placed at the bottom of the beammn interhce to enable energy dissipation through
friction without conflicting with the concrete slab or the other connection compofWotski,

Ricles, & Sause, 2009The test results show that the Bottom Flange Friction Deviceiges
reliable energy dissipation, and the connection remains dafresgender the design earthquake.
A removable friction device for low damage steel beaumn joints was introduced by Latour
et al.(2018) The resits show that even without the sekntering system, the beasolumn joint
with a friction device can still dissipate energy efficientirancavilla A. , Latour, Piluso, &
Rizzano, 2020)

The previous research efforts have focused on the friction components as the primary energy
dissipation component. In this research the BFFD are incorporated into the gravity system and are
supplemental to the primary lateral system. The impact of BFFEH®igravity system can be
taken into accounisingperformancebased design. Adding the shear tab connection with BFFDs

in the structural models can help engineers to have a better understanding of the behavior of
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structures under lateral loading. The cept of the BFFD in the gravity load system is meant to
provide energy dissipation distributed through the structure that initiates at lower deformation
levels. This early initiation serves to provide energy dissipation prior to inelastic response of the

primary lateral system which can serve to dissipate energy for a wider array of lateral demands.
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3.3 Development and Description of the SBFD

Expeaimentaly characterizing theonfiguration and performance of the different materials
in the BFFD is more easily completed by assessing a simpler Slotted Bolted Friction Denice.
types of SBFDs were tested including an Asymmetric Friction Connection and a Symmetric
Friction Connetion. An AFGtype SBFD is beneficial since it allows for connection at the beam

column joint with fewer plates while an SHA§pe SBFD is expected to have more stable

performance.
3.3.1SBFD Description

This section includes a pary-part review of the design drfabrication of both the AFC and
SFC SBFDs. The assembled connections can be seen in Fgure 3

The stationary and moving plates measured 7.5 x 4.5 x 0.5 in. and were fabricated using 0.5
in. thick AISI 1018 coledrawn lowcarbon steel. An extraide lorg-slotted holeexists through
the thickness of the moving platbat allows the SBFD to have vertical displacemand
horizontal movement caused by imperfection of the test set up. FetyeGBFDs, two recessed
channels were machined on one side ofrtteving plate that allow the friction material to be
embedded 1/16 in. deep. For the Siyle SBFD, recesses were machined on both sides of the
moving plate. It is intended for thigction material to project 1/16 in. above the steel surface and
create arelevated friction plane for the shim to slide across. The stationary plate has a single 5/8
in. throughhole for the clamping bolt. Two 3/8 in. throufbles were made near the edge of the
moving platefor a boltedconnecibn with top angles which weralso connected to the actuator.
Similarly, two 3/8 in. througtholes were made near the edge of the stationary ftatasolted
connedibn with the bottom angle. The bottom angles were connected to a concrete reaction block

on the strong floor.
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Following fabrication of the SBFD plates, NAO friction material was attached in the recesses
of the moving plate. D2017, a NAO friction material manufacture&daptec Friction Ing was
used. Notable improved features of the D2017 material include increasecstieammpressive
force capacities and added oil resistance. The friction material was affixed to the steel moving
plate using Loctite EA B20HP adhesive. The process consisted of applying a thin layer of
adhesive to the friction material and the degreaseding plate, clamping the two components
together, and then curing the assembled piece

Different steel shims were usemlassess the effects of shim hardness and surface treatment
on SBFD performance Both shim types have dimensgoof 3 x 5 x 1/8 in. The shims were
fabricated from 1/8 in. thick sheets of both AISI 1018 ewlted steel with a precision ground
finish and 304 stainless steel with a mirlike (#8) finish. Both materialgvere listed adeing
compliant with the apppriate ASTM standards as well as havingcRaell hardness scale B
(HRB) values of71 and 80 for the 1018 carbon and the-8tinless steel, respectively.

Clamping bolt tension provides the normal force in the Coulomb friction model. A method
for measumg tension in SBFD clamping bolts is necessary for controlling slip criteria. Several
methods, each with a differing level of accuracy, exist for approximating bolt tension. The options
ordered by accuracy are strain gauge instrumented bolts, Direct iT émdicator (DTI) washers,
turn control methods, and torque control methods. Of the four methods, strain gauge instrumented
bolts are most fitting fonitiating andmeasuring bolt tensioturingexperimental evaluation.

Once initial tensioning of the aigping bolt is complete, maintaining tensithroughout
service life is crucial for proper performance. Though difficult to predict, the potential exists for
stress relaxation and creep to progressively decrease bolt tension. Furthermore, surface wear

resuting from the interaction between the shim and friction material during slipping could reduce
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component thicknesses enough to have a noticeable effect on bolt tension. The most common
method for maintaining bolt tension in SBFDs is Belleville washers ercilaimping bolt. A
Belleville washer is a washshaped conical spring that flattens elastically when compresskd
maintairs bolt tension by exerting an opposing force on the bolt that allows for the compensation
of lost bolt tension which reduces variability in both the slip and sliding f¢@xagorian & Popov,
1994; Khoo, 2013)Belleville washers can be combined through stacking to increase spring force.
The washers can be stacked in parallel, in series, or other combinations. However, care must be
taken in selecting a stacking configuration on account of the impact on elastidipsgfehnorr
Corporation, 2003)Belleville washers are a simple, readily available, and economical method of
maintaining SBFD bolt tension.

Bolt strain gauges were installed in all clamping bolts in order to capture thessitbrt
during testing. A 0.07 in. diameter hole with an approximate 1.4 in. length was drilled at the center
of the head and then a BFBLC bolt strain gauge manufactured by Tokyo Measuring Instruments
Lab was inserted. The remaining void was filled by2 Aadhesive manufactured by Tokyo
Measuring Instruments Lab or AB) which is made by MicrMeasurement. Following
installation, the bolt strain gauge was calibrated in a universal testing machine to determine the
stress versus strain relationship. FigBfé shows two ASTM F3125 A325 bolts with installed

bolt strain gauges.

Figure 3-4. ASTM F3125 A325 5/8 in. Diameter Bolts with Bolt Strain Gauge
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Once calibration was completed, all SBFD components were cthinpthe single, strain
gauged 5/8 in. ASTM F3125 A325 bolt. The clamping bolts could be tightened to a precise tension
value to better control SBFD slip force and limit performance variability. In addition, both
Belleville and flat structural steel waskewrere installed on the clamping badt maintain bolt
tensionand distribute clamping force.
3.3.2Experimental Testing of SBFD

The goal of thdesting was to assefise friction coefficient betweethe friction material
(D2017) and shim plates, the frictionetficient between the washer and steel moving plate,
energydissipaté, and loss of bolt tensio®FCGType SBFD tests provided the friction coefficient
betweenfriction material (D2017) and shim plates while AHgpe SBFD test provided the
friction coefficient between washer and steel moving plates. Loss of bolt tension was captured by
measurement of bolt strain gauges. The simple design of the test setup dbovestbrgy
dissipated to be easily calculated alongside other performance variables.
3.3.3Experimental Setup

The setup shown in FiguB5 was devised to experimentally evaluate the SBF2.moving
platewasbolted between two pieces of xx5/8 anglevhich connected with an aluminum block
on theMTS 243.35 hydraulic actuator attached to a reaction frame. The stationary plate assembly
was boltedo L6x6x5/8 angls which were connected taancrete reaction blocttached to the
strong floor Four safety styas were used to prevent movement of the actuator which might cause
bending behavior of connection. Lastly, two drawe sensors were clamped on the two top

angles separately to measure the displacement of the top angle.
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Figure 3-5. SBFD Test Configuration

Once the SBFD plates were in place, installation of the clamping bolt was performed with
great care as the bolt strain gauges proved to be particularly sensitive. The bolt was inserted into
the SBFD with the proper washer arrangement prior to the ingiallat the nut. For AF@ype
SBFD, grease was applied between moving plate and flat washer to avoid significant damage of
the surface of the moving plate during tests. Installation of the nut consisted of hand tightening it
onto the bolt until the slighteamount of resistance was felt, zeroing the strain gauge, and then
tightening the bolt to the desired tension (clamping force). Once tightened, bolt strain gauge values
were monitored to ensure no significant changes in strain gauge readings occurtedestong.

Lastly, following each experimental trial, the instrumented clamping bolt was removed, and the
installation process repeated prior to testing the next specimen. An image of the fully installed

clamping bolt is shown in Figu®6.
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Figure 3-6. Installed Clamping Bolt in AFC SBFD

3.3.4Calibration of Instrumented Clamping Bolt

Measurement of tension present in the clamping bolts first required calibration of bolt strain
gauge readings to a series obiun tensile forces applied to the bolts. Each instrumented bolt was
subjected to three cycles of incremental monotonic loading from 0 to 10 kips (1/3 of the yield
strength) using a Tiniu®lsen universal testing machine and a strain indicator. The redhijon
between bolt tension and bolt strain is linear since all the tensile behavior during calibration is in
the elastic range. A simple linear regression model without intercept was determined based on
relating the two variables formulaically. With the a@bnship between the two variables
determined, precise tightening of the clamping bolts to a predetermined tension is achievable and

allows for control of SBFD slip force.
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3.3.5Equipment and Instrumentation

A variety of equipment was used to ensure the execution of ecar@holled and accurately
measured experiment. Tal3d shows a detailed list of the equipment and instruments used during
SFGType SBFD and AFIype SBFD test

Table 3-1. Equipment Used for Experimental Evaluation

Actuator

Manufacturer Model Equipment

MTS Systems 243.35 Hydraulic Actuator

Corporation FlexTest 60 Feedback Controller

Instrumentation

Manufacturer Model Equipment

Micro-Epsilon WDS-1000P60 Draw-wire Displacement Sensor
Tokyo Instruments BTM-6C Bolt Strain Gauge
Pacific Instruments 6000 Data Acquisition System

The actuator was controlled using a clesmap hydraulic system manufactured by MTS
Systems Corporation. The actuator system had the capacity to apply forces up to 82 kips in
compression or 54 kips in tension and airi@troke length. An integrated loaéll and Linear
Variable Differential Transformer (LVDT) enabled measurement of force and displacement
generated by the actuator, respectively, while an MTS FlexTest 60 feedback controller was
responsible for control commands and actuator sensor data.cbiseol of the system was
achieved using MTS Multipurpose Elite software. Vertical displacement of the SBFD plates was
measured using two analog MieEpsilon WDSP60 wire potentiometers (drawire sensors).

This configuration enabled the direct measunetoé vertical displacement in the moving plate.
The actuator LVDT served as a confirmation of the vertical displacement. A Pacific Instruments
Data Acquisition System 6000 and accompanying software collected sensor data. The remaining

tasks of calibratingand recording transducer output were handled using the BBBD
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Acquisition & Control software. The force and displacement data generated during the experiment
was used to calculate the response quantities of interest to assess SBFD performance.
3.3.6Loading Protocol

Experimental evaluation of the SBFD was displacement controlled. The loading protocol
was the interim protocolduasistatic cyclic testing from FEMA 46(@ATC, 2007) The initial
amplitude o, was defined as themallest deformatioamplitude during the test. After two cycles,
the amplitude increased by 40% until the final target amplitpee s achieved. The initial
amplitude is 0.0135 in. while the final target amplitude is 0.75 in. in this test (See &iguréhe
loading rate was 0.005 in./sec which was slow enough to minimize dynamic effects and fast
enough to prevent unacceptable thatation.The range of the deformation for the SBFD tests is
similar to the deformation range at the BFFD, which is controlled by the rotation at which the

flange of the beam would come into contact with the adjacent column.
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Figure 3-7. Displacement Protocol for SBFD
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3.3.7SBFD Test Cass

Several cases were tested to evaluate SBFD performance under varying configurations of
shim material and bolt tension (See TaBl2). SFCGtype connections were tested firstx st
cases total were completed. Three repetitions of each test case were completed to assess
repeatability. It was found that the coefficient between the NAO friction material and the 304
stainless shim plate is larger than that between the frictioeri@ednd the 1018 lowarbon steel
shim plate which will be discussed later. Therefore, for Afé& SBFD connections, only 304
stainless shim plates were used in the tests which means three test cases with three repeated tests
were completed for the AR§pe SBFD connection. The same loading protocol was used for all

test cases. The differences were the connection typenshiienial and targeted initial bolt tension
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Table 3-2. Test Cases folExperimentally Evaluating SBFD

Case| Test| Connection Typg Shim Type| Bolt Tension

1 1 3kips
2
3

2 | 4 1018 5kips
5
6

3 ; 7kips
9 SFGType

4 10 3kips
11
12

5 |13 304 5kips
14
15

6 | 16 7kips
17
18

7 |19 3kips
20
21

8 [ 22| AFC-Type 304 5kips
23
24

9 25 7kips
26
27
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3.4 SBFD Experimental Results and Discussion

The focus of this section is the presentation and discussion of results obtained from
experimentally evaluating the SBFD. The data presented includes hysteresis loops, energy
dissipation, bolt tension and friction coefficient.
3.4.1Hysteretic Data

Figure 3-8(a) shows hysteretic data from Test 01, 04 and 07 to represent Test cases 1, 2
and 3, wich evaluated the SFpe SBFD connections when configured with 1018 steel shim
plates with initial bolt tension of 3 kips, 5 kips and 7 kips, respectively. The plotted data shows a
high level of hysteretic stability occurring during individual tests. 3liding force increases as
bolt tension increases. The SBFD configuration in Test cases 4, 5 and 6 also featuredygne SFC
connection but used 304 stainless steel shim plates. Rei(t® depicts the plotted hysteretic
data from Test 10, 13 and 16r&present Test cases 4, 5 and 6 with initial bolt tension of 3 kips,
5 kips and 7 kipsrespectively Similar to results with 1018 steel shim plates, the results show a
high level of stability and consistency. Even though the test specimen is symmaetrifiean
actuator was restrained by straps, small variation in sliding force was still observed in the tests
based on Figure 8. The reason for these variations in the tests could be the insufficient restraint
provided by the safety straps. It also could leeltbhavior of propagation of wear particles as they
were either embedded into the wearing surface or pushed away from the slidin@Gpigagan
& Popov, 1994) Based on results of hysteresis from Test case 1 to 6, diregslorce of SFE
type SBFD with 304 stainlesseel shim plates is slightly larger than that of Sf6e SBFD with
1018 steel shim plates. This conclusion was also proved by the coefficient of friction between
friction material and shim plates. Therefdms, AFC-type SBFD tests, only 304 stainless steel was

selected as the shim plates since it can dissipate more energy per cycle38B@yEhows the
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AFC-type SBFD hysteretic data from Test 19, 22 and 25 to represent Test cases 7, 8 and 9 with
initial bolt tension of 3 kips, 5 kips and 7 kips, respectively. Compared withtgeCSBFD, the

results were not stable at the beginning of the cyclic protocol whigeame stable after the initial
cycles. Larger variation of sliding force showed in the resnfitthe AFCGtype SBFD because of

the inherent eccentricity of the ARgpe connections. The eccentricity of the friction device
resulted in bending demands that resulted in prying of the bolt which caused greater variation in
the friction coefficient. Thee nine individual tests were selected to represent the nine different

SBFD Test cases. The results not shown are consistent with those provided.
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3.4.2Energy Dissipation

The energy dissipated by tB8FD, and its consistency varied depending ontjtpe of
shim plates and the type of SBEFPigure3-9 showsthe energy dissipated peaycle fromthe
selected test set. For the same configuration, the energy dissipated per cycle increases as bolt
tension increases. The energy dissipated per cycle by the SFC with 1018 shim plate is slightly less
than that by SFC with 304 shim plaioteworthy in dad fromall testcasesarethe linearity and
stable growth of energy dissipated as displacement cycles progrAiseakses also show the
elastic portion of the protocol for the smallest displacement cy&fgsarent increases in energy
dissipated stesifrom a minor increase in bolt tension between tests which would increase the
forces required to initiate sliding. The decrease in bolt tension dtestg resulted inan
insignificantdecrease aénergy dissipatedll the results of individual tests werertsistent within

the presented data.
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3.4.3Bolt Tension

Due to the addition of Belleville washerswiais expected that the clamping force would
be relatively constant. Selected clamping bolt tension histories (FRjuf) instead depict
variation throughout testing. TabBe3 shows initial and final bolt tension loss for each test. For
the SFCtype conrctions with AISI 1018 steel, the variation of bolt tension was not significant.
The modulation in bolt tension was greater when the bolt pretensiolargas,and Test 08 was
the worst test for bolt tension cycling due to loosening of one of the stgtiplades during the
test. For the SF®pe connections with 304 Stainless Steel, it was clear that the variation was
greater than for the AISI 1018 steel but the trend on loss of bolt tension was similar. Ftyp&FC
SBFD, the trending loss of bolt teasiwas greater than for either of the SiySe connections.
This deviation from anticipated behavior is due to the eccentric nature of the SBFD that attempted
to disjoin the SBFD plates at the clamping bolt. The interaction of external forces on thenglampi
bolt during sliding that attempts to rotate the clamping bolt from its initial orientation also plays a
role in this fluctuation of bolt tension. As a result, the deviation from initial clamping bolt force
over the duration of testing falls out of theumds of the Belleville washers which are intended to
maintain the axial load of the clamping bolt during wear of the shim or minor translations of the
bolt itself. Ultimately, this data exemplifies the effects of eccentric loading on SBFD behavior and
theinfluence it has on maintaining clamping force. Additionally, discernable in the time histories
is the increased influences of these effects as less area of the SBFD plates overlap during higher
SBFD displacement amplitudes as shown by the elevated clgiogit forces near the completion
of experimental evaluation. An additional caveat remains that given the combination of forces
experienced by the bolt, and the bolt being instrumented to measure axial forces solely, some of

information on bolt bending imissing.
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Table 3-3. Bolt TensionResults for SBFD

Initial Bolt Tension| Final Bolt Tension Percentage

Case| Test (kips) (kips) Change
1 3.11 2.82 29.2%

1 12 3.00 2.90 3.2%
3 3.09 3.08 -0.3%

4 5.04 4.61 -8.4%

2 5 5.12 4.83 '5.8%
6 5.00 4.81 3.8%

7 7.36 7.51 2.1%

3 |78 7.20 6.65 77%
9 7.04 6.80 3.4%
10 2.97 2.59 12.6%
4 M1 3.03 2.67 -12.0%
12 3.00 2.75 -8.4%
13 5.00 4.65 7.0%

S 14 5.05 4.77 5.6%
15 4.96 470 5.2%
16 6.94 6.76 2.6%

6 17 6.97 6.75 3.2%
18 7.07 6.68 5.4%
19 3.17 1.59 ~49.9%

7 20 3.02 1.49 -50.8%
21 3.04 1.69 “44.4%
22 5.08 2.64 ~48.1%
8 |23 5.09 2.84 “44.3%
24 5.12 3.37 34.2%
25 7.00 4.65 33.6%
9 |26 7.09 4.84 31.8%
27 7.03 4.29 -39.0%
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3.4.4Coefficient of Friction

The undulations and decrease present in clamping bolt time histories did not extend into
friction coefficient calculations as evident by the uniformity of friction coefficient histories. The
data processing was based on the standard Coulomb friction mabeime-based actuator load
cell forces with correction factor and clamping bolt tension data used as the friction force and
normal force, respectively. FiguB11 shows the friction coefficient of the selected test set. For
the SFCtype connections wh AISI 1018 steel, the variation of friction coefficient was not
significant within individual tests. For the SH@pe connections with 304 Stainless Steel, the
friction coefficient is also quite stable within individual tests. However, for tests wdbrléolt
tension (Test cases 3 and 4), there are some variations of friction coefficient between different tests
which are in the same Test case. For A SBFD, the friction coefficient had more fluctuation
than for either of the SF/pe connectionsuee to the eccentricity of the test set up. The difference
between individual tests within the same Test cases was also greater compared witheSFC
SBFD. Minor differences between up and down portions were found in all individual tests as well.
It shouldbe noted that the results are broken down into what is aglladddown For this case,
up refersthe moving plate displacing upward while down refers the moving plate displacing

downward.
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The final tabulated values of average friction coefficient during up and down periods for
SFGtype SBFD and AF&ype SBFD can be found in Tablggl and3-5. The fricton coefficients
in Table 4 represent the friction coefficient between friction material and shim plate only while the
friction coefficients in Table 5 represents the friction coefficient between friction material and
shim plate plus friction coefficientetweengreasy square washand moving plate. Tabulated
data shows the average coefficient of friction having only varied slightly between up and down
portions of the cycle. The average friction coefficient for each individual test, each Test case and
eachtype of SBFD were also calculated in Tables 4 and 5. Thet@ghCconnections with AISI
1018 steel had less fluctuation in the bolt tension as well as friction coefficient. However, the
coefficient between friction material and 304 stainless steel isrldéingn that between friction
material and 1018 steel. Therefore, 304 stainless steel was selected as shim material for the beam
column joint testing.

