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Goncentrically braced framéCBF¥tructural systems resist lateral loads using braces framed diagonally
between frame work points dafed at the intersection of beam, column, and brace centerlines. In the
past few decadegesearch on CBFs has primarily focused on improving seismic detailing requirements
for new construction Braced frames designed prior to 1988, termed +s@ismic oncentrically braced
frames (NCBFs), had much less stringent design requirements the consequences of which include high
variability in the beario-connection detail, an inability to develop the yield capacity of the brace, and
unknown controllingailure nodes. Evaluation and retrofit oéxistingNCBF systems can be challenging

in part due to the lack of experimental reseamaluatingthe variety of connection details and

deficiencies present in existing NCBF infrastructure.

As part of a large NSF supfed effort to provide guidance on the seismic evaluation and retrofit of

NCBFs, five NCBF frames focusing on bolted Bearalumn connections were designed and tested at

the University of Washington Structural Research Laboratdhe resultsire compaed to the results of

nine previous NCBF tests using measured response parameters and observed performance. It was found
that the brace type along with theontinuity, flexibility, and deficiencies of the connecticould

dramatically impact the deformatiocapacityfailure mode and yielding hierarchy observed in an NCBF.
Backbone curves developed for fdurteen experiments provide modeling parameters to be usethim
development oimodified procedures for evaluation and retrofit of braced frames
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Chapter 1. Introduction

1.1 Behavior of Concentrically Braced Frames

Concentrically braced frames (CBFs) are stiff, stiategal force resisting systentisat featuresteel

braces aligned with thatersectiors of the beam, column, and braaenterlinesthat occur in the

corner connectioror the center of the beam. Over the last several decades, CBFs have been popular
throughout the United States to resist lateral forces from wind and earthquake because they are
relatively inexpensive to construct.

Speciaboncentrically braced frames (SCB&® a modern form of CBF construction used in regions of
high seismicity.The components of SC&onnections beams, and columngye designed for the
expected capacitgf the bracego ensure that the bracecanbuckle and yield prior to the conneoti or
frame members reaching any limit statdis philosophy along with other detailingquirementswork

to promote system ductility and to control tHailure mode

The designrequirements for SCBFsveevolved over thdast several decades thanksd significant
amount of research Howeverpnly limited research has been done on existing CBFs that do not meet
these requirements. CBFs designed prior to 1988, termedseismic concentrically braced frames
(NCBFsyere designed prior to the introduion of capacity based design and could exhibit poor
performancerelative to an SCBFR the event of an earthquake as showrFigurel-1. The prediction of
NCBF performance is difficult due to the wide variety of connectioasynd system configurations

that stem from the lack of detailing requirements.
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Figurel-1: Example of SCBF and NCBF Performance



1.2 Research Program

The engineering community recognizes that many of the existing structures on the weshawiasf

NCBFslo not meet moderrsCBBeismiadesignrequirementsandmay bein need of retrofit

Evaluation and retrofit of existing braced franisguided byASCE1 (2013) Howeverlittle
SELINAYSyidltt SOARSYOS 2y b/ .C o0SKIFEBA2NI 6+& | @At
were first developed.

In an NSF funded collaborative effortuaderstand the seismic performance of NEBRd to establish
economical retrofit strategies for these systerasseries obxperimentsat the University of Washington
(UW), the University of California, Berkeley, and the National Center for Research on Earthquake
Engineering (NCREE) in Taipei &niwere developed as shown iRigurel-2. These tests were designed

to represent existing infrastructure identified in an infrastructure review conducted by Sloat (2014) and
evaluate bothNCBFEomponent and system levetehaviors

[ & R
-~ a5

(c) NCREE

(a) UW, courtesy of Molly Johnson (b) Berkeley, courtesy of
Jiun-Wei Lai

Figurel-2: Experimental Setup at Various NCBF Testing Locations (Sen 2014)

1.3 Research Objectives

Theresearch presented in thiiesisbuildsoff of tests by Sloat (2014) addhnson (20143t UW SRL.
These testsvere based off of an infrastructure review and looked at a subset of connection details and
deficiencies common to NCBF infrastructufidne research objectives ftis particular thesis are

outlined below.

- Conduct experiments on additionaldred frame specimens at the UW SRL with a focus on
connection type and brace retrofit options including
o0 Boltedend plate connections
0 Integratedgussetshearplate connections
0 Retrofit with bucklingrestrainedbraces.



- Compare the performance of NCBd5ts to date to draw conclusions about the impact of
connection type, and brace type on the performance of NCBFs.

- Determine the yielding hierarchy afidilure modesin NCBFs with bolted end plate and
integrated gusset shear plate connections and corgetht hierarchyto calculated
deficiencies.

