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Abstract

This paper presenthe resultsof a U.S. National Science Foundation (NSF) Engineering for Natural Hazard (ENH)
research project studyirsgismic floor and roof collectors in steel buildirigustures.The integrated experimental and
analytical research programakes use of the NSF Natural Hazard Engineering Research Infrastructure (NHERI)
Facilities. Seismic collectors are critical elements that bring inertial forces to the primary vpttinal elements of the

Seismic ForceResisting System. Due to the reversing nature of earthquake loads, collectors must alternately carry
tension and compressipwhile under the presence of effects from gravity load and frame lateralQbifector failue

is potentially catastrophic, yet little research has focused on collectors, and both the seismic behavior and demands on
these elements are not well understood. Instead, current design code provisions rely on amplified collector design forces
and simplfying design approximationg his paper presents thesearch programmethods andesultsfrom this project,

including: (1) nonlinearstatic and dynamianalysis of steeteismiccollectos in steel composite floosystems and

unfilled deck roof systemg2) large scale testing of collector elements arwdlectorconnections at the NHERI Lehigh
Experimental Facility;and, (3)shake table testing of @vo-story structure, possessing seismic collectors isteel
composite floor systenand an unfilled roof dek, at the NHER@UCSD Experimental Facility. The researth

providing new knowledge or{1) the collector seismic load path, including in the horizontal floor plane and the vertical
force profile; (2) collector limit states, including collector connecfailure and collector member stability modes; (3)

the role of the composite slab and deck in strut mechanisms and inherent bracing;calidaidy properties (strength,
stiffness andleformation capaciyin the presence of other actions (gravity Io@ame lateral drift). The research team

is working together with industry partner, the American Institute of Steel Construction (AISC) and a research advisory
panel composed of experts from seismic design consultants and regulatory agencies to evshiatedkector

details, from code minimum to best practice designs, and to develop relevant and impactful design recommendations
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1. Introdu ction

This paper presents the resutisdateof a U.S. National Science Foundation (NSF) Engineering for Natural
Hazard (ENH) research project studying seismic floor and roof collectors in steel building structures. The
integrated experimental and analgticesearch program makes use of the NSF Natural Hazard Engineering
Research Infrastructure (NHERI) Facilities.

The paperdescribeshe research program, including: ¢(ignlinear static and dynamic analysis of steel
seismic collectors in steel composikeor systems and unfilled deck roof systerf® largescale testing of
collector elements and collector connections at the NHERI Lehigh Experimental Facitit{d shake table
testing of a twestory structure, possessing seismic collectors in a stgaposite floor system and an
unfilled roof deck, at the NHERI@UCSBExperimental Facility

The research is providing new knowledge on: (1) the collector seismic load path, including in the
horizontal floor plane and the vertical force profile; (2) cobedimit states, including collector connection
failure and collector member stability modes; (3) the role of the composite slab and deck in strut mechanisms
and inherent bracing; and (4) collector properties (strength, stiffness and deformation capaitity)
presence of other actions (gravity load, frame lateral drift).

The research team is working together with industry partner, the American Institute of Steel
Construction (AISC) and a research advisory panel composed of experts from seismic desiljants and
regulatory agencies to evaluate seismic collector details, from code minimum to best practice designs, and to
develop relevant and impactful design recommendations.

2. Background

Seismic collectors are critical elements that bring inerbialds to the primary verticalane elements of the
Seismic ForcdResisting Systen(SFRS) In an earthquake, the seismic collectors gather the inertial forces
that develop in the floor or roof diaphragm and transfer them to the primary elements of theDBERS

the reversing nature of earthquake loads, collectors must alternately carry tension and compression, while
under the presence of effects from gravity load and frame lateral drift.

Loss of collector elemenis potentiallycatastrophic, as has eehown by failures of collectors in
concrete structures, including collapses in 20&1 Christchurch earthquake],[And he 1994 Northridge
earthquake [Rin which shear or core walls were undamaged, while the floor system detached, resulting in
collap® of the Gravity Load Resisting System (GLR®} little research has focused on collectors, and both
the seismic behavior and demands on these elements are not well understood. Instead, current design code
provisions rely on amplified collector designdes and simplifying design approximations.