Table 3-4. Friction Coefficient for SFC-type SBFD

Case| Ted | Up | Down | AVG (test)| AVG (Case)| AVG (Shim)
1 1 |0.15| 0.17 0.16 0.16
2 10.16| 0.17 0.17
3 |0.15| 0.16 0.16
2 4 10.18| 0.15 0.17 0.16 0.17
5 10.17| 0.16 0.16
6 |0.16| 0.17 0.16
3 7 10.18| 0.18 0.18 0.18
8 10.18| 0.18 0.18
9 |0.15| 0.18 0.17
4 10 | 0.19| 0.22 0.21 0.21
11 | 0.20| 0.22 0.21
12 | 0.20| 0.24 0.22
5 13 | 0.17| 0.19 0.18 0.18 0.19
14 |1 0.17| 0.19 0.18
15 |1 0.17| 0.20 0.19
6 16 | 0.18| 0.18 0.18 0.18
17 |1 0.17| 0.19 0.18
18 | 0.18| 0.21 0.20
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Table 3-5. Friction Coefficient for AFC -type SBFD

Case| Test| Up | Down | AVG (test)| AVG (Case) AVG

7 19 | 0.33| 0.27 0.30 0.28
20 | 0.27| 0.27 0.27
21 1 0.29] 0.26 0.28
8 22 [0.22| 0.31 0.26 0.26 0.26
23 10.20] 0.29 0.24
24 10.22] 0.31 0.26
9 25 10.23] 0.29 0.26 0.26
26 | 0.23] 0.28 0.25
27 10.25] 0.27 0.26

Only minor degradation of the shims occurred over the duration of the experiments. The
shim wear patterns are shown in Fig8f&2. The 1018 shim exhibited uniform wear throughout
experimental evaluation while the friction material experienced difficuftiatempting to abrade
the 304 stainless steel shims. Wear patterns also suggest that shims could have been rotating
slightly during experimental evaluation because of the inconsistent clamping force.
Notwithstanding, it is evident that discernable wafathe 1018 shim was taking place in contrast

to the 304 stainless steel shims surfacing me

Figure 3-12. Wear Patterns on 304 Stainless Steel (left) and 1018 Steel (right) Shims
Following Experimental Evaluation
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3.4.5Summary of SBFD Results

The test results for the SBFDs provide reliable and consistent behavior among all the test
cases. The primary deviation AFC-type SBFD occurs due to the connection eccentricity which
resulted in prying apart of the plates and modulating the claniping. The AFGtype SBFD
were still used as BFFD in the simple shear tab connection test since ayp8FEBFD would be
much farder to erect. The eccentricity of the connection will be present in the Bottom Flange
Friction Device (BFFD), however the constraint provided by the bes@omn connection will
limit the outof-plane effects due to the eccentric nature of the AFC. Thst ingportant
information from the tests is the friction coefficients. The friction force in the BFFD in the simple
shear tab connection test will be estimated based on the friction coefficient in the SBFD tests.
Although there are some variabilities indgtig forces due to effects of eccentricity, the results are
still reliable since the friction coefficients were calculated as the average value of all the data
points. The other important performance aspect is the energy dissipation and bolt tension which
were within expectations based on theoretical calculations.

When the SBFD testing was conducted initially, only flat washers were used at the end of
clamping bolts. The flat washers caused significant damage on the moving plates. In order to
prevent the dmage, square washer and grease was used throughout all the SBFD tests in this
paper. It was later determined that negligible damage was found during the test when using a
square washer even without grease. Therefore, grease was not used in the simpkb shea
connection test due to the use of square washers. This is clearly preferable as using grease in the
field would be problematic. In addition, 304 stainless steel shim plates will be used for beam

column tests of the Bottom Flange Friction Device.
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3.5Beam-Column Joint Tests with BFFD

The BFFD is to serve as an energy dissipating friction component with a structural steel
simple shear connection to mitigate structural damage during seismic events through early phase
energy dissipation. Given that the BFRDII be attached at the bottom of the beaatumn
interface, limiting rotational eccentricities and ensuring consistent behavior independent of
direction of lateral motion is critical. Care must also be taken to prevent the BFFD from influencing
existing $iear tab design procedures and the rotational limigs,beam flange contacting column
flange).
3.5.1Description of Specimens

An AFC-type SBFD was used as a BFFD. The slotted plate of the SBFD was attached to
the bottom of the beam flange. A complementitageowith a single standard hole is attached to
the column offset in a manner that would allow a steel shim to be interposed between the two
plates. A single bolt with Belleville washers is used to provide bolt tension.

W14x26 and W16x31 steel sectiong#ased during experimental evaluation. A standard
threebolt shear tab served as connection for the W14x26 section. The W16x31 beam was
connected with a fodpolt shear tab.

Methodologies created b@rocker and Chambe(2004) enabled estimates of shear tab
rotation up to beam binding and, correspondingly, determination of the minimum required BFFD
dimensions and its optimal placement in conjunction with a shear tab. It was determined that
centerto-center placement dhe BFFD to the threeand four bolt shear tabs be 9 and 10 in.,
respectively.

A 304 stainless steel shim was selected based on the SBFD test results. The same strain

gauge instrumented bolt used in the experimental evaluation of the SBFD was usedsgiven i
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efficiency in establishing and monitoring clamping bolt tension. Belleville washers were used on
the clamping bolt as was done in previous tests. Lastly, use of D2017 friction material was utilized
given its durability and performance in previous tegtiFigure 3-13 shows a picture of simple
shear tab connection in the test,-B 8endering of the BFFD and a picture of the device installed

during experimental evaluation.

/ f X Oversized Washer
Standard Washer
Column Flange  304St=2!  Bottom Flange Clamping Nut

Component Shim Component

b) )

Figure 3-13. a) Photo of Simple $ear Tab Connection with BFFD, b) BFFD 3D Rendering,
c¢) Photo of Installed BFFD

Clamping Bolt
Standard Washer
Belleville Washers
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The beam bottom flange component was comprised of a 4 x 3.5 x 1/4 in. piE@#&8of
cold-drawn lowcarbon stediabricated with two recesses and a slotted hole. Centered between the
two recesses was an oversized slot measuring 2 in. long by 1 in. wide to provide adequate space
for the clamping bolt to translate angularly in a rocking motion until binding of thra beeurred.

Friction material 1/8 in. thick (Ferotec Friction D2017) was adhered in the recesses with 1/16 in.
of friction material protruding above the plate surface. This provides an elevated friction surface
at the interface of the steel shim and faotimaterial on which the flange component can slide.
The modulus of elasticity of D2017 is 1120 ksi and the compression strength is 18.5 ksi. The
friction material was affixed in the recesses using Loctite EEREHP adhesive in a procedure

that involved @plying a thin layer of adhesive to contacting surfaces, before clamping the surfaces
together to opedir cure a minimum of 24 hours as recommended by the manufacturer. The
position of the recesses was primarily influenced by the necessity for evapudiisirof clamping

forces, in addition to furnishing the clearance necessary for welds and the column flange
component. The column flange component of the device was made from A36 steel plate
dimensioned 5 x 3 x 1/4 in. A 5/8 in. throubhble located ofcenter along the horizontal centroidal

axis allowed for BFFD components to be clamped together by a bolt. The selection of a standard
size througkhole also served to restrain movement of the bolt during sliding of the beam flange
component. The edges ofetlsolumn flange component extended outward only a minor amount
beyond the beam flange component. Steel shims measuring 3 x 4.5 x 1/8 in. were fabricated for
the BFFD using 304 stainlesteel The shims were fabricated from the same piece of 304 steel
purchased to fabricate shims for the SBFD. A 5/8 in. ASTM F3125 A325 structural steel bolt
instrumented with a strain gauge, was used again to join components of the BFFD with the desired

bolt tension.
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Figure 3-14. Experimental Setup to Evaluate BFFD

3.5.2Test Setup

The experimental setup for BFFD evaluation (Fig@ré4) was designed with the
capability to test the BFFD in multiple configurations through use of a single column and two
beams. Featured in this sptwas a reusable eigfdot long W14x61 steel column with two shear
tabs welded on the outside of both column flanges. Tiodeshear tabs were located on the
column flange faces opposing each other, while thelfoltrshear tabs were located below im a
identical manner. In addition to the shear tabs, the column flange components of the BFFD were
welded 9 and 10 in. below the center of the threke and foufbolt shear tabs, respectively. A hole
near the bottom of the column in the web allowed a rdaetinserted to establish the center of

rotation, while holes in both flanges near the top allowed for actuator attachment and a rolling
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vertical support. A W14x26 and W16x31 steel section, both 4 ft. in length, served as beams to be
connected to the thrdmlt and fourbolt shear tabs, respectively. Located on both ends of the two
beams were bolt holes arranged in a configuration appropriate for connection to the corresponding
shear tab. An actuator mounted to the top of the column was used to induoa ediatit a fixee
point located at the bottom of the column. At this fixed point, a rod secured to the strong floor
would project through a hole at the bottom of the beam, where thrust and sleeve bearings present
at the interface would enable rotation. Maotof the beam would be permitted exclusively in the
horizontal direction through restraint imposed by reaction frames. This would result in the rotation
of the column and connection, while the beam would slide horizontally along rollers anchored to
the reaction apparatuses. Rolling carts were also placed underneath the top and midpoint of the
column, in addition to underneath the beam, to maintain the height of the test setup components
and provide support during testing.
3.5.3Monitored Parameters andinstrumentation Details

Multiple response parameters were monitored during the tests. The prime variables which
need to be measured accurately were the rotation of thedmamn connection and the applied
forces due to the imposed deformation. The mdnoenthe beartolumn connection can be
calculated using the force in the load cells and the distance between load cells and the column
flange. Four load cells were placed in groups of two and attached to reaction frames. This allowed
for the measurement &rces imparted by the beam as it alternated between bearing on reaction
frames on the two sides of the beam durinditectional displacement. This configuration allowed
simple calculations to determine the forces and moments required in quantifyirgy ene
dissipation through use of elementary engineering mechanics. The loadcells were attached using

threaded rods fed through slotted holes on the side of the reaction frame, with nuts used to clamp
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the rods to the frame. Through this method, location®idhdcells and attached roller could be
adjusted in accordance with the dimensional requirements imposed by the beam to be tested. The
rollers minimized the axial force in the beam while allowing for bearing to generate moments. The
roller was a polished140 steel rod with ends drawn down for press into pillow block bearings
with a steel plate backing which allowed for attachment to loadcHtfis. rotation of frame
components waseasuredhroughmeasuring gap distance between beam top flange and column
surface and gap distance between beam bottom flange and column sisifac@nalog Micro

Epsilon WDSP60drawwire potentiometersdfawwire sensors Drawwire sensors were located

on both sides of the beam top and bottom flanges to measure gap digameenbbeam and
column flanges during testBigure3-15 shows the layout of drawire sensors and loadcells and

the corresponding picture in the experiment. Bolt tension on both the shear tab and BFFD were
monitored during testing. The bolt tension on #gfeear tab started around 30 kips which
corresponds with minimum full pretension of the 3/4 in diameter ASTM F3125 A325 bolts. The

initial bolt tension of the BFFD varied based on different test cases.

Loadcells (Typ.)

Instrumented Bolt
in BFFD

v

Figure 3-15. Sketch and Photo of Layout of Experimental Setp
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3.5.4Loading Protocol

Similar to the SBFD tests, the loading protocol was the interim protegoagdistatic
cyclic testing from FEMA 46X ATC, 2007)standard. For the thrdmolt shear tab, the initial
amplitude is 0.05 in., and the final target amplitude is 3 in. while initial amplitude is 0.04 in., and
the final target amplitude is 2.5 in. for felbolt shear tab (Figurg16). The loading rate &s 0.02

in./sec which was slow enough to minimize dynamic effects and capture the monitored variables

Displacermeant dr)
Displacernant ()

0 3500 4000

2000 3000 4000 5000 0 500 1000 1500 2000 2500 3000 3

:I:ime [sécj: Time (sec)
(a) (b)
Figure 3-16. Displacement Protocol for BFFD a) ThreeBolt Connection, b) FourBolt
Connection

3.5.5BFFD Ted Cases

Threebolt and foufbolt connectionsvith and withouta BFFD were tested. Sitestcases
total were completed fahebeamcolumn joint. Three repetitions were done for etidtcase to
assess repeatability. TalBe6 shows alltestcases with detailed test configuratiofigst case
were ordered in amanner such that connections were first evaluated without contribution of the
BFFD so that baseline shear tab measurements coulobtaned. Succeeding cases were
performed with the inclusion of the BFFD configured to activate at the preliminary friction forces
of 5 and 9 kips. The preliminary activation force which was the slip force of the BFFD can be

calculated through friction efficient and bolt tension which was monitored by the bolt strain
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gauge. The friction coefficient between friction material and shim plate is assumed as 0.19 while
the friction coefficient between square washer and moving plate connected with beamsflange i
assumed as 0.3. Therefore, the corresponding bolt pretension load is 10.2 kips and 18.4-kips for 5
kip BFFD and S%ip BFFD, respectively.

Table 3-6. BFFD Test cass

Case | Test Connection Targeted Slip

1

B1 5 without BFFD
3
4 :

B2 5 ThreeBolt 5-kip
6
7 :

B3 8 g-klp
9
10 _

B4 11 without BFFD
12
13 _

B5 14 FourBolt 5-kip
15
16 _

B6 17 g-klp
18

3.6 BFFD Experimental Results and Discussion

The focus of this section is the presentation and discussion of results obtained from
experimentally evaluating the BFFD. Firstly, plotted hysteretic data will be introduced that
provides a general overview of BFFD beiwa. Following this general overview, plotted data is
used in quantifying properties of the BFFD related to energy dissipation. In addition, results

involving initial stiffness of the bearmolumn connection, and loss of bolt tension are discussed.
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3.6.1Hysteretic Data

Momentrotation data from Test cases B1, B2 and B3 is shown in Fgdi& which
evaluated the beawolumn joint when configured as a thileelt shear tab with BFFD activation
force of O kip (without BFFD), 5 kips and 9 kigSne common charagtstic in the plot occurs
prior to significant slipping of the connection. A cluster of loops form at the center of all the
hysteresis plots because the connection is subjected to lower displacement amplitudes. Slip at these
lower displacement amplitudes minor, if occurring at all, and difficult to discern from elastic
deformation of components within both the connection and experimental setup. Then slip becomes
more pronounced. The progression from slip to sliding occurs throughout testing marked by a
decrease in slope of the momeatation curve. There are also many occurrences of increases in
slope after slipping has occurred. This is primarily due to bolts in the shear tab connection coming
into bearing with the edge of the holes at higher levetietdrmation.This type of behavior is
seen inall the plotsin the bottom left quadraniNonsymmetric behavior can also be seen
throughout the results. The connection should theoretically behave in a symmetric fashion,
however much of the data shows stigtonsymmetry in the response. This lack of symmetry
results from several potential sources. The variation in rotation often stemmed from the initial gap
between the beam and load cells between test cases following reconfiguration. Furthermore,
fabrication defects, such as the shear tab not being welded plum with the column, and positioning
of bolts during erection are present in the tdstgure3-17 shows very goodgreement between
the different tests within same Test case. Tests 02, 05, and 08 lgetedst represent Test cases
B1, B2 and B3, respectively. Figui@l1l7(d) shows the comparison among three different
configurations for the threlkolt shear tab connection. The moment strength of shear tab

connection with &ip BFFD was about 40 ki larger (36% increase) compared with bare shear
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tab connection while the moment strength of shear tab connection-wphB¥FD was about 60

kip-in larger (54% increase) compared with the bare shear tab. The increase in joint stiffness

between the bare she@b and those with a BFFD is also discernible in Figde&’(d). The

increase in moment strength is approximately equal to 75% of the friction force in BFFD times the

distance between the center of shear taltlra@FFD clamping bol9 in.).
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Figure 3-17. Moment-Rotation Response of Thredolt Shear Tab Connection

The results of the fotlolt shear tab testing with and without the BFFD is showkigare
3-18. Tests 11, 15, and 17 were selected to represent Test cases B4, B5 and B6, respiggttreely.

3-18(d) shows the comparison among three different configuratior the fowbolt shear tab
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connection. The result of Test 10 (Fig&8(a)) and Test 13 (Figurg-18(b)) shifted to the left
compared with two other repeated tests. Thato
tests are not perfectly penpdicular to the column and the gap between beam and loadcells were
too big. The moment strength of the shear tab connection witiBFFD was 40 kign larger

(15% increase) than the bare shear tab connection. This behavior is consistent withtthefresu

the threebolt tests as the single BFFD bolt represents a smaller percentage of tilfour
strength. The increase in moment strength is also approximately equal to 75% the friction force in
BFFD times the distance between the center of shean@the BFFD clamping bol¢10 in.).
However, the increase in strength frorkip BFFD shear tab connection to th&i® BFFD is
insignificant. The reason the difference is insignificant is because when the activation force is 9
kips, the corresponding ctging force is about 18 kips. This high clamping force caused the shim
plate in BFFD to bend slightly during the test which reduced the normal force between the friction
material and shim plate significantly which reduced the strength of-kiyg BFFD cormection

from what itshould have been. Once the connection was disassembled the damage to the shim
plate was identified and the reason behind the inconsistency was clear. The shim plate bending
which caused results between the 5kip and 9kip BFFD to lmifisant was a local effect on the

shim plate in the BFFD during the tests. A thicker shim plate should be used to carry high bolt
tension. The moment strength provided by all the connections were less than 20% of the fully
plastic moment of the beam atatation of 0.02 rad which means the simple shear tab connections

with BFFD can be still considered as simple connections.
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Figure 3-18. Moment-Rotation Data of Four-Bolt Shear Tab Connection

3.6.2Initial Stiffness

With theexperimental moment rotation results of thbedt and foubolt shear tab
connections with and without BFFD, initial stiffness can be calculated to help understand the
performance. Due to the fact that there is not a-defihed yield pointcalculation of the initial
stiffness and the slip rotation was not trivial. For each time increment of response, both previous
stiffness and current stiffness were calculated. If the current stiffness is less than half of previous
stiffness, the correspding moment and rotation was defined as slip moment and slip rotation.
The initial stiffness was calculated as slip moment divided by slip rotation (secant stiffness).