- Develop backbone curves for all UW NCBF experiments and provide recommendations for the
modification and improvement of current evaluation and retrofit procedures in ASCE 41.

- Provide recommendations for futarexperimental and analytical woté provide amore
compkte picture of NCBF performance.

1.4 Report Overview

This report is divided intaine chapters and represents the work done to achieve the research
objectives.Chapter 2providesan in depth review bthe project background including a review of

braced frame design approaches used in the last several decades, a summary of an infrastructure review
conducted by Sloat (2014), and a summary of all NCBF tests conducted by Sloat (2014) and Johnson
(2014). This information provides context for ttlevelopmentthe five NCBEXxperimentspresented in
thisthesis.Design ofthe experimental specimenris described ifChapter 3.

Chapter 4 describes the experimental setup used to test the specimens desigriepieGand
provides generahstrumentation layout for each experiment. Chapter 5 contains all of the
experimental observatiosand categorizeobserved damage into performance statéghe

performance states in chapter 5 are used to develop performatate summary tables that highlight
the progression of damage at increasing levels of drift and are also used throughout individual test
narratives.

Chapter6 analyzes the test data collected for each experiment and is used to support conclusions about
individual specimen performance. Chapter 7 compares the performandeesponsef the five tested
specimens with other NCBF specimens with similar characteristics and evaglusions about the

impact ofbrace and connectioon frame ductility Chapte 8 looks at all of the NCBF tests prior to June
2015 and tabulates backbone parameters relevant for ASCE 41 retrofit. The backiporeare used

to compare specimens with similar deficiencies faillire modesto guide therecommendations for

future work. Chapter 9 summarizes the findings of this research project and presents overall
conclusions and recommendations for future work.

Appendix A contains detailed instrumentation plans for each experiment. Appendix B contains
connection specific desigrxpressions and force distributionsed to evaluate each connection.
Appendix C contains a detailed report about the material coupon testing done for all NCBF tests to date.
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Appendix D contains supplemental data analysis plots that provide additidoahiztion about the
performance of each specimen beyond what is presented in the main body of the document. Appendix

E contains background information on BRB testing as well as BRB details, design, and past experimental
research.



Chapter 2: Project Background

2.1 Intr oduction

This chapter discusses the evolution of braced frame design and deiisus NCBfesearch

conducted at UW to provide context and motivation for the reségpresented in thithesis Section
2.2reviews the desigapproaches currently employed in practice for the design and retrofit of braced
frame structures and compares them to the design requirements for braced frames designed prior to
1988. Section2.3introduces a demand capacitgtio (DCRevaluationused toassesgxisting

infrastructure andsummarizedindings from an infrastructure review conducted by Sloat (20$4é}tion
2.4summarizes the findings of 9 past NCBF experiments conducted by Hsidld2012), Sloat (2014),
and Johnson (2014). Each summary contains the goal of each experiment along with the connection
detail, connection DCRs, and a summary of the performance including a base shear vs. drift hysteresis,
yield hierarchy, and photosf observed damageThese summaries serve as reference for Chapters 7
and 8 which compare the performance of the past NCBF experiments with the tests presented in this
thesis

2.2 Review of Past and Present Design Approaches

2.2.1 Current AISC SCBF Design Requiements

Seismialesign of steel structures is guided by AISC 341 (2010), Seismic Provisions for Structural Steel
Buildings AISC 341 provides numerous detailing requiremém$&SCBFEsThese requirements were
developed over decades of observation of dgmancurred by earthquakes and numerous laboratory
tests of braced framed able2-1 summarizes some of the ragements for SCBF constructiand the
rationale behind each requirement.



Table2-1: Detailing Requirements for SCBI®mponents

Requirement

Reason

Brace

Tension only bracing expressly prohibited. Slender brace
that meet required compactness limits tolerate relatively
large inelastic posbucklingdeformation. However,

Design

KL/r <200 ;

Slenderness extremely slender braces have much smaller compressive
resistance than tensile resistance, and they sustain large
dynamic loads on impact from load reversal.

Brace Seismically Delaybrace fracture from severtcal buckling and high

Compactness Compact strainconcentrationsat the brace plastic hinge
Beams and columns may develop significant flexural

Framing Member| Seismically demands at large drifts. These demands are neglected in

Compactness Compact design but compactnesgquirements ensure that the
framing members can develop stable plastic hinges.
Reduce the strain concentration gusset plates angusset

Brace End : . ) :

. Required plate welds induced by brace buckling and connection

Rotation :
rotation.