2.1 SteelSeismic Collector Design

Current design code provisions for collectors recognize their critical role through special load combinations
[3] that include the $§yesutiegrnla@e designtforcesnThis desigh approachris q
an attempt to ensure that the critical collector elements remain elaksgvise, seismic collectors are
typically designed for direct axial forcactions and gravity load for idealized conditions without full
consideration of actual boundary conditions ordfiectsof frame drift

In steel structures, the collector is provided by beams in the floor or roof syStece.elements
alternately cay tension and compressiotiney must be designed both as tension members and compression
membersThus both collector connection strength and collector element stability are key aspects of collector
design.Tension design focusem the collector connéons [4, e.g., top flange welded (TFW), etc. (Fig.
2b). The collector element itself is desigrash bearmcolumn, since the member is under combined flexure
(due to gravity load) and axial load (due to collector acti®hg controlling compression liinstate for a
steel collector membetepends on the bracing condition of the floor or roof system [4], inclwtiioggaxis
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or weak axis flexural buckling, torsional or constrained axisufial torsional buckling (CAFTB) [b The
lattermode, with centeof rotation about théop flangebraced by the deck or slab, is particular to collectors.

In many modern structures, SFRS elements have become isolated within the floor plan, resulting in
significant collector runsComposite action is attained in flogrssems primarily through the shear stuigs.
general, the magnitude of collector force increases with area tributary to the collector line. The assumed
uniform transfer of inertial force into the collector leads to a lime#lector axial force diagram [6Thus,
collector forces are larger in the bays nearer to the primary vertical plane SFRS members (See Fig. 1).
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Fig. 11 Steel Seismic Collectsr (a)Collecta Line and Fotes; (b) Typical Collector Conaton.

2.2 Seismic Collector Connections

The connections used to transmit the collector forces across the gravity load resisting columns or to the
primary vertical plane SFRS members vary depending on the magnitude of the collectoFdorosver

level mllector forces, the conventional shear tab connection used for gravity load can be designed to carry
combined shear and tensidrhese connections cafso besupplemented by collector reinforcing bars in the
slabthat areproperly anchored in the slab][as desdbed in the design example in][As collector forces

grow, a modied version of the shear tab connection employing multiple bolt ipefen employedAs the
collector forces increase furthdypical design involves connéwag the top flage. The typical detail in the

US involves welding the top flang8€eFig. 10. Finally, collector aial force levels can become sufficiently

large that thedp flange connection is not agleate, and at this point a connection ineslboth flanges.

3. Analytical Research Program

The analytical research program on has four main thrusts: (1) Determining the steel seismic collector load
path; (2) Determining the behavior and performance of steel seismic collector connections; (3) Determining
the cyclic perfomance of the collector elements, including collector member stability modes, inherent
bracing; (4)Determining the demands acting on the collector, including the interaction of collector forces
with effects due to building lateral drift

3.1 Analysis ofLoad Path

The analytical modeling of the collector load path involves a two dimens{@®3ltruss modelin the
(horizontal) plane of the floor in order to capttime strut action provided by the floor slab (See E&). The

2D horizontal truss model fdhe slab is connected to the underlying frame at the shear stud locations along
the collector and gravity framind@.his model captures both concrete cracking due to inertial forces causing
tension in the slaliSee Fig. 2h)shown here occurring in the blaegions surrounding the SFRE, well as

the diagonal strut action due to inertial forces causing compression, including local crushing.

Theload path analysipermits the evaluation of the inertial load transfer along the collector line at
different sages of the response (See Fig. 25.noted, when the concrete slab is intact (shown here for a
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collector line with the slab flute parallel to the collector and under inertial force creating compression, for a
SFRS located at the center of the left edigéne floor). Note that before the inertial forces create damage in

the slab, the transfer of collector force is highly nonlinear, leading a concentration of force in the shear studs
transferring the inertial forces to tlgellector nearer to the SFRS. &egen in Fig. 2c,his highly nonlinear
distribution begins to resemble the linear pattern assumed in design as the slab takes on damage.

4
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Fig. 21 Collector Load Path: (a) Truss Model; (dymage Pattern @SFRS; (c) Colledtorce Distribution.