Table3-7 shows the initial stiffness for all the tests. The initial stiffness of BHearsab
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connections was larger than the bsinear tab connection. Initial stiffness of thki® BFFD

connection was slightly larger than that of thkifp BFFD connection. The lower slip rotation

means the BFFD was activated earlier than the bare ttiesr the displacement protocol. The
higher slip force in the BFFD (i.e.;l@p vs 5kip) resulted in a larger slip rotation. The trend of
initial stiffness and slip rotation is the same for tHbeé and fourbolt shear tab connections.

The data has demnstrated that these tests have a reasonable amount of variability. This is due to
several differeneffects. Unlike a fully resistant moment connection or a yielding brace, the limit
states for these simple connections are relying on friction initiatiy/slip occurs. Friction has

more uncertainty in general than material properties as it depends on the clamping force and the

surface conditions. It can also depend on the tolerances related to the connaation fit
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Table 3-7. Slip Moment, Slip Rotation and Initial Stiffness for BeamColumn Tests

Slip Moment| Slip Rotation| Initial Stiffness | AVG Initial Stiffness
Case| Test|  (kip-in) (rad) (10" *kip-infrad) | (10™4*Kkip-in/rad)
1 65 0.0011 5.87
Bl 2 72 0.0015 4.81 4.99
3 51 0.0012 4.28
4 42 0.00055 7.68
B2 5 58 0.00088 6.61 7.25
6 35 0.00047 7.46
7 66 0.00096 6.91
B3 8 93 0.0012 7.76 7.41
9 75 0.00099 7.56
10 52 0.00064 8.18
B4 | 11 53 0.00057 9.34 9.22
12 46 0.00045 10.1
13 45 0.00033 13.6
B5 | 14 45 0.00031 14.4 14.6
15 59 0.00037 15.8
16 63 0.00034 18.4
B6 | 17 55 0.00037 14.9 17.0
18 48 0.00027 17.6

3.6.3Energy Dissipation

Figure 3-19 depicts the energy dissipated versus accumulated rotation for test cases
including and excluding the BFFD. The same set of tests selected previously were used to represent
six different test cases. A significant increase in energy dissipation wastewittethe addition

of the BFFD to shear tab connections. For the thmdeshear connection, the choice of BFFD
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activation force has similar significant effect on the overall energy dissipated by the connection.
For the fourbolt shear connection, onliie bare shear tab and th&ip BFFD data are presented
and show a similar pattern to the thismt test. The result of-Rip BFFD data was not shown

due to the damage of shim plate which caused inconsistent results.
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Figure 3-19. Energy Dissipation for Shear Tab Connection with and without BFFD

3.6.4Loss of Bolt Tension

The tension in the BFFD clamping bolt and the shear tab bolts were monitored during the
tests. The difficulties exprnced in maintaining consistent clamping bolt tension for the-AFC
type SBFD did not continue with the BFFD clamping bolt. Data in Ta&@eortrays an average
decrease of 11.6% between initial and final clamping bolt tension in all test cases. Theafeclin
clamping bolt tension throughout experimental evaluation likely stems from a combination of
events occurring. Previous findinggeung, Zhou, Khoo, Clifton, & MacRae, 2018how the
complex combination of moment, sheardaaxial forces experienced by the bolt as it meets
surrounding edges significantly affects bolt tension throughout the duration of sliding. Likely
responsible for most of the losses in clamping bolt tension was subtle wearing of the steel shims

and the prpagation of wearing surface particles. The degradation of steel shims during evaluation
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of individual test case instances remained small. Nonetheless, the occurrence of any loss or
propagation of wear particles across wearing surfaces would result iealdéicdecreases of
clamping bolt tension. Additional factors potentially contributing to this effect include the
undulations present in the concrete floor over which the beam rolled causing an uneven distribution
of forces across the bolt. Lastly, impetfens in the positioning of components during fabrication
presumably resulted in uneven surface pressure throughout rotation.

Table 3-8. BFFD Clamping Bolt Tension

Initial Bolt Tension| Final Bolt Tension| Percentage
Case| Test (Kips) (Kips) Change
4 11.6 11.0 -5.6%
B2 5 111 9.9 -10.8%
6 11.3 10.1 -10.8%
7 18.9 15.7 -16.9%
B3 8 18.2 15.2 -16.6%
9 18.5 16.4 -11.2%
13 10.7 9.8 -8.0%
BS | 14 10.9 9.9 -9.4%
15 11.2 10.0 -11.3%
16 18.1 154 -14.6%
B6 | 17 17.7 15.9 -10.3%
18 18.7 16.2 -13.4%

Theloss of bolt tension on the shear tab is more significant than that on BFFD. The reason
for this is similar to the clamping bolts on BFFD. When the connection has a large rotation, the
bolts on the shear tab will start to bear on the edge of the bolt blesombination of moment,
shear, and axial forces will significantly loosen the bolts, especially the top and bottom bolts. Test
07 and Test 15 were selected to represent the-timleeonnection and fotlwolt connection,
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respectively. Bolt tension hizries Figure3-20) depict fluctuations in all bolt tension throughout

the duration of the experimental evaluation. The variation and loss of bolt tension of edge bolts on
the shear tab is much larger than that of middle bolts. Compared with bolts sirethretab, the
fluctuation and loss of bolt tension for the BFFD is relatively small.
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Figure 3-20. Typical history of Bolt Tension inBeam-Column Test a) Test 07, b) Test 15

3.7 Conclusiors and Future Work

This paper introduces the concept of the Bottom Flange Friction Device for supplementing
energy dissipation in steel structures by including the gravity system connections in energy
dissipation without any damage to the structural system. The SBRED desonstrated the
behavior of AFGtype connections as less stable than 8f@ connections due to the inherent
eccentricity. Therefore, the loss of bolt tension on Al#e shear connection is much greater than
a similar SFGtype connection. Theiction coefficient between D2017 friction material and 304
stainless steel shim plate is larger than that between D2017 friction material and 1018 steel shim
plate which means more energy can be dissipated using a 304 stainless steel shim plate.

The experimerat testing of the shear tab connection with and without the Bottom Flange

Friction Device showed that the connection with the BFFD dissipated greater amounts of energy
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and had a higher strength than the bare shear tab connection. It also showed titiatitireoh

slip of the BFFD occurred before the shear tab indicating that the BFFD activated early in the
deformation pattern to dissipate energy. The lower the slip force of the BFFD, the earlier the slip
occurred, although even the higher BFFD slip éostill occurred before the bare shear tab. The
results did show that the BFFD did not negatively impact the performance of the shear tab as the
connection experienced significant rotation without failure of the shear tab or bearing of the
friction devicebolt. From a percentage point of view, for thiest shear tab connections, the

impact of activation force of BFFD is significant. For fdaolt shear tab connection, the impact

of activation force was not as significant due to the base moment stremgtteinstrength of

bare simple shear tab connection) being larger and the damage of the shim plate. However, the
increase in moment strength can be estimated by 75% the friction force in the BFFD times the
distance between center of shear tabthe@FFD clamping bolt Fluctuation and loss of bolt

tension happened to all the bolts during the tests, especially the edge bolts on the shear tab.
These results indicate the behavior of the BFFD is as expected with initiation of slip prior to full
inelastic respose.

The results from these tests will be critical for the full assessment of the impact of
enhanced energy dissipation in the gravity system. The experimental results from these tests will
be used to validate high fidelity finite element models thatheilused to explore the important
parameters to response and develop backbone curves that will be used in case study structural
analysis models. These case study buildings will be analyzed under a suite of earthquake ground
motions of various levels to assethe impact of enhanced energy dissipation on system

response.
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Abstract

Based on current design criteria, lateral loads are resisted only by the lateral force resisting
system. The energy generated by seismic events is designed to be dissipated through plastic
deformation in specifi ductile components to meet lisafety requirements. Shear tab connections
designed as part of gravity load system are assumed as pinned and ignored as contributors to the
lateral load resisting system. Previous research has shown that simple conmectidissipate
energy during significant events. Enhancing émergydissipation of these connections could
provideimprovedperformance for seismaventsas well as for significant windstorms. This paper
reports the second phase of a research projeaséal on enhancing the energy dissipation of
simple connections to improve performance of steel frame structures. The proposed connection
modifications include adding a Bottom Flange Friction Device (BFFD) and increasing the
connection depth. Previous exipeental testing is validated with rigorous finite element modeling
to enable further evaluation of important parameters of the baseline and enhanced simple
connections. A suite of numerical shear tab connection models with different configurations were
built based on the same modelling method used in the test validation models. Aof&ies

pushover analyses were used to investigate the engineering characteristics of the suite of shear tab
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connections. The results were also compared with a previousgrajed simplified moment
rotation model. In the end, a prediction model for simplified momatation curves for shear tab
connections with different configurations is proposed based on the previous model and the
parametric study results. The simplifie@mentrotation curves can be utilized for analyzing the
impact of shear tab connections on the lateral response of steel structures.
Keywords: Shear tab connectiprEnergy dissipationBottom flange friction device Finite
element simulation
4.1 Introduction

In seismic design of steel structures, moment frames and braced frames are the most
common lateral load resisting systems. The shear tab connection which is the most common beam
column joint in the gravity load system is often designed to carry gravidydoly without any
contribution to the lateral load resisting system. Bolted shear tab connections can sustain bending
moment as the beam end rotates relative to the suppedries of cyclic tests on simple shear
connections with and without the conestabperformedby Liu and Astaneli2000)proved that
simple shear tab connections have reliable moment strength and ductility capacity while
maintaining gravity load capacitglthough the moment strength of sheard¢ahnections is much
less than that of moment and braced frames, it can still dissipate energy during earthquakes and
windstorms, especially as the number of shear tab connections is much greater than that of the
lateral load resisting components. Therefdravould be beneficial to account for these shear tab
connectionsas supplemental energy dissipatorgperformancebased design or when assessing
functional recovery. Several modifications to shear tab connections can be nractedse the
positive effecton dynamic responsef steel structuresn this paper, two lowcostmodifications

are considered @dmanalyzed. One modification is the additioradottom Flange Friction Device
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(BFFD). The other is increasinthe bolt spacing on the shear tab alternatively worded,
increasing the connection depth without increasing the number of Bats modificaions
increase the moment strength and energy dissipaipacityof shear tab connectisenAlthough
including the shear tab connections in the model seems to have a promising positive iaBuence
supplemental energy dissipator in steel structures,abegyften neglected in lateral load design
and assessmeditie tothe lack of information regarding the expectednectiorbehavior(Flores,
Charney, & LopeZ5arcia, 2016)

The overall research objective is to improve thergy dissipation capacity of steel frames
by supplementing the lateral system with the gravity system. The energy dissipation from the
gravity system can be activated in small and moderate earthquakes which would result in energy
dissipation without damagto the structure. Enhancing energy dissipation would serve to decrease
demands on the structure and improve performance of steel structures in small, moderate and
severe earthquakes as well as significant wind events. A previous(dap& Marshall, 2022)
reported the experimental results of shear tab connections with and without a Bottom Flange
Friction Device. This paper continues the research effort by utilizing the experimental test results
in rigorous numerical model$dt investigate the important parameters of baseline shear tab
models as well as shear tabs with the BFFD and with wider bolt spddiagsimple shear tab
connection itself is considered the baseline model.

Liu and Astanel§2000)conducted a series of experimental tests on shear tab connections.
A shear tab momenbtation prediction model was proposed based on their experimental results.
However, two modifications discussed in this paper have not been evaldaiegl numerical
simulation results, shear tab connection behavior can be investigated in detail. The concept of

traditional seismic force resisting systems for steel structures is to dissipate energy through plastic
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deformation of certain structure elementslateral system, for instance, reduced beam section
(RBS) moment connections and buckhregtrained braces (BRB). The plastic deformation of
these elements might require large repair costs in the aftermath of a seismic event. Thierefore, i
will be valuabe to determine the impact afodifying shear tab energy dissipatmmthe response

of the structural system. The intent of this papemnusnerical evaluation ofthe shear tab
connections as supplemental dissipatorsufeigtl shows the shear tabnnection with different
configurations. The conventional bolt space on the shear talmsn/& sufficient space exists to
expand the distance between bolts on the shearagincrease the connection depth), it is adow

cost method to increase tbennection moment strength and energy dissipation capacity. Adding

a BFFD is another method to achieve the same goatvaluateenergy dissipation capacity of

shear tab connections with different configuratidhgs papeis organized in three main pamas

follows: i) validating a finite element model based on experimental results; ii) conducting a
parametric study on shear tab connections; iii) evaludtinggnd Astanebs si mpl e shea
momentrotation prediction modelnd proposing an updated piibn model of momentotation

curves for shear tab connections with different configurations. The proposed motaéon

model of enhanced simple connections can be used in nonlinear analysis models as part of a
performancebased design procedure foea frame structures. The last research phase will assess
the impact of including the gravity system with enhanced shear tabs on the response of case study
steel frame buildings. The research presented in this paper provides the foundation for the future

structural modeling efforts.
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Figure 4-1. Sketch ofShear Tab Connection with Different Configurations

4.2 Literature Review

During an earthquake, lateral displacement occurs in both gravity load frames and lateral
resisting frames. The rotational demand on shear tab connections due to lateral load is much larger
than that due to gravity loads alone which means the shear pamseswill be different during a
seismic event compared with gravity load only situation. If there is only gravity load on the
structure, the moment generated at the connection is a result of a rather small eccentricity relative

to the bolt line. Based qurevious research, if the shear force is far away from the bolt line which
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means the distance between shear force and bolt line is larger than the height of bolt line, the
relation between connection rotation and moment is insensitive to connskbganRichard,

Gillett, Kriegh, & Lewis, 1980) The connectiomplate is experiencing a nearly rigid body plate
rotation under cyclic load. Therefore, predicting the behavior of these shear tab connections is
important in preditng the structure seismic performari@ocker & Chambers, 20043 hear tab
connectiongLiu & AstanehAsl, 2000)have been shown to hanaational stiffness and resistance

to lateral loadDuring cyclic tegs, yield linesbegan to appear at the top and bottom bolts of the
shear tabgollowed by slip between shear tab and beam webs, bolt hole deformation and other
mechanismé$eading to connection failure. Typically, the first of these meisinasiis yielding of

the shear tab followed by bearing of the bolt holes andBplane warping of the plate and beam

web (Liu & AstanehAsl|, 2000) Limit states observed in shear tab connections include yielding

of the shar tab, fracture of the shear tab net section, bearing failure of the bolt holes, bolt fracture,
and fracture of the well.iu & AstanehkAsl, 2000) The typical shear tab moment rotation model

was proposed based on the testlts demonstrated in kige4-2. All the variables in this model

can be calculated based onuig4-3. The bolts on the shear tab would slip first. is equal to

0.0042 radians which is an empirical value derived from previous testidatais calculated by

the friction force provided by each bolt. When positive moment is generated (beam moves up), the
bolts above the centerline of the bolt group provide the compressive component while the bolts
below the centerline provide the tengilo mponent based on thé@iuinbolt
& AstanehAsl, 2000) Eventually, the bolts will start to contact with bolt holes on the shear tab
and beam web until it reaches bearing failure. is equal to 0.8 radians which is also an

empirical number for bare simple shear tab connections. is calculated by the bearing
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capacity for each bolt— represents the theoretical rotation before the binding of beam flange
and column which can be calcwddtasgap/d; for positive rotation.
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Figure 4-2. Typical Bare Shear Tab MomentRotation Model
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Figure 4-3. Shear TabConnectionProperties and Force Distribution for Positive Moment

The mechanism of energy dissipation in shear tab connections is friction between the beam
web and the shear plate. Friction is also used in other applications to moment frames and has been
demonstrated as a reliable systendissipate energy. A pestnsion friction damped connection

for steel moment frames was introduced by Rojas e2@D5) The friction device was installed
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on the top and bottom beam flanges while Fsgiength postensioning strands were installed
parallel to the corresponding beams. Since the floor system is on the top of the moment frame in
steel structures, installing a friction device at that location will cause interference with the slab
system. Therefore, awdype of postension friction damped connection was introdug&alski,
Ricles, & Sause, 2009The friction device was installed on the bottom beam flange called the
Bottom Flange Friction Device while tip@sttension high strength strands were installed parallel
to the corresponding beams through the column flange -de@fee slot hole was adopted in the
friction device to have a better fit for rotational behavior in the test. The test results shdwe that t
bottom flange friction device provides reliable energy dissipation, and that the connection remains
damageree under the design earthqudk¢olski, Ricles, & Sause, 2009 removable friction
device for low damage stebeamcolumn joints was introduced by Latour et @018) The
results show that even without the sathtering system, the bearolumn joint with a friction
device can still dissipate energy efficiently. The previmsearchfocused on investigating the
effect of friction device as the lateral load resisting systemtla@grimary energy dissipation
componentThe clamping force of bolts in the friction device must be calculated to achieve the
required strength anddeldamage free response under the design earthquake.