Brace Connectior . The brace must be able tmickle andyield to develop

: Design for o . .
Design adequate system ductility. Connection and framirgnednts
. Expected Brace .
Framing Member, Capacity not designed to develop the expected brgoece could

significantly limit the ductility of the overall stem.

Welds

Must beDemand
Critical Welds

Reduce risk of brittle weld fractures and facilitate stable cr.
propagation in weld filler metal.

1 ¢ Can do fixed ends if the connections are designed for the plastic moment capfatieylrace.

As shown immable2-1, the brace connection must be designed for the expected capacity of the brace.

Specific limit states for the brace connection are shownhahle2-2 and are based onguations from
the steel design manual (AISC 2040) theBalancedDesignProcedure(BDP)Roeder et. all 2011)
Variables for each of the design equations are showrainle2-3. Demands on each component are
based on one of te equilibrium approaches depending on the connection type and are described in
more detail in Sectio@.3.2

Table2-2: Limit States and Corresponding Resistance ExpressionsI®€Aand BDP approaches (Roeder et. all

2011)
Limit state AISC design Balanced design
Resistance (¢Ry) & Resistance (PRn) )

Whitmore yielding dFByty 090 PRyFyBwtp 1.0
Brace net section fracture SU(RepFubAnb + FupAgp) 075 PU(RaFubAnb + FupAgp) 095
Brace to gusset weld $(0.6) FexxNwlLe(.707)wo 075 Same as AISC 0.75
Brace to gusset base metal &(0.6)F,NoL ty 075 Same as AISC 0.75
Block shear &{(0.6FAny + UpsFulne) < (0.6FyAgy + UpsFulne)) 075 B{(0.6FyAny + UpsFulne)} 0.85
Whitmore fracture bFuButy 0.75 PFuBwtp 0.85
Gusset plate buckling By tpFer 090 PBwtpFer 0.90

Interface welds

$(0.6)Fgxx| 1+ 0.5(siny) " ®]2 Ly (.707 )wy = UFM

075 2(1.5)R(0.6)Fexx(.707) w1 > Ry Fyt, 075




Table2-3: Variable Definitions forLimit State Equations

N AISC design procedure resistancg o} Whitmore width 5 Net shear area of the gset plate
factor block shear pathway
BDP design procedure resistance) 0 Thickness of the gusset plate Y Stress uniformity factor
! factor
. . . "Y | Shear Lag Factor 0 Net tension area of the gusset
O | Yield capacity of the gusset plate plate block shear pathway
0 Ultimate capacity of the gusset 0 Net tension area of the brace 0 Gross tension area of the gusset
plate plate block shear pathway
0 Ultimate capacity of the brace 0 GrOSS area of theat section r Angle of resultant stress on gusse
reinforcement plates plate weld group
0 Ultimate capacity of net section ] Number of welds 0 Length of gusset plate weld group
reinforcement
0 Critical buckling capacity glisset 0 Length of the splice weld 0 Thickness of single gusset plate
plate connection fillet weld
0 Ultimate strength of the weld filler 0 Thickness of the beaito- "Y"00 | Uniform Force Method demands
metal. gusset plate weld on gusset plate interface welds
v Ratioof nominal and expected ] Number of shear planes of
yield capacity gusset plate shear yielding surface
v Ratioof nominal and expected o} Thickness of basmetal
ultimate capacity of brace connecting bracgusset

TheBDPwas developeds an alternate approach #ISC braced frame design gmomotes a yielding
hierarchyin braced frame connections to achieve higher levels of overall frame dueiilitg at the

same time limiting udesirablefailure modes. The primary differencdmtween the AISC and BDP
approachesncludethe substitution of balance factors foesistance factors, the use of expected gusset
plate and brace material properties instead of nominal material properéied,a different approach to
gusset plate interface weld design thaguiresthe capacity of the weltbe larger tharthe expected
capacity of the gusset plate.



2.2.2 Braced Frame Design Prior to 1988

TheSCBHEesign requirements in use today have evdlwer the past 25 years. Prior to that there
were few requirements.Table2-4 showsthe design requiremenof braced frames designgatior to
1988compared to the design requirements 8CB&  As shown, many of the detailingguirements
were not consideregbrior to 1988 and many braced frames in existing infrastructure could be
vulnerable in the event of an earthquallee to the lack of these requirements

Table2-4: Differences in NCBF and SCBF detailing requirements (Sloat 2014)

Component Pre-1988 Braced Frames SCBFs

Brace Slenderness No Limit KL/r 200

Brace Compactness No Limit Seismically Compact

Framing Member Compactnes| No Limit Seismically Compact

Brace End Rotatn Clearance | No Limit Required

Brace Connection Design Design for Seismic Load{ Design for Expected Brace Capaci
Framing Member Design Design for Seismic Load{ Design for Expected Brace Capaci

Since braced frames designed prior to 1988 were ondjygihed for the seismic loads, connections and
frame members may readhilure modelimit states prior to brace buckling gielding which usually
occu at less tharD.5% drift rangeControllingfailure limit states in these braced frames are often
unknowndue to the lack of detailing requirements and high variability in connedyipe and
connection deficienciesAll of thismakes it difficult to predict the behavior or failure mode ohw given
braced frame designed prior to 1988 and can in some ca&spsre extensive retrofit strategies to
address the uncertainties.



