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Concentrically braced frames (CBFs) are lateradtiassisting systems that consist of diagonal braces
which are framed concentrically with the intersewtof either beam-to-column connections or opposing
braces. Since the early 1990s, seismic designeafiapconcentrically braced frames (SCBFs) hasgalac
stringent design and detailing requirements orbthees, gusset plates and related connections. By
contrast, CBFs designed before the early 1990’ wesigned to much less restrictive specificattbaa
SCBFs. There are few tests of these older CBFsltirggin uncertainty about their performance and
about viable retrofit options. Older CBFs are comnrocurrent infrastructure, so the uncertaintyhieir
performance poses a substantial risk. This resgajact seeks to address this uncertainty. A safie
tests have been undertaken to investigate themsspd both existing and retrofitted older CBFseTh
experimental data from these tests is used toatalievaluation approaches for older CBFs and ean b
used for future development of numerical models® f@trofitted systems demonstrate practical methods
to increase system ductility and improve seismiégomance by mitigating damage. Finally, tools i@ a

in the seismic evaluation and retrofit of CBFs A8ICE 41 are proposed.
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Chapter 1. Introduction

1.1 Background

Braced frames are a common lateral load resistisgms in structures. The lateral load is prime
resisted by diagonal braces, such as those shokigune 1.1. In seismic design, the brace alsoas
the energy dissipating element in the systend it typically undergoes substantial inelasticodifations

due to tensilgielding and compressive bucklii

Floor 4

Floor 3

Floor 2

— — — — Floor1

Figure 1.1Example of a Structure Containing Braced Fre

These systems have been widely usea variety of building applications for many ddea. Their high elasti
stiffness and relatively low cost make them a vialeigtructural system. When properly designed,dudiames
can also exhibit substantial ductility. Modern leddrames desigid for applications in regions of moderate to h
seismicityare typically Special Concentrically Braced Frarf®&SBFs). Special detailing requirements
connections, as well as limits on brace and framiegnber geometry, have been created based cr braced
frame research to ensure ductile braced frame jpeaioce For example, the connection components mu:
designed to resist the expected brace capacitythendrace must meet local and global slenderimags. I These

requirements have largebeen developed between 1988 and the pre

Prior to 1988, braced frame design requirement® wabstantially less restrict, as shown iTable1.1. All
members and connections were designed for the eddagismic loads, rather than expectecbrace capacity. As a
result, many existing structures designed to thegairements may not exhibit desirable behavia sgismic

event. Thessystems are more vulnerable to premature braceifeaand connection fracture, amc

other shortcomings. Existing braced frame strusttinat do not meet modern SCBF criteria sha

referred to herein as NdBeismic Concentrically Braced Frames (NC). NCBFs pose a significa



concern in current infrastructure, as they are potivalent and susceptible to substantial damage or

collapse.
Table 1.1 Comparison of Modern and Older BracedhErBesign
Component Pre-1988 Braced Frames Modern SCBFs
Brace Slenderness No Limit KL/r < 100
Brace Compactness No Limit Seismically Compact
Framing Member Compactness No Limit Seismically @Gaot
Brace End Rotation Clearance No Limit Required
Brace Connection Design Design for Seismic Loads sidpefor Expected Brace Capacity
Framing Member Design Design for Seismic Logds  @efir Expected Brace Capacity

Compared to the extensive research conducted gretfiemance of modern SCBF systems,
comparatively little information is currently avalille on the expected performance of NCBFs. Figite 1
and Figure 1.3 show examples of an SCBF and NCBRexdion detail, respectively. Both of these
connection details were tested in the UW structlalesTheir performance is shown in Figure 1.4 and
Figure 1.5. These plots demonstrate the substatiiaience in performance between NCBF and SCBF
systems that leads to concern with NCBF seismifopeance. Despite having the same design lateral
load, the NCBF system exhibited a much lower lalesd resistance, and experienced connection

fracture at a low drift level.
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1.2 Project Objectives

The research presented in this thesis is a componherarge research effort at UW and partr
universities to evaluate NCBFs. This research oetuadditional testing at the University of Waskom
(Johnson, 2014), two-stobraced fram testing at NCREE Taiwan (Sen, 2014), and-story brace

frame testing at/C Berkeley, as well as extensive analytical madg The primaryobjectives of this
research are:



o Evaluate the seismic response of NCBF structurearaius performance levels
e Establish strength and deformation limits for NCBased on failure modes
¢ Investigate cost-effective methods for seismic bdhation of NCBFs

o Establish engineering models for seismic evaluadiwh retrofit of NCBFs

1.3 Document Overview

The research presented in this thesis providesrangf point for attaining the project objectiveated

above. The specific objectives for the researcbamted in this thesis are:

o Determine typical characteristics of existing NC8/stems and identify vulnerabilities

¢ Evaluate the performance of common NCBF systenmguarge-scale experiments

o Evaluate the effectiveness of various retrofitgrgiroving the performance of NCBF systems
using large-scale experiments

e Develop recommendations for evaluation and retafffl CBFs based on the experimental results

The following chapters of this thesis describe lib@se objectives were achieved. An infrastructure
review was conducted, and six large-scale specmene tested at UW in 2013-2014. Chapter 2
provides a review of previous work on SCBFs and NEBt also describes the procedure and results of
an infrastructure review, which was conducted dstisg NCBF structures to evaluate the typical
characteristics of NCBFs, as well as the rangexpéeted deficiencies in these systems. Chapter 3
describes the motivation and design basis for ehtie specimens tested. Chapter 4 illustrates the
experimental setup used at UW, as well as theumsntation and methodology used to gather
information during the tests. Chapter 5 describesbehavior of each specimen and provides
nomenclature for discussing their performance. @happrovides an analysis of the data collected fo
each specimen with discussion of the impact thiatdhta has on understanding the system performance
Chapter 7 outlines a framework for evaluation agtcofit that can be used to categorize NCBF and
retrofit behavior. Chapter 8 provides conclusioasdu on the previous chapters and makes
recommendations for future work. Appendix A prowdelditional information on the buildings and
connections from the infrastructure review, as aslthe results for each of the frames analyzed .
Appendix B provides instrumentation for each of $pecimens. Appendix C describes the experimental

setup in detail. Appendix D provides additional gonping plots for data analysis.



Chapter 2. Literature Review & Existing Buildings
Survey

2.1 Introduction

The behavior of SCBF systems is well understoaa iEsult of extensive research conducted over
previous decades. Section 2.2 describes some oéskarch that has led to modern SCBF design, the

criteria that define desirable SCBF performancd,tae direction of future SCBF improvement.

By comparison, e behavior of NCBF systems is poorly understoodti®@e 2.3 describes the limited
research that has been conducted on NCBF systanauBe there is insufficient knowledge not only of
how NCBF systems perform, but also of the typesystems and deficiencies that exist in NCBF
systems, an infrastructure review was conductedutidate these concepts. It is described in Sextio
2.3-2.7. The results of this study informed theiglesf a series of NCBF test specimens, which are

described in Chapter 3.

2.2 Evolution of SCBF Design

As discussed in the introduction, modern CBFs desgidor regions of moderate and high seismicity are
typically designed as SCBFs. SCBF design contsagisficantly with braced frame design for seismic
loads prior to 1988. The design of braced framas po 1988 did not have in place many of the niade
design requirements that are intended to ensuiabisseismic performance of the system. Table 1.1
contrasts some characteristics of modern and bi@deed frame design. Restrictions on brace
slenderness, brace and framing member compactaressonnection strength and geometry have been
added since 1988 with the intention of improvingteyn performance. Some of the research leading to
these changes will be discussed in the remaindiiogection. A more detailed discussion of trstdny

of braced frame design can be found in Powell (2010

The first objective of modern SCBF design is toueasstructural safety with good inelastic deformati
capacity, with the brace strength as the goverininig) state for the system. The connections anohing
components are designed meet or exceed the demesudisng from the expected capacity of the brace i
both tension and compression. The capacity basgdrdapproach is to ensure ductile behavior in the
system after yielding by concentrating damage énttace, which behaves in a ductile manner andevhos

behavior is well understood.



In order to ensure the connections are capablealdping the brace capacity, a number of design
checks have been developed for connection comp®heased on previous research. A summary of

common modern design checks is given in Tableahd definitions of the variables used in this tairke

given in
Table 2.2
Table 2.1 Common SCBF Limit States (AISC 2010)

Limit State Equation Resistance Factor ()
Net Section Fracture P, = pRF A, 0.75
Brace Block Shear Pn = O(UpsAneRiF+0.6min(AyRFy, AgRyF,)) 0.75
Whitmore Yielding P, = ®R,F,B,t, 0.9
Whitmore Fracture P, = ®RF By, 0.75
Gusset Plate Buckling Pn = $Byt,For 0.9
Weld Fracture P, = $0.6FgxxNywL(0.707W,)(1+0.5sin(6)") 0.75
Weld Base Metal Shear | P, = $0.6F,t,L. 0.75
Bolt Bearing Pn = dFyptomin(1.5L,3dp) 0.9
Bolt Shear P, = F. Ay 0.75

Table 2.2 Definitions of Variables for Limit StaEejuations

Variable | Description

R¢ Ratio of Expected to Actual Ultimate Tensile Strength
F, Ultimate Tensile Strength

A, Effective Net Area

Ugs Loading Uniformity Factor

Ant Net Area in Tension

AL Net Area in Shear

Agy Gross Area in Shear

R, Ratio of Expected to Actual Yield Strength
F, Design Yield Strength

By, Whitmore Width

tp Plate Thickness

Fe, Critical Buckling Stress

Fexx Design Electrode Strength

Ny, Number of Welds

L. Connection Length

W, Weld Throat Size

Leo Clear Distance Between Bolt Hole and Nearest Plate Edge
dy Bolt Diameter

A, Bolt Cross-Sectional Area

Fov Bolt Shear Capacity




One of the first developments in braced frame cotimie analysis was the Whitmore section, which is
described in detail in Section 2.5.5. It gives atingate of the area of the gusset plate that ectde in
resisting the brace force in tension (Whitmore 195&ufficient strength in the Whitmore sectionultb
cause excessive yielding in the gusset plate, patigrieading to tearing or fracture. In compressithe
Whitmore section serves as a basis for evaluatiagtisset plate buckling capacity. Methods outlimed

Thornton (1984) developed checks for gusset plat&ling capacity, which are detailed in Section@.5

Astaneh, et al. (1986) further elucidated importamit states for braced frame connections witkedes
of double-angle brace buckling tests. Their tesises shown in Figure 2.1. The braces were comgect

to gusset plates, which were fastened to beams ©hé/beam-to-column connections were idealized

pins.
g-4"
5 & IR
- e i
,Actuator
N L——Support
Frame
-§7 4 Hinge
Frame
-

Specimen N
% 3 l
 § 2 1

SIDE VIEW ELEVATION

Figure 2.1 Typical Experimental Setup (Astaneh 4686)

These tests demonstrated undesirable connectlarefanodes and equations and methods to prevent
them were derived. Several of the specimens suffeleck shear failures of the braces, resultingdn-
ductile system performance. Along with results frimsts by Bjorhovde and Chakrabarti (1985), the
research by Ateaneh et al (1986) improved undwasig of block shear for braces. Several specimens
their program suffered from tearing of the gussates. They identified that a folding region in fhate

was necessary to allow the gusset plate to beaddommodate the brace end rotation due to outaoiepl
buckling. This resulted in the brace end clearascemmendation for SCBF systems in the current AISC
Seismic Provisions (AISC 2010b), referred to as Pravisions herein. The frequent connection fadure

in specimens tested during this region broughntte to the inadequacy of designing the braceahdra

connections for the seismic forces. In order taiemghat the connections were capable of develapiag
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brace capacity, the capacity based design appreastadopted. This approach was first introducdten
1991 UBC, and was further developed in the 1997CAERismic Provisions.

In addition to designing the connections for thierggth of the brace, modern design imposes rastigt

on the design of the brace itself to help ensurtiléyperformance. Numerous studies, including duial
Goel (1988), Shaback and Brown (2003), Trembl@p23, and Popov, Zayas, and Mahin (1985) have
addressed the factors contributing to brace pedaom. All three studies concluded that brace fractu

life was highly dependent on the width-to-thicknestso of the brace walls. HSS braces with width-to
thickness ratios greater than 25 tend to form tiglliinges almost immediately following global blink

of the brace (Liu and Goel 1988). HSS braces witltwto-thickness ratios less than 12 tend to e ab
to undergo numerous large deformation cycles afiekling before fracture occurs (Shaback and Brown
2003). These results have led to the seismic cotmgss requirements for braces used in modern design
(AISC 2010b). Additionally, braces with lower slemdess ratios typically have improved fracture e
demonstrated by Tremblay (2002).

Recent research has suggested additional critexiacould increase the ductility of SCBF systems.
Roeder et al (2011) suggested a Balanced Desigre@uce, which revises some of the current standards
on SCBF design with the intent of improving perfame. These recommendations resulted from many
tests conducted on single-story and multi-storgédarame systems and significant numerical modelin
The single story test setup, shown in Figure 2.2hé same experimental setup used for the tests
presented in the body of this thesis and is desdribb more detail in Chapter 4. It was developed by
Johnson (2005) and modified by Powell (2010).
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Figure 2.2 Single Story Test Setup (Roeder et 4120

The balanced design procedure recommends a monereaal elliptical clearance model instead of the
2t, gusset plate clearance requirement, as showrgurd-R.3. Additionally, the procedure provides
balance factors, which replace the resistanceratgpically applied to connection limit states.€bh
balance factors are intended to maximize systetdigigg which leads to more ductile behavior, while
preventing undesirable failure modes. Finally,niethod revises the procedure used for design afegus
plate welds, recommending they be sized to devtlegxpected tensile capacity of the gusset plate
rather than the force delivered by the expectedebcapacity. This is intended to prevent underabl
weld tearing and fracture, as the gusset platelyihen accommodating the brace out-of-plane

deformation.



Imaginary corner of
gusset intersects the
centroidal axis of the
brace

b 8tl’-

Shaded elliptical
band remains
clear to permit
brace end rotation

31,

Figure 2.3 Brace End Elliptical Clearance (Roeded €011)

Example connection details for a typical SCBF ah@lanced design procedure SCBF are given in
Figure 2.4 and Figure 2.5, respectively. Theseispats were tested in previous research at UW by
Powell (2010) and Johnson (2005). Both frameshitdd desirable seismic performance, including
retention of lateral load capacity after brace tingk extensive deformations after yielding, anddar
fracture as the controlling limit state, as showifrigure 2.6 and Figure 2.7. The load-drift higterior

the specimens are given in Figure 2.8 and Fig@e 2.
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Figure 2.4 SCBF Connection Detail (Powell Figure 2.5 BDP SCBF Load-Drift Response
2010) (Johnson 2005)

Figure 2.6 HSS18 Brace Cupping (Powell 2010) Figure 2.7 HSS18 Brace Fracture (Powell 2010)
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2.3 Motivation for Infrastructure Review

Although a wealth of information is now available the performance of SCBF systems, almos
system level experimental data exists for NCBFesyst A single pilot test was conducted at UV
evaluate the performance of a typical NCBF from1£€80s (Hsiao et al, 2012). The connection d¢
tested is shown in Figure 2,18nd the experimental setup is showFigure 2.2. A nor-compact,
rectangular HSS brace was welded to a gusset pthatehy was welded to the beam flange. The beam
and gusset plate were attached to the column flaiageolted doubl-angles. The corattion met 1980
design requirements, but not modern design stasdhrsuffered brac-gusset weld fracture at less tr

1% drift, followed by a series of other connectiaitures. This specimen demonstrated the sevefi
deficiency that can be fournd NCBF system:

12
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Figure 2.10 NCBF Connection Detail (Hsiao et al201

Hsiao et al (2012) also conducted numerical modehrmOpenSEES to predict the performance of both
NCBF and SCBF systems. This model utilized a fdrased fracture model for the NCBF connection to
predict the brittle connection failure. The expegittal and analytical results for an SCBF specinien a
shown in Figure 2.11, and the NCBF specimen is shiaviFigure 2.12. Despite being designed for the
same lateral load as the SCBF specimen, the NCB¢&irapn was able to resist much smaller loads due to
connection failure. The NCBF specimen also achievauich smaller drift range prior to fracture. The

residual strength after connection fracture shawrlfe NCBF was due to residual moment frame action

13
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The analytical modeklas applied to a variety of mi-story building models using various brac
configurations. These structures were subjecteudond motion which were scaled to the 2% in

year and 10% in 50 year design spectra used inrbi&ige. The results of this analysése summarized in
Figure 2.13 and Figure 2.1%fihe NCBF model sffered brace or connection fracture in all casdhé!
10/50 and 2/50 events, while the SCBF systemsradffierace or connection fracture only occasiorial
the 2/50 event and not at all in the 10/50 evehé NCBF system also had a higher risk ofapse at
both hazard levels. These results emphasize tinerability of NCBF systems to damage in sr

seismic events and to collapse in large seisminte
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Structures containing NCBF systems rbe vulnerable tadlamage or collapse because of t
shortcomings relative to modern frames, but therexf thisvulnerabilityis relatively unknow due in
part to the variability in NCBF configurations adeitails. A survey of existing structures containi

NCBFs was conducted to:

e Evaluate the compliance of NCBFs against modernFS@sign criteri
e Determine the common configurations for NCBF cotioes and syster

¢ Provide a basis for a series of experiments ore-story and multistory NCBF:

2.4 Infrastructure Review

Thirteen frames from twelve buildinfrom regions of high seismicity were analyzétie drawings fo
these buildings were acquired from design firms tesigned, evaluated, or retrofitted them. Botr
names of the providing firms and the names c original design firms remain anonymous througt
this document. Each building was given an aliasitt@rporated the design year, the height, ant
location. The frame used within that building wisajiven an alias that incorporated its locatin the
drawings, as shown in Table Z@ building 83CA3A

Table 2.3NCBF Building and Frame Naming Convent

15



Building Information Frame Information
Extra Gridline
Term Eor in Which First Second Floor
Year | State | Stories Similar Separator the Separator | Perpendicular | Perpendicular | Separator of
Frame Gridline Gridline Frame
Structures
Lays
83 CA 3 A -- P - 14 15 - 3

Table 2.5 gives a summary of the characteristiesach of the buildings surveyed. These charadterist

will be discussed in detail in the remainder o$thection.

Table 2.4 NCBF Building and Frame Naming Convention

Building Date State Type Floors Braces Configurations Connection Types
83CA3A Oct-83 CA Corporate HQ 3 HSS, W Single Diagonal, Chevron Bolted Shear Tab
82TN4A Nov-82 N Corporate HQ 3,5 HSS, Pipe Single Diagonal, Chevron Shared Gusset
88CA3A Jan-88 CA Research 2,3 HSS, Pipe Single Diagonal, Chevron Shared Gusset
80CA4A Sep-80 CA Office 4 HSS, W Chevron, Single Diagonal Beam Only
S8O0WASA Jun-80 WA Hospital 8 Angles X-Bracing, Single Diagonal Fully W;L)dl(:i’i iz:e;:r:ar Tab,
86WA3A Apr-86 WA Hospital 3 HSS Chevron, Single Diagonal Welded Shear Tab
88UT1A Oct-88 uTt Retail 1 Angles X-Bracing Bolted End Plate
83CA2A May-83 CA Office 2 HSS Chevron Fully Welded
74CAGA Jul-74 CA Hospital 6 w X-Bracing, Single Diagonal Double Gusset Plate
820R9A Jun-82 OR Hospital 9 w Single Diagonal, Multi-Story X Double Gusset Plate
92WA2A Feb-92 WA School 2,3 HSS Chevron Welded Shear Tab
86CA4A Aug-86 CA Office 4 HSS Chevron Bolted Double Angle

The geographic distribution of buildings is showrFigure 2.15. Building heights range from oneiteen
stories, with most of the buildings in the two twf story range, as shown in Figure 2.16. Thislgeked
to be representative of the types of buildings (townid rise) for which concentrically braced frasne
were typically used at the time. A variety of binlg functions were included in the set, with office
buildings and medical facilities being most pronmiy@s shown in Figure 2.17. This variety suggtis
CBFs were popular in a wide range of building aggilons. The majority of the structures analyzed ar
from the 1980’s, which may be indicative of thehegpopularity of CBFs in the 1980’s than in prexo
decades, though the high availability of newer dinga in comparison to older ones is also a likely
contributing factor. Building ages are shown inlk#g?2.18. Care was taken to acquire drawings for
buildings designed by a variety of structural eegiing firms in order to avoid biasing results toivine
practices of a particular designer. Figure 2.19%shihe distribution of structures by designer. Thmes

of the design firms have been replaced with numtzepseserve their anonymity.
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Figure 2.19 Surveyed Buildings by Design Firm

The infrastructure review also revealed severaldsen design, displayed in Figure 2.20 and Figue4.

It is important to note than many buildings usedtiple types of braces and bracing configuraticsus,
the total percentages shown add to more than 1B@%ar the most common type of brace was square
HSS, which were found in over 70% of buildings. W/fithnge sections were the next most common, and
some pipe and angle braces were also observedn@stecommon brace configuration was chevrons,
which were present in 70% of buildings. All of theildings using chevrons were less than five ssorie
tall. Single diagonal braces, as showifigure 1.1 were present in half of the analyzed buildingssT
was the predominant system in taller buildings.r&eing was less common, though it was also more
popular in taller structures. An example of X-braccan be found on the first story of the fram&igure
2.22. About half of the buildings had some typeaftical discontinuity. Typically, these were areas
where braced frames were not stacked verticallywewe diagonally adjacent, as shown in Figure .2.22
These types of configurations raise additional eong about their ability to transfer seismic fortes

adjacent bays.
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Brace to gusset plate connections were reasonabftyron between buildings in the infrastructure eswi

HSS and pipe braces were slotted and fillet wetdetle gusset plate in all instances, as seen in

Figure 2.23. Net section reinforcement was not igiexy on at the net section for any of the brachgs B
significant because brace net section fractureghvbbver plates are designed to prevent, is a notilel
and undesirable failure mode in braced frames. @&bghce sections were all bolted via single liffes o

bolts to the gusset plate, as seen in

Figure 2.24. The most common gusset plate to beammection was fillet or complete joint penetration

welds between the gusset plate and the beam flasgesen in

Figure 2.23. In some instances, the beam flangeco@ad on one side, and the gusset plate was Holted

the beam web, as shown in Figure 2.25.
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Figure 2.25 NCBF Detail - Shared Gusset Plate

Many gusset plates were welded directly to eitherdolumn flange or web. Others were bolted or

welded to a shear tab, which was then welded tadhenn web, as in

Figure 2.23. Most of the shear tabs were also tatevelded to the beam and served as the beam to
column connection as well. Some gussets plates welded to end plates, which were either bolted or

welded to the column flange, as shown in

Figure 2.24. As with the shear tabs, these plgpasdlly also served as the beam to column conmecti
In cases where the gusset plate and beam weremotcted to the column by a shared shear tab @, pla
they were typically welded directly to the colunhtaterials were consistent for most of the buildings

investigated. Table 2.5 lists commonly observedens specifications:

Table 2.5 Typical NCBF Material Properties

Gusset and Wide Flange Stgel A36

HSS Steel A500

Pipe Steel A53

High Strength Bolts A325s, A325K
Weld Metal Fexx = 70 ksi
Concrete Slab F'c=3ksi

23



2.5 Connection Analysis

The connection capacities were evaluated and cadgarthe demands from the expected brace tensile
and buckling capacities. For this analy&tsandR, the ratios between design and expected stresses,
applied to the demand from brace yielding and bogkand to other brace failure modes, but were not
applied to failure modes for other connection congras. This is consistent with the design requirgsie
for modern SCBFs given in the Provisions. Resisgtdactors were not applied for any failure modes in
order to better simulate the expected performahtieecsystem. Additionally, the out-of-plane
displacements and moments from brace buckling wetreonsidered, but braces were checked against
AISC requirements for end rotation clearance. fdided frames were assumed to act as trussesyas it
reasonable to assume that the vertical brace feasaransmitted directly to the column, while the
horizontal brace force was transmitted directlyhi beam in the evaluation. In cases where this paah
assumption resulted in an unbalanced moment oguseet plate, the moment demand was assumed to
distribute evenly between the gusset-to-beam cdiomeand the gusset-to-column connection. Below,

the key limit states that were evaluated for eaahmé are described

25.1 BraceYielding

Brace tensile yielding is the controlling demandrfwst of the connection components. The expected
yield capacity of the brace was calculated usingaiqn (2.3-1), wher&, is the ratio of expected to
nominal yield stress of the brace material forlirece A is the gross area, afdlis the design yield

stress.