In this researchthe BFFDs are installed below the shear tab connecfldresclamping
force of bolts in the friction devices is only required to reach the minimum pretdéoat(AISC,
2010) Wu and MarshafWu & Marshall, 2022haveshown that adding a BFFD tbe shear tab
connectionsignificantly improves the strength and energy dissipation. The numerical study of
shear tab connectionsn t hi s paper foll owed Wu and Mar s h:
devices and shear tab connections with different configurations are modeled and analyzed to

establish a simplified momenttation model that can be used in performanased design.
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4.3 FEM Modelling and Validation

The first step is establishing a finite element model that is shown to be consistent with the
prior experimental testinbVu & Marshall, 2022) The finite element model was developed by
using the ommercial software ABAQUS 202@020) The importance of the finite element model
validation is to demonstrate the behavior of the connection and the limit states observed is captured
in the analysis model$dodeling ofshear tab connections using rigorous finite element models
has been completed by other research@rginite element model of bare simple shear tab
connection established by Wen et (@013) provides more information related the shear tab
connection in the micro level including stress distribution in the shear tab connection zone, change
of the neutral axis along the beam sections, and the distribution of normal stress along the shear
tab connection. Weigand2017) developed a new compondmised model for shear tab
connections. Although the foraisplacement behaviors of the individual connection component
are aggregated, the model can still approxifgatapture the behavior of shear tab connections.
4.3.1Geometry

The geometrpf a typical shear tab connection with and without BF§-Bhown in Figre
4-1. In this paper, the width of the shear talis 114mm while the depth of shear tab varies based
on thenumber of boltsN, and bolt spacing. Bolt edge distancekenandLey, are 38mm and 32
mm, respectively. The gap between beam and column flgageis 13mm. Figure 4-4. shows
the detailed geometry of the tested BFRRe length, widthand location of the bolt hole of the
column flange component and the shim plate are the.daoneever, the thickness of the bottom
flange component and the column flange componentisi@vhile the thickness of the shim plate
is 3mm. The 3mm thick friction material (Ferotec Friction D2017) was placed in the recesses

with half the thickness of the friction material protruding above the plate surface. 6
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diameter bolt was modelled thidifferent bolt tensions corresponding to the experimental set up
(Wu & Marshall, 2022) The BFFD was attached to the bottom of the beam flange. The gap
between the column flange component and the beam flange,13 mm. The details of the
specimens are presented in TaBlé where the geometry for shear tab connections can be
identified from Fgure 41. N represents the number of bolts in the shear tab. The bolt diameter for
the shear tab is 1@m in this table. The W16X6dteel section was modelled as column while the
W14x26 and W16x31 steel sections were modelled as beams for the numerical verification. The
column and beam length are 2.1m and 0.72m, respectively. A standarbidhreleear tab served

as connection for tWW14x26 section while the W16x31 beam was connected with ddtiur

shear tab. Figre 45 depicts the example ABAQUS model.
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Figure 4-4. Detailed Geometry of Tested BFFD
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Table 4-1. Numerical Simulation Tests for Verification with Experimental Results

Bolt
Test| Beam N S di d2 tp Tension
mm mm mm mm kN
1 W14X26| 3 76 177 177 6 0
2 | W14X26| 3 76 177 177 6 45
3 W14X26| 3 76 177 177 6 82
4 |W16X31l| 4 76 203 203 6 0
5 |W16X31l| 4 76 203 203 6 45
_~—— Restraint in
—1 X direction
H
E |
]
m
] Restraint in
ii I . X direction
Ei * ;;_;EﬁRestraim inx
ie — . and z direction
Z

T

‘ - Pinned
a) Full ABAQUS Model b) Connection Details c) Boundary Conditions

Figure 4-5. Example ABAQUS Model of Shear Tab Connection with BFFD
4.3.2Element Type and Mesh

There aresumerouslements available in the ABAQUS program library. In thismerical
simulation, all the parts including the beam, column, shear tab, bolts and @ERiddelled by
using C3D8R elements. This is an eiglode solid element. Each node has three translational
degrees of freedonHex-structured meshes are used to simulate the column, beam, shear tab,
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friction material and steel platestime BFFD while hexstructured and wedgeweep meshes are
used to simulate the bolts. Mesh density was carefully selected to capture the localized behavior
of the shear tab connection. Different mesh sizes betweam3and 30mm were applied to
different components of sheabtaonnection in the ABAQUS models to balance the numerical
model. The goal of the analysis balance is to use as large mesh size as possible to achieve
convergenceand accuracy with reasonable mesh sifes the shear tab and all the BFFD
components, a Bim mesh sie was chosen for athe modelgo balanceahe computational time
and the acceptable accuracy level. The ldit head and nut were modeled as one solid body.
The mesh size dhe boltwas the same as the tab to ensumesistentontact betwegthe bolt
shank and the holes in both the shear tab and the WweanThe diameter of bolt holes on the
shear tab and beam web werenth larger than the bolts. The slot hole on the bottom flange
component was large enough to prevent to contact with BR&Dping bolt. Two mesh sizes
were implemented for the beaand columnAppropriate partitions were made in the beam and
column first. The mesh size of partitions related with shear tab, BFFD and boltshwasvhile
the mesh size of remaining beam and goluwvas increased to 18m.
4.3.3Material Properties and Contact

Several materials were used in this numerical simulation, including steel materials (ASTM
F3125, ASTM A992, ASTM A36 and 304 stainless steel) and friction material (Ferotec Friction
D2017). All the steel materials contain both elastic and plastic behavior. The efetcial
behaviorfor steel in thispaperwas def i ned by wusing two par ame
Poi ssondbés ratio. RoOEPa¥md ngbe WModsebThapasticr at i o
material behavior ofASTM A992 and ASTM A36were defined based on the default

correspondingsteel material property in SAP200@SI., 2011)while ASTM F3125 was
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determined by the experimental result of Rahaat. €007) 304 stainless steel was defined based

on the minimum requirements of manufacturer specifications where a yield and an ultimate

strength of 205 and 520Mpa, respectively were assumed. The truesstagsseationship was

used for all steel material as shownHigure 46. The D2017 friction material only has elastic

materi al behavior. The modul udaand0.3eréspestivelyc i t vy
The model parts in contact, such as the laits plates, were assigned with interactions

model |l ing both the Normal Behavior to avoid oV

and Tangenti al behavior to deyne the relative

The friction coeffigent is 0.3 for the contact between two steel uncoated faying su(fsiSss,

2010) The friction coefficient between 304 stainless steel and D2017 friction material is 0.19 as

determined by Wu and Marsh#@#022) Since no plastic deformation is expected in the welded

connections (shear tab, column flange component and bottom flange component), tie constraints

linking together surfaces in contact have been used to replicate the weldsplifees manner.
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Figure 4-6. True StressStrain Curve for Steel Materials
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4.3.4Loading and Boundary Condition

The boundary conditions shown in Big 45 were simulated based on the experimental
set up(Wu & Marshall, 2022) A pinned support was applied at the column base. Restraint in the
x-direction (outof-plane) was applied on the top of the column, the beam midspan, and the beam
freeend to prevent the twistirfgehavior. An aditional restraint in the-direction was applied on
a small portion of the cross section at the beam free end to ensure the beam can only move
horizontally. This additional restraint cannot be applied on the whole cross section because it
would prevent ta beam flexure behavior which would generate an additional moment.

A general static analysis withthe NewiBre p hs on met hod was perforn
option was selected in ABAQUS to capture the large displacement effect. The analysis was
conducted inwo loading steps: i) apply the bolt pretension load and ii) apply the displacement
history. The first step is to simulate the bolt tightening behavior. The pretension load for the bolts
on the shear tab is 133kN while the pretension load for the BFFD iclginpit is shown in Table
1. The first step establishes firm contact between adjacent surfaces. For example, the contact
between the shear tab plate and the beam web, and the bolt head and the shear tab provided the
initial friction to be overcome in theonnection. The bolt length will be fixed after the first step to
maintain the bolt tension during the simulation. Since displacecoeitolled analysis was used
in the simulations, the second step is to apply a displacement protocol to the top ofittwe col
consistent with the experimental testing. The loading protocol was the interim protpcsi|
static cyclic testing from FEMA 46ATC, 2007) For the thredolt shear tab, the initial amplitude
is 1mm, and thdinal target amplitude is 7@&m. The initial amplitude is thm, and the final target
amplitude is 64nm for the fourbolt shear tab. Fige 47 shows the displacement protocol applied

to the top of column in the verification simulation.
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Figure 4-7. Displacement Protocol

4.3.5Validation of the Finite Element Model

Thefinite element model wasevified using the experimental results obtaineddy and
Marshall(2022) The shear tabonnection details for verification purpose are shown in Téble
1. Figure 48 shows the comparison of momentation curves between experimental and
numerical results. fenumerical resultagree reasonably well with tlegperimentatesults First,
a duster of loops were formed at the center of the hysteresis plots before significant slipping occurs
in the connection. Then slip behavior becomes obvious. The slip moment in the numerical
simulation is very close to the experimental result in the pogiirneztion while it was not as
consistent in the negative direction. Based on the displacement protocol, symmetrical behavior is
expected. However, asymmetric behavior was observed throughout all the experimental test results
due to fabrication defects, du as the shear tab not being welded plum with the column, and
imperfect positioning of bolts during erectiGVu & Marshall, 2022) The bolts in the shear tab
connection come into bearing with the edge of the holes at higher levels of deforiflaisdype
of behavior resulted a significant moment increase in the connections. The localized deformation

at the bolt hole edges on the bear tab were observed in both experiments and numerical
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simulations. The elastic stiffness of the moment rotation curves is very similar between
experimental and simulation results in all the tests. The consistency between the moment rotation
curves genmated by numerical models were good enough to match the results from the
experimental tests. This provides confidence that using this modeling strategy is viable to conduct

a parametric study of shear tab connections with and without bottom flange fdetimes.
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4.4 Parametric Study

The validated numerical models were used in a parametric study to further assess the
performance of the differentariations of the shear tab connection. Three different cases are
considered in this study. The baseline case is the bare shear tab. The second case is a shear tab
with a BFFD. This second case can also have the shear tab shifted up from the centezavhthe
towards the top of the beam which increases the overall depth of the connection and hence the
strength and energy dissipation. The last case considered is a bare shear tab connection with a
wider bolt spacing.

First, ABAQUS models of shear tab contiens with different configurations based on
considered parameters were built. The difference between the ABAQUS model used in the
parametric study and the validated ABAQUS model in Section 3 is the material of the shear tab.
ASTM A572 Grade 50 instead &STM A36 was used in the parametric study. The elastic
materi al behavior of ASTM A572 Grade 50 was
modul us and Poissonds ratthoandhteh&oRmigdso Mds ur
plastic material beavior of ASTM A572 Grade 50 was defined based on the default corresponding
steel material property in SAP200Q0SI., 2011)

Parameters investigated in this paper include the beam depth, BFFD bolt tension, shear tab
platethickness, number of bolts, shear tab location, bolt spacing and the direction of displacement
atthe top of the column. The reason the direction of displaceatrd top of column is included
is because the rotation in the positive and negative direbg&fore the binding of beam flange and
column are different when the shear tab is moved up since the centerline of beam and the shear tab
are not coincident. Pushover analysis instead of a cyclic displacement protocol was selected to

conduct the parametrstudy since it shortens the analysis time and provides the detailed results
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of shear tab connections. In addition, the results of pushover analysis are more straightforward to
be evaluated and used to establish the prediction model for a simplifiechtratagion curve for
shear tab connections with different configurations. The pushover curve (ratagian curve)
was collected for eacpharametric studynodel. A method for simplifyinghe momentrotation
curve based othe pushover curve froPMBAQUS models is proposed. The simplified moment
rotation curves were generated for all the models. In the end, comparisons of fmutatent
curves among the numerical models in the parametric study were conducted by using both
ABAQUS and simplified monm@-rotation curves qualitatively and quantitatively.
4.4.1Geometry of Parametric Study Models

A series of 31 pushover analysis were performed on the shear tab connections with
different configurations. The detailed information of the shear tab connectiongtacamodels
is shown in Table&-2. The nomenclature of the models starts with the beam section. Each name
also shows that these are shear tab connections (ST) followed by the number of bolts on the shear
tab. These two terms represent the simple sheacdmbections without modification. If bolt
spacing was increased, ASO with increased bol
the BFFD clamping bolt tension and the thickness of shear tab plate, respediigtyping bolt
tension values o49kN and 85kN were selected to investigate the influence of clamping force on
shear talzonnections49 KN is the pretension bolt load on the BFFD in the experimentgdWest
& Marshall, 2022) The higher value, 85kN, the minimum full pretension load based on AISC
for the given bolt diamet€AISC,2010) A UO shows the distance the
the midheightof the beam A Rev 0 means the pushoveectoanal ysi
(beam moves down}o generate a negative rotation in the connection. The geometric

characteristicsvhich are not mentioned here are the same as the verification models in Section 3.
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Table 4-2. Summary of Numerical Models in Parametric Study

Test Name Beam | N S di | d2 | t, | Bolt Tension
mm | mm | mm | mm kN
1 W14-ST3 W14X26 | 3 76 177 | 177| 6 0
2 W14-ST3FD49 W14X26 | 3 76 | 177 | 177| 6 49
3 W14-ST3-FD85 W14X26 | 3 76 177 | 177| 6 85
4 W14-ST3FD85U25 W14X26 | 3 76 | 152|202| 6 85
5 W14-ST3-FD85U25-Rev W14X26 | 3 76 152 | 202 | 6 85
6 W14-ST3S102 W14X26 | 3 102 | 177 | 177 | 6 0
7 W16-ST3 W16X31 | 3 76 | 203 | 203| 6 0
8 W16-ST3-FD85 W16X31 | 3 76 | 203 | 203| 6 85
9 W16-ST3FD85-U50 W16X31 | 3 76 | 153 | 253| 6 85
10 W16-ST3FD85U50-Rev W16X31 | 3 76 | 153 | 253| 6 85
11 W16-ST3S127 W16X31| 3 | 127 | 203 | 203| 6 0
12 W16-ST3tpl0 W16X31 | 3 76 | 203 | 203| 10 0
13 W16-ST3FD85tpl10 W16X31 | 3 76 | 203 | 203| 10 85
14 W16-ST3FD85U50-tp10 W16X31 | 3 76 | 153 | 253 | 10 85
15 | W16-ST3FD85U50-tp10-Rev | W16X31 | 3 76 | 153 | 253| 10 85
16 W16-ST3S12%tpl0 W16X31 | 3 | 127 | 203 | 203| 10 0
17 W16-ST4 W16X31 | 4 76 203 | 203 | 6 0
18 W16-ST4FD49 W16X31 | 4 76 203 | 203 | 6 49
19 W16-ST4FD85 W16X31 | 4 76 | 203 | 203| 6 85
20 W16-ST4FD85U25 W16X31 | 4 76 178 | 228 | 6 85
21 W16-ST4FD85U25Rev W16X31 | 4 76 | 178 | 228| 6 85
22 W18-ST4 W18X35 | 4 76 225| 225| 6 0
23 W18-ST4FD85 W18X35 | 4 76 | 225|225| 6 85
24 W18-ST4FD85-U50 W18X35 | 4 76 | 175| 275| 6 85
25 W18-ST4FD85U50-Rev W18X35 | 4 76 | 175| 275| 6 85
26 W18-ST4S102 W18X35| 4 | 102 | 225|225| 6 0
27 W27-ST6 W27X84 | 6 76 |339|339| 6 0
28 W27-ST6-FD85 W27X84 | 6 76 | 339|339| 6 85
29 W27-ST6-FD85U76 W27X84 | 6 76 | 263 | 415| 6 85
30 W27-ST6FD85U76-Rev W27X84 | 6 76 | 263 | 415| 6 85
31 W27-ST6-S102 W27X84 | 6 | 102 | 339|339| 6 0

4.4.2 ABAQUS Results andSimplified Pushover Curves
Compared with the results from cyclic test from Sec@) the numerical pushover

analysis can show more detailed behavior of shear tab connections that can be used as a
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backbone curve for aamnalysis model. A pushover curve (Test 21) from numerical simulation is

shown in Figire 49(a) (blue line). Figre 410 shows the eformedshape othe sheartab

connection for Test 2W16-ST4FD85U25-ReV). There are four phases observed from the

ABAQUS pushover analysis result which are listed on the bottoRigoire 49(a). The

connection behavior with and without BFFD are similar. First, before the bolts slip, the moment
increases substantiall y vsiltilp oa pwigasshe .d inheng ét hpelo & ¢
all the bolts began to move, the moment remains approximately same since the diameter of bolt
holes on the shear tab werengn larger than the bolts so that there was tiny space for bolts to

move freely. Then, the connection went intoihB ol t Hol e Beari ngo phase,
shear tab started to contact with the bolt holes on the shear tab and beam web. The moment
increases gradually as the connection continues rotating. The inelastic deformation can be

observed on the shear tsfoown in Figire 410. Finally, in the fiBeam a
Bindingo phase, the beam bottom flange contac

dramatically since bearing betwettre beam and column flange was resisting the increase in

rotation asvell which would generate a significant amountof momerm. t hi s paper , t |
and Column Flange bindingodo phase wil/l not be
behavior wil/l occur in the fiBeam andofsBeal umn F

tab connections will significantly change due the binding of the beam flange and column, and
this occurs beyond the valid range of modeling for many other components of the structural
analysis model.

A simplified pushover curve was developeddshen the pushover curve from the
ABAQUS model shown in Figre 49(a) (orange line). There are only two phases in the

simplified pushovsetipor ewdd pfoR cabksti dsihnogvurd #rne t h e
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9( a) . TTshlei pioP rpeh a s eed pushover bueve is a singghtilinfe representing the

initial stiffness of the connection. Since there is not a-defiined yield point, calculation of the

initial stiffness and the slip rotation was not trivial. The connection stiffness graduallysztrea
before it fully slipped. Therefore, ASegment
pointo in the simpl i f iure4d9b) fosedaah diglacernentingremers h o wn
of response, both the previous stiffness and the curiéiness were calculated. If the current
stiffness is |l ess than 85% of the previous st
l1o0. I f the current stiffness is |l ess than 70%
defined s MhPeoimdr r2Zespondi ng moment at APoi nt
origin and APoint 10 were connected as fASegme
connected as ASegment 20. An iterative approa
valuesh at wer e wused -stloi pcoa ppthuarsee .t hTeh efi Psreel ect ed v al
gualitative and quantitative representation of the nonlinear response that occurred in this phase.
The average sl ope of ASegment hital séfneds ofittee g me n t
connection. The slip rotation was calculated as the slip moment divided by the initial stiffness.

The mRPaptd phase combines the ASIidingo and AB
curve from the ABAQUS model. Thisisbecaust he ASI|I i di ngdo phase i s n
experimental results(Liu & AstanehkAsl, 2000) (Wu & Marshall, 2022). A rotation of 0.05

radi ans was defi ned as-slippa xpihnausne rsatnatei anro niln nteha
steel frame structures can become unrealistic when the story drift reaches this range of drift. In
addition, the experimental tegi&/u & Marshall, 2022)vere not able to push the column far

enough to reach a rotation of 0.05 radians to fully validate the connection behavior with large

rotations. i pbe pihReset was defined based on the
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When the binding rotation is smaller than 0.05 radians, the\edesgjpated between slip
rotation and binding rotation in the ABAQUS p
slipo phase in the simplified pushover <curve
energy between slip rotation and bindiogation. Then the moment will remain the same until it
reaches 0.05 radians. If the binding moment is larger than 0.05 radians, the energy dissipated
between slip rotation and 0.05 radians will be the same between the ABAQUS pushover curve

and simplified pshover curveFigure4-9(a) shows the pushover curve of model (Test 21) with

binding rotation less than 0.05. The pushover curve of model (Test 4) with binding rotation

larger than 0.05 is shown in Figutel 1. A simplified pushovecurve is helpful to aalyze the

behavior of shear tab connections quantitatively and develop the prediction model of moment

rotation curve.
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4.4.3Parametric Study Resuts and Discussion

Figure 412 and Figire 413 show the comparison of the ABAQUS and simplified
pushover curves in the parametric study, respectivelyr&igl2(a) and Figre 413(a) show the
impact of the BFFD on the shear tab connections. \&13 repreents shear tab connection
without BFFD while W14ST3-FD49, W14ST3-FD85 and W14ST3FD85U25 represent shear
tab connections with a BFFD. The result of ABAQUS and simplified pushover curve are similar
with each oishemp.0 Iprh atslnercadeR sigpificantty asahe BFFD is added.
Clamping bolt tension and distance between the center of the shear tab and the BFFD clamping
bolt have a significant impact on the slip moment as expected. The slip rotation of connections
with a BFFD is smallethan the connections withoaBFFD. Once the connection transitions to
the ASIidingd and ABolt Hole Bearingo phases,
the connections with and withcaBFFD for both the ABAQUS and the simplified curves. Adding
the BFFD results in addinal moment strength for the shear tab connections. Basddeon
ABAQUS pushover result (Fige 412(a)), the rotation o$hear tatbolt bearing without a BFFD
is slightly larger than that ahe connection with a BFFD. The influence of beam depth is show
in Figure 412(b) and Figire 413(b). The ABAQUS pushover curve agrees with the simplified
pushover curve. Based on WBd'4 and W185T4, the beam depth has no effect on the connection
i n t hsel iApPar ep h a s eslipwtiffnessof W18 ®4 isighty targer than that of W16
ST4 since the web thickness the W18X35 is larger than that of the W16X31. For the connections
with a BFFD, W18ST4FD85 has a larger increasemoment due to the BFFD since the distance
between the clamping bolt and centéthe shear tab is larger.