2.2.3 ASCE 41Braced Frame Evaluation and Retrofit

ASCE41 (2018 the U.S. standard for seismic evaluation and retrofit of existing structUitesie are

three tiers of building evaluationedcribed inASCE4fanging from general screening, to full system

analysis. The evaluatidier chosen by the engineer is based on the level of component/ systematic
RSTAOASYOASA 2F GKS &0 NHzOUG dzNBr esch/tiey, AREK4S deSctibesS y 1 Q& A Y
defines how to evaluate building conditions and proposed retrofits for a variety of structural systems

including concentrially braced frame structures. ASCE 41 evaluation is perforrzassd, i.e., the

owner and structural engineer museftine desired building seismic performance for different seismic

hazard levels.

The purpose of the tier 1 evaluation is to quickly identify any potential deficiencies in a building using a
prescribed checklist, anehable theengneer/ clientto determinethe best course of action. For a

braced frame structure the checklistdslectedbased on the level of seismicity in the area, the level of
performance required (immediate occupancy or life safeayy the rigidity of the diaphragmamong

other things.

In order for a building to be successfully retrofitted in tier 2 analysis, all of the checklist items marked as
non-compliant or unknown during tier 1 analysis must be addressed. Additionally the building must
meet a base shear calculation where theelal capacity obach frame componeris multiplied by an
GYFFOG2NE YR O2YLI NBR gAGK (KS -DRLBNES RA B I NI XK Rz 7
primary deformationcontrolled component. All other components (termed formentrolled) of the
frame mustbe designed to meet the demands of the deformation controlled elements. For braced
frames:
G!'EALE (SyaAizy |yR O2YLINBaaAzy Ay oN} OSa aklftft
beams and columns with axial load that exceeds 10% of the adabth shall be considered
force or deformation controlled as determined folly restrainedrame columns in section
9.4.2.4. Compression, tension shear, and bending actions on brace connection, including gusset
plates bolts, welds, and other connectstsll be considered force controlled, unless connections
are explicjtly njogleled, and experimentql ev[dence suggests that stAabVIel desirable gluctility can bg
F OKASOSR AY | LI NI A(RERZE 20N s€eoff §52@ A 2y St SYSyu dé

This means that if a coection element cannot develop the brace capacity if must be retrofitted for the

0dZAf RAY3 (2 YSSOG !'{/9 nuM-TNEI&NEBY $WbHa @ aSRNIZ2FNIIES
brace, the type of brace, loading direction (tension or compressiomn) aa& subject to a number of

reduction facorsfor consideratiorsuch as brace compactnegigure2-1 shows the rdfactors for steel

braces



m-factors for linear procedures

Primary Secondary
Component/ Action 10 LS CP LS CP
Braces in Compression (except EBF braces)
a. Slender — 18 —
1. W, |, 2L kplane 1.25 6 8 7 9
2. 2Lout-of-plane2Cout-of-plane 1.25 5 7 6 8
3. HSS, pipes, tubes, L 1.25 5 7 6 8
b. Stocky — ¢® —
1. W, |, 2L isplane 1.25 5
2. 2Lout-of-plane2Cout-of-plane 1.25 4
3. HSS, pipes, tubes, L 1.25 4 6 5
Interpolate for Intermediate
Braces in Tension (except EBF braces)
1. 2L, HSS, L braces 1.25 4 5.6 5.6 7
2. Other 1.25 5 7 8 10
4. Buckling Res#ined Braces 2.3 5.6 7.5 7.5 10

multiply m by 0.8 for deficient connections (DCR >1.0)
multiply m by 0.5 for norcompact braces (stocky braces)

multiply by 0.5 forstiches that do not meet requirements
Figure2-1: Acceptance Criteria for Linear Procedures (Tabié ASCE 41 2014)

Tier3 systematic evaluation requires extensive data collection from a building and a comprehensive

nonlinear analysis of the entire structure to demonstrate a specified l&veérformance. Tier 3

analysis may be done if the building system is complicated, has severe irregularities, or significant cost
savings can be achieved through a tier 3 analysis. For steel structures, component behaviors are defined

by backbone curveand their associated modeling parameters. A generalized fdefermation

backbone curve for steel components is showfigure2-2. The values Q and, @e generalized
02YLRYSyid t2FRa&a | yR SE LIS Osebtihe ratatidids ghd disklacenieftsiof S ¢ | y
the component. The parameters a, b, and ¢ and the points A, B, C, D, and E define the capacities that

the component can achieve at a given level of deformation.