P, = RyE,A, (2.3-1)

2.5.2 Brace Buckling

For some limit states, brace compressive strengghtive controlling demand. To calculate the bugklin
strength, the true length of the brace was usdu aviteffective length factor, K, of 1. Unless raistt was
provided against weak-axis buckling, it was assuthatibuckling would occur on the weak axis. Brace
compressive strength was calculated from EquadZ), which is taken from Section F2.3 of the
Provisions. The critical buckling stres$s,, is found from Equation (2.3-3) and the Euler Bingkstress,
Fe.mfrom Equation (2.3-4), both of which are foundSection E3 of the AISC Specifications (2010),

referred to herein as the Specificatiokk!r is the brace slenderness ratio &id the Young's Modulus
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B, = L1F, 4, (2.3-2)

RyFy
and F,. = 0.658 Fe R

KL
For = 0.877F, for— = 471 F, Otherwise,  (2.3-3)

y
A RyFy

(2.3-4)

2.5.3 Brace Net Section Fracture

The brace capacity for net section fracture abtlage-to-gusset connection was calculated using
Equation (2-3.5) and Equation (2-3.6) from Seciiéhof the Specifications, is the ultimate stress
ratio, F, is the design ultimate strength of the steel, Arid the effective net area. The net arga,is the
gross area minus the area removed for brace slbisl@s. Shear lag factors were calculated fromerab

D3.1 of the specifications.

R, = R,E,A, (2.3-5)

A, = AyU (2.3-6)

2.5.4 Block Shear

Block shear was checked for both the brace andegptste at the brace-to-gusset connection.
Additionally, bolted gusset plates and shear tabewhecked for block shear. Capacity can be
determined from Equation (2.3-7) for the brace Bgdation (2.3-8) for other components. These
equations are from the Specifications. section.MoBe thalR, andR; were only included for block shear
of the brace and the reduction coefficiddy,, is taken as 1 in all cas@gy is the net area of the failure
plane in tensiondyy is the net area in shear, aivgl, is the gross area in shear. Other variables were

defined in previous sections.

Ry = UpsAncR.F, + 0.6 min(Ap,R.F,, AR, F,) (2.3-7)

Ry = UpsAneF, + 0.6 min(A,,, Fy, AgyFy) (2.3-8)
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2.5.5 WhitmoreYieding

The Whitmore section is defined by a line whicheexts perpendicular from the brace at its end a
distance ot tan(30) in each direction, whellg, is the brace-gusset splice length. The Whitmocé@e
is illustrated in Figure 2.26. The Whitmore arethis length of this section multiplied by the thielss of
the gusset plate. In instances where the Whitmerton extended into the beam or column, the thdskn
of the beam or column web was used for that poxifdhe section. Contribution from the flanges o t
beam and column were ignored, per AISC recommeonlafi part of the section extended past a free
edge of the gusset, the section was terminatdthtietige. Capacity can be determined from Equation
(2.3-9), wherd, is the yield stress, is the gusset plate (or beam) thickness,Binid the Whitmore
width.

R, = Fyt,B, (2.3-9)

COLUMN

Figure 2.26 Whitmore Width Illustration
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2.5.6 Gusset Plate Buckling

Gusset plate effective length factors 0.65 and tewsed for corner connections and chevron midspan
connections, respectively. The clear gusset lewgthcalculated using the Thornton Method. Three
lengths, labeled;, L,, andL; in Figure 2.27, are averaged to give the equivddaokling length, as
stated in Equation (2.3-10). These lengths arentakethe distance parallel to the brace to the lm#am
column flange from the ends and center of the Wiignsection. In instances where a portion of the
Whitmore section was within the beam or column,|l&mgth was recorded as a negative value. For
calculating the area, radius of gyration, and inest the gusset, the properties of the Whitmorctice
were used, with effects of the beam and columrgitangnored. Equation (2.3-11) from the Specifarati
Section E3 was used to calculate the buckling agpdthe critical buckling stress and Euler bucglin
stress were computed from Equation (2.3-12) andhion (2.3-4).

potatletls (2.3-10)
N 3
Ry, = F A, (2.3-11)
KL E By .
Fer = 0.877F, for— = 471 |- and F, = 0.658%F, Otherwise, (2.3-12)
ATy
°
BEAM
X °
A S COLUMN
sV
L2e)
\(\/
BRACE >

Figure 2.27 Gusset Plate Buckling Lengths
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25.7 Weld Fracture

Weld capacity was evaluated based on the maximigasseéxpected on the weld, including effects from
forces and moments. Inertia of welds was deterthirsggng the inertia of a rectangular cross sectigtin
width equal to the weld throat and height equahtoweld length. In instances where multiple welds
acted together, the parallel axis theorem was Udsglmaximum stress from moment was typically at
one end of the weld, and was calculated using Erué2.3-13), wherd is the applied momeny,is the

distance to the extreme fiber from the neutral ,aisll is the section inertia.

o, = -2 (2.3-13)

Applied forces were assumed to be distributed umlp over the weld, as shown in Equation (2.3-14),

whereP is the applied load andlis the weld area, equal to the throat times thgtle
p
oy == (2.3-14)
From shear and moment stresses, the maximum strebe weld can be calculated from Equation (2.3-

15). Since the shear stress is uniformly distridutee maximum total stress will occur where thedeg

stress is largest.

Omax = \/(O'my + O'Vy)z + (Oppy + Opy)? (2.3-15)

The weld stress capacity can then be computed Bgoation (2.3-16). g is the filler metal
classification strength arti} is the angle of the maximum stress relative tongkl axis, which can be
computed from Equation (2.3-17) from section J2.the AISC Specifications. The DCR for the weld

was calculated from the ratio of the maximum tetedss and the weld stress capacity.

0y = 0.6Fgyx(1 + 0.5sin(85)1>) (2.3-16)
07 = atan (222 72) (2.317)
Umx + va
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2.5.8 Base Metal Yielding

For larger welds and complete joint penetrationdsethere is a potential for shear yielding ofwedd
base metal. In most cases, the gusset plate wasitinest component, so it was checked for yielding
Many gusset to beam and gusset to column connscipanticularly those with complete joint penetrati
welds, were susceptible to shear yielding. Basalneapacity in shear was calculated from Equation
(2.3-18) from Section J2.4 of the AISC Specificatip

R, = 0.6F,t,L, (2.3-18)

2.5.9 Bolt Shear

Bolts were assumed not to carry moment when pasdileicause welds are stiffer than bolts and therefo
more likely to carry moment demands. Bolt tensind prying were not considered. The bolt force
distribution was assumed to be elastic, rather tisamy the instantaneous center of rotation. Eqoati
(2.3-19) was used to evaluate bolt capaéityis the bolt shear stress capacity from AISC Spetibn

Table J3.2d, is the bolt diameter, and, is the number of bolts resisting shear.

2

2.3-19
) anNb ( )

dp
ko= (3

2.5.10 Bolt Bearing
The bearing capacity of elements connected by baltsevaluated using Equation (2.3-20) from AISC
Specifications Section J3.110,, is the clear distance between the edge of thehbtdtand the next bolt

hole or plate edge in the direction of loadingistthe bolt diameter.

Ry, = z F,t,min (15L, 3dy) (2.3-20)

2.6 System Analysis
Framing members (beams and columns) were also etidok their ability to develop the capacity of the
braces in the framing system. Frames in adjacerst Ware included in the analysis, frames in otfagsb

were not, as shown in Figure 2.28

In chevron configurations, the beam was treatezbainuous over the mid-span connection. Four load
cases were investigated for each frame, as ligté@@dble 2.6 and illustrated in Figure 2.29. Horiabn

load was applied at each floor. The magnitude efithd was calculated to develop the full tengile a
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compressive capacity ofldiraces in the system. For frames with one colatrthe exterior wall of

structure, the load was applied to the side ofrtume at the interior of the structure. For allatframes

half of the load was applied at each side of then&, assuminan even load distribution from tl

diaphragm.

N\
x"// \‘\\\"-.
,f”/, ‘\\“\
1”(/ } \‘\\\\‘\‘\
/”/’ ‘\“\

Figure2.28 System Analysis Illustration

Table 2.6 Frame Load Cases

Load Direction Compressive Brace
Load Case
(In plane of frame) Strength
1 Left to Right R,
2 Left to Right 0.3R
3 Right to Left R,
4 Right to Left 0.3R
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Load Case 1 Load Case 2
P3/2 —» — P,/f2 Py/2 —» —» P;/2
P, P.. P, 0.3P,
P,/2 —> — P,/2 P,/2 —» — F,/2
Py Per Py 0.3P,,
Pif2 —» > P.[2 P, /2 —» > P,/2
Load Case 3 Load Case 4
P.f2 +— «—P,/2 Ps/2 «— +— P,/2
Pcr Pt 0.3 Pcl. Pt
P, /2 +— «—P,/2 P,/2 «— «— Py/2
P, P, 03P, P,
P /2 «— P.f2 P,/2 «— +—P,/2
0.3P,, P,

Figure 2.29 Load Case lllustration

A uniform factored gravity load of 100pwas applied throughout the structure. This facaeasonabl
close to common floor loads in most structures,wasl deemed sufficiently accurate for this anal

2.6.1 Column Analysis

Column compressive capacity was calculated usingafion (2.-4), Equation (2.31), and Equatio
(2.3-12).None of the columns investigated had slendements, so local buckling criteria were
necessary. The effective length factor for all ouhs was 1. Column tensile capacity was evaluatied
Equation (2.4-1).

(2.4-1)
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2.6.2 Beam Analysis

Beams were evaluated for compression, tension,iibg@nand combined compression and bending. For
beams supporting a floor deck or slab, the memiasragsumed to be continuously laterally bracedt Mos
beams supported a steel deck with concrete tomgbaig These beams were analyzed assuming both full
composite action and no composite action to bobadléxural strength. The nature of the stud detail

the obtained drawings made determining the likate® of composite action impossible in many cases
so a bounding analysis was done instead. For begimgomposite slab over deck and full composite
action, the axial compressive strength was compiubead Equation (2.4-2)'.is the concrete

compressive strength, b is the effective widthhef toncrete, andy, is the slab thicknessyeeis the
cross-sectional area of the beam, Bpib the beam yield strength, which was used becheasestam is
braced along its length by the slab. For beamsonttbomposite action, the concrete strength in Eoa
(2.4-2) was set to 0.

RCT = FyAsteel + O.85Fclbtslab (24‘2)

The beam bending strength with composite actionagagputed from Equation (2.4-3),&he concrete
compressive force, was computed fro Equation (2.&4 the steel compressive force, was computed
from Equation (2.4-5), and, the steel tensile force was computed from EquaBo4-6).Ycc, Yes, aNdy;s
are the distances to the section neutral axis fhantenter of the concrete compressive force, steel
compressive force, and steel tension force, resedet Similarly, C,, Cs, andTs are the compressive
force, steel compressive force, and steel tensimef respectivelytsa, is the concrete slab thicknesg,

andAq are the steel areas in tension and compressigpgcgvely.

My = Ceyee + Csyes + Tsyis (2.4-3)

C. = 0.8F/bh h = min(tggp, 2Ycc) (2.4-4)
Cs = Ay F, (2.4-5)

Ty = AgtF, (2.4-6)

For beams without composite slab that were conliynisterally braced, the plastic moment capacity

governs the design, as given in Equation (2.4-7).

Mn = ZxFy (24‘7)
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The combined compression and bending action wdsatea using the interaction equation from AISC
Specifications Section H1.1, given here as EqudRcf8). The axial load was always greater the 20

of the axial capacity, so the low axial load equafrom AISC was not used.

p, 8M,
% ——<1 -
R, * IM, — (2.4-8)

2.6.3 Other System Components
Column splices were an expected area of deficiamnrames analyzed, but the drawings obtained
indicated that the braced frames had column spliesutilized CJP welds per modern design

requirements. Because no deficiencies were founthra detailed description was not included.

Column base plate and foundation analysis was pteghfor the frames analyzed, but sufficient
information was not available on the drawings thate collected. As a result, no analysis of collrase

plates or foundations is presented here.

2.7 Analysis Results

Figure 2.30 summarizes the observed deficiencidseitonnections analyzed. It shows the percentages
of analyzed connections with a DCR greater thaor 2éch failure mode. The results are shaded to
indicate the severity of the deficiency in eachec&$gure 2.31 summarizes the same information as
Figure 2.30, in that it shows the number of frafiadéng each design check. However, the shading in
Figure 2.31 indicates where the limit state falighim the failure hierarchy for each connectiona limit
state is indicated as "primary", then it had trghbst DCR of all limit states for that connectiand is

thus likely to control the strength of the systémsome cases, a limit state that is often deftanegy
typically be only slightly deficient, meaning thats unlikely to be the cause of a connectionufial

Figure 2.32 shows limit states for the framing mershusing the same convention as Figure 2.30. The

complete list of DCRs for the connections can haébin Appendix A.
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Figure 2.30 Connection Limit States - by DCR
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Figure 2.31 Connection Limit States - by Failuretdrchy
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Framing Member Failure Modes
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Figure 2.32 Framing Member Limit States

2.7.1 Whitmore Yielding

Nearly all of the analyzed frames have insufficiesgpacity for Whitmore yielding. In many cases, the
DCR was greater than 1.5, and it was very frequehd primary or secondary failure mode. Two fagtor
contributed to the high incidence of Whitmore yieffl First, gusset plates were frequently muchrtéin
than current design would require. Gusset plat&lmg; which is a major concern for modern SCBF
design and typically forces the use of thicker gtssvas not an issue in these connections because
clearance for brace end rotation was not providéd.second contributing factor is the brace to guss
weld (or bolts). These connections were generatlyshort to develop the brace tensile strength, and

shorter connections lead to a smaller Whitmore hwidt

It is also important to note that 8 of 13 beam-owidorace connections and 5 of 7 mid-span connextion
had some portion of the Whitmore width falling wiitlthe beam. This is significant, because the &ffec
of the beam flange on the Whitmore section arecglpi ignored in analysis. It is likely, howevehnat
some portion of the beam flange would likely registding along the Whitmore width, particularly e

strains in the gusset plate and beam web grew.large

Whitmore yielding is a reasonably ductile limittstamaking its prevalence less concerning. Whitmore
fracture is a more brittle failure, but for weldemhnections, it occurs at a much higher load aond Had

lower DCR values.
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2.7.2 Gusset Plate Buckling

Gusset plate buckling appears to be problematipproximately 40% of connections. However, the
behavior observed is more accurately categorizedmpressive yielding of the Whitmore section.lIn a
of the connections analyzed, the critical buckbtrgss for the plate was greater than 95% of thle yi
stress. Most of the gusset plates had very smiiésaf KL/r, for which the buckling equation is
bounded by compressive yielding. These plates wikéty yield in compression without significant
buckling, so these predicted failures can be usddréher evidence of pressing issues with Whitmore

yielding.

2.7.3 Brace Net Section Fracture

Net section fracture was also prevalent, thougfcaly at much lower DCRs than Whitmore yielding.
Net section reinforcing was not provided in anyhe#f connections analyzed. Net section fractuee is
brittle failure mechanism and is very undesirahlSCBF systems. It appears to be a common congern i

evaluating older CBF systems.

2.7.4 Gusset Plate Shear Yielding

Gusset plate shear yielding had a DCR greatertharapproximately 50% of connections. It was
frequently the limit state with the highest DCRconnections. Yielding was more commonly predictedt
the beam connection than at the column. This it because most braces make an angle of less than
45° with the beam, meaning that the horizontaldowehich much be transmitted to the beam, is larger
than the vertical force transmitted to the coludaditionally, the prevalence of thin gusset plateskes
this limit state more prevalent. Like Whitmore yiiglg, gusset plate shear yielding is a ductiletlstate

and thus of less concern.

2.7.5Weld Fracture
Over half of the connections analyzed had defioiegitls. Brace-to-gusset welds and gusset-to-beam
welds were each deficient in half of the connedianalyzed. Weld fracture is a very brittle failure

mechanism and is of great concern in evaluationremdfit of these systems.
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2.7.6 Bolt Bearing
Bolt bearing was not deficient for any of the cattimns analyzed. Bolted connections that had

deficiencies were controlled by bolt shear.

2.7.7 Bolt Shear

Bolted connections were less common than welded nihe connections analyzed. The majority of
systems utilizing bolted components had bolt shedtr state deficiencies. Almost all of the DCRsrere
greater than 1.5, meaning the bolts were far capacity. Bolt shear is also a relatively brittlduee

mode, so its prevalence as an issue in boltedragdteconcerning.

2.7.8 Block Shear

Block shear was identified as problematic in som@nections, though it was typically not one of the
controlling limit states for those connections. &8{@hear of either the brace or gusset plate dirdee-
gusset connection was the most common. In mostosktinstances, weld fracture had a higher DCR than
block shear for both the brace and gusset plati¢ jsanlikely that block shear would actually acc

prior to weld fracture. Block shear is an undededhilure mode, so the DCRs greater than 1 alte sti

concerning, even if they are not predicted to asrtre connection strength.

2.7.9 Beams

Over half of the systems analyzed had beams wéilifficient capacity to develop the brace strength,
despite the use of composite floor slab actiomiprove beam strength. Almost all of these defidienc
occurred in chevron brace configurations, whereriseare subjected to substantial bending and shear
forces from the unbalanced brace load (Q&Fcompressive capacity ang tensile capacity) in
addition to the axial forces. DCRs for these systamre generally very high — typically in the ramde
2-4, but as high as 8.However, it is likely thadd® buckling would never occur in these systentsaume
few of the connections have sufficient capacithiickle the brace. Despite this, many of these beams
have DCRs greater than 1.0 even without the unbathbrace force. This is due to high axial
compressive loads, and bending from gravity lo&ésm yielding at the midspan due to these combined
loads would result in beam damage, as well as flaonage due to deflections. This would likely regui

extensive building repairs. The beams in theserysivere clearly not designed to develop the falté
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capacity or unbalanced loads, and thus are uneeksthe implications of such a deficient comporient

the system are not entirely clear, but chevron lseama clearly an issue of concern for older systems

2.7.10 Columns

Column compressive capacities were exceeded &milex levels of approximately 50% of systems.
DCRs were often higher than 1.5, but were neveriyaa high as the DCRs observed for beams. In
reality, it is unlikely that the full brace capacitould be developed at every level in the samection
simultaneously, so the demands estimated for therow are very high. Column DCRs were largest in
taller structures, where it is even less likelyt thlhbraces would simultaneously reach capacity.
Nonetheless, it is possible that column bucklingilddoe observed in some of these systems, pantigula
shorter structures. Column buckling is a concerrsfstem collapse prevention, and the cost of colum

replacement is substantial, so prevention of thisife mode is of high importance.

2.7.11 Slenderness and Compactness

The cross-sectional width-to-thickness ratios @frbeg, columns, and braces were evaluated to deermin
their compactness classifications. Figure 2.33 shibw statistics for these systems. It records the
compactness classification of the least compactimeemwf its type in the analyzed frame. For exanifple

a building is recorded as having non-compact colyritrmeans at least one column in the frame
analyzed is non-compact, but none are slendehetildings analyzed, compactness was a large
problem in beams. Most of the beams in these systaene very deep with thin webs — over half of the
systems to had slender webs. The majority of columet the seismically compact criteria, and none
were slender. Brace compactness was more eveipdied. In most systems, the braces at the bottom
floors were seismically compact, but many of thacks near the top of the structure were of sirolger
dimensions with thinner walls. As a result, lesathalf of the frames had braces that were alhsesly

compact.
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Figure 2.33 Local Compactness of Braced Frame Mesnbe

A more specific investigation of HSS braces wagdoated because it was the most common brace type
and thus most likely to be used for testing. Fahdaame that was analyzed that used HSS braaes, th
width-to-thickness ratios of all braces in bays\aband below were recorded. Typically, these stingst
were 2-4 stories in height. Figure 2.34 shows tlaedowidth-to-thickness ratio for the surveyed HSS
braces. The 0-13.5 bin contains braces that medititfinly ductile seismic compactness requiremeime. T
13.5-15.4 bin contains braces that meet the maglgrdtictile seismic compactness requirement. All
other braces are classified as non-compact. Nebnaere classified as slender, the 33.7+ bin, lauym
were very close to that limit. The large numbebifces with width-to-thickness ratios at or abaviee

the modern limit is a source of concern for théqremance, and particularly the ductility, of these

systems.
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Figure 2.34 HSS Width-to-Thickness Ratios

Braces were also checked against the recommeneledieshess ration (KL/r) of 200 for SCBF systems.
None of the braces investigated had KL/r valueatgrehan 200, so global slenderness was not a

concern.

2.8 Conclusions of Survey

None of the connections analyzed were capablesidtiieg the brace expected yield capacity by modern
design standards. In particular, gusset plates typreally undersized, and brace-gusset splicetheng
were often too short. Although many of the conrcteficiencies relate to ductile limit states, the
majority of the connections had one or more ddficieelds, and others had deficient bolts. Bottheke

deficiencies could lead to poor system performanmaking them good candidates for future study.

Additionally, none of the connections analyzed kafficient clearance to allow for brace end rotatio
thus increasing the likelihood of damage to theneation and reducing the brace’s ability to buckie.
most cases, the only way to retrofit the connediioensure proper brace clearance would be togepla
the existing gusset plate. It might also be posdiblinstall braces designed to buckle in the ptHribe

frame, thus reducing the demand for clearance atehpally allowing the use of the existing conneat

Even with extensive connection retrofits, most fesnwould still not have sufficient beam and column

capacity to develop the braces. This issue is miiffieult to resolve, as retrofitting beams andwuhs
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requires substantially more effort than retrofigticonnections. Also, vertical discontinuities ie th
building load path raise additional concerns aboetability of the structure to transfer lateradds from

the braces to the foundation.

Based on these observations: the following chariatitss were targeted for future study in this theas
well as Johnson (2014) and Sen (2014).

e Shared welded shear tab connections

e Shared bolted shear tab connections

e Bolted end plate connections

e Chevron frame configurations with weak beams

¢ Connections without adequate brace end rotaticaratee
e Connections with thin gusset plates

e Connections with undersized bolts and welds

Specifically, the specimens in this thesis focusloared welded shear tab connections, such as shown
Figure 2.23. Connections of this type in the inftasture review were found to have deficient weldd
gusset plates in all cases, and the configuratis e@mmon in the buildings surveyed. Further

information is provided in Chapter 3.
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Chapter 3: Specimen Design

3.1 Summary of Design Parameters

This chapter details the motivation and methodoliogyhe design of the test specimens. This section
gives a description of how demands and capacite¥e walculated for specimen components and
provides a summary of the parameters of each spaci8ections 3.2-3.7 describe the motivation for

each test specimen and the specifics of its design.

In order to be consistent with the protocols ofitifeastructure review and to make the results more
directly comparable, the same methodology was tesediculate capacities and demands for the test
specimens as for the infrastructure review. Theat®la placed on the connection were the expected
brace buckling capacity in compression and the eepebrace yield capacity in tension. The equations
and formulations for the brace and connection lstdtes are given in Chapter 2, so they are netatep
here. Specimens NCBF1-R3 and NCBF1-R4 utilizedife plate retrofit which was designed to different
requirements than other connection componentdekggn is detailed in Section 3.5. Specimen NCBF1-

R5 utilized a bolted retrofit, and the bolt desigmddressed in Section 3.7.

Table 3.1.1 gives a brief summary of the charasties and objectives of each test. The complete
experimental setup is described in Chapter 4. 8patiNCBF1 is an NCBF connection designed to be
similar to a common connection configuration foimdhe infrastructure review in Chapter 2. Specimen
NCBF1-R1 through NCBF1-R5 are retrofits of specimM&BF1, so their descriptions explain how they
modify NCBF1. Table 3.1.2 gives the demand-capaaitips for each of the limit states pertaining to
each test. These DCRs were calculated withoutgbefiresistance factors, as was the procedutador
infrastructure review. Highlighted cells indicatendand-capacity ratios greater than 1. In many cases
retrofits did not affect the DCRs associated wiime of the limit states, so many values are caarsist

across the table. This table is discussed in metaldhroughout the chapter.