The impact of the number of bolts on the shear tab is obassisown in kgure 412(c)

and Figuire 413(c). W16ST3 and W16ST3-FD85 have three bolts on the shear tab while W16
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ST4 and W16ST4FD85 have four bolts. The slip memt and preslip stiffness increases
significantly as the number of shear tab bolts increases. Similarly, the slope of the pushover curves
in the ASIlidingo and fABolt Hole Bearingo for
increases significantl The impact of bolt spacing is like the impact of number of bolts on the
shear tab. The improddb e havi or of the shear t ashl icpodon naencdt ito
ASI i dingo and ABol t unda@dl2e) alleFayrei4a3(dp shop hihestipe s . Fi
moment,pres | i p stiffness and the pushover curve sl
phases increase significantly when the shear tab bolt spacing increaseST#3#02 and W18
ST4S102 represent the shear tab connections with lardfesgaring. This is an economical and
practical way to improve the behavior of shear tab connections without adding any additional
components if there is sufficient beam web depth.

The impact of shear tab thickness was also investigated in this papemasis Figire 4
12(e) and Figre 413(e). W16ST3 and W165T3-FD85 have a 6 mm shear tab while \AS63
tp10 and W16ST3FD85tplO havealthm s hear t asbl.i plon pthhaes efi,Prtehe e
tab thickness is insignificant since the friction fort¢he connection dominates the performance.
When the connection transitions to the ASIlIidi
pushover curves is significantly related with the thickness of the shear tab. A shear tab connection
with a thicke shear tab plate will provide a lager pebp stiffness. Overall, the results of
simplified pushover cungeare comparableto the ABAQUS pushover curgseand adequately
reflect the performance of shear tab connections. Therefore, the simplified pusirvesrwere
used to assess the parametric study quantitiv

sl i po esrnd pfoP pstas es aH3anddsdhrespectivelyn Tabl es
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Table4-3.Summary of

Parametricscl|l $tpwdyYhRe®ul t s

Expected| Increased
Test Name Slip Slip P(eslip Increased Momgnt
Rotation Moment Stiffness Moment Ratio
radians KNm kNm/rad KNm -
1 W14-ST3 0.00350 12.7 3,616 - -
2 W14-ST3-FD49 0.00270 17.5 6,487 55 0.88
3 W14-ST3-FD85 0.00260 19.8 7,606 9.5 0.75
4 W14-ST3-FD85U25 0.00250 20.6 8,226 10.6 0.75
5 W14-ST3-FD85U25-Rev | 0.00250 20.8 8,317 10.6 0.77
6 W14-ST3-S102 0.00200 15.9 7,967 - -
7 W16-ST3 0.00300 12.4 4,143 - -
8 W16-ST3-FD85 0.00280 20.6 7,345 10.6 0.77
9 W16-ST3-FD85U50 0.00270 22.1 8,203 12.7 0.77
10 W16-ST3-FD85U50-Rev | 0.00190 22.5 11,835 12.7 0.79
11 W16-ST3-S127 0.00170 19.8 11,632 - -
12 W16-ST3tpl0 0.00310 12.7 4,083 - -
13 W16-ST3FD85tpl0 0.00220 20.6 9,348 10.6 0.74
14 W16-ST3FD85U50-tp10| 0.00210 22.1 10,547 12.7 0.75
W16-ST3-FD85U50
15 tpl0-Rev 0.00210 22.1 10,547 12.7 0.75
16 W16-ST3S12%tp10 0.00130 20.1 15,472 - -
17 W16-ST4 0.00240 22.0 9,181 - -
18 W16-ST4FD49 0.00240 26.9 11,206 6.1 0.79
19 W16-ST4FD85 0.00250 29.0 11,616 10.6 0.66
20 W16-ST4FD85U25 0.00210 30.5 14,529 11.7 0.73
21 W16-ST4FD85U25-Rev | 0.00250 31.5 12,611 11.7 0.81
22 W18-ST4 0.00250 21.9 8,769 - -
23 W18-ST4FD85 0.00210 29.8 14,206 11.5 0.69
24 W18-ST4FD85U50 0.00190 31.6 16,653 13.6 0.71
25 W18-ST4FD85U50-Rev | 0.00190 31.6 16,653 13.6 0.71
26 W18-ST4S102 0.00180 31.1 17,264 - -
27 W27-ST6 0.00170 48.6 28,582 - -
28 W27-ST6-FD85 0.00140 59.9 42,779 16.3 0.69
29 W27-ST6-FD85U76 0.00086 62.5 72,662 19.5 0.71
30 W27-ST6-FD85U76-Rev | 0.00086 62.5 72,662 19.5 0.71
31 W27-ST6-S102 0.00120 68.3 56,877 - -

115



Table4-4.Summary of Parametri es|Stpuod yP hRaesseul t s

Expected Binding
Test Name qutslip Post./Pre Binding Bindi_ng Rotat.ion
Stiffness slip Rotation Rotation| Ratio
kKNm/rad - radians radians -
1 W14-ST3 211 0.06 - 0.073 -
2 W14-ST3FD49 201 0.03 - 0.073 -
3 W14-ST3FD85 205 0.03 - 0.073 -
4 W14-ST3FD85U25 205 0.02 - 0.086 -
5 | W14-ST3FD85U25Rev 171 0.02 - 0.064 -
6 W14-ST3-S102 370 0.05 - 0.073 -
7 W16-ST3 205 0.05 0.046 0.064 0.72
8 W16-ST3FD85 208 0.03 0.045 0.064 0.70
9 W16-ST3FD85U50 208 0.03 - 0.085 -
10 | W16-ST3FD85U50-Rev 154 0.01 0.040 0.051 0.78
11 W16-ST3S127 565 0.05 0.047 0.064 0.73
12 W16-ST3tpl0 283 0.07 0.046 0.064 0.71
13 W16-ST3FD85tp10 295 0.03 0.044 0.064 0.69
14 | W16-ST3FD85U50-tp10 300 0.03 - 0.085 -
W16-ST3-FD85U50-
15 tp10-Rev 285 0.03 0.039 0.051 0.77
16 W16-ST3S12%tpl0 748 0.05 0.045 0.064 0.71
17 W16-ST4 490 0.05 0.048 0.064 0.75
18 W16-ST4FD49 424 0.04 0.047 0.064 0.74
19 W16-ST4FD85 430 0.04 0.047 0.064 0.73
20 W16-ST4FD85U25 500 0.03 - 0.073 -
21 | W16-ST4FD85U25Rev 454 0.04 0.047 0.057 0.82
22 W18-ST4 520 0.06 0.044 0.058 0.75
23 W18-ST4FD85 550 0.04 0.042 0.058 0.73
24 W18-ST4FD85U50 529 0.03 - 0.074 -
25 | W18 ST4FD85U50-Rev 515 0.03 0.039 0.047 0.83
26 W18-ST4S102 799 0.05 0.044 0.058 0.76
27 W27-ST6 1905 0.07 0.029 0.038 0.77
28 W27-ST6-FD85 1758 0.04 0.029 0.038 0.76
29 W27-ST6FD85U76 1741 0.02 0.038 0.049 0.77
30 | W27-ST6FD85U76-Rev 1720 0.02 0.025 0.031 0.79
31 W27-ST6-S102 2943 0.05 0.029 0.038 0.74
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Based on Tabld-3, all the sliprotations in this parametric study are less than 0.0044
radians which is smaller than the assumption made bwahduAstanet{2000) Both adding the
BFFD and increasing the bolt spacing on the shear tab increasepthesient and peslip
stiffness. The slip rotation reduced slightly when the BFFD was attached. The initiation of slip of
the BFFD occurred before the shear tab indicating that the BFFD activated early in the deformation
pattern to dissipate energy. Thepatt of shear tab thickness is insignificant on the slip moment.
The AExpected | ncr ed3srepasenisothe expected increaselia moment
strength in the shear tab connection when adding a BFFD. This can be calculated by using the
BFFDfriction forcemultiplied bythe distance between the center of shear taB&R® clamping
bolt. The actual increased moment strength due to the BFFD is calculated based on the slip moment
from the numeri cal model . T & refiekents theaaicoétdle Mo me
actual increased moment strength to the expected increased moment strength. It shows that the
Al ncreased Moment Ratioo slightly decreases a
tab increases. The actual increased nmirsrength reaches at least 70% of the expected value
due to the BFFD.

The postslip stiffness and ratio of postip stiffness to prelip stiffness for the tests are
shown in Tablel-4. The impact of the BFFDnthe postslip stiffness is not significdanThe post
slip stiffness did not significantly change when a BFFD was added to a shear tab connection.
However, the bolt spacing, and the thickness of the shear tab plate have a significant influence on
the postslip stiffness. As the bolt spacing, arlte tthickness of shear tab plate increases, the

connection posslip stiffness increases significantly. Based on Tests?,, B, 12, 16, 17, 22, 26,

27 and 31, the posiip stiffness of a bare shear tab connection typically reaches at least 5% of the

pre-slip stiffness. For binding rotation, only the models with binding rotation less than 0.05 radians
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were shown in Tablé-4 since 0.05 radians is the considered maximum rotation in the shear tab
connection model . The fAEXxp d4 tepresentB the theomretgal Rot a
binding rotation in the model which can be calculated by usingtpedimension (Figre 41)
divided byd; or d> depending on the direction of rotation. The actual binding rotations were always
smaller than the expected value since the beam and column also experience a small amount of
flexural deformation in the pushover analysis. The actual binding rotation isxapptely 75%
of the theoretical binding rotation. The information provided in Ta#8sand4-4 is helpful to
evaluate and improve the momeatation prediction model for shear tab connections in Section
45.
4.5 Liu and Astanetd s M o-Rugation Model

Liu and Astanel2000)developed anomentrotation model for standard simple shear tab
connections based on experimental results. The basis of the calculation is showmramRig
The slip moment is calculated using fhietion force provided by each bolt while the maximum
moment is calculated by using the bearing capacity for each bolt. The slip rotation and maximum
rotation were determined as two empirical rotations which are 0.0044 and 0.05s,radian
respectively.
4.5.1Evaluation of Liu and Astanel6 s M o-Rogation Model

Table4-5 shows the slip moment, maximum moment, and the ratio of the result of the Liu
andAstanehmodelto thesimplified models for all the shear tab connections without a BFFD. The
predictions of slipmoment by Livand Astanebs mo d e | ar e thanahe simpdifece nt | vy
model for both standard shear tab connection models and shear tab connection models with larger
bolt spacing. A scale factor of 1.5 was recommended byahdiAstanehBased on theesults

from numerical analysis, thetio of maximum moment between the prediction of hnd
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Astaneld s mo d el and the ABAQUS results is betweer
range. Therefore, a scale factor of 1.7 instead of 1.5 is propmgstirmate the slip moment of a
bare shear tab connection. Similarly, the predictions of maximum moment lapdliAstaned s
model are less than tlmplified model for both standard shear tab connections and shear tab
connections with larger bolt spacinglowever, the ratio of maximum moment between the
predictonofLi u and Ast an edimplfied maddl eekultdamve dreatehvariability
The ratio of maximum moment of Test 11 (W383-S127) is 0.66 while that of Test 27 (W27
ST6) is 0.98 Therefore, it could be unconservative to add any scale factor to it in certain
conditions. Based on the discussion in Section 4, thedtipsstiffness should be at least 5% of
the preslip stiffness. If the posilip stiffness does not reach 5% of i@ stiffness in the
estimated momesnbtation model, the maximum moment needs to be increased to meet the 5%
minimum requirement. In other words, it is recommended to use the Liu and Astaneh calculation
for the maximum strength of the connection unless dioies not provide at least a 5% pgstd
stiffness. In this case, the maximum strength should be based on a 5fiefobstiffness, the slip
moment, and the initial stiffness.

Table 4-5 shows the comparison of psbp and posslip stiffness betweenilt and
Astanel® s mo dhe simpéfiedhodel for all the shear tab connection models without a BFFD.
The preslip stiffness predicted by Liand Astanebs mod el i's significant
simplified model for both standard shear tab connectiodets and shear tab connection models
with larger bolt spacing since the slip moment used inalnd Astaned s mo d e | i's an e
value of 0.0044 radians which significantly overestimates the actual slip Valeeslip rotation
is related to the depttf the bolt group on the shear tab as shown inr€ig14. As the bolt group

depth increases, the slip rotation decreases. Based on the parametric study results, a new method
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to estimate the slip moment is proposed in this paper. When the depth ofolbpltigtess than
200mm, between 206hm and 400nm and larger than 4G8m, the slip rotation is equal to 0.0035
radians, 0.0025 radians, ad®015 radians, respectively.

The postslip stiffness predicted by Liand Astanebs mo de |l i thesamplifed | e s s
model for both standard and wide bolt spacing shear tab connection models due to the
overestimation of maximum rotation. Even with Test 27 (V&25), the estimation of maximum
moment is very closé¢o the simplified model. The posslip stiffness predicted by Liand
Astaneld s model i thesimplifiegmo@el. BbLiand Astanebs model , t he ma
rotation is also an empirical value which is 0.05 radians for bare shear tab connection. It should be
noted that for the Liu and Astaneh tests used a 25 mm gap between the end of the beam and the
column. This results in a larger deformation before the beam flange bears on the column. However,
for some large beams, the theoretical binding rotation is smaller tBanalians which means
these connections cannot reach 0.05 radians before the beam flange contacts the column. Based on
the results from Section 4, the actual binding rotation is approximately 75% of the theoretical
binding rotation. Therefore, if 75% tie theoretical binding rotation is less than 0.05 radians, the
maximum rotation is equal to 75% of the theoretical binding rotation and ultimate rotation is equal

to 0.05 radians. Otherwise, both maximum and ultimate rotation are equal to 0.05 radians.
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Table 4-5. Comparison of Slip Moment and Maximum Moment between Liu et al. Model
and ABAQUS Result

Slip Moment Slip Moment Max Moment Max Moment
Test Name Liu et al. | Simplified Ratio Liu et al. | Simplified Ratio
kKNm KNm - KNm KNm -
1 W14-ST3 9.2 12.7 0.72 16.7 22.5 0.74
6 W14-ST3-S102 12.2 15.9 0.77 22.3 33.7 0.66
7 W16-ST3 9.2 124 0.74 174 21.2 0.82
11 W16-ST3-S127 15.3 19.8 0.77 28.9 45.1 0.64
12 W16-ST3tpl0 9.2 12.7 0.72 21.5 24.6 0.87
W16-ST3S127
16 tpl10 15.3 20.1 0.76 35.8 53.1 0.67
17 W16-ST4 18.3 22.0 0.83 30.4 44.4 0.68
22 W18-ST4 18.3 21.9 0.84 31.8 43.3 0.74
26 W18-ST4S102 24.4 31.1 0.79 42.4 64.6 0.66
27 W27-ST6 41.2 48.6 0.85 99.7 101.4 0.98
31 W27-ST6-S102 54.9 68.3 0.80 133.0 149.8 0.89
Table 4-6. Comparison of Preslip and Postslip Stiffness between Liu et al. Model and
ABAQUS Result
Preslip Stiffness Preslip Postslip Stiffness Postslip
Test Name Liu et al. | Simplified Ratio Liu et al. | Simplified Ratio
kNm/rad | kNm/rad - kNm/rad | kNm/rad -

1 W14-ST3 2,080 3,616 0.58 165 211 0.78
6 W14-ST3-S102 2,774 7,967 0.35 220 370 0.60
7 W16-ST3 2,080 4,143 0.50 180 205 0.88
11 W16-ST3-S127 3,467 11,632 0.30 300 565 0.53
12 W16-ST3tpl0 2,080 4,083 0.51 270 283 0.96
16 | W16-ST3S12%tpl0 3,467 15,472 0.22 451 748 0.60
17 W16-ST4 4,160 9,181 0.45 264 490 0.54
22 W18-ST4 4,160 8,769 0.47 296 520 0.57
26 W18-ST4S102 5,547 19,422 0.29 395 795 0.50
27 W27-ST6 9,361 28,582 0.33 1,284 1,905 0.67
31 W27-ST6-S102 12,481 56,877 0.22 1,712 2,943 0.58
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4.5.2Modified Moment-Rotation Model for Shear tab connections

A modified version of the momembtation model for shear tab connections with and
without a BFFD is proposed in this paper basetliarand Astaned s  m erataiontmodel for
bare shar tab connections. For the shear tab connection without BFFD, the overall shape of the
momentrotation curve is similar to Liand Astanebs mo d e | se dé2wvhichiisma Fi g
bilinear or a trilinear curve depending on the value of binding rotaiion. is calculated by the
friction force provided by each bolt. A scale factor of 1.7 needs to be used in place of 1.5 to have
a better estimation— is defined as 0.0035, 0.0025 or 0.0015 radians based on the depth of bolt
group.0 is calculated by the bearing capacity for each bolt as part of a moment resisting
couple— is equal to 75% of the theoretical binding rotation while is equal to 0.05 radians,
if 75% of the theoretical binding rotation is less th&@b0adians. If 75% of the theoretical binding
rotation is larger than 0.05 radians, both maximum and ultimate rotation are equal to 0.05 radians.

The preslip and posslip stiffness need to be checked as well. Thesppestiffness is based on
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the slipmoment and the slip rotation. If the padip stiffness is less than 5% of gk stiffness,
the calculated value of need to be increased to meet the 5% requirement.

For the shear tab connection with a BFFD, a momatiation model ofcorresponding
shear tab connection without BFFD should be created first. Then, the additional moment strength
needs to be added to bath andd for the shear tab connection without a BFFD. The
additional moment is calculated as 70% of the-B slip force is multiplied by the distance
between the center of the shearaal theBFFD clamping bolt. In the parametric study, the slip
rotation and binding rotation of a shear tab connection with BFFD is negligibly smaller than that
of the correspading shear tab connection without BFFD. Therefere,, — and— of shear
tab connections with a BFFD remain the same.