3.2 Analysis ofCollector Connections

The analytical modeling of the collector connecsianvolves 2D plane stress modelsas well asthree
dimensional(3D) solid modelsto examine the state ¢fi-axial stressin welds and the conbution of the
concrete slab

A 2D plane stress model fortap-flangeweldedcollector connection is shown in Fig. 3&he model
captures the material nonlinearity of the beam, column and shear tab; and the projection geometry of the
weld, as well as thslip and nonlinear shear response of the bolt anthétasticbearingdeformations at the
bolt hole. The 3D model is shown in Fig. 3b. The resulting -befdrmation response of this collector
connection under axial tension is shown in Fig. 3c. Thesgbow the total collector force, as well as the
distribution of this force in the top flange and the shear tab for two cases: (i) bare steel (without concrete)
and with a concrete slaBs is seenin the Fig. 3c plot: (i) the shear tab, intended for dyaliad transfer,
participated in the collector force transfer; and (ii) thencrete slabcan provide a nonegligible
contributionin carryingthe collector forces.

Continuity Plate
TFL Collector
Weld Bolts Connection ANSYS Microplane
i . Concrete Solid Model

Rigid Offset
to slab

a 0.6 08
Collector End Displacement (in)

(a) (b) (€)
Fig. 317 TFL Connection: (a) 2D Plane Stress Modb); 3D Model with Slal{b) Nonlinear LoaeDeflection.

3.3 Analysis ofCollector Stability

The analytical modeling of the collectorember under compression loagolves 3D nonlinear geometric
and material modelg of the collector membelKey asped of the investigations of collector stability
include thedetermiration of the inherent bracing of the floor system, the participation of the slab in
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compression transfer, and the effect of the connection boundaditioas, in particular during cyclic
loading.

The models use for examining collector nonlinear cyclic response for composite floors and unfilled
roof decksare shown in Fig..4n order to approximate the actual conditions, the model encompasses the bay
adjacent to the collector (See Fig. 4a), including: (i) the intermediate framing; (ii) the deck and/or the slab
(See Fig. 4b); and uses three dimensional representations using shell elements for the collector and the
collector connections (See Fig. 4c).

(b)
Fig. 41 Collector Stability Models: (a) 3D Bay; (b) Roof and Composite Deck; (b) Connections.

Typical results from these models are shown in Fig. 5. In Fig. 5a, a contour plot of transverse
displacement fothe isolated collector, indicates that the collector is undergoing CAFTB. In Fig. 5b, a plan
view of the bay showing the axial stress contauith blueindicatinghigh compression, one can see that the
slab can participate in force transfer as a colteectember loses stiffness, even for deck oriented
perpendicular to the collectorhe collector nonlinear load deflection plot is shown in Fig. 5c, indicating that
the design code prediction of collector compressive strength is well estimated in thisingasbeiCAFTB
limit state equation [4] with an effective torsional length factor of 0.5.

K=0.5 AISC CAFTB

K=1.0 AISC CAFTB

Q,N,

-C 0 0.5 1 15 2

Displacement (in)

@) (b) (c)

Fig. 51 Collector Stability: (a)Constrained Axis Flexural Torsional Buckling (CAFTE)) Stress Contour
Plan View showingxial loadparticipation ofdeck/slab (c) Nonlinear Load Deflection

Roof collectors are also evaluatdelg. 6aplots nonlinear loaedeflection plots forroof collectors
under compression fahe different bracing cgesshown in Fig. 6bincluding: (i) unbraced; (ii) widdange
intermediate struts at third points; (iii) opeab joists (OWJ)top-connectedintermediate struts at third
points;and (iv) OWJ topandbottom connected intermediate struts at third poissseen, thelesign code
prediction of collector compressive strength is well estimated in this case using the weak axis buckling limit
state equation [4] with the appropriate unbraced.
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Fig. 6 1 Roof Collector Stability: (a) Weak Axis Flexural Buckling for different deck parallel bracing cases;
(b) Different beam and joist bracing cases.

3.4 Analysis ofCollector Demands

Thedemands for the collector elements are estimated througmeantime history analysis ah archetype
building structure [8]The SFRS layout, elevation, plan and design parameters for the building are shown in
Fig. 7a. A selection of the time history responses of the building to a spectrum compatible maximum
corsidered earthquake (MCE) are shownFHig. 7b. From left to right are the floor acceleration time
histories, the intestory drift and the collector forces, normalized by the collector member axial yield force.
The upper acceleration and drift plots shdw tesponse of the roof/top story of the building; the lower
acceleration and drift plots show the response of a lower floor/story of the buillieguormalized collector
forces are shown for the collector in the interior bay adjacent to the braced(@®mand the adjacent bay
farther away from the braced frame (ORpte that depending on the level of the building, the collector can
be subjected to different combinations of collector force and the effects efiotgrdrift.
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4. Experimental Program