For the brace width-to-thickness ratio DCRs, thecbrwidth-to-thickness ratio is divided by the alu
required for seismic compactness in the AISC pious None of the specimens met gusset plate

clearance requirements for allowing the brace endtate while buckling per AISC.
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Table 3.1 Specimen Summaries

Test |Description Goal
Existing NCBF. Single welded shear tab . . .
. ) Evaluate a typical existing connection
NCBF1 |connection. Thin gusset plate, short . . L
) and brace with major deficiencies.
splice length, and non-compact brace.
Replace NCBF1 brace with compact
) Improve brace performance to
NCBF1-R1|section. Reuse gusset plates and frame |, )
. increase system drift range.
from NCBF1 - Repair.
Replace NCBF1 brace with compact
) Improve brace performance to
NCBF1-R2|section (same as NCBF1-R1). Use new |, .
increase system drift range.
gusset plates and all non-tough welds.
In-plane buckling brace retrofit with .
. In-plane buckling to reduce demands
NCBF1-R3|square HSS brace. Knife plate extended
) on gusset plates and welds.
into shear tab.
In-plane buckling brace retrofit with In-plane buckling to reduce demands
NCBF1-R4|rectangular HSS brace. Knife plate not [on gusset plates and welds, shorter
extended into shear tab. knife plate to reduce local strains.
Noncompact NCBF1 brace filled with Prolong brace life and protect
NCBF1-R5

concrete and bolts added to shear tab.

vulnerable shear tab weld.
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Table 3.2 Specimen DCRs

NCBF1- | NCBF1- | NCBF1- | NCBF1- | NCBF1-
Limit State NCBF1| R1 R2 R3 R4 RS
Brace Net Section Fracture 1.26 1.15 1.15 1.21 1.16 1.26
Brace-Gusset Plate Weld 092 | 092 0.92 0.92 0.92 0.92
Fracture
Brace Block Shear 1.14 0.76 0.76 0.76 0.76 1.14
Gusset Plate Block Shear 1.16 1.33 1.33 1.22 1.78 1.16
Gusset Plate Whitmore 133 | 1.50 1.50 1.28 1.89 133
Yielding
Gusset Plate Buckling 0.74 0.84 0.84 0.70 1.03 0.74
Gusset Plate Shear Vielding | | 10| | 1¢ 1.16 1.16 1.16 1.16
at Beam
Beam-Gusset Weld 1.55 1.55 1.55 1.55 1.55 1.55
Fracture
Shear Tab to Gusset/Beam | | 5o | 4 g 1.08 1.08 1.08 1.08
Weld Fracture
Shear Tab to Column Weld | - | oo 0.65 0.65 0.65 0.65
Fracture
Brace Width-to-Thickness | 55 | g4 0.84 0.84 1.00 2.00

Ratio

3.2 NCBF1

NCBF1 was designed with the following objectives:

o Geometrically similar to a common connection frdma infrastructure review;

o DCRs for targeted limit states that are similaref@rence connections; and

o Fit within the constraints of the experimental petu

NCBF1 was designed to represent a common connexdiafiiguration and the associated deficiencies

from the infrastructure review. This connection figuration is referred to herein as a shared spiede
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connection. In this configuration, a single shadris welded to the column flange. The shear tab is

welded to both the gusset plate and the beam wed stde of one flange of the beam web is coped to
allow the shear tab to rest flat on the beam webgaisset plate. The gusset plate is then weldduteto

beam flange. Figure 3.1, Figure 3.2 and Figured@rBonstrate the shared shear plate connection.

The design of NCBF1 was based upon two connecfamng] in the survey of existing buildings (Chapter

2). The first connection is from building 86WA3Adis shown in Figure 3.1. The second is from

building 92WA2A and is shown in Figure 3.2. These tonnections are representative of the shared

welded shear tab connection, which was one of th& common connection configurations found in the

infrastructure review. Finally, Figure 3.3 shows ttonnection detail for NCBF1.

AN ___:"ﬁ‘_?f AT

OP & BOT. TO MATCH

TYP & BRACED CONN

Figure 3.1 Connection from 86WA3A
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Figure 3.3 Connection Detail for NCBF1
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Some notable characteristics of the connectiongiages in Table 3.3. NCBF1 was designed to mateh th

characteristics of the two reference systems. Sdragacteristics, such as the brace angle, were not

achievable due to the constraints of the experiatesetup.

Table 3.3 Characteristics of Shared Shear Tab Gtions

Properties NCBF1 86WA3A 92WA2A
Brace HSS7x7x1/4 HSS8x8x3/8 HSS6x6x1/4
Brace Angle 45° 31° 37°
Brace Width-to-Thickness Ratio 27 19.9 22.8
Brace Length (ft) 14.0 14.7 21.7
Splice Length (in) 9 18 8
Gusset Plate Thickness (in) 0.375 0.625 0.5
Gusset Plate Yield Strength (ksi) 50 36 36
Beam-Gusset Connection Length (in) 14 24 21
Beam-Gusset Weld Size (in) 0.313 0.250 0.250
Shear Tab Thickness (in) 0.375 0.625 0.5
Shear Tab Length (in) 29.6 42.0 31.0
Shear Tab Weld Size (in) 0.313 0.375 0.313

The brace end was given the minimum clearance abtevfor construction, as was the case in bothef t
reference drawings. A 1 inch gap was provided betwvibe brace end and the gusset plate to shear tab
interface weld. The HSS7x7x1/4 brace used for NCB&d a width-to-thickness ratio of 27. This is
about twice the modern limit of 13.5 for highly dilecseismic compactness. Braces in modern SCBF
systems are required to meet the highly ductilepaminess criteria. The calculated compactness

requirements from the Specifications and the Prowssfor 50 ksi steel are given in

Table 3.4. The two reference frames had brace vigdthickness ratios that were slightly lower than
NCBF1, but that were still significantly higher theequired by modern design. A higher width-to-
thickness ratio was used for NCBF1 because it ware mepresentative of the distribution of HSS bsace
used across all of the frames surveyed. The digioib of surveyed HSS width-to-thickness ratiogiige

in Figure 2.34.
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Table 3.4 Width-to-Thickness Limits for 50ksi HSS

Criteria Width-to-Thickness Limit
Seismically Compact -Highly Ductile 13.5
Seismically Compact -Moderately Ductile 15.4
Non-compact 33.7

Both reference connections had a range of defimsnwith some notable similarities. The DCRs fa t
reference connection and NCBFL1 limit states arergin Table 3.5. Limit states with DCRs greatemth
1 are highlighted by shading. Each limit statel$® assigned a priority that indicates the level of

importance ascribed to matching NCBF1s DCR to dittte reference frames.

The first high priority limit state was Whitmoreeytling. For the reference connections, as well asym
other connections in the infrastructure review, &R for Whitmore yielding was significantly larger
than 1. Typically, this was a result of both shaptice lengths and thin gusset plates. A thin gydsée
and short splice length were chosen for NCBF1E&&® for Whitmore yielding in between the values
for the two reference connections. Both refereticeetures used A36 steel for gusset plates. Mod&6h
steel differs significantly in its properties whesmpared to A36 steel from the 1980s. Because moder
A36 steel has very unpredictable material propeie= 1.6) and is difficult to acquire, A572 grade 50
steel was used for plates instead. Using steelavtigher yield stress requires thinner platestoese

the same DCRs. As a result, the NCBF1 plate isgatmmally thinner than the plates in the reference

structures.

Gusset-to-beam weld fracture had very high DCR&&bh of the reference connections, so it was
assigned high priority as well. In order to maintdie square gusset plate shape, the length efdltke
could not be adjusted substantially. Instead, it a&f the throat was selected to give a DCR coatgar

to the reference connections.

The shear tab weld, which connects both the gyéset and the beam to the shear tab, was onlyielefic

in one of the two reference connections. Howevavas deemed worthwhile to investigate. The lemdth
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the weld was dictated by the connection geometryhe DCR was achieved by modifying the throat of

the weld.

Moderate priority was ascribed to limit states thate of interest, but were not primary objectigéthe
test. Brace block shear and gusset plate block sii¢lae brace-gusset connection were both moderate
priority. These limit states are typically ductit;d are less likely than Whitmore yielding to sahtally
impact the system performance. DCRs for these Btaties were largely dictated by the geometry

developed to target the high priority modes,.

As mentioned in Chapter 2, no HSS connections timninfrastructure review included net section
reinforcement. Correspondingly, NCBF1 was designmitdout them. The DCR for net section fracture
was a function of the brace size and the gussetilvezld length, both of which were selected to aghie

higher priority design objectives.

The shear tab to column weld was also moderateifgriomsomuch as it was not deficient for eithér o

the reference connections, so it was designecdrm tdeficient in NCBF1.

Although the reference connections had deficieat®mgusset splice welds, NCBF1 was designed with
stronger brace-gusset splice welds A pilot NCBFae&/W demonstrated that deficient brace-gusset
welds led to fracture at the splice at very lovitdrfHsiao et al 2010). In order to more effectyvel
evaluate the other connection deficiencies, NCBselduarge splice welds to keep the DCR for weld

fracture below 1, since this parameter had beeluatel in past research.

Gusset plate buckling was not an issue in anyefeference connections due to the lack of brade en

clearance. Therefore, it was not investigated ilBBRC

Shear yielding of the gusset plate at the gussbetan weld could impact the system performance to
some extent, but its DCR was dictated by the platkness and connection length, both of which were

designed for more critical connection limit states.
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Table 3.5 DCRs for Shared Shear Tab Connections

Limit State NCBF1 | 86WA3A | 92WA2A | Priority
Brace Net Section Fracture 1.26 1.07 1.25 Moderate
Brace-Gusset Plate Weld 0.92 1,95 1.42 Low
Fracture

Brace Block Shear 1.14 0.64 1.09 Moderate
Gusset Plate Block Shear 1.16 0.86 0.97 Moderate
G.ussgt Plate Whitmore 133 114 162 High
Yielding

Gusset Plate Buckling 0.74 0.45 0.64 Low
Gusset Plate Shear Yielding 116 0.54 0.57 Low

at Beam

Beam-Gusset Weld Fracture 1.55 1.65 2.03 High
Shear Tab to Gusset/Beam .
Weld Fracture 1.08 0.64 1.42 High
Shear Tab to Column Weld 0.65 0.83 0.90 Moderate
Fracture

As mentioned in Chapter 2, notch toughness reqainésnvere not imposed on welds in brace frames
prior to 1988. To emulate this, a weld electrods thd not meet demand-critical weld requiremerdas w
used for the NCBF specimens. The wire used met Apégification E70-T7. However, due to a

fabrication error, the gusset plate to beam andrsiad to column welds used E71-T8 electrodes, lwhic

did meet demand critical weld requirements. Thersrare called out in Figure 3.2.3.

3.3NCBF1-R1
NCBF1-R1 was designed as a repair of NCBF1. Despit@ection deficiencies, NCBF1 failed at a low

drift level due to the lack of brace compactnesgjescribed in Chapter 5. To improve the seismic
performance, NCBF1-R1 replaced the hon-compact WM®874 brace with a HSS5x5x3/8 brace, which
has similar cross sectional area and meets modesmis compactness requirements. The brace

replacement targeted two objectives:
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o Determine if replacing a non-compact brace witlmpgact one can increase system ductility
o Evaluate the performance of the deficient connaatioder the larger deformation demands

imposed by a more ductile brace.

NCBF1-R1 was identical to NCBF1 except for the bregplacement, and the detail is shown in Figure
3.4. This represents a possible repair to an egiglystem. By replacing the non-compact brace avith
compact one, rate of brace degradation can be eddinproving system ductility. The same splice
length was used as in NCBFL1 in order to avoid é&l/aoncern with Whitmore yielding, brace-gusset
weld fracture, and block shear. Ideally, a repaiuld increase the brace end clearance to meet moder
requirements, but this was not possible given thedsions of the existing gusset plate. Changieg th
brace type modified the DCRs for the connectioghsly, as shown in Table 3.6. Most notably, chaggin
to a seismically compact brace reduced net seatidrbrace block shear deficiencies. A slight iasee

in the DCR for Whitmore yielding and gusset pldateck shear occurred due to the narrower brace

section.
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Table 3.6 NCBF1-R1 DCR Changes

Limit State NCBF1 NCBF1-R1
Brace Net Section 196 115
Fracture

Brace-Gusset Plate Weld 0.92 0.92
Fracture

Brace Block Shear 1.14 0.76
Gusset Plate Block Shear 1.16 1.33
G.ussgt Plate Whitmore 133 1.50
Yielding

Gusset Plate Buckling 0.74 0.84
Gusset Plate Shear

Yielding at Beam 1.16 1.16
Beam-Gusset Weld 155 155
Fracture

Shear Tab to

Gusset/Beam Weld 1.08 1.08
Fracture

Shear Tab to Column 0.65 0.65

Weld Fracture
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Figure 3.4 Connection Detail for NCBF1-R1

Because damage to the connections and frame wasahitor NCBF1, they were reused for NCBF1-R1.
The gusset plates were heat-straightened, and migldrdamage was back-gouged and repaired. The
fractured brace was removed and replaced withsanseally compact HSS5x5x3/8. This brace has
almost the same cross-sectional area as the HSEax(@iffer by only 1%), making it an ideal
replacement because it maintains the lateral focapacity of the frame when the brace is in tensitre.
welds connecting the brace to the gusset plate Eg&€l'8 weld wire, since the brace attachment is a

repair, which would use modern weld material.

3.4 NCBF1-R2

The design objectives and resulting design for NGBR were very similar to NCBF1-R1 for three
reasons: first, it was unclear if the performantRlOGBF1-R1 was affected by existing connection
damage from its use in NCBF1, as discussed in €h&p Second, the tearing of the gusset-beam weld

in NCBF1-R1 progressed slowly due to the use aftamtough weld, whereas a non-notch-tough weld
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might have failed more rapidly. Finally, a data@istion failure during the testing of NCBF1-R1 lted
the usefulness of the test. One key difference gvew was that NCBF1-R2 represented a retrofierath

than a repair.

In considering these factors, NCBF1-R2 was fabeitatith the same details as NCBF1-R1, but using
new plates and welds in the connections, as showigure 3.5. The columns were re-used because they
sustained minimal damage. Additionally, the welderial used on the specimen was changed to E71-
T11, which also does not meet demand-critical wetghirements. E70-T7 was found to be less viable fo
fabrication, since it can only be welded in thé #iad downhand positions, whereas E71-T11 is an all
position weld. The connection detail for NCBF1-RZhown in Figure 3.4.1, and the DCRs are identical
to those for NCBF1-R1 which are shown in Table 3.6.

— W12X72
PL 2'6"x3"x3/
HSS5X5X3/8
310/
= F
% EA SIDE
1 "2%“ = PL 3;8"
5116
5116
3§u
2|_55u : 1.6 /
8 1 [} J, 1 1

| 5/16 fW16x45
e 5/16

Figure 3.5 Connection Detail for NCBF1-R2
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3.5NCBF1-R3
NCBF1-R3 was designed to address shortcomings &MER1 and NCBF1-R2. Both NCBF1-R1 and

NCBF1-R2 suffered weld failures in the connect@as described in Chapter 5. These failures appé¢ared
be at least partially related to the lack of brend clearance and the large rotational demandseon t
gusset plate by out-of-plane brace buckling. NCBRlwas designed to be a retrofit solution for
connections like NCBF1 that reduces the rotatidleahands on the gusset plate while preserving the
majority of the connection components, thereby mining the retrofit cost. To achieve this retrofit
objective, NCBF1-R3 featured in plane brace buckliith a knife plate that was slotted and welded to
the gusset plate, as shown in Figure 3.6. A gapdsn the gusset plate and the brace end proaides
region for the knife plate to bend. This decredkesrace stiffness for in-plane buckling whilerigasing
its stiffness for out of plane bucking. By usingrace that buckles in-plane, the rotational demamdbe

connection would be reduced and may prevent prematnnection fracture.

Table 3.7 gives the DCRs for NCBF1-R3. The knif#@was designed from existing knife plate
guidelines (Roeder et al 2012). These guidelinesmenend that the expected yield capacity of théekni
plate exceed the expected yield capacity of theehras described in Equation 3.5-1. The fagtisra

balance factor, which for yielding is given a vabfel.0 (Roeder et al 2011).
B(RyFyAg),, > (RyFyAg), . (3.5-1)

The knife plate was also checked for block sheamgthe connection to the brace and the connetdion
the gusset plate using the equations from Chapterlibth cases, the area in shear in the knifie plas
larger than the area in shear in the attached coempso the strength of the knife plate did natego
the strength of the connection. The knife plate efassen to have a width less than that of the colum

flange, as a wider knife plate might interfere withn-structural elements in an existing building.
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Table 3.7 DCRs for NCBF1-R3

Limit State NCBF1 NCBF1-R3
Brace Net Section 126 191
Fracture

Brace-Gusset Plate Weld 0.92 0.92
Fracture

Brace Block Shear 1.14 0.76
Gusset Plate Block Shear 1.16 1.22
G.uss.et Plate Whitmore 133 128
Yielding

Gusset Plate Buckling 0.74 0.70
G.ussgt Plate Shear 116 116
Yielding at Beam

Beam-Gusset Weld 1.55 155
Fracture

Shear Tab to

Gusset/Beam Weld 1.08 1.08
Fracture

Shear Tab to Column

Weld Fracture 0.65 0.65
Knife Plate Yielding /// 1.04
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Figure 3.6 Connection Detail of NCBF1-R3

To check if in-plane buckling would occur, the blirgg strength for both in-plane and out-of-plane
buckling was calculated. For in-plane buckling, leregth between the ends of the knife plates wad us
with an effective length factor, K, of 1.0. Becatise knife plate extended so far into the connedcdind
likely increased the fixity of the brace ends, #eaive length factor of 0.75 was used for compgtihe
out of plate buckling length. For in-plane bucklitige true brace length was used. Based on thésesya
in-plane buckling was predicted to occur at a loasal load than out-of-plane buckling. A summafy o

the calculated values is given in Table 3.8.
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Table 3.8 Buckling Calculations for NCBF1-R3

Out-of-Plane In-Plane
L (ft) 14.86 12.00
K 0.75 1.00
Fy (ksi) 50.00 50.00
Ry 1.40 1.40
KL/r 71.54 77.01
Fe (ksi) 55.92 48.27
Fcr (ksi) 34.39 3241
Pc (kip) -212.54 -200.29

3.6 NCBF1-R4

NCBF1-R4 was a second in-plane buckling retrofgtigieed to address the shortcomings of
NCBF1-R3, discussed in Chapter 5, since NCBF1-R3dt achieve its objective of investigating
the effectiveness of in-plane buckling at protegtime connection. Thus, that objective was again
addressed in NCBF1-R4. NCBF1-R4 used an HSS6x4x3/&, which has the same cross-
sectional area as the HSS5x5x3/8. By using a lwitbea weak axis, the likelihood of in-plane
buckling was increased significantly. Table 3.9githe buckling calculations for NCBF1-R4.
The effective length factor for out-of-plane buakjiwas increased from 0.75 to 1 to give a more

conservative estimate based on the outcome of NGEF-1

Table 3.9 Buckling Calculations for NCBF1-R4

Out-of-Plane | In-Plane
L (ft) 14.46 12.00
K 1.00 1.00
Fy (ksi) 50.00 50.00
Ry 1.40 1.40
KL/r 81.07 93.08
Fe (ksi) 43.54 33.04
Fer (ksi) 30.92 26.54
Pc (kip) -191.09 -164.00
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The knife plate for NCBF1-R4 was also shortenedtingd to NCBF1-R3, as shown in Figure 3.7. In
NCBF1-R3, weld tearing in the shear tab initiatedmthe end of the knife plate, which was lappeat ov
the gusset plate to shear tab weld, shown in Figi@as a dashed line. In an effort to reducerstrai
concentrations around the welds and thus avoid g weld tearing, the knife plate was shortened,
removing the portion of the knife plate borderedtuy dashed line in Figure 3.8. As a result of this
shortening, the DCRs for gusset plate limit stateseased. Notably, Whitmore yielding and gussetepl
block shear both had DCRs greater than 1.75. ThiREfor NCBF1-R4 are given in Table 3.10.

Table 3.10 DCRs for NCBF1-R4

Limit State NCBF1 NCBF1-R4
Brace Net Section 196 116
Fracture

Brace-Gusset Plate Weld 0.92 0.92
Fracture

Brace Block Shear 1.14 0.76
Gusset Plate Block Shear 1.16 1.78
G.ussgt Plate Whitmore 133 1.89
Yielding

Gusset Plate Buckling 0.74 1.03
Gusset Plate Shear

Yielding at Beam 1.16 1.16
Beam-Gusset Weld 155 155
Fracture

Shear Tab to

Gusset/Beam Weld 1.08 1.08
Fracture

Shear Tab to Column

Weld Fracture 0.65 0.65
Knife Plate Yielding /// 1.04
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3.7 NCBF1-R5
NCBF1-R5 sought to address two of the largest shoings of NCBF1, the brace that did not meet

modern compactness requirements and the vulngyadifilihe shear tab weld, using straightforward and
inexpensive retrofits. The non-compact brace, whednto premature brace fracture, was filled with
concrete to delay local buckling. The shear talywshich failed in all other retrofit specimens,sva

reinforced with high-strength bolts. The retrofitieonnection is shown in Figure 3.9.

Filling the brace with concrete can delay the on$ébcal buckling and reduce its severity (Liuaét
1988). To fill the brace, the frame was placechmtertical position, as it would be in an existing
structure. A plywood block-out was placed in the efhthe brace to prevent concrete from flowing @iut
the brace at the bottom. The plywood also ensuf@theh gap between the concrete fill and the edge
the gusset plate. This was done to ensure thaioiierete did not contact the gusset plate duriadehbt.

By preventing this contact, the amount of axiatitaken by the concrete was reduced, because &ly ax
load would instead have to be transferred by barethgth between the tube and the concrete. Inalease
compressive brace capacity was not the objectivhiotest because it would increase demands on the
connection, so avoiding a sharp increase in bogldapacity was desirable. High-slump concrete was
poured into the opening at the top of the braceflameed down the length of the brace. The brace was
vibrated with rubber mallets to ensure proper clidaton. A 3 inch gap between the concrete and the

gusset plate was also created at the top corner.

Since reducing rotational demands was not sufficesdemonstrated by weld failure in NCBF1-R4,
bolts were added to the shear tab as a backupéseling mechanism. The bolts were sized to daey
vertical component of the brace force (assumingaeentricity) in the absence of the weld. The bales
inherently more flexible than the welds, so it was expected that they would act together. Thesbolt
were intended as a backup system, which also clantfgeshear tab to the gusset plate and the bedm an
provided some rotational restraint to the weak gugkate. Prior to weld tearing in previous tetis,

shear tab was sometimes observed to rotate retatihe beam and gusset plate, which could have

contributed to fracture.

Table 3.11 shows the DCRs for NCBF1 and NCBF1-R8eNhat the capacities listed for bolt shear,
bearing, and slip were computed assuming no loadtaken by the weld. The bolts were not designed to
be slip critical, but the slip strength value gigesoncept of how much strength the bolts mightrdmute

before weld fracture. The block shear strengthhefdhear tab was calculated because of the reduiatio
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area resulting from the loss of bolts. The redwred was still capable of resisting the expectacaahel.

The other DCRs are unchanged, as nho modificaticnmade to the brace-to-gusset connection.

Table 3.11 Bolt Limit States for NCBF1-R5

Limit State NCBF1 | NCBF1-R5
Brace Net Section Fracture 1.26 1.26
Brace-Gusset Plate Weld 0.92 0.92
Fracture

Brace Block Shear 1.14 1.14
Gusset Plate Block Shear 1.16 1.16
G.uss.et Plate Whitmore 133 133
Yielding

Gusset Plate Buckling 0.74 0.74
Gusset Plate Shear Yielding 116 116
at Beam

Beam-Gusset Weld 155 155
Fracture

Shear Tab to Gusset/Beam

Weld Fracture L0 L0
Shear Tab to Column Weld 0.65 0.65
Fracture

Bolt Shear NA 0.98
Bolt Bearing NA 0.66
Block Shear NA 0.86
Bolt Slip NA 3.07
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Chapter 4: Test Setup

4.1 Introduction

This chapter provides a summary of the experimesatiaip utilized for experiments at the University o
Washington structural engineering laboratory. Tds $etup was originally constructed in 2005 for a
series of single story, single bay braced framis tg@hnson 2005), but was partially dismantle2dhO.
This setup was reassembled with minor modificatiorthie out-of-plane restraint system in 2013lds
test program. This chapter describes the experaheanfiguration in general (Section 4.2) and the

instrumentation used for monitoring and recordiygtam behavior (Section 4.3).

4.2 Overview of Experimental Configuration

This section provides on overview of the experiraesétup used for the tests. Details on the compsne

of this setup can be found in Appendix C.

The experimental configuration at the UniversitWéshington recreates as accurately as possible the
loading and boundary conditions experienced byglsibay braced frame in a multistory structures Th
focuses of study for the frames are the gussezphatd brace, as well as the post-fracture ressysédm
stiffness. As such, the focus of the experimergalsis to provide the most realistic conditionstfmse

components.
Figure 4.1 provides an annotated photograph oéxperimental setup and Figure 4.2 provides an

annotated schematic of the setup. The dimensioasroponents of a typical frame and the experimental

setup are provided in Figure 4.3.
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Figure 4.3 Typical Frame Dimensions

The load path through the experimental systemténied to recreate the load path typical of a loface
frame in a structure. Displacement controlled lizagpplied using an MTS actuator with a capadity o
470 kips when pushing and 330 kips when pullingplzicements were gradually applied, cyclic, and

monotonically increasing. The load protocol forleapecimen can be found in Chapter 5.

Pretensioned rods attach the actuator base tedc&on block, which provides reaction force foe t
actuator. The reinforced concrete reaction blogkétensioned to the strong floor with high stréngt
threaded rods. A hydrostone layer between theiogelotock and the strong floor provides a contirsiou

contact surface to prevent sliding.
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The actuator head is attached to a swivel, whielrgmts bending moments from transferring between th
frame and the actuator. This swivel is bolted ®ltdad beam. Which rests on the top of the Wesingol
as well as the North flange of the North beam @azet of its length. The load beam is attached ¢o th

North flange of the North beam via 10 high-strengplts, which transfer the actuator load via shear.

The reaction for the shear force and overturningnerats on the frame is provided at the South end. Th
channel assembly provides a bearing surface fostleh end of both columns. Additionally. it is
fastened to the South flange of the South beam 1Githigh-strength bolts, which transfer shear load
from the frame to the reaction assembly. The cHaassembly is attached to the strong wall with

pretensioned rods, providing rigid support for base of the frame.