4.6 Conclusiors

The overall research objective of this effort is to improve the response of steel frames by
enhancing eergy dissipation in the gravity connections. Previous work included experimental
testing of shear tabs with and without a BFFD. This paper extends the experimental work by
developinggy ni t e e | eusiggMBAQURSIokienllatethe experimental responeéthe
shear tab connections with different configuratioiitee ABAQUS model was validated by the
experimental results. Using the validated modted, éffects of several parametefshe shear tab
connectios were investigatedumerically A simplified pushover curve was generated from the
results of the ABAQUS analyseBhe numerical results were used to assess the validifiy of
and Astaneb s  morataiontmodel for bare shear tab connectitmshe end, a modified
momentrotation model for shear tab connections with and without a BFFD is propdsed.

conclusions drawn from this study are listed as follows.
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The effect of beam despipoi phasgl whi bkeeahnni
thickness of beam web results in an increase of maximum moment arslipastfness

since the maximum moment is related with the bearing capacity for each bolt on the shear

tab. The influence of shear tab plate thickness is the same as the beam depth.

Both number of bolts and bolt spacing have a significant impact on the shear tab
connectionsliimpobaeth pioPrpehtases. An i ncreased
larger bolt spacing results in an increase in slip momenslgrstiffness, and postip

stiffness.

An increased number of bolts or a larger bolt spacing results in a decreased slip rotation.
Increasing the bolt spacing is an economical and simple way to improve the behavior of

shear tab connections if there is sufficient beam depth.

For the bare shear tab connection withai® shear tab plate, the ratio of pebp to

preslip stiffness is at least 5%. An increase of shear tab plate or web thickness results in

an increase of the stiffness ratio.

A BFFD has a significant impactontheahe t ab connecdliiojméd amd bot
APoesslti pd phas-ebipbnphbhsefiPski p moment i ncre
is added. Clamping bolt tension and distance between the center of the shear tab and the
BFFD clamping bolt have a significeimpact on the slip moment. Adding the BFFD

results in additional moment strength. The actual moment strength increase can be

estimated by 70% of the expected increase of moment strength due to the BFFD bolt slip.

The slip rotation of connections with &BD is slightly smaller than the connections

without BFFD. These results indicate the behavior of the BFFD is as expected with

initiation of slip prior to full inelastic response of the shear tab connection.
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1 The actual binding rotation for shear tab cartimas with different configurations is
approximately 75% of the theoretical binding rotation which can be calculated by the
connection geometry.

1 Liuand Astaned s m crataiontmodel for bare shear tab connections has a
reasonable estimate of the slipment and maximum moment while the estimation of
slip rotation and maximum rotation are too large.

1 The proposed modifications to the Liu and Astaneh model provide a simplified backbone
curve that can be used to include the nonlinear response of sheamrabtons in a
structural analysis model.

In conclusion, the numerical simulation of the shear tab connection with and without the
Bottom Flange Friction Device showed that both the connection with the BFFD and the larger
bolt spacing had a higher momeitrength and stiffness than the bare shear tab connection with
standard bolt spacing (#6m). It also showed that the initiation of slip of the BFFD occurred
before the shear tab indicating that the BFFD activated early in the deformation pattern to
dissimte energyMaximizing the bolt spacing on the shear tab is the simplest and most
economical way to improve the performance of shear tab connections in seismic analysis as it
had similar improvements to adding a BFFD. The mometattionmodelfor shear th
connectiongould be applied to nonlinear dynamic building models (including moment and
braced frames) subjected to earthquake records to further investigate the impaotaxdifieel

shear tab connectiol$ system response.
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Abstract

Current structural design practice assumes seismic demands are resisted only by the
seismicforce resisting system while the contribution of the gravity load system to seismic
resistance is negligible. The shear tab, one of the most common gravity connections, is usually
designed assuming a pinned condition which does not provide moment capatigannot
dissipate any seismic energy. However, previous research showed that shear tab connections are
not truly pinned. The modeled simple connections developed moments prior to slipping which
resulted in frictional energy dissipation aadgositive diect on steel structures in earthquakes.
This paper reports the results of the third phase of a research effort focused on enhancing the
energy dissipation of shear tab connections to improve response of steel frame structures. Shear
tab connections withral without modifications were considered. The modifications include
adding a Bottom Flange Friction Device and increasing the connection depth. The impact of
enhancing shear tab connections on the seismic respotise@buildings (4 8, and 16story

buildings) with two different lateral force resisting systenas evaluated through[3 nonlinear
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response history analysis in OpenSeesPy. Each building has one direction with a Reduced Beam
Section special moment frame and an orthogonal Buckling Restl@maedd frame. Nonlinear
response history analysis was performed in both directions of each building with a suite of 11
scaled earthquake records at each hazard levgéneral, the impact of shear tab connections on
the seismic response of steel stroesuis significant. Adding a BFFD and increasing the
connection depth dissipate energy and improve the response of steel structures in earthquakes.

Keywords: steel structurg shear tab connectioenergy dissipationBottom Flange
Friction Device finite element simulation
5.1 Introduction

In structural design practice, tgeavity load and laterdbadresisting systerare typically
designed separately. In steel structures this is clearly seen through the assumption of simple
connections in the gravity system. Although it has been suggested that the strength and stiffness
of gravity load system improves the behaviostael structures when they are subjected to high
intensity ground motions, the contribution of the gravity load system is typically ignored in design
and subsequent performance assessment of the steel str(fines Charney& LopezGarcia,
2016) This is due to the strength and stiffness of a moment frame or braced frame being
significantly larger than the gravity load system. In addition, the lack of information on modelling
the connections makes it simpler to ignore the gravity system comdribukhe shear tab
connection is the most common simple connection used onrb&amn joints in the gravity load
system. It is typically modelled as a pinned connection in seismic analysis for simplicity and
conservatism. Howevekju and Astanelf2000)showed the standard shear talmnection could
sustain bending moment as the beam end rot8teth moment strength and ductility ese

observed in the experimental tests on shear tab connections with and wabiocrtee slab Shear
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tab connections performing aspplemental energy dissipators improve the structural response to
earthquakesThe results were validated by numerical analysis in ABAQUXRby Wen et al

(2013) In additionto a standard shear tab connection, two modified versions are discussed in this
paper. One is a shear tab connection wilotiom Flange Friction Device (BFFDhe other is a

shear tab connection with the same number of bolts but a wider bolt spagung %1 shows a

sketch of a standard shear tab connection and the modified versions. Both modifications provide
increased strength and energy dissipation. The BFFD has been assessed both experimentally and
numerically to understand the mechanics and nmogle{Wu & Marshall, 20223) (Wu &

Marshall, 20221)

In this researchthe BFFDs are installed on the shear tab connections in the gravity load
systemOnly one 16nm bolt wa used in the BFFD. The bolt pretension force was the minimum
pretension defined by the AISC steel man@2dl10) Increasing the bolt spacing on the shear tab
is another way to increase moment strength with verydost impact. The conventional bolt space
on shear tabs is #®m. The increase in shear tab moment strength depends on the depth of the
beam relative tohe number of bolts. Compared with adding a BFFD, increasing the bolt spacing
is more convenient and economicBbth modified shear tab connections have langgment
strengthand stiffness compared with the standard configurgtdm & Marshall, 2022h)

There is little research assessing the impact of shear tab connections on seismic response
of steel structures. Wen et al. modeled the shear tab connections on buildings from the SAC report
(Liu & AstanehAsl, 2000)in a seismic analysis of the threry nonductile concentrically
braced framegWen, Akbas, & Shen, 2013A 2-D seismic analysis with one ground motion
record was conducted. The results shbat including the shear tab connections in the model

enhances the stability and delays the collapse forduotile concentrically braced frames.

130



Investigating the impact shear tab connections with different configurations on the seismic
response of othiesteel lateral has beneficial outcomes as it relates to design and retrofit of steel
structures for both strength and functional recovery.

There are three phases in this research project to accomplish this goal and provide reliable
results and conclusion$he first phase is to evaluate the shear tab connection with and without
the BFFD experimentallijWu & Marshall, 2022a)A series of 2¢€omponent levelests were used
to investigate the performance of a Slottedt&b Friction Devicg(SBFD). Then, a series of 18
largescale tests were performed to investigate the performance of a Bottom Flange Friction
Device on a shear tab bearolumn connection. The hysteretic response, energy dissipation, bolt
tension, frictioncoefficient and initiakconnectiorstiffnesswere evaluatedThe second phase of
the research numerically evaluated shear tab connections with different configurations at the
component leve{Wu & Marshall, 2022h) ABAQUS (2020)models were developed to validate
the experimental results from the first phase. A safe31 pushover analyses with the same
modelling scheme were used to investigate the engineering charateristie suite of shear tab
connections. This paper is the third phase of the research project. This paper evaluates the impact
of enhanced shear tab connections on steel structures. The buildings utilized are based on the
information from(Harris & Speicher, 2013®nd(Harris & Speicher, 2018Yhe primary difference
is the beantolumn gravity connections will be included in the model. The OpenSeesPy models
of the shear tab connections areveleped based on the previous wdi®/u & Marshall,
2022b)The shear tab connections will be applied40 Bodels of4-, 8, and 16story buildings
with Reduced Beam Section (RBS) special moment frames (SMF) and Buckling Restrained
Braced Frames (BRBF) in the two orthogonal directions. Seismic analysis at the Design

Earthquake (DE) and Service Level Earthquake (SLE) hazard levels were used tohassess t
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response. The results presented and discussed include drift and acceleration for each story, base
shear, and energy dissipation in the shear tab connections, the RBS connections, and Buckling

Restrained Braces (BRB).
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b) Shear Tab Connection with BFFD c) Shear Tab Connection with Wider Bolt Spacing
Figure 5-1. Sketch of Shear Connection with and withoutBFFD

5.2 Basic Information about the Buildings

The 4-, 8, and 16story buildingswere designedaccording to the2012 International
Building Code(Harris & Speiter, 2018)Figure 52 and Figire 53 show thaypical floor flaming
plan of the4- and 8storybuildings and the 18tory building, respectively.e office buildings
have afirst-floor story heightof 5.5m while the remaining story heights @&&m Both floor

flaming plars show a 30.5 mdimension ofthe northrsouth direction is30.5mand a 45.5m
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dimension of theastwest directionThesecondary beanae not shown in the floor flaming plan
since they will not be included in the model

The beam depth in the gravity load system was increased to allow for the proposed
connection modifications. The beam section framing into the corner column and those between
grid lines C and D were changed from W16X26 to W18X35. The remaining gravity beamsectio
running from east to west used a W16x31 in place of a W14X22. The column size in the gravity
load system was designed by the gravity load information since they are not prihaed &
Speicher, 2015)Table5-1 showshe gravity column cross sections for all the buildings. The slab
is lightweight concrete on steel decking with a total thickness of 83 mm.

Theexterior frames ardesignedor seismic resistanc&he eastvest direction utilizean
RBS SMF (Grid Lines A and F) while the noitbuth direction uses a BRBF (Grid Lines 1 and
6). The location of the SMF is same for all the buildings. However, the location of the BRBF for
the 16story building is differat from the 4 and 8story buildings. The brace configuration in
these three buildings is also different. Thetdry building has chevron (invert&f bracing while
the 8 and 16story buildings have a twstory X-bracing pattern. Detailed information ftire
SMF is described ifHarris & Speicher, 2015)he information related to the BRBF is provided

by Harris and Speich€2018)
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Table 5-1. Column CrossSections for all the Buildings

4-story Building 8-story Building 16-story Building
Story . , .
Corner | Interior | Corner | Interior Corner Interior
1
g W14X53 | W14X61| W14X61| W14X90| W14X68| W14X159
4
5
3 W14X53 | W14X61| W14X53| W14X109
8
9
10
11 W14X53| W14X90
12
13
14
15 W14X53| W14X61
16

All thesebuildingsare locatedn the west coast of United Stat&&ie importance factor
for all the structures is 1. Both site class and seismic design category is D. The maximum
considered earthquake spectral response for short p&jad,1.59 while it is 06g for the one
second periods:. The design spectral gense acceleration ish for short period$os, and 069

for long period So1. All other hazard information is provided (RHarris & Speicher, 2015)

5.3FEM Modelling

Threedimensional building models were createddpenSeesPy.he RBS connections,
the panel zone, and the columns' distributed plasticity (fiber section) were added to capture the
inelastic behavior of SMFs. The nonlinear properties of the BRBs were applied to simulate the

inelastic behavior of BRBFs. Eshear tab connections with different configurations were added
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on each floor in gravity load system for all the buildings. $hear tab locations are shown in
Figures5-2 and 53 by solid red dots. The details of modeling these nonlinear componeniewill
discussed lateithe interior beams armblumns in the gravity load systemere modeletby elastic
beam elements (ForceBeamColumn3De gravity load columns will be rotated by 90 degrees
aligning the strong axis with the BRBF direction to conductstismic analysis in the BRBF
direction. The interior beambeam connection (Fige 53) and the BRBF bearoolumn
connections were modeled as pinnddhe SMF beamcolumn connections were modeled
including panel zone effect$he beamgonnected witlBRBs atthe midsparwere modeled as
continuous beamsThe BRBs were modeled as a truss element with modified stiffness. The
modified stiffness is equal to the BRB core elastic stiffnegdines the modification factoK§).
The average modification factdf)is1.48based on Harri s d201B) Spei che
5.3.1Shear Tab Connections

The geometrypf a standard shear tab conneci®shown in Figre 51(a). In this paper,
the width of the shear tdly is 114mm while the depth varies based on the number of bd|ts,
and bolt spacings. Bolt edge distancekenandLey, are 38mm and 32nm, respectively. The gap
between the beam and the column flamgg, is 13mm. The gap between the BFFD and the beam
flange a, is 13mm. The BFFD component are shown inl&g54. The component dimensions
are the same as the BFFD in Wu and Margt28lR2b) The shear tab connections are designed
based on the beam gravity loads. #ié shear tab bolts are fully pretensioned. Takteshows
the details of the shear tab connections with different configurations that are utilized in the
buildings. In the table, Bolt Tension represents the clamping force in the BFFD. 85kN is the

minimum full pretension load based on AI$ZD10)for a 16mm ASTM F3125 Grade A325 bolt.
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The pushover analysis on these connections to develop the backbone modeling curves for
each connection variation was conducted using tommercial software ABAQUS 2020
(ABAQUS, 2020)shown in Figire5-5(a). The ABAQUS model was validated by the experimental
results(Wu & Marshall, 2022h) Momentrotation pushover curves were generated for all the

connections in Tablg-2.

o

f f \ Oversized Washer

Clamping Bolt Standard Washer

Standard Washer Column Flange 304 Steel Bottom Flange  Clamping Nut

Shim Component
Belleville Washers Component

Figure 5-4. Details of Components of BFFD
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Table 5-2. Details of Shear Tab Connection with different Configurations

Test | Beam | Column N S ta de o Bolt Tension
mm mm mm mm KN
1 W16X31| W14X61 3 76 203 203 6 0
2 W16X31| W14X90 3 76 203 203 6 0
3 W16X31 | W14X145 3 76 203 203 6 0
4 W16X31| W14X61 3 76 203 203 10 0
5 W18X35| W14X61 4 76 225 225 6 0
6 W27X84 | W14X61 6 76 339 339 6 0
7 W16X31| W14X61 3 76 203 203 10 85
8 W18X35| W14X61 4 76 225 225 6 85
9 W27X84| W14X61 6 76 339 339 6 85
101 | W16X31| W14X61 3 76 153 253 10 85
102 | W16X31| W14X61 3 76 153 253 10 85
11-1 | W18X35| W14X61 4 76 175 275 6 85
11-2 | W18X35| W14X61 4 76 175 275 6 85
12-1 | W27X84 | W14X61 6 76 263 415 6 85
12-2 | W27X84 | W14X61 6 76 263 415 6 85
13 W16X31| W14X61 3 127 203 203 10 0
14 W18X35| W14X61 4 102 225 225 6 0
15 W27X84| W14X61 6 102 339 339 6 0

Displacement ——————— ==
f Rigid element
\ - Beam element
AN
~ Zero length
spring element
= - Beam element
a) ABAQUS Model b) OpenSeesPy Model

Figure 5-5. Numerical Models of Shear Tab Connection
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Figure 5-6. Result of Pushover Analysis for Test 12 and 3

The shear tab connections in Tests 4, 5 and 6 are standard shear tab connections. The shear
tab connections in Tests 7, 8 and 9 are shear tab connections with a BFFD. The connections in
Tests 161, 102, 121, 112, 121 and 122 are modified shedab connections with a BFFD. The
shear tab on the beam was moved up to increase the connection moment strength. The adjusted
shear tab position meatise centerline of thebeamand the shear tab are not coincidéerte
connections were pushed in both direns sinceotation in the positivdbeam moves upand
negative direction before the binding of beam flange and column are diffeceritests 141 and
10-2, the connections are same with the opposite direction of rotation. The shear tab connections
in Tests 13, 14 and 15 have a wider bolt spacing.