The experimental program has thm@ain components: (1) Larggcale Collector Connection Tests; (2)
LargeScde Collector Component Tests; and (3) LaBmale Shake Table Test of a Building Specimen

4.1 LargeScale Collector Connection Tests

The largescale collector connectidests are being performed the NHERI Lehigh FacilityThe test setup
is shown inFig. 8a Note that the collector member is turned on its Sidhe collector connection is located
within the test specimen(shown inred), while the rest of the collectas represented by reusable test
fixture (shown in gray) Loading protocok for thetestsinclude cyclic tension/compressidoadingin the
presence of joint rotatiodn order to achievéhis protoco] the test setup employs two pairs of actuaddrs
each end of the test setUpne pair of actuatorsimulates intestory drift byrotating the column of theest
specimerwhile the other pair of actuators applimsaxial force to the collectoBy utilizing two actuatorst
each endthe location of the center of force applied to the collector is contrdliete.that this latter feature

is importantasthe true line of actionof theinertial force acts eccentrically to the centroid of the collector;
likewisein some collector connections (e.g. the top flange welded connection shown in Rige démter of
resistances eccentric to the entroidof the collector Typical instrumentatiorat thecollector connection is
shown in Fig. 8bThis instrumentatioincludeslinear displacement transducers to measdisglacement and
rotation at thecollector connection, and an array of strain gagssthe welded flange and along the beam
web, as well as a rosette at the weld access hole.

Rotation Actuators

Test Specimen

Lateral Bracing
Reusable Test Fixture

Loading Actuators

K-Frame

(a) - (b)
Fig.8i NHERI Lehigh Collector Connection Tests: {@stSetup; (b)Instrumentation

The detailanda photofor the % scaletop-flange weld(TFW) specimen is shown in Fig. Jest pecimens
representing codminimumconnectionsre being tested first to determineitredequacy.
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Fig. 91 NHERI Lehigh Collector Connection Tests: {&W Detail, (b) TRV Specimen.

© The 17th World Conference on Earthquake Engineering

-2b-0144 -



2b'01 44 The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake EngineeringVCEE
Sendai, Japan Septembet 3th to 18th 220

4.2 LargeScale ©@llector Member Tests

The largescale collector connections test setup is modified as shown in Fig. 10 to perform the collector
member testingWith the collector member turned on its sidee deck / slab is oriented vertically and
braced on the strongofbr. Smaller actuators are added to simulate gravity load acting on the collector.

Fig. 107 NHERI Lehigh CollectoMember Test Setp.

4.3 Shake Table Testing of a Tw&tory Building

The shake table teststingfor evaluatingthe collectors involved test specimemvith perimeter collectors
aligned in the direction of the table motion direct{@ee Fig. 14). The tesspecimen wasexamined in three
configurationdo meet theesearch objectives.

In Phase la onestory steelcompositefloor deck was tested in isolated fashion. For this phase, a
simulated table motion was created based on analysis to reproduce the floor acceleration response and
reasonably estimate the intgory drift of an upper leveloor of the archetypduilding. To achieve this
goal for a onestory specimen, the gravity columns were configured with a slightly shorter first story height,
and providedwith pinned connections at their ba3de plan of the composite floés shown in Fig. 11a
indicating hat one perimeter collector was oriented in a deck perpendmutdiguration, whilethe other
was oriented in a deck parallel orientation with intermediate beams serving as the collector bracing.
collector connections for the composite floor aredatkd in the insets of Fig. 11b, and are, in order moving
away from the vertical plaa'SFRS, an alflange welded (AFW), top flange welded (TFW) and a shear tab
(ST) connectionThe SFRS was a cantilever column, in order to maximize the collector length.

Theelevation shown ifrig. 11bis thePhase Zonfiguration where second story toraunfilled steel
roof deckwas added to the specimérhelayout and connection types for the roof collector are the same as
for the composite floorwith smaller membesize The twastory structure was treated as a building, and
subjected to a Northridge earthquake ground motion input, scaled to different intensities.

Fig. 117 NHERI@UCSD Shake Table Specimen: RPé&n View Phase )% (b) Elevation Phase 2
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