In order to prevent uplift of the columns and tmglate gravity load from the structure, axial loeas
applied to the specimen using high-strength predeed rods. Two rods for each column applied d tota

of 450 kips of compressive axial load.

In order to prevent out-of-plane moment of the beamd columns, sliding out-of-plane restraints were
placed at four locations on the specimen, as seEigure 4.3. The configuration of these restraivas
changed slightly from the original experimentalgetA schematic of a typical restraint is shown in
Figure 4.4, and an image of one is shown in Figuse The locations of the restraints remained Hmes
but all top restraints were changed to HSS5x5x8¢8iens, and some of the rod spacings were adjusted

to improve accessibility.
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Figure 4.5 East Column Out-of-Plane Restraint

4.3 Instrumentation

4.3.1 Data Acquisition Systems

The potentiometers and strain gauges were cordrofieng LabVIEW version 7.1 on a PC designated for

data acquisition. Instrument gain factors were asegh and input into the LabVIEW interface to conver
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measured voltages to strains or displacements. egdiom instruments were recorded twice per second
and stored in delimited output files. The Natiolmstruments hardware used for this data acquisition
system included SCXI 1001 Chassis, SCXI 1100 andlSG00 modules for potentiometers, and SCXI
1121 and SCXI 1321 modules for strain gauges. AletigWwackard E3611A DC Power supply provided

constant voltage power for data acquisition.

The Optotrak position sensors and markers werelathto the Optotrak System Control Unit, which fed
information to a personal computer designated $erwith the system. NDI First Principles softwamesw
used to control the data acquisition. Data wasrdszbtwice per second and stored in delimited dutpu

files.

4.3.2 Strain Gauges

All strain gauges used for these tests were TolojkiKenkyuho Co. Ltd. FLA-6-11-5L model. These
strain gauges are uniaxial with a 6mm gauge leagtha nominal gauge factor of 2.12. Their accurscy
reported as reliable for the strain rat)e05. In conjunction with stress-strain materighdabtained

from coupon tests, the strain gauge measurememésused to calculate axial loads, shears forceab, an

bending moments in the system components.

To ensure adhesion between the strain gauge agicsatéace, the following procedure was used. The
steel surface was belt sanded with fine grit sapelpto remove rust and mill scale, exposing tharcle
steel beneath. Three rotations of acid and base @aah applied to the steel surface, which was then
sanded fine grit sandpaper, followed by a washimdrying with distilled water. The strain gaugeswa
then attached to transparent adhesive tape aligitbdhe steel member axes in the prepared arda/oro
Sokki Kenkyuho Co. Ltd. strain gauge glue was auaptp the underside of the strain gauge, and the
gauge was placed on the surface under sustainssupesfor 3 minutes. Protective epoxy was painted
over each gauge and then covered in electrical Tpeends of the gauges wires were attached to the
appropriate strain modules. Strain gauge resissaneee recorded and input into the LabView data

acquisition interface.

The typical strain gauge layout is shown in Figlu& and the strain gauge purposes are shown ile Tab
4.1. Strain gauge layouts for each specimen aengdivAppendix B. The column gauges were placed in
pairs at two locations along the column length.sEhecations were chosen to be sufficiently fartajoa

allow for accurate calculation of column shear éoitout also sufficiently far from connection region
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where yielding might occur, as large strains cakemaadings inaccurate. The beam gauges were also

placed sufficiently far from the connection andddseam to ensure no yielding occurred at the gauge

locations. The brace gauges were placed at théeqymint on the brace. The brace may yield alongtm

of its length, but local deformations are mostlijlat the center and the ends, so the gauges Waredp

sufficiently far from these locationss. With thiet f strain gauges, it is possible to computectivaplete

load path through the frame, making them a valutdakfor evaluating system performance.
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Figure 4.6 Typical Strain Gauge Layout

Table 4.1 Strain Gauge Assignments

Channel Group | Number |Purpose
Brace 1-4 Brace Axial Force
5-8 West Column Axial Load, Shear, and Moment
Columns -
9-12 |East Column Axial Load, Shear, and Moment
Beams 13-14 [North Beam Axial Load and Moment
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4.3.3 Potentiometers

Three types of potentiometers were used to meap@emen absolute and relative displacements. For
displacements larger than 3 inches, UniMeasure hiR&{EO string potentiometers were used. These were
necessary for measuring absolute displacementedfiorth half of the frame, because lateral
displacements of the frame typically reach inches during testing. BEI Duncan linear conocti
potentiometers were used for displacements sntaber 3 inches, with the 9600 Series models used for
displacements between 1 and 3 inches, and the &@@s3nodels used for displacements smaller than 1

inch. Examples of the three potentiometer typeshosvn in Figure 4.7.

Figure 4.7 Potentiometers (a) Unimeasure P510 Ev)Rincan 9600 (c) BEI Duncan 600

Figure 4.8 shows the typical potentiometer layoutlfie frame, and Figure 4.9 shows the typical
potentiometer layout for the reaction block. A dgg®on of the instrument purposes is given in Eabl
4.2. Complete potentiometer layouts for each speciare given in Appendix B. The global specimen
measurements were designed to capture the loaddhvior of the system. Three different measafes
the lateral drift were taken, although the frameggdinal is considered to be most accurate, as Hedan
Chapter 6.

Brace axial elongation was measured to determsnepititribution to the total diagonal elongatioriraf

frame. The out-of-plane mid-span deflection ofbh@&ce was also measured, as it correlates strovitjly

brace and connection damage.
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Measurements of the rotations of the beams anare™at the edges of the gusset plates were taken, a
plastic hinges most often form at these locatiansg, the magnitude of these rotations is important f

guantifying beam and column performance.

Numerous potentiometers were also placed to mosiitmrout-of-plane movement, and uplift of test
setup components. These instruments were inteldegpture possible movements that could
substantially affect the system performance. Thgority of these instruments measure lateral $bp@
the system load path, which causes the drift egpeed by the frame the be smaller than the drgtieg
by the actuator. Instruments at the column basestaraccolumn uplift, which can occur if the actuato
load overcomes the column compressive load. Finad{entiometers at the work points monitor the out
of-plane displacement, which should be small dusuteof-plane restraints, but can be affected by

connection damage and brace out-of-plane buckling.

Table 4.2 Potentiometer Assignments

Channel Group Number |Purpose
1 Actuator Load

Global 2 Actuator Displacement
4,5 Elongation of Frame Diagonal
7 Lateral Frame Displacement
6 Elongation of Brace

Brace

8 Brace Midspan Deflection
9,10 Beam Plastic Hinge Rotation
11,12 |Column Plastic Hinge Rotation
13-16 |Shear Tab Connection Rotation
17-20 [Work Point Out-of-Plane Displacement
21-22 |West Column Uplift

23 West Column Slip
24-25 |East Column Uplift

26 East Column Slip
27-28 |Channel Assembly Uplift

29 Channel Assembly Slip

30 South Beam Slip

31 North Beam Slip
32-33 |Actuator Base Slip
34-36 |Reaction Block Slip

Framing Members

Slip Monitors
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Figure 4.8 Typical Potentiometer Layout - Frame
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Figure 4.9 Typical Potentiometer Layout - Reactbock

4.3.4 Optotrak LEDs

To record the precise three-dimensional positiofiashe components, the NDI Optotrak Certus System
was employed. The system uses position sensorshwhgé arrays of three infrared cameras. These
sensors detect light from infrared LEDs, called keas, which are placed on the specimen. The Ojtotra
system records x,y,z coordinates with 0.001mm e€igion. The accuracy of these measurements is
dependent on a number of factors. In particular ftinther the position sensor is from a marker l¢lse
reliable the measurements are. However, accuracpeamproved substantially by using multiple
position sensors with a shared coordinate systasnaas done for this test series. These measurement
are generally reliable to a precision of 0.1mm eftdy.

The two position sensors used in this test weremealion the strong wall order to provide the larges
shared viewing area of the frame, as shown in EigutO. Due to space limitations, it was not pdedib
view the entire frame with the position sensors €anfiguration used was able to capture the mgjori
of the brace length, the Northeast connection,pmtions of the adjacent beam and column. Figuté 4.
shows the viewable area of each position senstne@apecimen, and Figure 4.12 shows the viewable

volume schematic for the position sensors.
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Figure 4.10 Optotrak Position Sensors Mounted ocongt\Wall
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Figure 4.11 Optotrak Position Sensor Viewable Area
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Figure 4.12 Position Sensor Viewable Area (NDI Malhu

Markers were placed to capture both absolute dative movement of the specimen. In many cases,
markers were placed to duplicate the measureméptsysical sensors in order to provide a basis for
comparison and verification of results from the tsystems. Figure 4.13 and Figure 4.14 show a photo
and a schematic, respectively, of the typical makkgout on the specimen. Table 4.3 gives the lonat

and purpose of each of the sensors shown in Fgu&:

Markers on the beam and column flanges were inttt@lprovide data on the in-plane and out-of-plane
movement and rotation of the beams and columnseliss to identify locations of local buckling.
Markers on the gusset plate and shear tab weretoseinpute the out-of-plane movement and rotation.

The brace markers captured the out-of-plane amdbine bucked shape of the brace
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Figure 413 Optotrak Markers on Northeast Connection
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Figure 4.14 Optotrak Marker Layout Schematic
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Table 4.3 Optotrak Marker Locations

Sensors Location Purpose

1,3,5,6,9,11 [East Column, East Flange |Column Movement and Rotation
2,4,6,8,12,41 [East Column, West Flange |Column Movement and Rotation
13,15,17,19,2(North Beam, South Flange |Beam Movement and Rotation
14,16,18,20,2(North Beam, North Flange |Beam Movement and Rotation

23-34 North Beam Web Local Deformation of Beam Web
35-40 North Gusset Plate Gusset Plate Out-of-Plane Movemnt
42,43,44 North Shear Tab Shear Tab Out-of-Plane Movement
45-60 Brace Brace Movement and Rotation

4.3.5 Visual Observations

To supplement information acquired from the datguesition systems, visual observations and
photographs were used. To aid visual observatemess of each specimen where damage was expected
were coated in a whitewash mixture consisting 4flaratio of water and Hydrostone. This mixture
coated the mill scale on the steel and dried initnite paint-like coating. When yielding occurglme

steel members, the mill scale and whitewash fldkgpooviding a sharp visual contrast that helps to

identify yield patterns.

At each peak actuator displacement, a photograghakan of a whiteboard which identified the test,
current cycle number, and displacement. This altbfee accurate filing of photographs so they cdugd
attributed properly. Visual observations were rdedron a laptop computer along with cycle inforionati

and key values read from the data acquisition syste

4.4 Load Protocol

A monotonically increasing, cyclic displacementdiig was applied using the actuator LDVT. The
actuator displacements were controlled from a pedscomputer using FlexTest software. At each peak
displacement, the FlexTest software was used tegothe loading protocol, allowing time to record
observations and take photographs. The loadin@gobtvas then resumed and continued to the next
peak displacement. The load history completes Bsyat each displacement level. The displacement
increases in 1/8 inch increments until a peak dsphent of 1 inch. It is then incremented by 16hin
until 1 1/2 inches of displacement, and at 1/2 imchements thereafter until failure. For typical

specimens, the expected displacement at yieldisbhes (Kotulka 2007), which corresponds to the
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fifth imposed displacement level in this load higtdlrhe displacement history is shown in Figureb4dd

a table of displacements is given in Table 4.4.

In order to ensure pseudo-static conditions, tlz pe peak time for each cycle was specified sttt
maximum loading rate never exceeded 0.02 inchesqmmd. This is based on the ATC

recommendations, shown below. The yield rotatifpnoccurs at an estimate lateral displacement 8f 5/

inches.
e For0<6<1.08y — 60 seconds to peak.
e Forl.0sy<6< 2.0y — 80 second to peak
o For2.08y<6<4.06y — 120 seconds to peak
e For6>4.09y — 160 seconds to peak
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Figure 4.15 Actuator Input Load Protocol

Table 4.4 Actuator Displacement Table
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Cycle # | Displacement (in) Cycle # | Displacement (in)
1 0.125 18 1.25
1 -0.125 18 -1.25
2 0.125 19 1.5
2 -0.125 19 -1.5
3 0.25 20 1.5
3 -0.25 20 -1.5
4 0.25 21 2
4 -0.25 21 -2
5 0.375 22 2
5 -0.375 22 -2
6 0.375 23 2.5
6 -0.375 23 -2.5
7 0.5 24 2.5
7 -0.5 24 -2.5
8 0.5 25 3
8 -0.5 25 -3
9 0.625 26 3
9 -0.625 26 -3
10 0.625 27 3.5
10 -0.625 27 -3.5
11 0.75 28 3.5
11 -0.75 28 -3.5
12 0.75 29 4
12 -0.75 29 -4
13 0.875 30 4
13 -0.875 30 -4
14 0.875 31 4.5
14 -0.875 31 -4.5
15 1 32 4.5
15 -1 32 -4.5
16 1 33 5
16 -1 33 -5
17 1.25 34 5
17 -1.25 34 -5

It should be noted that the different measuremesesl to record lateral displacement — the actuator
LDVT and several string potentiometers — typicdliffer by a significant margin, because of two paim

factors. First, the numerous connections betweempdmt of displacement application in the actuatut
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the point of reaction in the strong wall are susibdgpto slip. These slip values are monitored gsin
potentiometers in order to quantify the contribntad flexibility in various connections. A seconausce
of error is frame overturning. When the frame def®under lateral load, some of the deformationure p
shear, from which story drifts are typically comguit The remainder is a result of overturning of the
frame due to the eccentricity between the poirtbad application and reaction. This overturning
manifests in axial compression and elongation efabiumns, as well as uplift of the columns fromith
bases, which are friction contact only with theralel assembly. The measurement of the diagonal
elongation of the frame between work points is @ered to give the most reliable measurement,

because it receives minimal contributions from eaitthe two primary sources of error.
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Chapter 5: Experimental Observations

5.1 Introduction

This chapter describes the experimental performahspecimens NCBF1, NCBF1-R1, NCBF1-R2,
NCBF1-R3, NCBF1-R4, and NCBF1-R5. Braced frameesystare statically indeterminate systems that
are subject to complicated demands of varying sgvduring seismic events. The observable damage to
components of the system at various levels of igit@ry drift are described herein by performanegest,
which are defined in Section 5.2. Nomenclature dexseloped to assist in identifying the location of
components within the specimen, which is preseim&kection 5.3. The actuator displacement history f

each specimen is given in Section 5.4.

Sections 5.5-5.10 describe the motivation for desigd the experimental performance of each test.
Photographs, written observations, and tables wiagg progression are included in these descriptions
Observations were taken at each peak displacemeatdycle, as well as at intermediate points if a
sudden slip or fracture was observed. As desciib€&thapter 3, specimen NCBF1 is representative of a
typical NCBF and is intended to evaluate expect€BN performance. The NCBF-RX specimens
investigate various retrofit options for NCBF1 witte goal of improving drift capacity, system dlittj

and limit state hierarchy.

5.2 Performance State Overview

In order to facilitate discussion of the performauad each of the NCBF specimens, nomenclature was
created to describe the performance states ofrsystenponents. The nomenclature for these
performance states and basic descriptions ar@ giv€able 5.1. Detailed descriptions and exampfes

these performance states are detailed in subsesg@itns.
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Table 5.1Performance State Overview

Symbol | Performance State Description

Y1l Initial Yielding Yield Lines First Visible to Witewash Flaking Over <20% of Area
Y2 Moderate Yielding Whitewash Flaking Over 20-50%Area

Y3 Severe Yielding Whitewash Flaking Over >50 okAr

Bl Initial Buckling Brace Mid-Span Deflection Vidéy but Less than Brace Depth

B2 Moderate Buckling Brace Mid-Span Deflection L&#ssn 2 Times Brace Depth

B3 Severe Buckling Brace Mid-Span Deflection Gre#itan 2 Times Brace Depth

BC Brace Cupping Local Buckling of the Brace

BF Brace Fracture Complete Fracture of the Brace

BNS Brace Net Section Cracking in the Net Sectibtihe Brace

LB Initial Local Buckling Out-of-Plane Deformatidress than Member Depth

w1l Initial Weld Tearing Weld Tears Less than 10%haf Weld Length

W2 Moderate Weld Tearing Weld Tears Less than 30#eoWeld Length

W3 Severe Weld Tearing Weld Tears Greater than 808te Weld Length

WF Weld Fracture Complete Fracture of Weld

MT Metal Tearing Tearing of Metal Components (Rlatgeam Web)

BTF Bolt Fracture Shear Fracture of Bolt

BTE Bolt Hole Elongation Local Yielding of Plate @und Bolt Hole Causing Hole Elongation

5.2.1 Yielding (Y1, Y2, Y3)

Yielding is identified on members by the flakingwaitewash. When components yield, the mill scale

coating them begins to flake off, taking the whigeslv coating with it. As a result, locations of gliag

become visible in the cracks in the whitewash. difed in these tests was typically observed in tnesgt

plates, shear tabs, and in the beams and colunansoenecting elements. All braces were cold-form

HSS, and thus did not have mill scale. As a restfittewash could not be used to detect yieldintpen

brace.

Typically, Y1, initial yielding, is first visible sithin cracks in the whitewash. This performanagest

continues until more than 20% of the area contgmls lines. As yielding progresses, larger, combigs

areas of whitewash may flake off, and additionalding lines may appear. Y2 - moderate yielding,

describes components with between 20% and 50%eafdmponent contains yield lines. If more than
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50% of the area contains yield lines, then the efgrenters performance state Y3 - severe yieldihis
performance state is often also characterizedrggaontiguous areas of flaked whitewash. FigGrés
5.3 show the yielding performance states for thesguplate. Figures 5.4-5.6 show the yielding

performance states for the shear tab. Finally,reg6.7-5.8 show the yielding performance stateisen

column flange.

L

Yield Lines

Figure 5.1 Gusset Plate Y1 Figure 5.2 Gusset Plate Y2 Figure 5.3 Gusset Plate Y3
NCBF1-R5 NCBF1-R5 NCBF1-R5

=1 ¥
‘E

Figure 5.4 Shear Tab Y1 Figure 5.5 Shear Tab Y2 Figure 5.6 Shear Tab Y3
NCBF1-R5 NCBF1-R5 NCBF1-R5

\ "?.“
1 e}!

87



Figure 5.7 Column Flange Y1 Figure 5.8 Column Flange Y2
NCBF1-R5 NCBF1-R5

5.2.2 Brace Performance (B1, B2, B3, BC, BF, BNS)

Global buckling of the brace is divided into 3 gatges. Initial brace buckling, B1, includes belwavi
from when the brace begins to lose axial load t@st® in compression until the mid-span deflection
reaches the depth of the brace, as shown in FigQréModerate brace buckling, B2, describes brade m
span deflections between one and two times theslatapth, as shown in Figure 5.10. Severe brace
buckling, B3, describes all brace deflections gretitan two times the brace depth, as shown inr&igu
5.11.

If the out-of-plane displacement of the brace bezmtarge enough, a plastic hinge will form. Ultiedgf
the brace will sustain localized damage to thedflmges with increased local buckling. This is
described as brace cupping, BC, as shown in FigliZ In some cases, if the width-to-thicknessrati

for the brace is large, brace cupping may occunreefevere brace buckling.

Performance state BF is reached if the tears itthee result in complete fracture of the bracesro
section. This is the desired ultimate limit statebraced frames. Figure 5.13 shows a brace tisat ha

reached the brace fracture performance state.

In some cases, braces may crack at the net seatieme the brace is slotted at the edge of theeguss

plate. This damage does not fit predictably inedamage progression of B1-B3, so it is given arsep
designation - BNS. Figure 5.14 shows a brace whessection has reached this performance state, and
Figure 5.15 shows an illustration of the braceseetion.
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Figure 5.10 Moderate Brace Global Buckling - B2 BF1-R2
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Figure 5.11 Severe Brace Global Buckling - B3 NCB®2

L4 -
Figure 5.12 Brace Cupping - BC NCBF1
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Figure 5.14 Brace Net Section Tearing - BNS NCHB¥5L-

REDUCED
BRACE NET
SECTION // ‘
/ | GUSSET
PLATE

BRACE

Figure 5.15 Brace Net Section lllustration
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5.2.3 Local Buckling (LB)
When a component, such as a web or flange defarcadly out of its plane, it is designated as local
buckling, LB, as shown in Figure 5.16 for a colufiamge. Local buckling pertains only to the

performance of the beams and columns in theserapasi

Figure 5.16 Column Flange Buckling - LB NCBF1-R3

5.24 Metal Tearing (MT)

The metal tearing performance state pertains tiwaatie components except the brace. It includes
damage up to, but not including complete fractdrd® component. Figure 5.17 shows tearing of arshe
tab, and Figure 5.18 shows tearing of a beam web.
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N 4

' Figure 5.17 Shear Tab M

Figure 5.18 Beam Web MT NCBF1-R5

o

T NCBF1-R5

5.2.5 Weld Tearing and Fracture (W1, W2 W3 WF)

Weld damage is described by four performance statgish indicate progressively larger degrees of
weld tearing. Initial weld tearing, W1, describesl@s that are torn along less than 10% of themtlen
Figure 5.19 shows a weld exhibiting this perfornestate. Moderate weld tearing, W2, includes welds
that are torn along 10-30% of their length. Figb20 demonstrates this performance state. Sevéde we
tearing, W3, describes welds torn over greater 8@ of their length, as shown in Figure 5.21.dme
cases, a single weld has multiple separate teamg @bk length. The weld performance state is daterd
by the total length of weld cracking, not the ldngf a single crack. Weld fracture occurs when klwe
has torn through its thickness along its entirgilerand is referred to by the performance state WF.

Figure 5.22 shows a typical weld fracture.
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Figure 5.20 Moderate Wld Tearing - W2
NCBF1-R5

: . [
Figure 5.21 Severe Weld Tearing - W3
NCBF1-R5 Figure 5.22 Weld Fracture - WF NCBF1-R5

5.2.6 Bolt Damage (BTE BTF)

Bolt hole elongation, BTE, refers to visibly diseiéne deformation of the base metal around the bolt

which results in an elongated, oblong hole. Figug3 shows a typical elongated bolt hole.

Bolt fracture, BTF, refers to the complete sheactiure of the bolt. Figure 5.24 shows a typicadtireed
bolt.
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NCBF1-R5 Figure 5.24 Bolt Fracture - BTF NCBF1-R5

5.3 Location Nomenclature

This section describes the nomenclature used &idatamage on each specimen. Figure 5.25 shows a
typical framing member cross section and the testoy used. Figure 5.26 shows terminology used to
describe global locations on the framing membelg. fomenclature for the North and South gusset plat
connections, respectively, are listed in Tableah@ Table 5.3, respectively. The correspondingtiocs

for Table 5.2 are shown in Figure 5.27, and thatioas for Table 5.3 are shown in Figure 5.28. Nio&
the weld connecting the shear tab to the gusstt ptal the beam is given a different name in each
region: gusset plate and beam. While it is a cootiis weld, each region serves a fundamentallyrdifte
purpose from a performance standpoint, so theypamed separately.

INSIDE TOP
FACE f

OUTSIDE OUTSIDE
FACE FACE
™ ~__BoTTOM
INSIDE
FACE

Figure 5.25 Wide Flange Cross Section Notation

95



South
End

East
Column

North
End

East End

South
Beam

West End

L

C

South

Gusset

g S [
East End North West End
Beam

Figure 5.26 Frame Identifiers
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N3

Figure 5.27 South Connection Location Identifiers

Table 5.2 South Connection Nomenclature

Description

Weld - South Gusset Plate to Beam

Weld - South Gusset Plate to Shear Tab

Weld - South Beam to Shear Tab

Weld - South Shear Tab to Column

South Gusset Plate

o O | W N| | H®*

South Shear Tab
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Figure 5.28 North Connection Location Identifiers

Table 5.3 North Connection Nomenclature

Description

Weld - North Gusset Plate to Beam
Weld - North Gusset Plate to Shear Tab
Weld - North Beam to Shear Tab Weld
Weld - North Shear Tab to Column
North Gusset Plate

North Shear Tab

o O | W N| | H#&

5.4 Actuator Displacement History

Slowly applied cyclic displacements of increasingpéitude were applied to each of the specimens. The
actuator displacement history for specimens NCBHLMCBF1-R1 is shown in Figure 5.29. The
displacement history was modified slightly for sipgens NCBF1-R2, NCBF1-R3, NCBF1-R4, and
NCBF1-R5, as shown in Figure 5.30.
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Figure 5.29 NCBF1 and NCBF1-R1 Actuator Displacentdistory
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Figure 5.30 NCBF1-R2 through NCBF1-R5 Actuator Daspment History
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5.5NCBF1

5.5.1 Specimen Overview

Specimen NCBF1 was designed to represent a comororection configuration and the typical
deficiencies it exhibited in the infrastructureimv, as described in Chapter 3. The connectiorsisaaed
shear tab, which is welded to both the gusset platethe beam, as shown in Figure 5.31. Figure 5.32
shows the undamaged connection and Figure 5.33ssti@frame configuration. Welds for NCBF1 used
an E70-T7 electrode, which does not meet notchkoesgs requirements for demand-critical welds. This
practice was common during the period of constomatif the reference structures. Two of the welds on
the specimen unintentionally used an E71-T8 eldetravhich does meet the requirements for demand

critical welds.
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Figure 5.31 NCBF1-R1 Connection Schematic
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Figure 5.33 NCBF1 Frame Overview
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The connection for NCBF1 was designed with a rasfgieficiencies, listed in Table 5.4. The most
severe deficiency was the local compactness, at klenderness, of the brace. Thus, it was expeéicted
the brace compactness would be most detrimenthetsystem performance. Both the gusset plate-to-
beam weld and the shear tab weld were deficierdposte degree of tearing was expected in one or both
of these welds. Brace net section fracture alscahi@gh DCR due to the lack of cover plates. Fnall
yielding of the gusset plate Whitmore section h&igh DCR, so extensive yielding of the gusseteplat
was expected.