The pushover analyses in Brg 5-6 (Connections I 3) have the same shear tab
connection with different column cross sections. The purpose of these three tests is to investigate
the influence of column s&zon the shear tab connections. The results shokigune5-6 indicate
that the difference among these pushover analyses is negligible. Therefore, the column influence

on shear tab connection is not considered further.
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The OpenSeesPy shear tab connectiiodels were developed based on the simplified
momentrotation pushover curve which is a modified form of the pushover curves generated from
ABAQUS. The shear tab connection behavior after binding of the beam flange and column is not
considered. Detaileéhformation on the simplified shear tab pushover curve development is
presented in Wu and Marsh&022b) The typical OpenSeespy model of shear tab connection is
shown inFigure 55(b). The beam and column am@deled using line elements with the insertion
point being the cross section rheight. The shear tab connection is modelled as a spring using
the Steel4 material. The distance between the column and sgrisghe distance between the
column centerlie and shear tab bolt line. The element connecting these points is modeled as rigid.
The Steel4 material parameters are calibrated in OpenSeesPy to fit the simplified ABAQUS
results Figure 57 shows a comparison between the ABAQUS results and OpenSessky/foe
Test 4. The difference between the ABAQUS (simplified) and OpenSeesPy results is minimal
(Figure 57(a)).Figure 57(b) shows that the shear tab behavior under cyclic response is reasonably

captured by the OpenSeesPy model.
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5.3.2Reduced Beam Sectioand Column Distributed Plasticity

A spring element with wdified IbarraKrawinkler deterioration modellbarra &
Krawinkler, 2005)was used to model the RBS in the special moment frames. The spring element
was located at the center of the RBS. The moment capacity of the spring was calculated based on
the reduced beam cross section with a fawt@r07 to account for strain hardenithggnos, 2008)
The stiffnesses dhe RBS andhe beam segment between the two RB&hectionsveremodeled
based orlGuptaa nd Kr awi n k (1898)0Tke rataiomad stiffnesh of the spring was n
(n=10) times higher than thietationalstiffness of the bearsegment

The modelling scheme using distributed plasticity (fiber section) along the column to
capture potential column inelasticity. The cross sections of columns were divided into multiple
fibers which are enough to reasonably match with the cross section exact integration curve.
Material property of ASTM A992 steel was applied on the fibers.
5.3.3Pand Zone

The panel zone was modeled by the Gupta and Krawinkler appa8&9) The width
and height of panel zone are equal to the depth of column and beam, resp&atjuety58 shows
the OpenSeesPy panel eamodel. The model uses eight beam elements with very large moments
of inertia (I=18 mn). All the corner joints except the top right joint were modelled as an ideal
hinge. A rotational spring element was modelled at top right corner to represent timearonl
force-deformation response of the panel zone. Elements 1 and 2 were modelled to connect the
beam and column in the out of plane direction. For element 1, both axial and flexural stiffnesses
are very large. However, for element 2, the flexural sts$nis large while the axial stiffness is

approximately zero. Moment releases were applied to the joints of element 1, 2 and beam element

142



framing into the panel zone in the orthogonal directidhe SMF OpenSeesPy model is validated

with the experimentalesults(Popov, Blondet, & Stepanov, 199¥)Al-Ghabawi(2021)

Zero Axial Stiffness—\ Moment Release
\ Rotational Spring
2
’/—High Stiffness

T qLMain

1l Node

/ Pin Connection

1 ?
High axial stiffnessj \Con’[inues

Connection

dc
Figure 5-8. OpenSeesPy Panel Zone Model

5.3.4Buckling Restrained Brace

TheOpenSeesPy model of the BRB elements were modelled as truss elements with Steel02
and Pinching4 materials. The Pinching4 material was applied in parallel with Steel02. The tensile
strength of the Pinching4 was zero while the compressive strength is déi@sed on
experimental dat@Upadhyay, Pantelides, & Ibarra, 2019he additional compressive force is
based on the friction developed between the BRB steel core and surrounding mortar which results
in the BRB compression strgth being higher than the tension strength. The modelling scheme of
the BRB and the adjacent beam and column is showigure 59. To account for the influence
of the gusset plate, the stiffness of the beam and column in the gusset plate regioplisdriti

2 (Speicher & Harris, 2019)The BRB OpenSeesPy model is validated with the experimental
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results ((Merritt, Uang, & Benzoni, 2003YNewell, Uang, & Benzoni, 200b)y Al-Ghabawi

(2021)
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= ‘6 f\/ < CL Beam
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1N Beam w/
N Gusset 2EL,

Beam. EI;,

Figure 5-9. OpenSeesPy model of BRB with Adjacent Beam and Column
5.3.5Base Fixity

Base restraint has a significant effect on steel mofn@mie behavior under earthquake
loads. The assumption that the column bases are pinned will overestimate the column flexibility
while the assumption that the column bases are fixed will underestimate the column flexibility.
This can have a large effect thre first story drift. It is assundehatall the columns in the
moment frameare fixed athebasewhile the columns in the braced frames and gravity load
system ar@assumed to be pinned at the base.
5.3.6Mass and Damping

The lumped mass method is used irs thaper. The lumped maisscalculated based on
the weight information fronfHarris & Speicher, 2015Each beantolumn joint had the mass

applied based on the associdtdoutary area.
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For the nonlinear dynamic responsstbry analysis, Rayleigh damping of 2.5% is assigned
to the first modal periods well asll theperiodthatcapturel at leas®95% of the effective modal
massfor all the structuresThe modal properties for the structures without shear tab connections
are shown in Tablé-3. The modification of adding the shear tab connections with different
configurations had little impact on the modal properties.

Table 5-3. Period of Vibration for Modal Analysis in OpenSeesPy

Mode 4-story Building | 8-story Building | 16-story Building
Period (sec) Period (sec) Period (sec)
1 1.752 2.726 4.013
2 0.809 2.024 2.419
3 0.587 1.352 1.698
4 0.516 0.944 1.454
5 0.310 0.678 0.860
6 0.243 0.519 0.830

5.3.7Ground Motion Selection and Scaling

The ground motiosifor seismic analysis were selected frima Far Field record set from
FEMA P695(2009) Elevenground motionsvere selectedand amplitude scaldshsedon the
SLE and DE acceletian responsspectrumand the modal analysis resuléaximum
Considered EarthquaK®CE), DEandSLE are seismic design parameters for building code
design. They are derived based on statistical analysis of past seismiciM@&teDE and SLE
are defired as the ground shaking level at building site &&h probability of exceedance in 50
years 10%probability of exceedance in 50 yearsd 50%probability of exceedance BOyears.
TheDE is taken as 2/3 times the MCEhe scaling was done in accordamgth ASCE 7
ensuring thabver the range of periods considered important, the mean did not fall below 10

percent of the spectrum. Tabkd, 5-5 and5-6 show the selected ground motions and the
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corresponding scale factors. Note that fort&estory building the difference in the period range

between the SMF and BRBF required a different suite of scaled earthquakes.

Table 5-4. Selected Ground Motions and Scale Factors for-&tory Building

PEER Scale Factor | Scale Factot
Number Event Station (SLE) (DE)
Canyon CountryWWest Lost
FFO21 Northridge 1994 Canyon 0.72 1.13
FFO41 Hector Mine1999 Hector 1.19 1.87
FFO51 Imperial Valley1979 Delta 1.17 1.76
FFOG61 Imperial Valley1979 El CentroArray #11 0.75 1.23
FFO81 Kobe, Japar1995 ShinOsaka 1.22 2.18
FF091 Kocaeli, Turkey1999 Duzce 1.11 1.68
FF102 Kocaeli, Turkey1999 Arcelik 2.14 3.34
FF11-2 Landers1992 Yermo Fire Station 1.50 2.36
FF161 Superstition Hills1987 El Centrolmp. Co. Center 0.96 1.47
FF192 ChiChi, Taiwan1999 CHY101:-N 0.71 1.04
FF211 San Fernandd971 LA-Hollywood Stor Lot 1.57 2.52
Table 5-5. Selected Ground Motions and Scale Factors for-8tory Building
Scale Scale
PEER Factor Factor
Number Event Station (SLE) (DE)
FFO41 Hector Mine1999 Hector 1.77 3.49
FFO51 Imperial Valley1979 Delta 0.98 1.90
FFO61 Imperial Valley1979 El Centro Array #11 0.79 1.54
FF091 Kocaeli, Turkey-1999 Duzce 0.68 1.35
FF102 Kocaeli, Turkey1999 Arcelik 2.17 4.19
FF11-2 Landers1992 Yermo Fire Station 1.44 2.82
FF152 Manijil, Iran-1990 Manijil-Transverse 0.49 0.93
FF161 Superstition Hills1987| EI Centro Imp. Co. Center 1.11 2.15
FE172 Superstition Hills1987 Poe Road 0.91 1.79
FF192 ChiChi, Taiwan1999 CHY101-N 0.77 0.91
FF21-2 San Fernandd971 LA-Hollywood Stor Lot 2.38 4.61
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Table 5-6. Selected Ground Motions and ScalEactors for 16-Story Building

SMF Direction

Scale Scale

PEER Factor Factor
Number Event Station (SLE) (DE)
FF052 Imperial Valley1979 Delta 1.24 1.83
FF06-2 Imperial Valley1979 El Centro Array #11 0.85 1.62
FF091 Kocaeli, Turkey1999 Duzce 0.45 0.82
FF102 Kocaeli, Turkey1999 Arcelik 1.87 2.76
FF11-2 Landers1992 Yermo Fire Station 1.05 1.94
FF121 Landers1992 CoolwaterLN 1.24 2.40
FF152 Manijil, Iran-1990 Manjil-Transverse 0.72 1.36
FF161 Superstition Hills1987 | El Centro Imp. CoCenter | 0.86 1.57
FF191 ChiChi, Taiwan1999 CHY101-E 0.70 1.23
FF201 ChiChi, Taiwan1999 TCU045 E 0.88 1.72
FF211 San Fernandd971 LA-Hollywood Stor Lot 1.54 2.92

BRBF Direction

Scale Scale

PEER Factor Factor
Number Event Station (SLE) (DE)
FFO51 Imperial Valley1979 Delta 1.04 1.73
FF062 Imperial Valley1979 El Centro Array #11 0.95 1.66
FF082 Kobe, Japai1 995 ShinOsaka 1.41 2.41
FF091 Kocaeli, Turkey1999 Duzce 0.67 1.11
FF102 Kocaeli, Turkey1999 Arcelik 1.84 2.94
FF11-2 Landers1992 Yermo Fire Station 1.47 2.43
FF152 Manijil, Iran-1990 Manijil-Transverse 0.59 1.00
FF161 Superstition Hills1987 | El Centro Imp. Co. Cente| 1.15 1.94
FE172 Superstition Hills1987 Poe Road 1.13 1.95
FF191 ChiChi, Taiwar1999 CHY101-E 0.71 1.12
FF211 San Fernandd971 LA-Hollywood Stor Lot 1.48 2.51

5.4 Resultand Discussion

In this section, the results of pushover analysigifpB-, and 16story buildingsin SMF
and BRBF direction with shear tab connections with different configurations are presented first.
The total base shear versus building drift was plotted to have a general understanding of the impact
of shear tab connections on steel structures. ,Ttherresults of seismic response of the buildings
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including story drift, total acceleration, base shear, and energy dissipation irmtiraent
connections, buckling restrained braces and shear tab connections are presented and discussed to
investigate thénfluence of shear tab connections on response.
5.4.1Results of Pushover Analysis

Pushover analysis was conducted on4he8-, and 16story buildingsin the SMF and
BRBF directionFigures5-10,5-11 and5-12 show the pushover curves of #e8-, and 16story
buildingsin SMF direction, respectively while the pushover curves,@-, and 16story buildings
in BRBF direction were shown in Rige5-13,5-14 and5-1 5 respectively. The
meansthe shear tab connections were modelled as pinned connections. The pushover curve for
ABaselined models were compared wit(Harris&e pus't
Speicher, 2015)Harris & Speicher,2018). Al Il t heo Baselined model s
curves when compared with the corresponding
models represent the buildings with standard shear tab connections. The resulteashbe t
strength and stiffness of buildings increased in both the SMF and BRBF directions for all the
buil dings. The increasements of base shear be
2% for the 4, 8-, and 16story buildings in SMF direction vile 20%, 18% and 10% for the, 8-
, and 16story buildings in BRBF direction, respectivelshe impact of shear tab connections on
BRBFs is larger than that on SMFs. The influence of shear tab connection decreases when the
height of building increases. Boh addi ng a BFFD (ABFFDO) and i
(AWi der Spacingo) on the shear tab demonstrat
change was smaller as compared to the change from the Baseline to the Shear Tab models. The
ABFFD tOf fsepresents the modified shear tab <co

moved up to increase the distance between BFFD and the center of the shear tab bolt group.
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However, the difference between ABFFDenoand @B
significant. Therefore, the nonlinear response history analysis will not be applied for the

ABFFD_ Of fseto model s.
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Figure 5-10. PushoverCurve for the 4-Story Building in the SMF Direction
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Figure 5-11. PushoverCurve for the 8 Story Building in the SMF Direction

149



8000 T T T T

7000 |
= 6000 - |
=
8
5 5000 |
[

3
= 4000 - |
(9]
[0}
® 3000 |
m
(_j Nist_Second Order
|9 2000 - Baseline 7
————— Shear Tab
— — —BFFD
1000 - — — —BFFD_Offset |
.......... Wider Spacing
0 : ' | I |
0 0.5 1 1.5 2 2 ’

Building Drift (%)

Figure 5-12. PushoverCurve for the 16-Story Building in the SMF Direction
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Figure 5-13. PushoverCurve for the 4-Story Building in the BRBF Direction
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Figure 5-14. PushoverCurve for the 8-Story Building in the BRBF Direction
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Figure 5-15. PushoverCurve for the 16-Story Building in the BRBF Direction
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5.4.2Results ofNonlinear Response HistoryAnalysis
5.4.2.1Story Drift

Story drift is defined as the difference in latetisplacement between tvadljacent stories
divided by the story height. During a strong ground motion, large latenahndsreimposed on
structureslf the drift of the structure becomt&® large, Rdelta effects can cause instability of the
structure ad potentially collapseln this research, maximum relative drift for each story was
calculated for the buildings in both directions under the corresponding ground motion suite. The
average value of maximum relative drift for each story in the corresppgdound motion suite
will be called average maximum drift.

Figures 5-16 through5-21 show the average maximum drift for, 8- and 16story
buildings in the SMF direction at SLE and DE. The summary of the average maximum drift and
the drift ratio (BL, ) for 4-, 8 and 16story buildings in the SMF direction at SLE and DE are
shown from Tablge5-7 to5-12. The drift ratio is defined as the average maximum drift of models
with shear tabs with different confniggou matdied rs9
divided by the average maximum drift of the
(ST). The results show that there is a beneficial impact of adding shear tab connections. This is
particularly true for the upper stories in the SMF cli@n, especially the top story. The average
maximum drift decreases for each story after adding the shear tab connections. For instance, the
8-story SMF building at SLE, the average maximum drift on the top story reduced by 14% after
including the standdrshear tab connections. The influence of the magnitude of ground motions
is not significant. The influence of shear tab connections for the buildings at SLE is a little bit
larger than that for the buildings at DE which indicates the shear tab connbetreriarger impact
in the smaklscale earthquakes. In addition, the modifications of shear tab connections slightly

decreased the average maximum drift for each story for all the buildings. Top stories received
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larger impact compared with the remainingrss. For the &tory SMF building at DE, the
average maximum drift on the top story reduced by 7% after adding the BFFD and 9% after
increasing the shear tab bolt spacing. The model with wider bolt spacing on the shear tab has 16%

less average maximumifiron the top story compared to the baseline model.
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Figure 5-16. Average Maximum Drift for the 4-Story Building in the SMF Direction at SLE
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Figure 5-17. Average Maximum Drift for the 4-Story Building in the SMF Direction at DE
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Figure 5-18. Average Maximum Drift for the 8 Story Building in the SMF Direction at SLE
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Figure 5-19. Average Maximum Drift for the 8 Story Building in the SMF Direction at DE
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Figure 5-20. Average Maximum Drift for the 16-Story Building in the SMF Direction at
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Figure 5-21. Average Maximum Drift for the 16-Story Building in the SMF Direction at DE
Table 5-7. Story Drift for the 4-Story Building in the SMF Direction at SLE

Baseline Shear Tab BFFD Wider Spacing
Drift Drift
Story| . AVG AVG Drift AVG ?;‘E')O AVG ?é‘ﬁ')o
MAX Drift | MAX Drift Ratio | MAX Drift Drift MAX Drift Drift
0 0, 0 0

(%) (%) (BL) (%) Ratio (%) Ratio
(ST (ST
0.96 0.96
1 1.40 1.35 0.97 1.34 1.00 1.34 0.99
0.97 0.96

2 1. 1.51 . 14 1.47
>3 > 0.99 0 0.99 0.98
0.96 0.95

1.2 1.2 : 1.2 1.22
3 0 ° 0.98 3 0.98 0.97
0.90 0.89
4 1.01 0.94 0.93 0.90 0.97 0.89 0.95
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Table 5-8. Story Drift for the 4-Story Building in the SMF Direction at DE

Baseline Shear Tab BFFD Wider Spacing
Drift Drift
Story | AVG AVG Drift AVG ?é‘t'; AVG ?;E';)
MAX Drift | MAX Dirift Ratio MAX Drift Drift MAX Drift Drift
[0) [0) 0, 0,
(%) (%) (BL) (%) Ratio (%) Ratio
(ST) (ST)
0.95 0.95
1 2.11 2.06 0.97 2.01 098 2.00 097
0.93 0.93
2 2.31 2.21 0.96 2.15 097 2.14 097
0.92 0.90
3 1.90 1.79 0.94 1.73 0.97 1.71 0.96
0.87 0.86
4 1.43 1.30 0.91 1.25 0.96 1.23 095

Table 5-9. Story Drift for the 8Story Building in the SMF Direction at SLE

Baseline Shear Tab BFFD Wider Spacing

Drift Drift
Story| . AVG AVG Drift AVG ?gﬁ')o AVG Té‘ﬁ')o
MAX Drift | MAX Drift Ratio | MAX Drift Drift MAX Drift Drift

0, 0 0, 0
(%) (%) (BL) (%) Ratio (%) Ratio
(ST (ST
0.94 0.94
1 1.30 1.29 0.99 1.23 0.95 1.22 0.95
0.93 0.92
2 1.50 1.45 0.96 1.39 0.96 1.39 0.96
0.90 0.90
3 1.37 1.28 0.94 1.24 0.96 1.24 0.96
0.91 0.90

4 1.2 1.12 . 1. 1.
0 0.93 09 0.97 08 0.97
0.91 0.89
5 1.13 1.07 0.95 1.03 0.96 1.01 0.94
0.94 0.92
6 1.04 1.00 0.96 0.98 0.98 0.96 0.95
0.89 0.87
7 1.20 1.10 0.92 1.07 0.07 1.05 0.95
0.81 0.79
8 1.14 0.98 0.86 0.92 0.05 0.90 0.92
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Table 5-10 Story Drift for the 8Story Building in the SMF Direction at DE

Baseline Shear Tab BFFD Wider Spacing
Drift Drift
Story| . AVG AVG Drift AVG ?gﬁ')o AVG ?g‘ﬁ')o
MAX Drift | MAX Drift Ratio MAX Drift Drift MAX Drift Drift

[0) 0, [0) 0,
(%) (%) (BL) (%) Ratio (%) Ratio
(ST) (ST)
0.99 0.98
1 2.22 2.19 0.98 2.20 1.00 2.19 1.00
0.98 0.98
2 2.59 2.57 0.99 2.54 0.99 2.53 098
0.96 0.96
3 2.46 2.40 0.98 2.37 0.99 2.35 0.98
0.94 0.93
4 2.15 2.08 0.97 2.03 098 2.01 0.96
0.92 0.91
5 1.89 1.79 0.95 1.74 097 1.71 096
0.87 0.86

1.77 1.62 91 1. 1.
6 6 0.9 o5 0.96 >3 0.94
0.87 0.85
7 1.86 1.69 0.91 1.61 0.95 1.58 093
0.86 0.84
8 1.77 1.63 0.92 1.52 093 1.48 091
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Table 5-11. Story Drift for the 16-Story Building in the SMF Direction at SLE