The modeling parameters for braced frames are shawkigure2-3 along with associated reduction
factors. The modeling parameters are generally based on frames that have been detailed for regions of

high seismicity and are applied to the models of the brace.

Modeling of braced imeconnectiorsA & f ST (2 GKS Sy3aiAySSNRa& 2dzRIYSyY
components ivased orthe nonlinear modeling of thenembers from thenoment frame section.
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Figure2-2: Generalized érce-Deformation Relation for Steel Elements or Components (Fid. RSCE 2014)

Modeling Parameters Acceptance Criteria

Plastic Deformation  Residual Plastic Deformation
Component/ Action a b c 10 LS CP
Braces in Gmpression (except EBF braces)
a. Slender— 18 —
1. W, |, 2L iplane nopn ndpn 0.3 nopn yp M NN
2. 2Lout-of-plane2Cout-of-plane nopn ndpn 0.3 nopn Th dp
3. HSS, pipes, tubes, L nopn ndpn 0.3 nopn TR dhp
4. Single angle nopn ndpn 0.3 nopn dp M HcN
b. Stocky — ¢ —
1. W, |, 2L iplane MA 5 0.5 nopn TR y R
2. 2Lout-of-plane2Cout-of-plane MR 4 0.5 nopn cp TR
3. HSS, pipes, tubes, L MR 4 0.5 nopn chp Th
c.intermediate Linear interpolation between the values for slender and stocky braces (aft

application of all applicable modifiers) shall be used.
Braces in Tension (except EBF braces)

1w M N M omn 0.6 noepn M M Ootn
2. L bR M HN 0.6 Opp PR M Hn
3. HSS P p M M 0.6 neépnp yp M M
4. Pipe Yy R bR 0.6 nopn TR [0:]

5. Single Angle M SN M M 0.6 nopn y R M /TN

Beams, columns in tension (except EBF beams,
columns) pR TR 1 nopn CR TR

Buckling Restrained faces Mo Po MO Do 1 odsn MmN MO 9o

nd Aa GKS FEAFE RSF2NXYIGA2Yy G SELISOGSR 0dO1fAy3a 21 RZ n
multiply m by 0.8 for deficient connections (DCR >1.0)
multiply m by 0.5 for nortompact braces (stocky braces)
multiply by 0.5for stiches that do not meet requirements
Figure2-3: Modeling Parameterand Acceptance Criterifor BraceqTable 97, ASCE 42014
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2.3 Evaluation of Exiting Infrastructure

2.3.1 Infrastructure Review

Sloat (2@4) conducted an infrastructure review a2 CBF buildings designed prior to 1988 to better
understand existing infrastructure in regioashigh seismicity Building information including the type
of building, number of stories, brace configurati@amdconnection type was identified from existing
structural drawings provided by various companies and building authorities.

General classificatiaof the buildings from the infrastructureevieware shown inTable2-5. Overall
there was a wide variety of building types, brace configurations, and connection types amongst the
example structures. The most prevalent brace type was HSS (70% of building used) while the most
prevalent configuration was Chevron bracing (also knownasted-V) usedn 70% of the buildings.
Brace connection types varied from building to building and a total of eight umiojeection
configurations were identified as shownhigure2-4.

Table2-5: Existing Infrastructure SurveyBuilding type, Brace Configuration, and Connection Type (Sloat 2014)