Table 5.4 NCBF1 DCRs

Limit State NCBF1
Brace Net Section Fracture 1.26
Brace-Gusset Plate Weld 0.92
Fracture

Brace Block Shear 1.14
Gusset Plate Block Shear 1.16
G.ussgt Plate Whitmore 133
Yielding

Gusset Plate Buckling 0.74
Gusset Plate Shear Yielding 116

at Beam

Beam-Gusset Weld Fracture 1.55

Shear Tab to Gusset/Beam

Weld Fracture L0
Shear Tab to Column Weld 0.65
Fracture

Local Slenderness 2.04

The load-drift history for NCBF1 is shown in Figuse34. Drift values given here and in the remairafer
this section are computed from the frame diagasatjescribed in Chapter 5. NCBF1 suffered brace
cupping and fracture at a relatively low drift Iedee to the high local slenderness of the bracen&ye

to other frame components was limited, despiteettpected deficiencies.

102



NCBF1 Load-Drift Response
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Figure 5.34 NCBF1 Load-Drift Response History

5.5.2 Perfor mance State Summary
Table 5.5 shows the progression of performancesstaitring the test for the welds and brace for NCBF
The positive drift, negative drift, drift range,danycle number are given. Performance states Farot

components are not included due to the lack ofawdshing on the specimen.

Table 5.5 NCBF1 Performance States
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Drift % North Welds South Welds
Shear Tab Shear Tab
Gusset to | Gusset to | Beam to Gusset to | Gusset to | Beam to
Cycle Total Nee. Pos. Beam |Shear Tab|Shear Tab to Beam |Shear Tab|Shear Tab to Brace
Column Column

1 0.07 -0.04 0.04

2 0.07 -0.04 0.04

3 0.15 -0.07 0.08

4 0.15 -0.07 0.08

5 0.15 -0.07 0.08

6 0.26 -0.10 0.16

7 0.26 -0.10 0.16

8 0.26 -0.09 0.17

9 0.37 -0.11 0.26

10 0.37 -0.10 0.27

11 0.37 -0.09 0.04

12 0.49 -0.12 0.37 B1
13 0.50 -0.11 0.39

14 0.65 -0.20 0.45

15 0.66 -0.22 0.44

16 1.07 -0.50 0.58

17 1.13 -0.58 0.55

18 1.49 -0.79 0.69

19 1.52 -0.83 0.69 W1

20 1.52 /] 0.69 BF

5.5.3 Test Narrative
No damage was observed during the first 11 cydi¢iseotest, up to a total drift range of 0.37%.

At the compressive peak of cycle 12 (-0.12% driftitjal global buckling of the brace, performarstate
B1, was observed, as shown in Figure 5.35. Thisesponded to the point of maximum compressive
resistance for the frame, as shown in Figure 5334 result of the brace buckling, the gusset plate
began to bend upward at both connections. Bothegpéastes were bending away slightly from the shear

tab, creating a small gap, as shown in Figure.5.B& gap continued to open for subsequent cycles.
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Figure 5.35 Initial Visible Brace Buckling - B1

Figure 5.36 Bending of North Gusset Plate

At the compressive peak of cycle 16 (-0.50% driftyal deformations of the brace walls appeareabl f
North of the brace mid-span. The brace behaviorchassified as performance state BC, as shown in
Figure 5.37 and Figure 5.38.The cupping of thedm@mresponded with a substantial drop in
compressive resistance for the frame, as showigimré-5.34 The bending of the gusset plates away fr
the shear tabs increased at the occurrence of buppéng, as shown in Figure 5.39. As expected, the

severe local slenderness of the brace resulteapid degradation of compressive strength and severe
local buckling.

= 2 oy

Figure 5.37 Brace Buckled Shape at Cupping Figure 5.38 Brace Cupping - BC
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Figure 5.39 Increased Bending of North Gusset Plate

At the compressive peak of cycle 19, the seconté@tcthis drift level (-0.83% drift), a 1 inch vdelear
developed at the South end of the North shearaadoiumn weld. This tear was classified as
performance state W1, as shown in Figure 5.40.idigan this weld is surprising, as its DCR was
substantially lower than 1, while the DCR for thesget and beam to shear tab weld had a DCR greater
than 1.

Figure 5.40 Initial Tearing in North Shear Tab-tohk@imn Weld - W1

Prior to reaching the tensile peak of cycle 20cén@aring initiated at the bottom corners of treece and
propagated up the side walls of the brace, as slimWwigure 5.41. This tearing caused the brace to
deflect downward to attain equilibrium. This causledvnward bending of the connections, shown for the
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South connection in Figure 5.42. Brace fractureuoed prior to reaching the tension peak, as shiawn
Figure 5.43.

Figure 5.42 Downward Bending of South Gusset Plate
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Figure 5.43 Brace Fracture

5.5.4 Test Summary

NCBF1 suffered brace cupping and fracture at a k®wydrift range compared to SCBFs. The
slenderness of the brace walls clearly contribtda@pid degradation of brace compression streaigth
low fracture life. Despite a DCR greater than bbthe gusset-to-beam weld, no damage to this wakl
observed. Deficiencies in the brace net sectiortla@dhear tab weld, as well as other minor defaes,
appeared to have very little impact on the systerffopmance. This demonstrates that a brace with hig

local slenderness may be a more concerning defigithan many of the connection deficiencies.

Additional tests presented in the subsequent sectescribe various retrofit attempts aimed at
improving the ductility of this system.

5.6 NCBF1-R1

5.6.1 Specimen Overview

Specimen NCBF1-R1 investigates a simple repaiNfoBF1. NCBF1 suffered rapid brace deterioration
in compression due to the high local slenderne€8mM-R1 used an HSS5x5x3/8 brace, which has the
same cross-sectional area as the HSS7x7x1/4 uddBifr1, but meets modern compactness limits for
braces. As described in Chapter 2, more compacebriaave less rapid loss of compressive strentgh af
buckling and longer fracture life. Since the nomgpact brace in NCBF1 was the limiting factor far it

performance, replacing it is a straightforward roetko improve performance.

108



Because the connections and frame for NCBF1 segtaininimal damage, NCBF1-R1 reused these
components, with only the brace being replaced.dusset plate required minor heat-straighteningd, an
two small weld tears were gouged and repaired. @stive case with NCBF1, whitewash was not applied
to the specimen, so a description of componentliyiglis not included in this chapter. Figure 5.4d\8s

the schematic for the retrofit, Figure 5.45 shoesundamaged North connection.
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Figure 5.44 NCBF1-R1 Connection Schematic
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Figure 5.45 NCBF1-R1 Undamaged North Connection

Table 5.6 shows the changes in DCRs for NCBF1-Ritive to the original NCBF1. The only changes,
aside from the brace local slenderness, are tlintlitestates associated with the brace-to-gusssepl
connection. The DCR change of greatest interdst /hitmore yielding of the gusset plate. Duehe t
smaller brace width, the Whitmore section for NCBFILwas slightly smaller, increasing the DCR to
1.5. As a result, greater damage to the gusset pia$ expected in NCBF1-R1 than in NCBF1.This
narrower brace also increased the DCR for blockisbithe gusset plate slightly, while it reduckd t
DCR for brace block shear due to thicker braceswv&linally, the net section DCR decreased due the
narrower brace, which has a higher shear lag fastmme of these changes were large enough to
dramatically affect the system performance.

Table 5.6 NCBF1-R1 DCR Changes

Limit State NCBF1 NCBF1-R1
Brace Net Section 196 115
Fracture

Brace-Gusset Plate Weld 0.92 0.92
Fracture
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Brace Block Shear 1.14 0.76
Gusset Plate Block Shear 1.16 1.33
G.ussgt Plate Whitmore 133 1.50
Yielding

Gusset Plate Buckling 0.74 0.84
G.ussgt Plate Shear 116 116
Yielding at Beam

Beam-Gusset Weld 155 155
Fracture

Shear Tab to

Gusset/Beam Weld 1.08 1.08
Fracture

Shear Tab to Column

Weld Fracture 0.65 0.65
Brace Local Slenderness 2.04 0.85

A load-drift envelope for NCBF1-R1 is given in Figub.46. Due to a data acquisition failure, onlgse
peak data points were available. For this testrdddrift was calculated from the Optotrak systesther
than the frame diagonal. The brace for NCBF1 butklebstantially out-of-plane, but did not cup or
fracture. NCF1-R1 failed when the North gusset-besgatd and the North gusset-shear tab weld failed,

disconnecting the brace from the framing members.
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NCBF1-R1 Load-Drift Response
400 ‘ ‘ ‘ ‘

North Connection Fracture
300¢ '

200¢ 1
100} 1

0

-100¢ 1

Brace Buckling

—-200¢ 1

Actuator Load (kips)

~300 ‘ ‘ ‘ ‘
-3 -2 -1 0 1 2 3
Lateral Drift from Optotrak (%)

Figure 5.46 NCBF1-R1 Load-Drift Envelope

5.6.2 Perfor mance State Summary

Table 5.7 shows the progression of performancesstiiring the test for the welds and brace for NCBF
The positive drift, negative drift, drift range,daoycle number are given. Performance states Farot
components are not included due to the lack ofewdshing on the specimen. All drift values for this
specimen come from lateral movement of Optotrak@es) rather than the frame diagonal elongation,

making these values only approximately comparalitle @ther tests.
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Table 5.7 NCBF1-R1 Performance States

5.6.3 Test Narrative

Drift % North Welds South Welds
Gusset | Gusset to | Beamto | Shear Tab| Gusset | Gusset to | Beam to Shear
Cycle# | Total Neg. Pos. Tabto | Brace
to Beam | Shear Tab |Shear Tab|to Column|to Beam|Shear Tab|Shear Tab
Column
1| 0.09 -0.04 0.04
2| 0.09 -0.04 0.05
3] 0.17 -0.08 0.09
4] 0.17 -0.08 0.09
5| 0.17 -0.08 0.09
6] 0.30 -0.13 0.16
7] 0.30 -0.12 0.17
8| 0.30 -0.13 0.17 B1
9] 0.41 -0.17 0.24
10] 0.42 -0.17 0.25
11] 0.42 -0.17 0.25
12] 0.55 -0.23 0.33
13| 0.55 -0.23 0.33
14| 0.69 -0.38 0.31
15| 0.69 -0.38 0.29
16| 0.86 -0.46 0.39 W1 W1 B2
171 0.90 -0.50 0.40
18] 1.12 -0.63 0.49
19] 1.12 -0.62 0.45
201 1.43 -0.80 0.63 W2 W1 W1
21| 1.43 -0.75 0.64
22| 1.43 /// 0.64 WEF WF W2

During the first 7 cycles, no damage to the spesimas observed, and the specimen reached a tital dr

range of 0.30%.

At the compressive peak of cycle 8, the third cytléhis drift level (-0.13% drift), initial bradauckling

was visible, putting the brace in performance diteas shown in Figure 5.47. This buckling

corresponded to the peak compressive lateral lesidted by the specimen, as shown in Figure 5.46.
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Figure 5.47 Brace Buckling - B1

At the compressive peak of cycle 16 (-0.46% drifgirline weld cracks appeared at the ends of thath
North and South gusset-to-beam welds. Both weltbret performance state W1. Initial tearing for the
North gusset-to-beam weld and the South gussetdotweld is shown in Figure 5.48 and Figure 5.49,
respectively. Tearing of these welds was expeetethere was little brace end clearance, and tHesDC
for the gusset-to-beam welds were high. At thisnpdCBF1-R1 had exceeded the maximum
compressive drift achieved in NCBF1, so higher deassavere being placed on these welds than the

welds in NCBF1, which suffered no damage.

Upward bending of the gusset plates was signifiamd bending of the gusset plates away from tharsh
tabs was observed in both connections. This bendislgown for the North gusset plate in Figure 5.50
The mid-span deflection of the brace also increasifitiently to categorize it as performance sie

as shown in Figure 5.51. Unlike NCBF, NCBF1-R1 ndad suffer a substantial loss of lateral load

resistance as brace buckling progressed, as shokigure 5.46.
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Figure 5.48 Win North Guss«to-Beam Figure 5.49 Win South Guss-to-Beam Weld

Figure 5.51 Brace Buckling - B2
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At the tensile peak of cycle 17, the second cyctlia drift level (0.40% drif, the shear tabs retain
some of their upward bending from the compressyadec forcing the gusset plate to hinge dward at
the edge of the shear tab. This bending is showth&South gusset plateFigure 552. Also a this drift
level, the slope of the loadkift envelope inension began to decrease, as showkfignre5.46. This was

likely a result of yielding it the brace or conriens, which was not directly observal

Figure 552 Downward Hinging of South Gusset Plate

At the compressive peak of cycle -0.80% drift) weld tearing increased significantThe North
gusset-to-beam weld had a 4 inehr,classified as performance state to W2slaswn inFigure 5.53. A
1 inchweld tear developed at the North encthe North beam-to-shear tab wettassified &
performance state W Another 1 inc weld tear developed at the North endhef North shear tito-

column weld also indicating performance state W1. These srack shown iFigure5.54.

Figure5.53 W2 in North Gusset-to-Beam Weld
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Figure 5.54 W1 in North Beam-to-Shear Tab and Sheablrto Column Welds

Prior to reaching the tensile peak of cycle 22,Nioeth gusset-to-beam and North gusset-to-shear tab
welds both fractured completely. This fracture distected the brace and gusset plate from the frame,
effectively ending the test, as shown in Figures5These fractures corresponded to a 60% losdevhla

load capacity, as shown in Figure 5.46.

Figure 5.55 Fracture of North Gusset-to-Beam anslsétito-Shear Tab Welds

5.6.4 Test Summary

NCBF1-R1 suffered a rapid connection failure thiatdnnected the brace from the framing members.
This failure was undesirable, but may not causkpsé of a structure, as the beam-column connection
remained largely intact. The North gusset-to-beatuywhich used a notch-tough electrode, had a-slow

propagating tear, but once the tear reached thécumh gusset-to-shear tab weld, the connectidadai
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instantaneously. This demonstrates the vulnergloifinon-tough welds. It is likely that if W-NGB tda

not been notch tough that the specimen would hailedfmore rapidly.

NCBF1-R1 also demonstrated the improved performahaecompact brace over a non-compact brace.
NCBF1 had a high buckling capacity, but quicklytloempressive resistance after buckling and
progressed rapidly to fracture. By contrast, NCBHlreached a lower buckling load due to the smaller
radius of gyration, but it maintained a much maansistent compressive capacity after buckling.
NCBF1-R1 demonstrated that brace replacement alra®me, but not all of the issues with NCBF1,
and it highlights the vulnerability of the defictamelds that was not evident from the results of
NCBF1.Damage from the other deficient limit states not observed, indicating that these deficiencie

have less severe implications for performance.

5.7 NCBF1-R2

5.7.1 Specimen Overview

Specimen NCBF1-R2 investigates a simple retrofiNGBF1. NCBF1 suffered rapid brace deterioration
in compression due to the high width-to-thicknegiorof its walls. NCBF1-R2 uses an HSS5x5x3/8
brace, which has the same cross-sectional arde &3S7x7x1/4 used in NCBF1, but meets modern
compactness limits for braces. This specimen wagagito NCBF1-R1, but it used new gusset platas an
a different weld electrode, as described in dataithapter 3. All welds on this specimen used ai-E7
T11 electrode, which does not meet demand-critiedd] requirements. The only exception was the
brace-gusset plate weld. This weld would be replace retrofit scheme, because the brace was

replaced, so it uses E71-T8 with notch toughnepgirements.

Figure 5.56 shows the schematic for the retrofit) Bigure 5.57 shows an image of the undamaged
connection. NCBF1-R2 reused the columns from NCBE1No significant damage occurred in the
columns during NCBF1-R1, so they were deemed aab&pfor reuse. The existing plates were removed,
and the columns were rotated so the new platesl tmubttached to a clean face of the column. New
beams were used for NCBF1-R2.
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Figure 5.56 NCBF1-R2 Connection Schematic
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Figure 5.57 North NCBF1-R2 Undamaged Connection

Table 5.8 shows the changes in DCRs from NCBF1AG8HRL-R2, which are the same as those for
NCBF1. The only changes, aside from the brace lbealderness, which was shown in NCBF1-R1 to
have a substantial impact on the performance patteetlimit states associated with the brace-tsgus
plate connection. The DCR change of greatest isttésdor Whitmore yielding of the gusset plate.eDa
the smaller brace width, the Whitmore section f@B¥1-R1 was slightly smaller, increasing the DCR to
1.5. As a result, greater damage to the gusset plas expected in NCBF1-R2 than in NCBF1.This
narrower brace also increased the DCR for blockrsbkthe gusset plate slightly, while it reduckd t
DCR for brace block shear due to thicker bracesvé&iinally, the net section DCR decreased due the
narrower brace, which has a higher shear lag faiome of these changes were large enough to
dramatically affect the system performance. BechlSBF1-R1 suffered weld fractures and was
nominally the same as NCBF1-R2, it was expectedatisamilar weld failure would occur in NCBF1-R2.
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Table 5.8 DCRs for NCBF1-R2

Limit State NCBF1 NCBF1-R2
Brace Net Section 196 115
Fracture

Brace-Gusset Plate Weld 0.92 0.92
Fracture

Brace Block Shear 1.14 0.76
Gusset Plate Block Shear 1.16 1.33
G.ussgt Plate Whitmore 133 1.50
Yielding

Gusset Plate Buckling 0.74 0.84
Gusset Plate Shear

Yielding at Beam 1.16 1.16
Beam-Gusset Weld 155 155
Fracture

Shear Tab to

Gusset/Beam Weld 1.08 1.08
Fracture

Shear Tab to Column

Weld Fracture 0.65 0.65
Brace Local Slenderness 2.04 0.85

Figure 5.58 shows the load-drift history for NCBR2-.NCBF1-R2 suffered tearing and eventual fracture
of the North beam-to-shear tab and gusset-to-dhbawrelds, disconnecting the brace and beam frem th
column. The frame attained higher drift levels tiN@BF1, and the brace performance was significantly

more ductile. However, the ultimate connectionui@lwas highly undesirable.
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NCBF1-R2 Load-Drift Response

400
- 300+t |
(V)]
£ 200 North Beai-to-ghear
2 100! |
o
|
é 0
(qv]
= —100¢+ i
é,:’ ]

~200} North Guiset-to-Shepr |

-300 ' i - .

-3 —2 -1 0 1 2 3

Lateral Drift from Optotrak (%0o)

Figure 5.58 NCBF1-R2 Load-Drift Response History

5.7.2 Perfor mance State Summary

Table 5.9 and Table 5.10 show the progressionesfopnance states during the test for the Nortd an
South gusset plate connections, respectively. Table shows the progression of performance states
during the test for the brace, beams, and coluifims positive drift, negative drift, drift rangedacycle
number are given in each table. Unlike the previausspecimens, whitewash was applied to NCBF1-

R2, so observations of yielding are included inghgormance state tables.
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Table 5.9 North Connection Performance States

Drift % North Plates North Welds
Gusset Gusset to [ Gusset to | Beam to | Shear Tab
Cycle # Total Neg. Pos. Shear Tab
Plate Beam |Shear Tab|Shear Tab|to Column
1 0.08| -0.04 0.04
2 0.08| -0.04 0.04
3 0.17| -0.08 0.09
4 0.17| -0.08 0.09
5 0.24| -0.11 0.13
6 0.25| -0.11 0.14
7 0.36| -0.16 0.20
8 0.36| -0.17 0.18
9 0.47| -0.24 0.24 Y1 Y1
10 0.49| -0.25 0.24
11 0.62| -0.33 0.29
12 0.62| -0.33 0.29
13 0.78| -0.41 0.37
14 0.78| -0.41 0.36
15 0.95| -0.48 0.47
16 0.95| -0.49 0.46
17 1.31| -0.63 0.68 Y2 Y2
18 1.31| -0.63 0.67
19 1.67| -0.82 0.86
20 1.69| -0.83 0.86
21 2.62| -1.33 1.29
22 2.62| -1.39 1.24
23 3.34| -1.92 1.41
24 3.34| -1.63 1.31
25 3.34 /// 1.40
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Table 5.10 South Connection Performance States

Drift % South Plates South Welds
Gusset Gusset to | Gusset to | Beam to | Shear Tab
Cycle # Total Neg. Pos. Shear Tab
Plate Beam ([Shear Tab|Shear Tab| to Column
1 0.08[ -0.04 0.04
2 0.08( -0.04 0.04
3 0.17 -0.08 0.09
4 0.17( -0.08 0.09
5 0.24( -0.11 0.13
6 0.25( -0.11 0.14
7 0.36f -0.16 0.20
8 0.36 -0.17 0.18
9 0.47( -0.24 0.24
10 0.49( -0.25 0.24 Y1
11 0.62( -0.33 0.29 Y1
12 0.62| -0.33 0.29
13 0.78[ -0.41 0.37
14 0.78| -0.41 0.36
15 0.95[ -0.48 0.47
16 0.95( -0.49 0.46
17 1.31] -0.63 0.68 Y2
18 1.31] -0.63 0.67
19 1.67| -0.82 0.86
20 1.69] -0.83 0.86
21 2.62| -1.33 1.29
22 2.62| -1.39 1.24 Y2
23 3.34] -1.92 1.41
24 3.34] -1.63 1.31 w1
25 3.34] /)] 140 | N3
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Table 5.11 Frame Performance States

Drift % Frame
West East North South
Cycle # Total Neg. Pos. Brace
Column | Column Beam Beam

1 0.08| -0.04 0.04

2 0.08| -0.04 0.04

3 0.17| -0.08 0.09

4 0.17| -0.08 0.09

5 0.24| -0.11 0.13

6 0.25| -0.11 0.14

7 0.36] -0.16 0.20 B1

8 0.36] -0.17 0.18

9 0.47| -0.24 0.24

10 0.49| -0.25 0.24

11 0.62| -0.33 0.29

12 0.62| -0.33 0.29

13 0.78| -0.41 0.37

14 0.78| -0.41 0.36

15 0.95| -0.48 0.47 B2

16 0.95| -0.49 0.46

17 1.31| -0.63 0.68

18 1.31| -0.63 0.67

19 1.67| -0.82 0.86

20 1.69| -0.83 0.86

21 2,62 -1.33 1.29

22 2.62( -1.39 1.24

23 3.34( -1.92 1.41 Y1 Y1
24 3.34( -1.63 1.31

25 3.34 /l/ 1.40

5.7.3 Test Narrative
During the first 6 cycles of the test, up to 0.2&%al drift range, the specimen remained elastitram

damage was observed.

At the compressive peak of cycle 7 (-0.16% drifgward out-of-plane buckling of the brace washlesi
classified as performance state B1. This initiatkting is shown in Figure 5.59. At the initiatiohlirace
buckling, the compressive behavior of the systeangkd substantially, as shown in Figure 5.58.
Although the lateral load capacity of the systethralit begin to decrease, it became relatively stabl

the displacement increased in subsequent cycles.
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Figure 5.59 Initial Brace Buckling - B1

At the tensile peak of cycle 9 (+0.24% drift), iaityielding was observed in the North gusset péate
North shear tab. This yielding, classified as penfance state Y1, is shown in Figure 5.60 and Figure
5.61. Additionally, both gusset plates bent upwardccommodate the out-of-plane buckling of the

brace. The bending of the North and South gudattgcan be seen in Figure 5.62 and Figure 5.63,
respectively.

. ] Figure 5.61 North Shear Tab - Y1
Figure 5.60 North Gusset Plate - Y1

126



Figure 5.62 North Gusset Plate Bending Figure 5.63 South Gusset Plate Bending

At the compressive peak of cycle 9 (-0.24% driftg South gusset plate formed initial yield linethe
end of the brace, entering performance state Yik. i§ishown in Figure 5.64.

Figure 5.64 South Gusset Plate - Y1

At the tensile peak of cycle 11 ( +0.29% drift)tiad yielding was observed in the South shear tab,
indicating performance state Y1. This yieldingh®wn in Figure 5.65. Also, the straightening of the
brace caused retained some upward rotation, arglgeet plate bent at the edge of the shear tab, as
shown for the North connection in Figure 5.66.dowrthbending of the gusset plates relative to tleaish
tabs. The shear tabs
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Figure 5.65 South Shear Tab - Y1 Figure 5.66 North Gusset Plate Downward Bending

At the compressive peak of cycle 15 (-0.48% dtif§ brace transitioned to performance state B2, as
shown in Figure 5.67. The compressive resistantieeoframe at this drift was comparable to the
resistance at performance state B1, as shown uré-E58. This is demonstrative of the post-bucklin

strength retention of compact sections.