Baseline Shear Tab BFFD Wider Spacing

Drift Drift
story |, AVG AVG Drit AVG ?SE;O e F(QB?JISO
MAX Drift | MAX Drift | Ratio | MAX Drift |—p =— MAX Drift |—p 2!
(%) (%) (BL) (%) Ratio (%) Ratio
(ST) (ST)
1 0.55 0.54 0.99 0.54 8:32 0.53 8:33
2 0.88 0.87 0.99 0.86 8:;’2 0.85 8:32
3 1.01 0.99 0.98 0.98 8;3; 0.97 gzgg
4 1.07 1.04 0.97 1.03 8;32 1.02 8:82
5 1.08 1.03 0.96 1.03 gzgg 1.02 8:22
6 1.03 1.00 0.96 0.99 gjgg 0.97 8:3471
7 0.96 0.92 0.96 0.91 g:gg 0.90 8:33
8 0.89 0.87 0.98 0.86 8:38 0.86 8:32
9 0.99 0.97 0.98 0.95 8:22 0.94 8:3?
10 1.09 1.08 0.99 1.07 8:22 1.06 8:3;
11 1.10 1.08 0.98 1.06 8:22 1.06 8:33
12 1.05 1.00 0.95 0.97 8:3; 0.97 8:32
13 1.05 1.00 0.95 0.97 8:33 0.96 8:32
14 1.09 1.05 0.96 1.01 8:32 1.00 8:32
15 1.21 1.16 0.96 1.11 gzgé 1.09 8:32
16 1.15 1.07 0.93 1.02 8:22 1.00 8:8;
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Table 5-12. Story Drift for the 16-Story Building in the SMF Direction at DE

Baseline Shear Tab BFFD Wider Spacing

Drift Drift

MAX Drift | MAX Drift | Rafio | MAX Drift |—p =l— MAX Drift f—¢ &

(%) (%) (BL) (%) Ratio (%) Ratio

(ST) (ST)

1 0.78 0.76 0.98 0.76 8233 0.75 8:32
2 1.29 1.26 0.98 1.26 gigg 1.25 8:3;
3 1.50 1.48 0.99 1.47 8:82 1.49 2:88
4 1.63 1.62 1.00 1.61 8:23 1.62 1288
5 171 1.70 0.99 1.68 8:32 1.70 (1):88
6 1.74 1.71 0.98 1.68 g:gg 1.70 8:32
7 1.68 1.64 0.98 1.60 8:32 1.61 gzgg
8 158 1.54 0.97 1.50 8:23 1.49 8:3‘;
9 1.60 155 0.97 153 g:gg 153 8:38
10 1.65 1.62 0.98 1.62 g:gg 1.61 8:3;
11 1.60 1.58 0.98 1.57 8:32 1.55 8:3;
12 153 1.50 0.98 1.50 gigg 1.48 8132
13 1.56 151 0.96 1.48 8:2: 1.45 8:32
14 1.65 1.57 0.95 1.54 gzgg 151 8:82
15 1.76 1.70 0.96 1.66 gzgg 1.64 8:33
16 1.72 1.63 0.95 1.59 8:32 1.57 8133
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Figure5-22 throughb-27 show the average maximum drift for & and 16story buildings
in the BRBF direction at SLE and DE. The summary of the average maximum drift and the drift
ratio (BL, ST) for 4, 8 and 16story buildings in the BRBF direction at SLE and DE are shown
from Tables5-13 to5-18. The results show that the impact of shear tab connections on the BRBF
buildings is similar to the SMF direction but more significant. There is a significant impact of
adding ashear tab connection on the average maximum drift on the upper stories in the BRBF
direction, especially for the top two stories. The averageimum drift decreases for upper stories
when adding the shear tab connections. For example;st@ytBRBF atSLE has the average
maximum drift on the top two stories reduced by 49% and 24% after including the standard shear
tab connections. However, for the lower stories, especially the first story, the average maximum
drift increases when including tls¢andardshear tab connections. For thatéry building in the
BRBF direction at DE, the average maximum drift on the top first story increased by 20% after
including the standard shear tab connections. The influence of the hazard level is not significant
in theresults.

The modified shear tab connections decreased the average maximum drift for upper stories,
especially the top two stories, for all the buildings. For Hstody building in the SMF direction
at SLE, the average maximum drift on the top two stagdsiced by 12% and 5% after adding
the BFFD and 20% and 8% after increasing the shear tab bolt spacing. The model with wider bolt
spacing on the shear tab has 59% less average maximum drift on the top story compared to the
baseline model. Overall, the imgt of shear tab connections is larger for tfetoty BRBF than

for the 16story BRBF.
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Figure 5-22. Average Maximum Drift for the 4-Story Building in the BRBF Direction at
SLE
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Figure 5-24. Average Maximum Drift for the 8 Story Building in the BRBF Direction at
SLE
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Figure 5-25. Average Maximum Drift for the 8 Story Building in the BRBF Direction at
DE
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Figure 5-26. Average Maximum Drift for the 16-Story Building in the BRBF Direction at

SLE
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Figure 5-27. Average Maximum Drift for the 16-Story Building in the BRBF Direction at
DE
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Table 5-13. Story Drift for the 4-Story Building in the BRBF Direction at SLE

Baseline Shear Tab BFFD Wider Spacing
Drift Drift
Story| | AVG AVG Drift AVG F(QSE')O AVG ?é‘t'f
MAX Drift | MAX Drift Ratio MAX Drift Drift MAX Drift Drift
[0) [0) [0) 0,
(%) (%) (BL) (%) Ratio (%) Ratio
(ST) (ST)
1.18 1.21
1 0.70 0.80 1.14 0.83 103 0.85 107
0.96 0.96
2 0.80 0.77 0.96 0.76 1.00 0.76 0.99
0.72 0.70
3 0.87 0.66 0.76 0.62 0.95 0.61 0.92
0.45 0.41
4 0.91 0.47 0.51 0.41 0.88 0.37 0.80

Table 5-14. Story Drift for the 4-Story Building in the BRBF Direction at DE

Baseline Shear Tab BFFD Wider Spacing
Drift Drift
Story| | AVG AVG Drift AVG ?;‘E')O AVG TSS)O
MAX Drift | MAX Drift Ratio | MAX Drift Drift MAX Drift Drift

0 0 0 0,
(%) (%) (BL) (%) Ratio (%) Ratio
(ST) (ST)
1.22 1.22
1 1.18 141 1.20 1.44 102 1.43 102
0.95 0.94

2 1.37 1.31 . 1.31 1.2

3 3 0.96 3 0.99 8 0.98
0.78 0.75

1. 1. .82 1. 1.
3 33 09 0.8 05 0.96 00 0.92
0.51 0.46
4 1.42 0.82 0.58 0.73 0.88 0.65 0.78
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Table 5-15. Story Drift for the 8-Story Building in the BRBF Direction at SLE

Baseline ShearTab BFFD Wider Spacing
Drift Drift
Story| . AVG AVG Drift AVG F(QSE')O AVG ?é‘t'f
MAX Drift | MAX Drift Ratio MAX Drift Drift MAX Drift Drift
0 0 0 0,
(%) (%) (BL) (%) Ratio (%) Ratio
(ST) (ST)
1.12 1.10
1 0.63 0.69 1.10 0.70 102 0.69 1.00
0.95 0.91
2 0.86 0.82 0.96 0.81 0.99 0.78 0.95
0.80 0.76
3 0.83 0.68 0.82 0.67 0.97 0.64 0.93
0.80 0.79
4 0.83 0.68 0.82 0.67 0.08 0.65 0.96
0.92 0.90
5 0.75 0.71 0.95 0.69 0.97 0.67 0.94
0.87 0.85
) ) ) .84 .82
6 0.96 0.86 0.90 0.8 0.97 0.8 0.95
0.73 0.69
7 1.29 0.99 0.77 0.94 0.95 0.89 0.90
0.50 0.46
8 1.53 0.86 0.56 0.77 0.89 0.70 081
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Table 5-16. Story Drift for the 8-Story Building in the BRBF Direction at DE

Baseline Shear Tab BFFD Wider Spacing
Drift Drift
Story| . AVG AVG Drift AVG F(QSE')O AVG ?é‘t'f
MAX Drift | MAX Drift Ratio MAX Drift Drift MAX Drift Drift
[0) [0) [0) 0,
(%) (%) (BL) (%) Ratio (%) Ratio
(ST) (ST)
1.05 1.05
1 1.33 1.40 1.05 1.40 1.00 1.40 1.00
1.00 0.98
2 1.86 1.88 1.01 1.86 0.99 1.82 0.97
0.94 0.91
3 1.84 1.78 0.97 1.73 0.97 1.67 0.94
0.87 0.83
4 1.83 1.64 0.90 1.58 0.97 1.52 093
0.83 0.79
5 1.62 1.39 0.86 1.35 0.97 1.28 0.92
0.79 0.76
1. 1.2 .82 1.2 1.17
6 o5 8 0.8 3 0.96 0.92
0.72 0.68
7 1.70 1.29 0.76 1.23 0.95 1.15 0.89
0.53 0.48
8 1.86 1.07 0.57 0.98 0.92 0.89 0.83
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Table 5-17. Story Drift for the 16-Story Building in the BRBF Direction at SLE

Baseline Shear Tab BFFD Wider Spacing

Drift Drift
story| . AVG AVG Drift AVG ?gff AVG F(leil)o
MAX Drift | MAX Drift | Ratio | MAX Drift —<— MAX Drift (—=)
(%) ) | (B 0 | Raio | ™ | Ratio

(ST) (ST)
1 0.29 0.34 1.16 0.34 iéz 0.33 é:;g
2 0.44 0.48 1.09 0.48 3:8; 0.46 (1):82
3 0.46 0.48 1.04 0.47 3;85 0.46 8:82
4 0.43 0.44 1.03 0.44 1;83 0.44 (1):85
5 0.38 0.41 1.10 0.41 é:gg 0.40 (1):82
6 0.37 0.38 1.04 0.37 3:8; 0.36 8:2;
7 0.36 0.36 0.98 0.35 8:32 0.34 8:32
8 0.40 0.38 0.95 0.38 8:32 0.36 8:3(5)
9 0.41 0.39 0.96 0.39 8;32 0.38 8:32
10 0.44 0.44 0.99 0.44 g:gg 0.43 8:3;
11 0.46 0.47 1.03 0.48 i;gg 0.48 igg
12 0.49 0.51 1.04 0.52 1:82 0.53 1;82
13 0.55 0.56 1.02 0.56 1:8(2) 0.57 i:gi
14 0.69 0.69 1.01 0.67 8:2; 0.65 gzgj
15 0.90 0.77 0.85 0.74 8:33 0.70 8:;2
16 1.07 0.61 0.58 0.56 8:25 0.50 8:2;
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Table 5-18. Story Drift for the 16-Story Building in the BRBF Direction at DE

Baseline Shear Tab BFFD Wider Spacing

Drift Drift
story|  AVG AVG Drift AVG ?g‘f)" AVG ?gﬁi)o
MAX Drift | MAX Drift | Ratio | MAX Drift [—5 l—| MAX Drift —t
(%) (%) (BL) (%) Ratio (%) Ratio

(ST) (ST)

1 0.55 0.58 1.05 0.58 i:gi 0.59 i:g;
2 0.89 0.90 1.01 0.89 igé 0.89 é:gg
3 0.96 0.94 0.98 0.94 g:gg 0.93 8:3;
4 0.94 0.91 0.97 0.90 g:gg 0.89 8:32
5 0.84 0.81 0.97 0.80 8:8: 0.78 8:32
6 0.71 0.68 0.95 0.66 8:22 0.64 8133
7 0.58 0.55 0.95 0.54 8:3: 0.53 gzgg
8 0.54 0.49 0.91 0.48 8:22 0.48 8:33
9 0.50 0.48 0.96 0.48 2:83 0.47 gzgg
10 0.53 0.53 0.99 0.52 8:32 0.51 gzgg
11 0.57 0.58 1.01 0.56 8:33 0.55 gzgg
12 | 060 0.59 100 | 059 8:22 0.58 8135
13 0.67 0.67 1.00 0.66 8:32 0.64 gzgg
14 0.83 0.80 0.96 0.81 (1):3; 0.80 gzgg
15 1.07 0.96 0.90 0.95 8:22 0.92 8:32
16 1.28 0.79 0.62 0.74 8:32 0.66 8:2421
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5.4.2.2Total Acceleration

The seismic body and surface waves create inertial forces within the building. The
acceleration, or the rate of change of the velocity of the wsetmg the building in motion,
determines the percentage of the building mass or weight that must be dealt with as a horizontal
force. All acceleration in this study is measured in terms of the acceleration due to grgvity or
this research, maximunbsolute total acceleration for each story is presented for the buildings in
both SMF and BRBF direction under the corresponding suite of scaled ground motions for each
earthquake record. The average value of maximum absolute total acceleration forrgactireto
corresponding ground motion suite is called average maximum total acceleration.

Tables5-19 throughb-24 show the average maximum total acceleration for th@& 4nd
16-story buildings in the SMF and BRBF directions. The results showtlieaimpact of shear tab
connections on the average maximum total acceleration is insignificant in the SMF and BRBF
direction. In the SMF direction, the averagaximum total acceleration decreases slightly due to
the shear tab connections. For example,4tséory building in the SMF direction at SLE, the
average maxi mum tot al acceleration on the top
model s compared with the fABaselined model . I n
on the top stor for all the buildings. For the-8tory BRBF at DE, the average maximum total
acceleration on the top story is 0.05g (15%) I
the ABaselined model . The i nfl ue meglgibleihbotmo di f i

SMF and BRBF direction for all the buildings.
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Table 5-19. Total Acceleration for the 4-Story Building in the SMF Direction

Service Level Earthquake (SLE)

Design LeveEarthquake (DE)

Story Shear Wider Shear Wider
Baseline] Tab BFFD Spacing Baseline] Tab BFFD Spacing

1 0.31 0.30 0.29 0.29 0.44 0.42 0.42 0.41

2 0.33 0.32 0.32 0.31 0.44 0.43 0.43 0.42

3 0.30 0.30 0.30 0.30 0.40 0.39 0.39 0.39

4 0.46 0.44 0.43 0.43 0.57 0.57 0.56 0.56

Table 5-20. Total Acceleration for the 8-Story Building in the SMF Direction

Service Level Earthquake (SLE) Design Level Earthquake (DE)

Story Shear Wider Shear Wider
Baseline] Tab BFFD Spacing Baseline] Tab BFFD Spacing

1 0.26 0.26 0.26 0.26 0.46 0.46 0.46 0.45

2 0.32 0.29 0.28 0.27 0.49 0.48 0.47 0.46

3 0.28 0.27 0.26 0.25 0.46 0.44 0.43 0.43

4 0.27 0.25 0.26 0.25 0.42 0.41 0.41 0.40

5 0.26 0.27 0.26 0.25 0.42 0.41 0.40 0.39

6 0.29 0.28 0.27 0.27 0.48 0.46 0.45 0.45

7 0.28 0.28 0.28 0.28 0.42 0.43 0.43 0.43

8 0.45 0.43 0.42 0.42 0.62 0.63 0.63 0.63
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Table 5-21. Total Acceleration for the 16-Story Building in the SMF Direction

Service Level Earthquake (SLE)

Design Level Earthquake (DE)

Story Baseline| Shear Talf BFFD | Wider Spacing Baseline| Shear Talj BFFD | Wider Spacing
1 0.28 0.27 0.27 0.27 0.49 0.48 0.47 0.46
2 0.31 0.31 0.31 0.30 0.52 0.51 0.51 0.50
3 0.34 0.33 0.33 0.32 0.54 0.52 0.52 0.51
4 0.31 0.31 0.30 0.29 0.48 0.46 0.46 0.45
5 0.30 0.29 0.29 0.28 0.47 0.47 0.46 0.45
6 0.29 0.29 0.29 0.29 0.47 0.47 0.47 0.46
7 0.30 0.29 0.29 0.29 0.48 0.47 0.46 0.46
8 0.32 0.32 0.31 0.31 0.51 0.50 0.49 0.48
9 0.32 0.31 0.31 0.30 0.50 0.49 0.49 0.49
10 0.31 0.29 0.28 0.27 0.49 0.47 0.46 0.45
11 0.30 0.29 0.28 0.28 0.49 0.47 0.47 0.46
12 0.30 0.29 0.29 0.28 0.48 0.46 0.46 0.45
13 0.32 0.31 0.31 0.30 0.50 0.49 0.48 0.48
14 0.33 0.32 0.32 0.31 0.53 0.51 0.49 0.49
15 0.32 0.31 0.30 0.30 0.46 0.46 0.46 0.45
16 0.54 0.54 0.52 0.52 0.75 0.75 0.75 0.75

Table 5-22. Total Acceleration for the 4-Story Building in the BRBF Direction
Story Service LeveEarthquake (SLE) Design Level Earthquake (DE)
Baseline| Shear Talh BFFD | Wider Spacing Baseline| Shear Talj BFFD | Wider Spacing
1 0.30 0.30 0.30 0.29 0.44 0.38 0.38 0.38
2 0.28 0.30 0.29 0.29 0.38 0.38 0.37 0.36
3 0.30 0.31 0.31 0.30 0.40 0.37 0.37 0.37
4 0.35 0.37 0.38 0.38 0.43 0.42 0.42 0.42
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Table 5-23. Total Acceleration for the 8-Story Building in the BRBF Direction

Service Level Earthquake (SLE) Design Level Earthquake (DE)
Story Shear Wider Shear Wider
Baseline] Tab BFFD Spacing Baseline] Tab BFFD Spacing
1 0.28 0.28 0.28 0.29 0.48 0.47 0.48 0.47
2 0.29 0.30 0.30 0.30 0.46 0.47 0.48 0.49
3 0.30 0.29 0.29 0.28 0.46 0.47 0.46 0.46
4 0.28 0.26 0.27 0.28 0.45 0.42 0.42 0.41
5 0.29 0.29 0.29 0.29 0.45 0.43 0.44 0.43
6 0.29 0.30 0.29 0.29 0.42 0.41 0.41 0.40
7 0.32 0.31 0.32 0.31 0.40 0.38 0.37 0.37
8 0.31 0.34 0.34 0.35 0.34 0.38 0.39 0.39
Table 5-24. Total Acceleration for the 16-Story Building in the BRBF Direction
Story Service Level Earthquake (SLE) Design Level Earthquake (DE)
Baseline| Shear Talh BFFD | Wider Spacing Baseline| Shear Talj BFFD | Wider Spacing
1 0.29 0.28 0.29 0.30 0.46 0.46 0.46 0.45
2 0.31 0.31 0.32 0.32 0.47 0.47 0.48 0.47
3 0.32 0.32 0.32 0.32 0.48 0.47 0.47 0.47
4 0.33 0.32 0.32 0.32 0.46 0.48 0.48 0.48
5 0.32 0.32 0.32 0.32 0.48 0.48 0.49 0.49
6 0.32 0.32 0.32 0.32 0.46 0.48 0.48 0.47
7 0.35 0.33 0.34 0.34 0.47 0.48 0.48 0.48
8 0.32 0.34 0.34 0.35 0.50 0.48 0.49 0.48
9 0.36 0.37 0.37 0.36 0.49 0.51 0.51 0.49
10 0.35 0.34 0.35 0.35 0.50 0.49 0.49 0.47
11 0.37 0.35 0.35 0.34 0.49 0.50 0.50 0.49
12 0.37 0.36 0.35 0.34 0.50 0.50 0.49 0.47
13 0.38 0.34 0.35 0.34 0.51 0.50 0.51 0.50
14 0.37 0.36 0.36 0.35 0.50 0.50 0.50 0.49
15 0.39 0.38 0.38 0.37 0.51 0.48 0.46 0.46
16 0.37 0.39 0.40 0.41 0.40 0.43 0.44 0.45
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