Buildin hBlil s Brace
Building | Date State 9 of Brace Configuration | Connection Type
Use . Type
Stories
83CA3A| Octs3 | ca | CoPoaEe | 4 HSSW Single Diagonal, | oy iearated Gussedhear Plate
HQ Chevron
82TN4A | Novg2 | TN | COPOrate | 54 HSS, Single Diagonal, |\ bt Continuous Shear Tab
HQ Pipe Chevron
88CA3A | Jan88 CA Research 2,3 H.S S, Single Diagonal, (e) Integrated GusseShar Plate
Pipe Chevron
80CA4A| Sep80 | CA Office 4 Hss,w| ~ Chevron. Single | oy 5 cceto-Beam Only
Diagonal
. X-Bracing, Single (e) Integrated GusseShear Plate, (c) Bolted
BOWABA | Jung0 WA Hospital 8 Angles Diagonal Split Shear Plate, (d) Bolted End Plate
86WA3A| Apr-86 WA Hospital 3 HSS CheD\ggc;r(;,nillngle (a) Welded Continuous Shear Plate
. X-Bracing, Single
88UT1A | Oct88 uT Retail 1 Angles ) (d) Bolted End Plate
Diagonal
83CA2A May- CA Office 2 HSS Cheyron, Single (e) Integrated Gusselhear Plate
83 Diagonal
74CABA | Jut74 CA Hospital 6 w X—Bl;g;g,ngngle (f) Double Integrated Guss&hear Plate
820R9A| Jun82 OR Hospital 9 w Single glti‘?;?(al’ Muiti (f) Double Integrated Guss&hear Plate
92WA2A | Feb92 WA School 2,3 HSS Chevron (a) Welded ContinuaiShear Plate
86CA4A | Aug86 CA Office 4 HSS Chevron (h) Bolted Split Double Angles
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Figure2-4: Connection Type&lentified in the Infrastructure Review

After identifying and classifying the buildinge&l(2014) conducted a demand to capacity ratio
evaluationon a subset of connections from each building. The demand capacitywagimilar to the
procedure presentedh Sectior2.3.2and was used to guide the design dafi@miexperiments evaluating
the bolted and welded shear plate connections presented in Se2tibn

Common deficiencies found in the evaluation include brace net section fracture, brace splice weld
fracture, Whitmore Yielding,ral beamto-gusset plate weld fracture. These frames were atpically
detailed with noncompact braces, inadequatgace endotation clearanceandnon-ductile welds
System level deficiencies such as weak beams and vertical discontinuities weybsaseed but are
not within the scope of this thesis.
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2.3.2 Demand to Capacity Ratio Evaluation

Demand to capacity ratievaluationis used to determine the level of deficiency inanectionfor
specificyielding mechanismandfailure modelimit states When the demanan a specificonnection
componentis greater than its associated capagttyat componentis considered to be deficient. To
consistentlycalculate the capacities and demandstba variousconnectiors identified in the
infrastructure revew several assumptions (listed below) are madke limit state equationased to
estimate the capacity dfraced frame connection components are presented in Secdhd

1. Demands on the connection are based upon the exgetirace capacity in tension and
compression, because yielding and buckling of the brace are the primary yield mechanisms in
CBFs The expected brace capacity in tension is calculated using measured material strengths
(documented in Appendi€). Compredsn capacity of the brace is calculated assuming a K of
1.0 andd measured from brace end to brace ead dne for SCBF connection details.

2. The distribution of the forces and moments through the connections are determined by
equilibrium. The Unifan Force Method (UFMs often used for this equilibrium evaluation.
However, the connections studied in this research project are not always well suited to the
UFM In these casegquilibrium at the interfacdoetweenthe connection elemenandthe face
of the columnis considereds shown imTable2-6. This method is termed the continuous
vertical method (CVM) and is used for connections wittontinuous element that extenaver
both the gusselandbeam(e.g.bolted end platé. Application of the CVM for the connection
types utilizing a continuous connection element at the column interfised inTable2-6) are
detailed inAppendixB.

3. TheBDPis used as an alternative method to evaluate gugdate interface welds where the
gusset plate weld capacities aggaluated relative to tension yield strength of the gusset plates
usingthe measured material properties tifie gusset plate.

4. For the CVM,he horizontal component of the brace fa&tstransferred tothe beamwhile the
vertical component of the brace force is transferred to the coldomall evaluated conneains.
This is a good assumptidor the specimens tested at UW because the actuator force is
delivered to the connection and brackrectly through the beam (se®ectioréd.2).

5. Flexural deformation and moments in the frame are neglected in the connection evaluation.

6. Resistance factor$ (factorsfor AISC and factors for BDJPare set as 1.0 for all limit states to
more accurately represent the actual capacities.

7. Where measured material properties are not available to compute demands or capacities, the
expected material propertie€Y "O are used. This is hecessary for the evaluation of reference
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connectiondrom the infrastructure review angrovides a better comparisorma$ opposed to
using nominal material strengths) to DCRs computed using measured material properties.

8. TheDCR evaluation method for connection specific limit states is identified using an abbreviated
code indicated in the pretenses after applicable limit states wherever DCRs are presented. The
O2RSH +t@éw | YyRad&. WSIy GKI G GKS dtoksdaringtred  6S o1 a
expected brace capacity using the force distribution calculated from the CVM and UFM
NEaLSOGADSteod ¢tKS O2RS aDté¢ Aa dz&ASR F2NJ 6SER
was checked against the yield capacity of the gusset plsiione for the BDP. Any limit states
without a code are considered to be directly in the line of the brace force and are not influenced
by the assumed force distribution.