Figure 5.67 Brace Buckling - B2

At the tensile peak of cycle 17 (+0.68% drift), therth gusset plate, North shear tab, and Soutbegus
plate all transitioned to performance state Y2. Noeth and South connections are shown in Figug8 5.
and Figure 5.69, respectively. The slope of thedidft behavior of the frame in tension decreased
substantially at this point, as shown in FigureB5This is indicative of yielding, which was extermsin

the South gusset plate. Yielding may also haveroedun the brace at this point, but it was noedily
observable.
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Figure 5.68 North Gusset Plate and North Shear Figure 5.69 South Gusset Plate - Y2
Tab - Y2

At the compressive peak of cycle 19 (-0.82% driftg gusset plates began bending away from the shea
tabs as a result of the upward buckling of the daratie small gap between the two plates in thelSout

connection is shown in Figure 5.70.

Figure 5.70 Bending of South Gusset Plate from Shah

At the compressive peak of cycle 21 (-1.33% drifig brace transitioned to performance state B3, as
shown in Figure 5.71. The frame continued to maintgeral load resistance in compression, as shown
in Figure 5.58.
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Figure 5.71 Brace Buckling - B3

At the tensile peak of cycle 22, the second cytcthia displacement level (+1.24% drift), the Sosittear

tab yielding increased, transitioning to performastate Y2, as shown in Figure 5.72.

Figure 5.72 South Shear Tab - Y2

At the tensile peak of cycle 23 (+1.41% drift) tiali yielding was observed in the North flange loé t
North beam, 12 inches East of the end of the |leaahb This was classified as performance state¥1, a
shown in Figure 5.73.
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Figure 5.73 North Flange of North Beam - Y1

Also at the tensile peak of cycle 23, a substant@kease in the downward bending of the North guss
plate at the shear tab was observed. Residual dvegading of the shear tab increased from previous
cycles, forcing a hinge to form in the gusset pitthe edge of the shear tab, as shown in Figiide 5

Yielding also increased in the North shear tabciwimoved to performance state Y3, as shown in Eigur
5.75.

Figure 5.74 Bending of North Gusset Plate Figure 5.75 North Shear Tab - Y3

At the compressive peak of cycle 23 (-1.92% driftitjal weld damage was observed. A 1 inch welt te
initiated at the North end of the North beam-toashab weld. This tear was classified as perforraanc
state W1 and is shown in Figure 5.76. A 1/4 inafglbairline crack developed at the West end of the
North gusset-to-bea weld. This was also categosagoerformance state W1, and it is shown in Figure
5.77. It is surprising that tearing initiated finstthis weld, as the DCR for the beam-to-gusséd wes
significantly higher than for the shear tab weld.

131



Hairline
Crack

Figure 5.76 W1 in North Beam-to-Shear Tab Weld Figure 5.77 W1 in North Gusset-to-Beam Weld

Also at the compressive peak of cycle 23, yieldirag observed in the West flange of the West Column

at the South connection. This yielding, classifisderformace state Y1, is shown in Figure 5.78.

Vertical
Yield Lines

[ ———

Figure 5.78 West Flange, West Column - Y1

At the tensile peak of cycle 24, the second cycthia displacement level (1.31% drift), a largaaic
appeared in the middle of the North gusset-to-stedmweld. This crack was 4 inches in length,
immediately putting the North gusset-to-shear tekhin performance state W3. This crack is pictuned
Figure 5.79. A second weld crack developed at thelSend of the North beam-to-shear tab weld. This
crack was 1.5 inches in length, bringing the Nbehm-to-shear tab weld into performance state W2, a
shown in Figure 5.80. Also, new weld tear was alsgerved in the South connection. A 1 inch tear
developed at the South end of the South beam-taxshk weld, classified as W1 and shown in Figure
5.81.
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Figure 5.79 W3 in North Gusset-to-Shear Tab Figure 5.80 New Tear in North Beam-to-Shear Tab
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Figure 5.81 W1 in South Beam-to-Shear Tab Weld

At the compressive peak of cycle 24 (-1.63% dridftyplete fracture of the North gusset-to-shear tab
weld occurred, as shown in Figure 5.82. As a reaxtthis fracture, the North shear tab curled doartv
significantly along the length of the North bearsstear tab weld, shown in Figure 5.83. This fraztur

did not substantially affect the lateral load catyaaf the system in compression, as shown in Egur
5.58.
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Figure 5.82 Fracture of North Gusset-to-Shear Tal-igure 5.83 Downward Bending of N Shear Tab
Weld

Prior to reaching the tensile peak of cycle 25 Noeth beam-to-shear tab weld fractured completely,
ending the test. The fracture of the North bearskear tab weld is shown in Figure 5.84. The weld
fracture also caused the fracture of both erediats in the NE shear tab. The North beam was gulle
downward by the brace, causing the North flangdh@beam to bear against the North shear tab, as
shown in Figure 5.85. The point of fracture on Itheed-drift history is shown in Figure 5.58.

'“."F b R
. SO -|||I|I|I|-ILJ:"'""H"I" W = -

Figure 5.84 Complete Fracture of the North SheéarWald
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Figure 5.85 North Beam Bearing on North Shear Tab

A 2 inch weld crack also formed at the East enthefNorth gusset-to-beam weld, classified as
performance state W1. The crack is shown afterdrdimassembly in Figure 5.86. Both the north and

South gusset plate had slightly increased yieldimaying both plates to performance state Y3. The
gusset plates are shown in Figure 5.87 and Figd& 5

Figure 5.86 W1 in North Gusset-to-Beam Weld (Afésassembly)
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Figure 5.87 North Gusset Plate - Y3 Figure 5.88 South Gusset Plate - Y3

5.7.4 Test Summary

NCBF1-R2 achieved a total drift range of 3.34%,chhtonstitutes a substantial improvement over the
performance of NCBF1. The brace did not bucklellgaa tear, and survived to much higher drift lesve
than the non-compact brace used in NCBF1. Howd&@BF1-R2 suffered a rapid connection failure,
which resulted in complete fracture of the conrechbetween the brace/beam and the column in just tw
cycles after crack initiation. The nature of thasidre, which disconnects the beam from the colusn,
disconcerting because of its implications for stucel performance.

This connection failed by a different, and lessrdéte series of weld fractures than NCBF1-R1. Ehes
connections were almost identical to one anothbighvhighlights the level of uncertainty associated
with the performance of deficient and non-notclhgtowelds. Brace end rotation appeared to put
substantial demands on the connection, as wasfeevesith NCBF1-R1. Improving the brace
performance and drift range came at the cost eéadesirable failure mode.

It is somewhat surprising that the shear tab wailéd first in NCBF1-R2, as the DCR for the gusset
plate-to-beam weld was significantly larger. Otlmit states with DCRs greater than 1, including ne
section fracture and gusset plate and brace bloe&rsdid not occur, indicating that high DCRstfase
limit states may not be as large of a concern.gusset plates yielded extensively, as expectechghe
high DCR for Whitmore yielding. However, this yigld does not appear to have adversely affected the
system performance, although it is possible thgi Birain concentrations caused initiation of weld
tearing.
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5.8 NCBF1-R3

5.8.1 Specimen Overview

Specimen NCBF1-R3 investigates an in-plane buckiegpfit to potentially reduce the out-of-plane
deformation demands on the NCBF1 connection. SpgsmMICBF1-R1 and NCBF1-R2 demonstrated
that replacing the non-compact brace with a compaetsignificantly increased the drift capacityt o
system. However, these retrofits caused higher daroancentration in the connections, resulting in
sudden and undesirable failures. Weld tearingemgiisset-beam weld and the gusset-shear tab weld
propagated and led to failure in both tests. Iteaped likely that the end rotation of the bracerdyr
buckling was contributing to the demands that cdwseld tearing. An in-plane buckling retrofit could
reduce these rotational demands, potentially ptioigthe connection welds without requiring

replacement of the gusset plate.

NCBF1-R3 used the same brace, HSS5x5x3/8 as spexiNeBF1-R1 and NCBF1-R2. Two knife
plates were installed perpendicular to the gudstét pnd parallel to the brace axis to increasédthee
effective length for in-plane buckling while decsewy the effective length for out-of-plane bucklirg

shown in Figure 5.89. A photograph of the connecigoshown in Figure 5.90.
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Figure 5.90 NCBF1-R3 Connection
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Table 5.8.1.1 shows the changes in DCRs from NOGBRCBF1-R3. As with previous retrofits, brace
local slenderness was decreased substantiallyDUfefor brace net section decreased modestly,
because while a more compact brace was used,ax Eag was required for the thick knife plate, &mel
effects of these changes essentially offset. Bgradihg the knife plate far into the connection, gheset
plate DCRs were kept essentially the same. Therwdné width remained essentially the same, as @id th
area resisting block shear. Limit states not aasediwith the brace-to-gusset plate connection were

unchanged, as with the previous retrofits.

NCBF1-R3 had lower DCRs for gusset plate limitedghan NCBF1-R2, so less yielding was expected
in the gusset plates. The DCRs for the welds weohanged, but it was expected that reducing the

rotational demands would be sufficient to overcdhsse deficiencies.
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Table 5.12 DCRs for NCBF1-R3

Limit State NCBF1 NCBF1-R3
Brace Net Section 126 191
Fracture

Brace-Gusset Plate Weld 0.92 0.92
Fracture

Brace Block Shear 1.14 0.76
Gusset Plate Block Shear 1.16 1.22
G.ussgt Plate Whitmore 133 128
Yielding

Gusset Plate Buckling 0.74 0.70
G.ussgt Plate Shear 116 116
Yielding at Beam

Beam-Gusset Weld 1.55 155
Fracture

Shear Tab to

Gusset/Beam Weld 1.08 1.08
Fracture

Shear Tab to Column

Weld Fracture 0.65 0.65
Brace Local Slenderness 2.04 0.85
Knife Plate Yielding /l/ 1.04

During early cycles of the test, it was discovetteat the brace was buckling out-of-plane downward.
Limited clearance between the frame and the flamuld/not permit completion of the test, so a suppor
with a friction reducing interface was placed unter mid-span of the brace, as shown in Figure.5.91
The specimen had sustained negligible damage tapoiitat, so the test was restarted with the support

place.
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Figure 5.91 NCBF1-R3 Brace Support

The brace for NCBF1-R3 buckled both in-plane andodyplane. Weld tearing in the North gusset-to-
beam weld and the North shear tab weld initiatati@tNorth end of the knife plate. These tears
propagated, resulting in fracture of the gussdigam weld and the beam-to-shear tab weld. The tatte
these fractures disconnected the beam from theneglanding the test. The load-drift response hystor
for NCBF1-R3 is given in Figure 5.92.

NCBF1-R3 Load-Drift Response
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Figure 5.92 NCBF1-R3 Load-Drift Response History
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5.8.2 Perfor mance State Summary

Table 5.13 and Table 5.14 show the progressiopesformance states during the test for the Nortd a
South gusset plate connections, respectively. Takk shows the progression of performance states
during the test for the brace, beams, and coluifims positive drift, negative drift, drift rangedacycle
number are given in each table. Whitewash was eghpti NCBF1-R3, so observations of yielding are

included in the performance state tables.
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Table 5.13 North Connection Performance States

Drift % North Plates North Welds
Gusset Knife | Gusset to | Gussetto| Beamto ShearTab
Cycle # Total Neg. Pos. Shear Tab to
Plate Plate Beam [Shear Tab|Shear Tab
Column
1 0.07| -0.03 0.04
2 0.07| -0.03 0.04
3 0.10] -0.04 0.06
4 0.11] -0.04 0.07
5 0.17| -0.07 0.10
6 0.17| -0.07 0.10
7 0.23| -0.09 0.13
8 0.23| -0.09 0.13
9 0.28| -0.11 0.17
10 0.29] -0.12 0.17
11 0.35| -0.14 0.21 Y1
12 0.35| -0.13 0.20
13 0.38| -0.17 0.21
14 0.39| -0.17 0.21
15 0.42| -0.20 0.22 Y1
16 0.43| -0.21 0.22
17 0.63| -0.40 0.23 Y2
18 0.88| -0.55 0.33
19 1.20| -0.82 0.38
20 1.23| -0.83 0.40
21 1.90| -1.27 0.63
22 2.11( -1.39 0.72
23 2.61| -1.84 0.78
24 2.68[ -1.86 0.82
25 3.06[ -2.05 1.02
26 3.06| -1.76 1.02
27 3.06 /// 0.92
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Table 5.14 South Connection Performance States

Drift % South Plates South Welds
Gusset Knife | Gusset to | Gussetto| Beamto ShearTab
Cycle # Total Neg. Pos. Shear Tab to
Plate Plate Beam [Shear Tab|Shear Tab
Column
1 0.07| -0.03 0.04
2 0.07| -0.03 0.04
3 0.10] -0.04 0.06
4 0.11] -0.04 0.07
5 0.17| -0.07 0.10
6 0.17| -0.07 0.10
7 0.23| -0.09 0.13
8 0.23| -0.09 0.13
9 0.28| -0.11 0.17
10 0.29] -0.12 0.17
11 0.35| -0.14 0.21 Y1 Y1
12 0.35| -0.13 0.20
13 0.38| -0.17 0.21
14 0.39| -0.17 0.21
15 0.42| -0.20 0.22 Y2
16 0.43| -0.21 0.22
17 0.63| -0.40 0.23 Y2
18 0.88| -0.55 0.33
19 1.20| -0.82 0.38
20 1.23| -0.83 0.40
21 1.90| -1.27 0.63
22 2.11( -1.39 0.72
23 2.61| -1.84 0.78 W2
24 2.68[ -1.86 0.82
25 3.06[ -2.05 1.02
26 3.06| -1.76 1.02 w1 W1
27 3.06 /// 0.92
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Table 5.15 Frame Performance States

Drift % Frame
West East North South
Cycle # Total Neg. Pos. Brace
Column | Column Beam Beam
1 0.07| -0.03 0.04
2 0.07| -0.03 0.04
3 0.10| -0.04 0.06
4 0.11| -0.04 0.07
5 0.17| -0.07 0.10
6 0.171 -0.07 0.10
7 0.23| -0.09 0.13
8 0.23| -0.09 0.13
9 0.28| -0.11 0.17
10 0.29| -0.12 0.17
11 0.35| -0.14 0.21
12 0.35| -0.13 0.20
13 0.38| -0.17 0.21
14 0.39| -0.17 0.21
15 0.42| -0.20 0.22
16 0.43| -0.21 0.22
17 0.63| -0.40 0.23 B1
18 0.88| -0.55 0.33
19 1.20f -0.82 0.38 B2 Y1
20 1.23| -0.83 0.40
21 1.90f -1.27 0.63 Y1
22 2.11| -1.39 0.72
23 2.61| -1.84 0.78 Y1
24 2.68| -1.86 0.82
25 3.06| -2.05 1.02 Y2
26 3.06| -1.76 1.02
27 3.06] /1 0.92 Bl

5.8.3 Test Narrative
During the first 10 cycles of the test, up to 0.2@#al drift range, the frame behaved elasticahd no

damage to components was observed.

At the tensile peak of cycle 11 (+0.21% drift),Igiéines were observed in the South shear tab atid b

gusset plates, classified as performance stat&glire 5.93 and Figure 5.94 show yielding of thetho
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and South gusset plates. Figure 5.95 shows yieldfitige South shear tab, which was concentrated

around the end of the knife plate.

Figure 5.93 North Gusset Plate - Y1 Figure 5.94 South Gusset Plate - Y1

Figure 5.95 South Shear Tab - Y1

At the tensile peak of cycle 15 (+0.22% drift), terth shear tab entered performance state Y1 with
emergence of yield lines around the end of theekplifite, shown in Figure 5.96. The south shear tab

yielded along most of its length, transitioningogrformance state Y2, as shown in Figure 5.97.
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Figure 5.97 South Shear Tab - Y2

At the compressive peak of cycle 17 (-0.40% driftg brace buckled suddenly in-plane to the South,
entering performance state B1 and causing a sigmifidrop in compressive resistance, as shown in
Figure 5.92. This sudden buckling likely occurregk do the restraint at the brace midspan, which may
have restricted in-plane movement via friction uthig resistance was suddenly overcome as slip
occurred. The brace buckled shape is shown in €i§Lg8. As a result of the buckling, both knifetpsa
yielded substantially in the clear region betwdentirace and the gusset plate on the South sidkling

in the North and South plates, shown in Figure 2189 Figure 5.100, was characterized as performance
state Y2. The brace buckling also resulted intestsuntial loss of compressive lateral load reststaas

shown in Figure 5.92.

147



Figure 5.98 Brace In-Plane Buckling - B1

Figure 5.99 North Knife Plate - Y2 Figure 5.100 South Knife Plate - Y2

At the tensile peak of cycle 19 (+0.38% drift), ®euth shear tab was yielded over the majoritysof i
area, indicating performance state Y3. The Soufisefuplate also had increased yielding, transigpto
performance state Y2. Yielding in the South conimeds shown in Figure 5.101. The North gusseteplat
also had increased yielding, categorized as pedooa state Y2, as shown in Figure 5.102. At thistpo
the slope of the load-drift behavior of the framedansion decreased substantially, indicating eskéen
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yielding. The observed yielding in the shear talb gusst plates likely contributed to this, as the

expected tensile strength of the gusset plate ovasrithan that of the brace.

Also, initial yielding was observed in the Westiige of the West column at the North connectionsThi

yielding was classified as performance state Yd,iashown in Figure 5.103.

o SR -
Figure 5.101 South Shear Tab - Y3 and South Figure 5.102 North Gusset Plate - Y2
Gusset Plate - Y2

Yield Lines

Figure 5.103 West Column West Flange - Y1
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At the compressive peak of cycle -0.82% drift), brace irplane buckling increased to performal
state B2, as shown in Figure 5.1@dter the initial sudden buckling, the compresgigsistance of th
system remaed relatively stable as displacement increasedhawn irFigure 5.92 This is consister
with the behavior of the compact brace sectiond irs@lCBF}-R1 and NCBF1-R2As a result of th
increased buckling, both knife plates transitiotedeformance state Y3, with yieldinover almost th
entire region between the gusset plate and thebwaelding of the North and South knife plate
shown in Figure 5.105 and Figusel 06.Although the knife plates were designed to careyftHl tensile
capacity of the brace without yielding, the rotatibdemands due to brace buckling still causedesite
yielding.

Figure 5.104 Brace Buckling - B2
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Figure 5.105 North Knife Plate - Y3 Figure 5.106 South Knife Plate - Y3

At the tensile peak of cycle 21 (+0.63% drift),lgiag in the North connection increased substdtial
The gusset plate and shear tab transitioned tonpeshce state Y3, as shown in Figure 5.107. This
increased yielding corresponded to the peak telugbkresisted by the frame. After this point, the

extensive connection damage caused a gradual wieglkafithe system in tension.

Additionally, initial yielding was observed in tidorth beam at the end of the load beam. This yigldi
classified as performance state Y1, is shown imif€idp.108.

Figure 5.107 North Gusset Plate and Shear Tab - Y3
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Figure 5.108 North Flange, North Beam - Y1

At the compressive peak of cycle 21 (-1.27% drifi® brace began to buckle upward out-of-plane, in
addition to the in-plane buckling. At this cyclbetin-plane deformation was four times as largias
out-of plane deformation at the midspan. The upviaickling of the brace is shown in Figure 5.109. As
a result of this upward buckling, upward bendingwhserved in both gusset plates. Bending of the
North and South gusset plates is shown in Figuré®and Figure 5.111.

Figure 5.110 Upward Bending of N Gusset Plate Figure 5.111 Upward Bending of S Gusset Plate
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At the tensile peak of cycle 22, the second cycthia displacement level (+0.72% drift), both getss
plates hinged downward slightly at the edge ofstinear tab. The shear tabs retained some upwaiaf-out-
plane rotation from the brace out-of-plane bucklimgd the gusset plate folded downward to
accommaodate the straightening of the brace. Thdibgmf the North gusset plate is shown in Figure
5.112.

Figure 5.112 North Gusset Plate Downward Bendirtghetar Tab

At the tensile peak of cycle 23 (+0.78% drift),Igliag in the South gusset plate increased to pexdioce
state Y3, as shown in Figure 5.113. Additionalhe South shear tab was almost completely yielded at
this drift level. Also, two weld cracks were obsenlv 3 inch long weld cracks formed in both gussetAb
welds on the underside at the face of the colurhies@& cracks, classified as performance state W2, ar
shown in Figure 5.114 and Figure 5.115 for the Nartd South connections, respectively.Damage sf thi

type was not observed in the first three specimem#, may have resulted from the knife plate ffitro
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Weld Crack|

Figure 5.114 W2 in North Gusset-to-Beam Weld Figure 5.115 W2 in South Gusset-to-Beam Weld
(Underside) (Underside)

At the compressive peak of cycle 23 (-1.84% drifiy combined in-plane and out-of-plane deformation
classified the brace in performance state B3. fifdane and out-of-plane deformations were roughly

equal at this cycle. Figure 5.116 shows the inglamckling, and Figure 5.117 shows the out-of-plane
buckling.
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Also at the compressive peak of cycle, additional frame damage was observed at sevarafibns. The
East flange of the East column at the North conoe&ntered performance state Y1, as shovFigure
5.118 The West Column, West Flange at the south coiomeatso entered performance state Y1, sh
in Figure 5.119Upward bending of the web of the North beam waseoved at the North shear tab
shown in Figure 5.120rhe North erection bolt fastening the beam wethéoshear tab effective
clamped the two components, causing the beam welirtapward in conjunction with the downwe
bending of the shear tab, which is showFigure 5.121.

LA

Figure 5.118cattered Yielding in East Colun-  Figure 5.119nitial Yielding in West Columr- Y1
Y1
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Figure 5.120 Upward Bending of N Beam Web Figure 5.121 Downward Bending of N Shear Tab

At the tensile peak of cycle 25, (+1.02% driftgrack formed in the North beam-to-shear tab weltiet
end of the knife plate. The crack was 4" in lengthssified as performance state W2. At the erntef
knife plate, the weld crack propagated West 1/8) the shear tab. This damage is shown in Figure

5.122. This supports the concept that damage mageatrate around the end of the knife plate.

Figure 5.122 North Beam-to-Shear Tab Weld - W2 dath Shear Tab - MT

At the compressive peak of cycle 25 (-2.05% drét} inch weld crack formed at the West end of the
North gusset-to-beam weld. This crack, classifegeformance state W3, is shown in Figure 5.123.
This crack was unusual in that it covered a lamgygign of the weld length immediately after initaat,
whereas previous specimens initially had more gabd@ck growth. Also, yielding increased in thedtVe

Flange of the West column at the South conneclibe.new yielding, classified as W2, is shown in
Figure 5.124.
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Figure 5.124 Yielding of West Column

At the tensile peak of cycle 26, the second cytthia displacement level (+1.02% drift), the North
gusset plate began to exhibit torsional deformatfldre plate was twisting about the axis of the érac
Figure 5.125 and Figure 5.126 show the bending@fouth and West edges of the gusset plate,
respectively. This deformation was due to the comtbiin-plane and out of plane buckling of the byrace
which caused it to twist slightly as it deformed.

Figure 5.125 Upward Bending of N Beam Web Figure 5.126 Downward Bending of N Shear Tab

Also at the tensile peak of cycle 26, two weld ksawere observed in the South connection. A 1 teah

in the North gusset-to-shear tab weld at the Newith classified as performance state W1, is shawn i
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Figure 5.127. A 1 inch tear in the South beam-teashab weld at the end of the knife plate, clasbifis
performance state W1, is shown in Figure 5.128.

Weld Crack

Figure 5.127 W-SGS - W1 Flgure 5.128 W-SBS - W1

At the compressive peak of cycle 26 (-1.76% driéiaring in the North gusset-to-beam weld increased
the point where only 1/2 an inch of intact weld aémed. This is shown in Figure 5.129. A new weklrte
also initiated in the South gusset-to-beam welti@East end. The 1 inch tear, which did not chahge
performance state of the weld, is shown in FiguiS®.

Figure 5.129 Increased Tearing in North Gusset-toFigure 5.130 New Tear in South Gusset-to-Beam
Beam Weld Weld

At the tensile peak of cycle 27 (0.92% drift), therth gusset-to-beam weld fractured completely, as
shown in Figure 5.131. As a result of this fracttearing in the North beam-to-shear tab weld iaseel
substantially, transitioning to performance statg, A6 shown in Figure 5.132. In conjunction witis th
tear, the North shear tab bent downward more sfvigr the beam region, shown in Figure 5.133. The
weld fracture caused a substantial loss of temailistance in the frame, shown in Figure 5.92.
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Figure 5.132 W3 in North Beam-to-Shear Tab Figure 5.133 Downward Bending of N Shear Tab
Weld

A large weld tear also formed in the North gussedtiear tab weld, starting at the end of the kpidge
and propagating South. This tear was also cladssigeW3, as shown in Figure 5.134. The metal tgarin
in the North shear tab at the end of the knifegpédso intensified significantly. The tear propaga$outh

2 inches and was 1/2 an inch wide, as shown inr€igul35. No new damage was observed in the South
connection.
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Tearing

Figure 5.134 W3 in North Gusset-to-Shear Tab  Figure 5.135 Increased MT of North Shear Tab
Weld

Prior to reaching the compressive peak of cyclec@implete fracture of the North beam-to-shear tab

weld occurred, ending the test, as shown in Fi§uta6.

Figure 5.136 Fracture of North Beam-to-Shear TaldWe

As a result of this fracture, the tearing of thetN@hear tab propagated and joined with the tettra
North gusset-to-shear tab weld, as shown in Fi§uk87. A small portion of the North gusset-to-shear
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tab weld at the South end was intact. The Northtiere bolt in the North connection had a pullouilufiee

in the beam web as a result of the weld fractuhés 16 shown in Figure 5.138.

Figure 5.138 Erection Bolt Pullout from North Be&vieb

The South connection did not sustain a signifitacitease in damage during this cycle. The findkestd

the South connection is shown in Figure 5.139.
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Figure 5.139 Final Damage to South Connection

5.8.4 Test Summary

NCBF1-R3 was not successful at protecting the cctimewelds from damage. Although the frame was
able to sustain large drifts relative to NCBF1, titémate failure mode for the frame was the fraetof
the beam to column weld, which is a highly undddédailure in a structure. The brace did not backl
purely in-plane, and the out of plane deformatimay have contributed to the deterioration of thetiNo
connection. As this specimen and previous specidenmonstrated, welds without notch toughness
requirements are vulnerable to unstable crack drawer a relatively small number of cycles.
Additionally, yielding in the connections was exdem despite the reduction in DCR for Whitmore
yielding achieved with a longer knife plate. Extgasyielding in the connection may reduce the klter
load that can be carried by the frame. The longéelplate may also have caused concentration of
damage, as weld tears in the gusset-to-beam aad tstirewelds initiated at the North end of the &nif
plate. As the lengthening of the knife plate did mevent out-of-plane buckling or reduce damagé¢o
connection, it appears that it was not an effealiesign.

This test also demonstrated that a higher effettingth factor for out-of-plane buckling is necegdar
this connection, which is very flexible to out-d&pe deformations. The gusset plate and shear¢ab a
thin (3/8 inch), which makes the connection mdegible and thus reduces the brace end fixity.
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5.9 NCBF1-R4

5.9.1 Specimen Overview

NCBF1-R4 was a retrofit of NCBF1 that used an iang buckling brace with the goal of protecting the
welds by reducing the rotational demands on th@ection. In plane buckling was achieved using a
knife plate connection, pictured in Figure 5.14CB¥1-R3 also utilized a knife plate retrofit, bt i

brace buckled significantly out-of-plane in additim in plane. In order to reduce the extent ofafut
plane buckling for NCBF1-R4, an HSS6x4x3/8 brace wsed in place of the HSS5x5x3/8 brace used for
NCBF1-R3. Additionally, concentration of weld damagyound the end of the knife plates in NCBF1-R3
raised concerns that the knife plate might be catnatng strains at its end. To address this isaue,
shorter knife plate was used in NCBF1-R3. Rathan xtending the knife plate back to the shearaab,
considerably shorter 10 inch gusset to knife pdatece length was used. Figure 5.140 shows a ddtail
the connection for NCBF1-R4.

— WH12X72

PL 2%6"X3"%3/8" 10" HEstade 38

3 Knife Plate

7116
PL 3/8"
516

1'-2g"

oltn

5.
2.5% 7[ =
wl L

Figure 5.140 NCBF1-R4 Connection Detalil
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Figure 5.141 NCBF1-R4 Undamaged North Connection
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Table 5.16 shows the DCRs for NCBF1-R4. Shortettiegknife plate caused very high DCRs for gusset
plate Whitmore yielding and gusset plate block shEese values were sufficiently large to raise
concerns over a possible gusset plate failure. Mewy¢his was seen as a viable option to attempt to
protect the deficienct welds in the connection. fdeangular HSS had a slightly higher local sleness
than the square HSS used for other the othe rstrofit it was still much lower than for NCBF1. The
other DCRs for the connection either remained #mesor changed marginally.

Table 5.16 NCBF1-R4 Connection DCRs

Limit State NCBF1 NCBF1-R4
Brace Net Section 126 116
Fracture

Brace-Gusset Plate Weld 0.92 0.92
Fracture

Brace Block Shear 1.14 0.76
Gusset Plate Block Shear 1.16 1.78
G.ussgt Plate Whitmore 133 1.89
Yielding

Gusset Plate Buckling 0.74 1.03
G.ussgt Plate Shear 116 116
Yielding at Beam

Beam-Gusset Weld 155 155
Fracture

Shear Tab to

Gusset/Beam Weld 1.08 1.08
Fracture

Shear Tab to Column

Weld Fracture 0.65 0.65
Brace Local Slenderness 2.04 1.07
Knife Plate Yielding /// 1.04

Figure 5.142 shows the load-drift history for NCBIR4.The brace for NCBF1-R4 buckled almost purely
in plane. At 1.26% drift in tension, the North betorshear tab and North gusset-to-shear tab welds
fractured suddenly, resulting in complete discotinacf the North beam and the brace from the East

column. This event forced the conclusion of thé tes
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NCBF1—-R4 Load-Drift Response
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Figure 5.142 NCBF1-R4 Load-Drift Response History

5.9.2 Perfor mance State Summary

Table 5.17 and Table 5.18 show the progressiopesformance states during the test for the Nontd a
South gusset plate connections, respectively. Tathe shows the progression of performance states
during the test for the brace, beams, and coluifims positive drift, negative drift, drift rangedacycle

number are given in each table. Whitewash was eghpli NCBF1-R4, so observations of yielding are

included in the performance state tables.
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Table 5.17 North Connection Performance States

Drift % North Plates North Welds
. Beamto| Shear
Gusset | Shear [ Knife | Gusset | Gusset to
Cycle # |Total| Neg. | Pos. Shear | Tabto
Plate | Tab | Plate |to Beam| Shear Tab
Tab | Column
1 0.07 | -0.04 | 0.03
2 0.07 | -0.04 | 0.03
3 0.15| -0.08 | 0.07
4 0.15 | -0.08 | 0.07
5 0.23| -0.12 | 0.11
6 0.23| -0.12 | 0.11
7 0.33 | -0.16 | 0.17 Y1
8 0.33 | -0.16 | 0.17
9 0.44| -0.23 | 0.21 Y1
10 0.44 | -0.23 | 0.20
11 0.57| -0.32 | 0.25 Y1
12 0.57| -0.32 | 0.24
13 0.74| -0.43 | 0.31
14 0.74| -0.43 | 0.31
15 0.91| -0.52 | 0.39
16 0.91| -0.52 | 0.37
17 1.23| -0.71 | 0.52
18 1.23] -0.72 | 0.49
19 1.57| -0.92 | 0.65
20 1.58 | -0.95 | 0.63
21 2.33| -1.42 | 0.91
22 2.33| -1.46 | 0.84
23 2.72 | ///1]] | 1.26
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Table 5.18 South Connection Performance States

Drift % South Plates South Welds
. Beamto| Shear
Gusset | Shear | Knife | Gussetto |Gussetto
Cycle# | Total | Neg. | Pos. Shear | Tabto
Plate Tab Plate Beam |[Shear Tab
Tab |Column
1 0.07 | -0.04 | 0.03
2 0.07 | -0.04 | 0.03
3 0.15 | -0.08 | 0.07
4 0.15 | -0.08 | 0.07
5 0.23 | -0.12 | 0.11
6 0.23 | -0.12 | 0.11
7 0.33 | -0.16 | 0.17
8 0.33 | -0.16 | 0.17
9 0.44 | -0.23 | 0.21 Y1
10 0.44 | -0.23 | 0.20
11 0.57 | -0.32 | 0.25 Y1
12 0.57 | -0.32 | 0.24
13 0.74 | -0.43 | 0.31
14 0.74 | -0.43 | 0.31
15 0.91 | -0.52 | 0.39 Y2
16 0.91 | -0.52 | 0.37
17 1.23 | -0.71 | 0.52 Y2
18 1.23 | -0.72 | 0.49
19 1.57 | -0.92 | 0.65
20 1.58 | -0.95 | 0.63 Y1
21 2.33 | -1.42 | 0.91
22 2.33 | -1.46 | 0.84
23 2.72 | ////]]| 1.26
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Table 5.19 Frame Performance States

Drift % Frame
West East | North| South
Cycle# | Total [ Neg. | Pos. |Brace
Column| Column | Beam | Beam

1 0.07 | -0.04 | 0.03

2 0.07 | -0.04 | 0.03

3 0.15 | -0.08 | 0.07

4 0.15 | -0.08 | 0.07

5 0.23 | -0.12 | 0.11

6 0.23 | -0.12 | 0.11

7 0.33 | -0.16 | 0.17

8 0.33 | -0.16 | 0.17

9 0.44 | -0.23 | 0.21

10 0.44 | -0.23 | 0.20

11 0.57 | -0.32 | 0.25 B1

12 0.57 | -0.32 | 0.24

13 0.74 | -0.43 | 0.31

14 0.74 | -0.43 | 0.31

15 0.91 | -0.52 | 0.39 B2 Y1

16 0.91 | -0.52 | 0.37

17 1.23 | -0.71 | 0.52

18 1.23 | -0.72 | 0.49

19 1.57 | -0.92 | 0.65

20 1.58 | -0.95 | 0.63

21 2.33 | -1.42 | 0.91

22 2.33 | -1.46 | 0.84

23 2.72 | ////]] | 1.26

5.9.3 Pre-Test Observations

NCBF1-R4 reused the columns from NCBF1-R3 becausghad sustained minimal damage in the
previous test. The columns were flipped so thawtélels from the previous test were on the outsaded
of the columns. The West column had moderate yigldt the South connection in the West flange and
the web, shown in Figure 5.143 and Figure 5.14&peetively. The East column had initial yielding at

the North connection on the East flange, showriguré 5.145.
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Figure 5.143 Existing Damage to West Column Figure 5.144 Existing Damage to West Column
Flange Web

Figure 5.145 Existing Damage to East Column Eastde

5.9.4 Test Narrative

No damage was observed in the first 6 test cyales$o a total drift range of 0.23%.

At the tensile peak of cycle 7 (+0.17% drift), iaityield lines appeared in the North gusset pietellel
to the knife plate, resulting in performance stéiefor the gusset plate. These lines are showrigarg
5.146.

170



Figure 5.146 Y1- Initial Yielding in North Gusselbie

At the tensile peak of cycle 9 (+0.21% drift). RPenfiance state Y1 was observed in the North shbear ta
and the South gusset plate, shown in Figure 5.hdFaure 5.148, respectively.
YiId Lines

P in Shear Ta

%

Yield Lines ‘_,,g--
Surrounding e
Knife Plate

Figure 5.148 South Gusset Plate - Y1 (Underside)
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At the compressive peak of cycle 11 (-0.32% drifi® brace behavior progressed to performance state
B1 with the first visible in-plane buckling towatide South, shown in Figure 5.149. The brace bugklin

corresponded to a peak in compressive frame rasistas shown in Figure 5.142. Concurrent with this
buckling, performance state Y1 was observed orstheh side of both the North and South knife plates

as shown in Figure 5.150 and Figure 5.151, resggtiNo yielding was observed on the oppositegace
of the plates.

Figure 5.150 North Knife Plate, South Side - Y1 Figure 5.151 South Knife Plate, South Side - Y1

At the compressive peak of cycle 13 (-0.43% drift® North knife plate transitioned from performanc
state Y1 to Y3 due to a substantial increase ildiyig, shown in Figure 5.152. The South knife plate

remained in performance state Y1. Also, downwaittbey of both gusset plates was observed. This
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bending resulted from mild downward out-of-planflettion of the brace. The bending of the South

gusset is shown in Figure 5.153, and the bendinlgeoNorth gusset is shown in Figure 5.154.

Figure 5.153 Downward Bending of S Gusset Plakégure 5.154 Downward Bending of N Gusset Plate

At the tensile peak of cycle 15 (+0.39% drift), ngeiding was observed in the West flange of thesiVe
Column at the South connection, shown in Figur&%. At this point, slope of the load-drift behavior
tension decreased substantially, indicating theltding was occurring, as shown in Figure 5.142. &oin
this was likely due to yielding in the connectioniich increased substantially in subsequent cydlies

brace yielding may also have contributed, but it wat directly observable.
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Figure 5.155 West Column, West Flange - Y1

At the compressive peak of cycle 15 (-0.52% drift brace entered performance state B2. Buckling
continued to be primarily in-plane to the Southslswn in Figure 5.156.As a result of the increased
buckling, the South knife plate entered performastaée Y2, shown in Figure 5.157. The increase in
buckling corresponded with a slight decrease inmressive lateral load capacity, though much leas th

NCBF1, as shown in Figure 5.142. As with previopscsmens, the compact brace maintained a large
portion of its compressive strength as bucklinggpessed.

Figure 5.156 Brace In-Plane Buckling - B2
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Figure 5.157 South Knife Plate, South Side - Y2

At the tensile peak of cycle 17 (+0.52% drift), ibgusset plates transitioned into performance $tate

Yielding was more widespread in the North gusdeiyws in Figure 5.158, than in the South gussetplat
shown in Figure 5.159.

Figure 5.158 North Gusset Plate - Y2 Figure 5.159 South Gusset Plate - Y2

At the tensile peak of cycle 19 (+0.65 drift), thevas a significant increase in damage in the North
connection. The North gusset plate entered perfocmatate Y3, with a large portion of the plate
completely clear of whitewash. The North sheardiatered performance Y2 at the same time. This
yielding is shown in Figure 5.160. The extensivading in the connections was indicative of thehhig
DCRs for gusset plate Whitmore yielding and blolo&as.
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Figure 5.160 North Gusset Plate Y3 and North StabarY2

At the compressive peak of cycle 19 (-0.92%), dinifreased downward bending of both gusset plates
was observed. This bending resulted from a sliggrieiase in downward out-of-plane buckling of the
brace, which was at this point 2 inches at thedraid-span. The North and South gusset plates are

shown in Figure 5.161 and Figure 5.162, respegtivel

Figure 5.161 North Gusset Plate Bending Figure 5.162 South Gusset Plate Bending

At the tensile leak of cycle 20, the second cytlinig displacement level (+0.63% drift), the Sosltiear
tab entered performance state Y1, as shown in &igui63.
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Figure 5.163 South Shear Tab - Y1

At the tensile peak of cycle 21 (+0.91% drift), aelévcrack was observed in the underside of themNort
gusset-to-beam weld at the east end. The tear wah In length, categorized as performance state W

as shown in Figure 5.164. This tear was similde#ws observed in NCBF1-R3, indicating that teasaihg
this location may result from the knife plate réitrgeometry.

Figure 5.164 W1 in North Gusset-to-Beam Weld

At the compressive peak of cycle 21 (-1.42% drift¥ in-plane buckling of the brace transitioned to

performance state B3, as shown in Figure 5.16% Assult of this buckling, yielding increased intbo

177



knife plates. Yielding in the North knife platessown in Figure 5.166. Yielding in the south krpfate,
which progressed to performance state Y3, is shovigure 5.167. Additionally, the in-plane rotati
of the North and South knife plates are shown gufgé 5.168 and Figure 5.169, respectively. As

mentioned for NCBF1-R3, the knife plates yieldetkagively due to the rotational demands from in-

plane buckling, despite being designed to resestult tensile capacity of the brace.

o

Figure 5.166 North Knife Plate - Y3 Figure 5.167 South Knife Plate - Y3
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Figure 5.168 North Knife Plate Bending

At the tensile peak of cycle 23 (+1.26% drift), therth beam-to-shear tab weld and the North gusset-
beam weld fractured completely, described as paidoce state WF. This fracture disconnected the
gusset plate and the beam from the East columegtefély ending the test. The weld fracture is shidnv
Figure 5.170. As a result of the weld fracture, Mweth beam pulled South at the North connection,
causing the North flange to bear against the Neirdhar tab, as shown in Figure 5.171. Finally, hepoif
the North gusset-to-beam weld increased to 2 inchkemgth, progressing to performance state W2,

shown in Figure 5.172. No additional damage wagesl in the South connection.

Figure 5.170 Fracture of North Shear Tab Weld
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Figure 5.172 W2 in North Gusset-to-Beam Weld

Test Summary
Specimen NCBF1-R4 achieved a larger drift ranga th@BF1, but it suffered an undesirable failure.
NCBF1-R4 achieved a total drift range of 2.72%,chitis significantly higher than the 1.5% drift rang
achieved in NCBF1. The use of a seismically compeate section for NCBF1-R4 prevented the rapid
brace degradation seen in NCBF1.
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The use of a rectangular brace cross section wassatcessful at promoting in-plane buckling ouer o
of-plane buckling. While NCBF1-R3 buckled equatyand out of plane, NCBF1-R4 buckled almost
exclusively in-plane. This indicates that the useeotangular HSS rather than square HSS may be

necessary in retrofit schemes to ensure in-plackling.

In-plane buckling was effective at preventing tegrof the gusset-beam welds at the outer endshwhic
were not observed in this test as it had beenégwipus specimens. This supports the concept that th
rotational demands of the brace buckling out-ofipldn addition to the lack of brace end clearandhe
connection, leads to early tearing of these wélidsvever, the in-plane buckling retrofit and the
shortened knife plate were not effective at prangcthe shear tab weld, which fractured suddenthys T
indicates that the rotational demands from theodytttane buckling of the brace are not the primary
contributing factor to the premature fracture af theld. Instead, it appears that lateral drifi isetter
indicator of damage. This rapid fracture also hgjtied, as previous specimens have, the risk afirap
weld failure when electrodes without notch-touglsnesgjuirements are used, as is likely the caskler o
buildings. The rapid loss of lateral resistanceeoled in this system was a result of a high rateaf

propagation in the weld, which led to almost imnagelifailure.

Yielding in the gusset plates and shear tabs wayageas was the case in NCBF1-R3. The substantial
increase in DCRs associated with shortening thie kpdate did not appear to increase damage to the
gusset plates, as no tearing was observed. Thisabed that even very high DCRs for Whitmore yietfdi
may be tolerable. However, it is worth noting thigh strains in the gusset plate may have congibtd

the initiation of tearing in the shear tab weld.

5.10 NCBF1-R5

5.10.1 Specimen Overview

Specimen NCBF1-R5 was designed to address twodseeficiencies of previous tests using retrofit
strategies that are fast and inexpensive to cartsifhe first issue addressed was the brace comgzct
Specimen NCBF1 failed at low drift levels due tad® cupping and fracture. Previous retrofits foduse
on replacement of the brace with a seismically coehprace, which was effective at improving brace
performance. For this specimen, the HSS7x7x1/dewaas instead filled with regular strength, self-
consolidating concrete. The concrete was intendgudvide restraint of the brace cross-sectionresgai
local buckling, thereby increasing the brace duitgbirhe second retrofit measure addressed the

repeated fracture of the shear tab to gusset phatdbeam weld. Attempts to protect this weld using
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plane buckling braces were unsuccessful in NCBFAMRBNCBF1-R4. In this test, the weld was
reinforced using high strength bolts. These baltgptement the capacity of the weld, which is over
capacity by design standards. They also prevertiehding of the shear tab away from gusset plade a
beam, which may have been a contributing facttiheoveld fractures in previously described specinen
These two retrofits are simple and do not requiteresive construction operations. They also addtess

two most critical performance issues of the presispecimens. Figure 5.173 shows a detail of the
connection.

— W12X72
/ o HSS7x7x1/4
PL 2'6"x3"X FILLED WITH
] 5KSI CONCRETE
—372"
® EA SIDE
s ® !
128" [ ——PL3/8
o 5/16
. > /16 /7 W16x45
1 5|l E /
2'.52 T - £
g = T 7
b 5/16
o | 5/16
3/4" DIAMETER
A490 BOLTS
o — /| 5116
L
A
2
1L
2

Figure 5.173 NCBF1-R5 Connection Detall

Table 5.20 shows the DCRs for NCBF1-R5, which asestially the same as for NCBF1 with the
addition of several limit states associated withghear tab bolts. Given the high DCRs for the gfuss
plate limit states, as was the case in previous,tesbstantial yielding in the gusset plates waseted.

Brace net section fracture was not problematia@vipus specimens despite DCRs greater than 1, so i
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was not expected to be a factor here. The bolt D&Pleg/n are assuming no contribution to strengtimfro
the weld, while the DCR for the shear tab weld assino contribution to strength from the bolts.dgra

slenderness did not decrease, as the same bracsedydut the addition of concrete fill was expddb
address this issue.
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Table 5.20 NCBF1-R5 DCRs

Limit State NCBF1 NCBF1-R5
Brace Net Section Fracture 1.26 1.26
Brace-Gusset Plate Weld Fracture 0.92 0.92
Brace Block Shear 1.14 1.14
Gusset Plate Block Shear 1.16 1.16
Gusset Plate Whitmore Yielding 1.33 1.33
Gusset Plate Buckling 0.74 0.74
Gusset Plate Shear Yielding at Beam 1.16 1.16
Beam-Gusset Weld Fracture 1.55 1.55
Shear Tab to Gusset/Beam Weld Fracture 1.08 1.08
Shear Tab to Column Weld Fracture 0.65 0.65
Bolt Shear /// 0.98
Bolt Bearing /// 0.66
Shear Tab Block Shear /// 0.86
Bolt Slip /// 3.07
Brace Local Slenderness 2.04 2.04

The actuator displacement history was modifiechsljgduring the test. The unmaodified displacement
history can be found in Section 5.4. The actuatas stopped prior to the compressive peak of Ggle

which was the final test cycle, because the brac&lbd down in compression and was about to contact
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the testing floor. The frame was then loaded ¢otéimsion peak of cycle 30, at which point braaetfire

occurred.

NCBF1-R5 had a partial failure that led to a lostaieral load resistance when the NE gusset tmbea
weld fractured at 1.8% drift in compression. Theadmen had a complete failure with the fracturéhef
brace at the center at 2.1% drift in tension. Fguid 74 shows the load-drift response history ef th

frame.

NCBF1—-R5 Load-Drift Response
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Figure 5.174 NCBF1-R5 Load-Drift Response History

5.10.2 Performance State Summary

Table 5.21 and Table 5.22 show the progressiopesformance states during the test for the Nontd a
South gusset plate connections, respectively. TaBl& shows the progression of performance states
during the test for the brace, beams, and coluifims positive drift, negative drift, drift rangedacycle

number are given in each table. Whitewash was eghpti NCBF1-R4, so observations of yielding are

included in the performance state tables.
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Table 5.21 North Connection Performance States

Drift % North Plates North Welds
Shear Tab
Gusset Gusset to | Gusset to | Beam to
Cycle # Total Neg. Pos. Shear Tab to
Plate Beam [Shear Tab|Shear Tab
Column

1 0.06| -0.03 0.03

2 0.06| -0.03 0.03

3 0.14| -0.07 0.07

4 0.14| -0.07 0.07

5 0.20| -0.09 0.11

6 0.20f -0.09 0.11

7 0.26| -0.12 0.14 Y1

8 0.26| -0.12 0.13

9 0.33| -0.16 0.17

10 0.33] -0.16 0.17

11 0.41| -0.20 0.21

12 0.41|] -0.20 0.21

13 0.50 -0.25 0.25 Y1

14 0.50 -0.25 0.25

15 0.60| -0.31 0.29 Y2

16 0.60| -0.32 0.28

17 0.87| -0.48 0.39

18 0.89| -0.51 0.38

19 1.20f -0.69 0.51

20 1.20( -0.72 0.47

21 1.84( -1.09 0.75

22 1.84( -1.12 0.72

23 2.58| -1.55 1.03

24 2.59| -1.57 1.02

25 2.95| -1.77 1.18

26 2.95| -1.80 1.10

27 3.48| -2.13 1.35

28 3.77| -2.18 1.59

29 4.27| 11111/ 2.09
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Table 5.22 South Connection Performance States

Drift % South Plates South Welds
Gusset Gusset to | Gusset to | Beam to Shear Tab
Cycle # Total Neg. Pos. Shear Tab to
Plate Beam [Shear Tab|Shear Tab
Column
1 0.06| -0.03 0.03
2 0.06| -0.03 0.03
3 0.14| -0.07 0.07
4 0.14| -0.07 0.07
5 0.20f -0.09 0.11
6 0.20| -0.09 0.11
7 0.26| -0.12 0.14 Y1
8 0.26| -0.12 0.13
9 0.33| -0.16 0.17
10 0.33| -0.16 0.17
11 0.41| -0.20 0.21
12 0.41| -0.20 0.21 Y1
13 0.50| -0.25 0.25
14 0.50| -0.25 0.25
15 0.60| -0.31 0.29 Y2
16 0.60{ -0.32 0.28
17 0.87| -0.48 0.39 Y2
18 0.89| -0.51 0.38
19 1.20f -0.69 0.51
20 1.20f -0.72 0.47
21 1.84( -1.09 0.75
22 1.84( -1.12 0.72
23 2.58| -1.55 1.03
24 2.59| -1.57 1.02 w1
25 2.95| -1.77 1.18
26 2.95| -1.80 1.10
27 3.48| -2.13 1.35 W2
28 3.77] -2.18 1.59
29 4.27( 1111/ 2.09
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Table 5.23 Frame Performance States

Drift % Frame
West East North South
Cycle # Total Neg. Pos. Brace
Column | Column Beam Beam
1 0.06| -0.03 0.03
2 0.06] -0.03 0.03
3 0.14| -0.07 0.07
4 0.14| -0.07 0.07
5 0.20| -0.09 0.11
6 0.20| -0.09 0.11
7 0.26| -0.12 0.14
8 0.26| -0.12 0.13
9 0.33] -0.16 0.17
10 0.33| -0.16 0.17
11 0.41] -0.20 0.21
12 0.41] -0.20 0.21 N-WF Y1
13 0.50| -0.25 0.25
14 0.50| -0.25 0.25
15 0.60| -0.31 0.29
16 0.60| -0.32 0.28
17 0.87| -0.48 0.39 B1
18 0.89| -0.51 0.38
19 1.20| -0.69 0.51 S-WFY1 | E-WY1
20 1.20| -0.72 0.47
21 1.84| -1.09 0.75 BNS,B2
22 1.84| -1.12 0.72
23 2.58 -1.55 1.03 S-WF Y1 | N-WF Y2
24 2.59( -1.57 1.02
25 2.95( -1.77 1.18 S-WF-Y2 W-W Y1
26 2.95[ -1.80 1.10 E-W-Y2
27 3.48| -2.13 1.35 S-EFY1 | N-W-Y1
28 3.77 -2.18 1.59
29 4.27\ 11111/ 2.09 BF

5.10.3 Test Narrative

For the first 6 cycles, up to 0.2% total drift ren¢here was no observable damage to the frame.
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The first observed yielding occurred at the tensdak of cycle 7 (+0.14% drift). Initial V-shapeiid
lines formed in both the North and South Gussdgplat the brace ends, putting both gusset plates i
performance state Y1. The yielding at the Souttsguis shown in Figure 5.175.