9. Welds evaluating using the BRR/M or BRJFM were assumed to have linear elastiess
distributions and were checked at the extreme edge of the weld group.

Table2-6: Force Distribution on Connection Elements

Method Continuous Vertical Method (CVM) | Uniform Force Method (UFM)
- ——— g =]
Pcose o :f"_: ) __L_
RO R e B
=iy —
ExampleFree I N b
. 0 | Ve H al =
Body Diagram N I ’ ‘ | 1i iy

Consider equilibrium about a Consider equilibrium about the gusset]
continuous vertical cut at the interface plate and distribute forces based on
between the column antieam/gusset | minimized eccentdities as described ir|

Gener_al_ plate connection to determine shear, | part 13 of the AISC (2010) manual
Description e A

w U O E4, and moment,

0 0 ‘@A 1-9§ actingat the connection

centroid.

Welded Continuous Shear Plate Split Bolted Shear Plate
Applicable Bolted Continuous Shear Plate Bolted Split Double Angles
Connection’ Bolted End Plate

Integrated GusseShear Plate

1- More specific forcalistributions for individual connection components for the continuous vertical
method areshown in appendiB.
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2.4 Previous NCBF Tests

2.4.1 Overview of Testing Program

A series obéxperimentswere developed to evaluate common deficiencies and connection details found
in the infrastructure review Sloat (2014). There were nine single bay tests that evaluated p Ma
connection confjurations(Hsiao2012 Sloat 2014, and Johnson 2014) as well as four two story tests
(Sen 2014) that evaluateghe weak beanfound in manychevronCBFs.

Results frormall 9UW single bay tests are summarized able2-7 through Table2-15in Section2.4.4
Each summary contains a connection detail, connection DCRs, and an overview of the specimen
performance including base shear vs. interstory drift hysteresis, yield higrdialure mode, and
photographs of important performance statesll of the UW tests werearried outusing a similar setup
to Johnson (2005) and Powell (2000LRs, force drift hysteresis, and connection details that are
presented in this section aredapted from the original thesis to be consistent with g@ecimens tested
in this thesis.

Section®2.4.2and2.4.3look specifically at the tests conducted by Sloat (2014) and Johnson (2014) and
discuss the connection types tested as well as the conclusion made.

2.4.2 Welded Shear Plates - Sloat (2014)

Sloat (2014) designed and tested six experira€éhable2-8 through Table2-12) examining the
performance ofNCBFs with welded continuous sheéate details. Reference connections for the
welded continuous shear plate are showrHigure2-5. Deficiencies for the reference connections
included brace net section fracture,dme-gusset plate weld fracture, gusset plate Whitmore yielding,
beamto-gussetplate weld fracture, and shear tab to gusset plate/ beam weld fractiitee reference
connections also had necompact braces that did not meet current seismic compaction reguénts.
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Figure2-5: Reference Connections for Welded Shear Tab Sloat (2014)
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After conductinga prototype test(NCBF1Table2-8) Sloat designed tew retrofit options toimprove
the inelastic deformation capacity of the original prototype connection detail. These retrofit options
targeted specific deficiencies from the original prototype connection disédd above.

Theresearch conducted by Sloat (2014) had the foifmaconclusions.

- The inelastic deformation capacity of a deficient NCBF connection can be greatly increased
without addressing all of the deficient demand to capacity ratios.

- Severebrace local slenderness directly affects the inelastic deformation dgpafche system.
Filling a norcompact section with concrete can increase the fracture lifa nbrrcompact
brace.

- Brace net section fracture, gusset plate Whitmore yielding, and shear yielding had little negative
impact on the overall inelastic defmation capacity of the frame. This most likely occurred
because thdailure modewas ductile.

- The gusseplate-to-beamweld can be protected from deformation demands by an in plane
buckling retrofit.

2.4.3 Bolted Shear Plates - Johnson (2014)

Johnson (20143valuated NCBF connections using gglitests Table2-14 and Table2-15) and
continuousbolted sheamplates(1 teq, Table2-13). Reference connections for the test specindasign
are shown irFigure2-6. Deficiencies for the reference connection included brace net section, brace
block shear, bracén-gusset plate splice weld, colunto-gusset plate bolt shear, colurin-beam bolt
shear and columito-beam bolt bearing.Specimen Nangfrom the original thesis (Johnson 2014) have
been adapted to fit the naming convention used by Sloat (2014) andxberimentspresented in this
document.

17



>
v Se£
e = FRAMING ELEVS
e ,

ARACE- GUSSET &,
¥ | } C2 2 SEE SCHER :
§ (e S | ER £, See soped
W— e — _:"f‘?——-

| ‘ -—-—-f"
| ¥ 8 e0GE DisTAMCE
l TN/e 4sp, ste schED.
[ FOR AOMBASR
b
|
a.BoltedContinuous Shear Plate b. BoltedSplit Shear late

Figure2-6: Reference Connections for Bolted Shear Plate Design Johnson (2014)

Theresearch conducted by Johnson (2014) had the following conclusions.

- Bolt shear does not appear to greatly reduce thelastic deformation capacity of the
connections provided that bolt hole elongation is allowed to develop.

- Bolt hole elongation greatly increases the inelastic deformation capacity of the frame and
reduces demands on other components of the connectind e frame.

- The bearro-gusset plate weld of NCBF connections can prematurely fracture if is not designed
to develop the yield capacity of the gusset plate. Thispg@ally true when there is otdf-

plane deformation of the brace and gusset plgtelding.

- Thebolted continuousshearplate performed better than thebolted split shear plate

2.4.4 Previous NCBF Test Summaries
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Table2-7: NCBFO Test Summary

Goal:Pilot NCBF test. Test a typical NCBmReotion detail designed using braced frame design
proceduresfrom before 1988.

Connection Detaibnd DCRs

Limit State DCR
o Gusset Plate Whitmore Yielding 0.97
516 |/ ~ Yielding -
Mechanisms Bolt Bearing Gusset Plate Angl&RUFM) 0.36
(14) 1" @ A325 Bolts Bolt Bearing Beatweb AnglesgRUFM) 0.32
' 1'3;—" Brace Net Section Fracture 1.17
BEAM: Wi16x45 | - —

Brace Splice Fracture 1.72
5/16| | Brace Block Shear 0.95
sne 11 . Gusset Plate Whitmore Fracture 0.75

5116 Failure
EA SIDE ~ Modes Gusset Plate Block Shear 0.73

5/16 Y =
J S GussetPlateto-BeamWeld Fracture GB
BRACE: 8l 3 GussePlae-to-BeamWeld Fracture BRUFM)
HSS 6x6x}; PLY" =
) g Bolt Rupture Gusset Plate AngleBRUFM)
ETAS 2L4x3x%
WELDS:ET1-TAUNO X3 © Bolt Rupture Beam Web AngleBRUFM)
Geometric | . N} OS / 2YLJ OldySaa wl i 1.76
Limits Slenderness Ratio (KL/r)max 90

Specimen Performance Summary

400 . . . . . . . Yield Hierarchy:Brace® Bolted Angles
Drift Range1.3% :
300 Max. Tension200 . Failure Mode BraceSplice Weld Fracture
Max. Comp.134 i
200
m N/ 1. Brace begins to buckle cof-plane
S 400 | 2. Brace splice weld fractures.
g ] 3. Bolted anglegonnecting gusset plate and column
2 ot fracture.
7]
@ 100}
m H
-200f : 1
-300} - ]
-400 L I I H L L L
-4 -3 -2 -1 0 1 2 3 4
Interstory Drift (%)

(2) Brace Splice Weld Fracture
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Table2-8: NCBF1 Test Summary (Adapted from Sloat 2014)

Goal:Baseline evaluation @ typical welded continuous sheplate detailidentified in the
infrastructure review using a hecompact brace.

Connection Detaibnd DCRs

Specimen Performance Summary

Drift Range1.5%
Max. Tension275
Max. Comp.200

(2) Brace Hinging

Type Limit State DCR

Yielding Gusset Plate Whitmore Yielding 1.21

Mechanisms | sheaplateYielding 0.61

Brace Net Section Fracture 1.19

Brace Splice Fracture 0.85

Brace Block Shear 1.00

) Gusset Plate Whitmore Fracture 0.87
:\:/Iaggjer: Gusset Plate Block Shear

Beamto-Gusset Plate Weld FracturéR) 0.67

Beamto-Gusset Plate Weld FracturdBRCVM) 0.65

Shear Plat&Veld FractureGP 1.35

Shear Plat&Veld Fracture BRCVM) 1.28

Geometric | . NI OS / 2YL) OliySaa wl i 231

Limits Slenderness Ratio (KL/r)max 61

Yield Hierarchy:Yielding could not be observed during test
Failure Mode Brace Fracture

Damage Progression

1. Brace begins to buckle cuf-plane.
2. Brace begins hinging at mapan.
3. Brace fractures.

(3) Brace Fracture
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