Ry 4% Tatia ' x
e ;)f‘:ﬁi;;a

L _ Initial Yield Lines |

Figure 5.175 Initial Yielding of South Gusset -Y1

At the compressive peak of cycle 11 (-0.20% driftitjal upward bending of both gusset plates was
observed. This upward bending resulted from theobyiane bending of the brace, which had a mid-
span deflection of 0.5" in this cycle. The deflentbf the brace was not yet visible. Figure 5.17@s
the upward bending of the South edge of the Norths@ét Plate. Additionally, initial yield lines were
observed parallel to the beam flange in both gyda&ts, shown for the North plate in Figure 5.177.

Figure 5.176 Upward Bending of N Gusset  Figure 5.177 Yielding in North Gusset - Y1
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At the compressive peak of cycle 12, the seconté@tcthis displacement level (-0.20% drift), aitiah
yield line was observed in the North shear tab betwthe two southernmost bolts. Figure 5.178 shows
this yielding. Initial frame yielding was also olbged in the West column, West flange, at the North

gusset plate. This yielding is shown in Figure 5.17

2% |nitial Yield Lines

Figure 5.178 Y1 in North Shear Tab Figure 5.179 Initial Yielding in West Column

At the tensile peak of cycle 13 (+0.25% drift), Whs observed in the South shear tab near the north
flange of the beam. This yielding is shown in Fay&.180. Yielding increased in the North shear tab,

with yield lines between the four Southernmostdadrhis yielding is shown in Figure 5.181.

Figure 5.180 Y1 in South Shear Tab Figure 5.181 Yielding in North Shar Tab
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At the tensile peak of cycle 15 (+0.29% drift), ibgusset plates progressed to performance statasy?2,
shown in Figure 5.182 and Figure 5.183. At thimpdhe slope of the load-drift frame behavior in
tension decreased substantially, indicating yigldmthe frame, as shown in Figure 5.174. This is

consistent with the observation of substantialdyig in the gusset plates, which were expectedte a
lower tensile capacity than the brace.

Figure 5.182 Yielding in North Gusset - Y2 Figure 5.183 Yielding in South Gusset - Y2

At the compressive peak of cycle 15 (-0.31% drdt)t-of-plane buckling of the brace became visible.
The brace mid-span deflection was 1.7 inches, asrstin Figure 5.184. This point also corresponaed t
the peak compressive lateral load resistance dfainee, as shown in Figure 5.174. The compressive
resistance reached was almost identical to thati@BF1.

Figure 5.184 Initial Visible Brace Buckling - B1
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Yielding in both shear tabs increased at the teqsbk of cycle 17 (+0.39% drift). Figure 5.185wk0
yielding in the North shear tab, and Figure 5.188s yielding in the South shear tab, which proggds

to performance state Y2.

il .—-——T—“_—T’ -
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Figure 5.185 North Shear Tab - Y2 Figure 5.186 South Shear Tab - Y2
At the compressive peak of cycle 17 (-0.48% driftreased upward bending of the gusset plates and
shear tabs was observed. The South edge of tha Bluear tab was bent upward relative to the column,
and the South edge of the North gusset was hingedna slightly at the edge of the shear tab. Simila
behavior was observed at the South connection, slwigure 5.187. Slight upward bending of the
beam side of the gusset plates was also observédle Aensile peak of cycle 18, the second cycthiat
displacement level (+0.39% drift), downward hingofghe gusset plates was observed at the shear tab
The shear tabs retained some residual upward bggreinsing the gusset plates to hinge downward as

the brace straightened. The hinging of the Sousiseflis shown in Figure 5.188.

Figure 5.187 Upward Bending of South Gusset Figure 5.188 Downward Bending of ‘outh

Plate Gusset Plate
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At the tensile peak of cycle 19 (+0.51% drift), i@ased yielding was observed in both connectiauts, b
none of the components progressed to more sevet@mpances states. Yielding in the North and South
connections is shown in Figure 5.189 and Figur@@®.lespectively.

'- % ¢ :

Figure 5.189 on

Figure 5.190 Yielding in South Connection

At the compressive peak of cycle 19 (-0.69% drdt)tward bulging of the bottom flange of the brace
was observed at 3 locations: 3.5 inches SW, 5 gblig and 13 inches NE of the brace mid-point.
Figure 5.191 shows the largest bulge, 3.5 incheo8ieénter. This outward bulging is typical of coste
filled braces, as described in Chapter 2.

Brace Bulging

Figure 5.191 Bulge 3.5" SW of Brace Center
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At the tensile peak of cycle 21 (+0.73% drift),Igliag increased significantly in both connectiofbe
North shear tab transitioned to performance st&teavid the South shear tab and North gusset plate
transitioned to performance state Y3. The sheayitdding at both connections was concentratetién t
region along the line of bolts. Figure 5.192 anguiFé 5.193 show the yielding in the North and South
connections, respectively. Brace net section crecppeared in all four brace slots. The most sever
cracking was on the brace South wall at the Nostinection, where a 1/8 inch wide, 1/4 inch longkra
appeared. Figure 5.194 and Figure 5.195 show ngbsecracking on the brace South wall at the South
and North connections, respectively.

-

Figure 5.192 North Gusset Plat¥3 and Nortt Figure 5.193 South Gusset Plate Y2 and South
Shear Tab - Y2 Shear Tab - Y3

Net Section Tearing

- - -

Figure 5.194 BNS at NE Gusset, South Wall  Figure 5.195 BNS at SW Gusset, South Wall

Two new bulges emerged on the bottom flange obthee at the compressive peak of cycle 21 (-1.07%
drift). They were located 12 inches SW and 21 isdiE of the brace center. Additionally, the siddlsva
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of the brace were cupped inward slightly at thatimns of each of the bottom flange bulges. The sid
wall deformations were less than 25% of the botfiamge deformations. The brace mid-span deflection
reached 7.9 inches moving the brace into moderatkling, B2. Figure 5.196 shows the bottom flange
bulges, Figure 5.197 shows the side wall cupping,Eigure 5.198 shows global brace buckling. As the
buckling of the brace progressed, the compressisistance of the frame decreased slowly, as shown i
Figure 5.174. This indicates higher post-bucklitrgregth than NCBF1, as expected for the concrite fi
The brace did retain less compressive capacityttimoompact braces on a percentage basis, but it

achieved higher maximum load.

Figure 5.196 Bulging of Brace Bottom Flange

g lu,‘

Figure 5.197 Inward Cupping of Brace North Wall
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Figure 5.198 Moderate Brace Buckling - B2

Also at the compressive peak of cycle 21, a weddlcinitiated at the West end of the North gusset-t
beam weld that was 3/8 of an inch in length, categd as W1. Figure 5.199 shows the weld crack,
which grew to 1 inch in length at the compressigakpof cycle 22, the second cycle at this displagm
level (-1.12% drift). The crack was caused by iotatl demands from the gusset plate, shown for the
South Gusset plate in Figure 5.200. Yielding thtaug both gusset plates and shear tabs increasieel at
tensile peak of cycle 21 (+1.03% drift). The Nostiear tab and South gusset plate progressed to
performance state Y3. Figure 5.201 and Figure 5sh@v the yielding in the North and South
connections, respectively.
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Figure 5.199 W1 in North Gusset-to-Beam Figure 5.200 Bending of South Gusset Plate

Weld

.
B o

Figure 5.201 North Shear Tab - Y

Figure 5.202 South Gusset Plate - Y3

At the compressive peak of cycle 23 (-1.55% drét}ixth bulge appeared in the bottom flange of the
brace, 19 inches Southwest of the brace centehig\point, the heights of the six bulges, from
Northernmost to Southernmost were: 3/8 in, 7/1®ih6 in, 7/8 in, 5/8 in, 3/16 in, shown in Figure
5.203. Figure 5.204 shows the corresponding inwapgping of the North wall of the brace.
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Figure 5.204 Bulges in Brace North Wall

Also at the compressive peak of cycle 23, the weddk in the North gusset-to-beam weld grew to 2.75

inches in length and became classified as a madeset crack, performance state W2, shown in Figure
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5.205. At the location of the weld crack, the gtipsate was curled downward substantially, as shiown
Figure 5.206. New frame damage was observed kMgt column, South end, West flange, where

vertical yield lines were scattered along the deftthe South connection. This is shown in Figu203.

Figure 5.205 W2 in North Gusset-to-Beam Figure 5.206 North Gusset Plate Bending
Weld

Figure 5.207 West Column South End - Y1

At the compressive peak of cycle 24, the seconté@tcthis displacement level (-1.57% drift), thelav
crack in the North gusset-to-beam weld increasdd3anches in length, entering performance stae W
The end of the North gusset-to-beam weld was diséatvertically out of the weld seat at the west en
This is shown in Figure 5.208. A new hairline wetdck appeared in the South gusset-to-beam weld at
the East end. It was less than 1/2 an inch in kerigiis is shown in Figure 5.209.
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Figure 5.208 North Gusset-to-Beam Weld - W3 Figure 5.209 South Gusset-to-Beam Weld - W1

At the tensile peak of cycle 25 (+1.18% drift), gbaal yield lines appeared near the South sheantab
the South beam web, shown in Figure 5.210. Yieldintpe connections increased slightly.

Figure 5.210 North Beam Web at South Connectiof - Y

While loading to the compressive peak of cycle-257(7% drift), the North gusset-to-beam weld
fractured completely. The test was paused moméntbefore loading continued to the peak
displacement. The weld fracture is shown in Figugd1. This fracture corresponded to a substdosal
of tensile lateral load resistance in subsequetiesyas shown in Figure 5.174. The fracture af weld
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is unsurprising, as it had a high DCR and fractumgarevious tests with substantial out-of-planadar
buckling.

A new weld crack formed, propagating out of theni@ation of the North gusset-to-beam fracture. The
crack, in W-NBT, was 2 inches in length, putting theld immediately into performance state W2. This
crack is shown in Figure 5.212. Both gusset plata® bent in a slight S-shape along their edgeaue
the hinging of the gusset at the edge of the diabafFigure 5.213 shows the deflected shape dfitnth
edge of the South gusset. Yielding in the Westftaof the West column at the South end increased,
transitioning to performance state Y2. This is shawFigure 5.214. Brace cupping also formed at the
largest of the bulges in the brace, 3 inches SWebrace midpoint. Figure 5.215 and Figure 5.216\s
the brace cupping and brace deflected shape, tesgdgecThe local deformations of the brace cemtrer
not characteristic of the typical cupped shapafoHSS, in which the bottom flange of the braceae$
inward. However, the implications of the large lodeformations are the same here as they aredor th

typical case, so the same terminology is used.

Figure 5.211 WF in North Gusset-to-Beam Figure 5.212 Weld Crack W-NBS - W2

Weld

Figure 5.213 Bending of South Gusset Plate  Figure 5.214 West Column, South End - Y2
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Figure 5.215 Brace Buckling Figure 5.216 Brace Cupping - BC

At the tensile peak of cycle 26, the second cytthia displacement level (+1.18% drift), a tear
developed in North shear tab, propagating fronfridagtured North gusset-to-beam weld diagonally into
the Northernmost bolt hole in the gusset plate.itafthlly, bolt hole elongation was visible in thveo
Northern bolts of connecting the gusset plate ¢ostiear tab. The bolt hole elongation and metahigga
performance states BTE and MT, are shown in Fi§2&7.

The portion of the North shear tab connected tdo#an was bent downward substantially along the
depth of the beam. The North beam web was bentnapsignificantly at the shear tab due to the
clamping effect of the bolts. This local deformatimaused yielding in the web, characterized as
performance state Y2. Figure 5.218 shows the dowahending of the North shear tab and the yielding
of the North beam web. Figure 5.219 shows the ughlwanding of the beam web on the underside.
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, Figure 5.218 Bending df North Shear Tab Figure 5.219 Bending of North Beam Web

At the compressive peak of cycle 26 (-1.80% driftg crack in North beam-to-shear tab weld grew.5o
inches in length, becoming a severe weld crackppeance state W3. Figure 5.220 shows the crack.

Additionally, the hinge at the brace center intBedislightly, shown in Figure 5.221.
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Figure 5.220 W3 in North Beam-to-Shear Tab Figure 5.221 Increased Brace Cupping
Weld

At the tensile peak of cycle 27 (+1.35% drift),rieg was observed on the bottom corners of thegoaac

the hinge location. Exposed, crushed concrete vedde through the two diagonal tears. Figure 5.222
shows the tearing. The tear in the North sheaptapagated South to the next bolt hole in the gusse

plate. Bolt hole elongation was now visible in gezond to Southernmost bolt in the shear tab. Eigur
5.223 shows the damage to the shear tab. The sst@amage in the brace and connection corresponded

to a gradual loss of lateral load resistance i lsompression and tension, as shown in Figure 5.174

Figure 5.222 Brace Tearing
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Figure 5.223 North Shear Tab - BE,MT

At the compressive peak of cycle 27 (-2.13% drifi® weld tear in the South gusset-to-beam weld

increased to 2 inches in length , entering perfocasstate W2. The weld tear is shown in Figure4.22

S

Figure 5.224 W2 in South Gusset-to-Beam Weld

At the tensile peak of cycle 28, the second cyttaia displacement level (+1.35% drift), the batto
flange of the brace tore completely, as did theonitgj of both the North and South wall of the brace
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Figure 5.225 shows the damage at the hinge locaftom tearing of the brace caused the brace teatefl
downward, due to the movement of the neutral @dsa result, the South gusset plate underwent a
significant increase in bending on both edges. €226 and Figure 5.227 show the bending of the
plate. Yielding appeared in the West column, Seuith, in the East flange and web, as shown in Figure

5.228 and Figure 5.229, respectively.

f

Figure 5.226 Bending of South Gusset - East Figue 5.227 Bending of South Gusset- North
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Figure 5.228 Wet Col Figure 5.229 West Column Flange - Y1
At the compressive peak of cycle 28 (-2.18% drift® brace buckled upward, despite the downward
deflection at the tension peak. The weld teareénNorth beam-to-shear tab and South gusset-to-beam

welds both increased slightly in length, but did @oter new performance states, as shown in Figure
5.230 and Figure 5.231, respectively.

a 8 - X e b : 4 T o (e 0
Figure 5.230 Tearing of North Beam-to-Shear Figure 5.231 Tearing of South Gusset-to-Beam
Tab Weld Weld

At the tensile peak of cycle 29 (+1.59% drift), thrace tearing increased, propagating to the tdgotf

side walls. This is shown in Figure 5.232. Thecbrdownward deflection increased slightly, shown in
Figure 5.233.
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Figure 5.232 Tearing of Brace

-

Figure 5.233 Downar Deflection of Brace

The test was paused before reaching the comprgssakeof cycle 29 because the brace buckled
downward toward the floor. Figure 5.234 shows tteeé when the cycle was stopped. Because loading
in compression was no longer possible, the speciasnoaded in the tensile direction until brace
fracture occurred at +2.09% drift. The fractureade is shown in Figure 5.235. The only other nletab
damage increase was the propagation of the teéheiNorth shear tab, which continued to halfway
between the two center bolts of the gusset platshawn in Figure 5.236.
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Figure 5.235 Brace Fracture - BF
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5.10.4 Post-Fracture Cycles
Because the beam to column connections at botleoaof the frame remained intact, the frame was

returned to 0% drift and cycled with the brace reeth Figure 5.237 shows the actuator displacement
history.
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Actuator Displacement (in)
-
-

Figure 5.237 Post-Fracture Actuator DisplacemestdHy

No notable increases in damage occurred until #gedmum displacement levels from the main test
cycles were reached. At 5.15% total drift rangey Bgnificant new damage became visible. At positiv
drift, the South gusset plate and North flangehef$outh beam buckled downward. Figure 5.238 shows
the gusset plate, and Figure 5.239 shows the b&anegative drift, a W1 weld crack formed in the
South beam-to-shear tab weld at the North end, shiowigure 5.240. Additionally, a new weld crack
formed at the North end of the North beam-to-shaamveld, shown in Figure 5.241. The tear in the
South gusset-to-beam weld also extended to 4.®fichlength, moving to performance state W3. This

is shown in Figure 5.242.
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Figure 5.240 W1 in South Beam-to-Shear Tab Figure 5.241 W3 in North Bem-to-Shear Tab
Weld Weld
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Figure 5.242 W3 in South Gusset-to-Beam Weld

At the tensile peak of the 5.64% total drift ragele, metal tearing was observed in both bearttseat
shear tabs. The North beam had a 3 inch tear afen§outhernmost bolt, shown in Figure 5.243, &ed t
South beam had a 3 inch tear along the Northernbmdstshown in Figure 5.244. Weld cracking in the
North beam-to-shear tab weld also increased sjightl

At the corresponding compressive peak, a new 2te@hformed at the North end of the South beam-to-
shear tab weld, shown in Figure 5.245. Additionadlyl inch tear formed at the West end of W-SGB,
shown in Figure 5.246.

o9

Fiure 5.243 Tear in North Beam Web - MT Figure 5.244 Tear in South Beam Web - MT
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Figure 5.245 New Tear in South BeamSbea Figure 5.246 New Tear in South Gusset-to-
Tab Weld Beam Weld

At the tensile peak of 6.27% total drift range, Marth beam-to-shear tab weld completely fractured,
leaving only the bolts connecting the beam to thlaran. This is shown in Figure 5.247. Over
subsequent cycles, no major changes in damageredc@light increases in framing member yielding

and weld tearing were observed. The test was cdedlafter a cycle at 6.85% total drift.

................................................

y 1 7 b

Figure 5.247 Fracture of North Beam-to-Shear TaldWe

5.10.5 Test Summary

NCBF1-R5 achieved a total drift range of 4.27% ptibrace fracture. However, a 35% loss of tensile
lateral load capacity occurred at a drift rang@.86% when the North gusset-to-beam weld fractured.
The frame achieved significantly higher drifts tié@BF1, the un-retrofitted connection.
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Filling the brace with concrete was successfuletaylng local buckling of the non-compact cross
section. Global buckling occurred at 0.87% drifiga, but brace cupping did not form until 2.95%alot

drift range, and the brace survived six completesyafter cupping before fracture occurred.

Adding bolts to the shear tab connections prevefatfite of the beam to column connection. Unlike
previous retrofits, the addition of bolts was alol@reserve the beam to column connection by
eliminating the demands bending between the gpéstet and shear tab on the North shear tab weld and
by providing additional load-carrying capacity. THerth beam-to-shear tab weld fractured during the
post-brace fracture cycles, but the bolts were tbtarry the demands on the beam to column

connection.

Damage to the connections in NCBF1-R5 was subatabtit it achieved a much higher drift range than
NCBF1, and had a more desirable failure mode thgrofithe other NCBF1 retrofits. Yielding in the
gusset plates and shear tabs was extensive, agexpgven the high DCRs for gusset plate yielding
limit states.
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Chapter 6: Data Analysis

6.1 Introduction

This chapter describes the analysis of data celtefdr the specimen with the goal of quantifyingexgs
of the system performance. Particular emphasisheilplaced on the component DCRs, including their
effectiveness at predicting component performamcktiaeir relative importance to the system behavior
Section 6.2 describes the behavior of the bracetjd®e6.3 describes the behavior of the connectiand

Section 6.4 describes global behavior of the frame.

6.2 Brace Perfor mance

6.2.1 Brace Deflected Shape

The brace deflections, particularly at the bracé-sgian, are an important factor in braced frame
performance. The ability of the brace to carry coespive axial load is, to a large extent, a fumctbthe
brace deflections. Additionally, rotations from tesbuckling are one of the critical demands plaoed

the connections.

The brace deflection was recorded primarily by @ptomarkers placed along the brace length atttne 6
points. Due to constraints of the position sengdescribed in Chapter 4), the southern end of theeb

was not viewable. As a result, it was necessainfés the out-of-plane displacement of the Soutti eh

the brace. This was accomplished by assumingliledtrtace deflected profile was symmetric about the
brace midpoint. Previous research conducted inetkperimental setup (Johnson 2005, Powell 2012) has
demonstrated that this assumption is accuratet$wimose displacements were inferred will be idiexti

as such in this section.

All brace displacements presented in this sectienrelative to the displacements of the brace €Haks.
brace end typically moves vertically due to defaiores of the connection and out-of-plane movemént o
the framing members. In order to investigate tHéedtton of the brace as an isolated unit, these
deformations are removed. If the brace end displacds at the two ends were different, a linear fit

between the points was used to apply the corretti@ach marker, as shown in Figure 6.1.
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Figure 61 Brace Out-of-Plane Deflection Correction

For specimens NCBFR3 and NCBF-R4, brace irplane displacements were also calculated. T-
plane displacement was corrected to account foliatkeal displacement of the frame. Th-plane brace
deflection correction is shown Figure6.2The lateral displacement associated with the fraa
assumed to vary linearly along the brace lengtth thie Northernmost marker on the brace used &
reference lateral displacement. The Soind of the brace was assumed to have no laterdhdepen
associated with frame movement. This is a reaseraddumption because the frame is rigidly attati

the channel reaction assembban the South end of the brace, so the displacsmaeatilely very small.

Figure6.2 Brace In-Plane Deflection Correction
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Figure 6.3 shows the brace deflected profile actalrift levels for each specimen. These figures
illustrate that the brace deflected shape is tylgigarabolic at low drift levels, with a reasonalelven
distribution of curvature along the brace lengtbwdver, at higher drift levels, the curvature tetuls
concentrate near the brace center, and the psriotiie brace nearer to the ends become essgntiall
straight. This is particularly clear for NCBF1 aN@BF1-R5. Cupping occurred 1 foot North of the
center in NCBF1, so the peak displacement occulightly North of the center point. Thus, the attua
deflected shape of NCBF1 was likely more triangtian the deflection profile suggests. The NCBF1-
R5 deflection profile clearly becomes triangularantine deflections exceeds 10 inches. When thebrac
curvature becomes sufficiently concentrated ahglsilocation, cupping occurs, which causes large

localized strains that typically lead to brace fuse.

The deflected shapes shown here suggest thatdbe behaved as a pinned-end compression member. A
fixed-end member in compression typically has &&iehped deflection profile and develops plastic
hinges at the brace center and the ends. By cordrasined-end brace typically has a rounded didie
profile and develops a plastic hinge only at thetee Because the connections tested lacked brate e
rotational clearance as required by SCBF designitially seemed likely that the braces in these
specimens would exhibit a greater degree of rataticestraint at their ends than SCBF braces. Hewev
this does not appear to be the case, as the befleettbn profiles for the NCBF and NCBF retrofit
specimens appear to exhibit little or no rotatiaestraint to the brace. In part, this may resolifthe
weakness of the gusset plates, which had multigi®R®greater than 1 for all of the connections teste
weaker gusset plate may provide less rotationédaies, as will be discussed in greater detail éct®n
6.3.
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NCBF1 Out-of-Plane NCBF1-R1 Out-of-Plane

NCBF1 Brace Out—of—-Plane Deflection NCBF1-R1 Brace Out—of-Plane Deflection
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Figure 6.3 Brace Deflected Profiles
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Figure 6.4 shows the brace total mid-span defledto each of the specimens. The total mid-span
deflection is the vector sum of the in-plane antiaitplane deflections. These plots clearly demi@tst
the vulnerability of the non-compact brace in NCBAIL other braces achieved a mid-span deflectibn o
greater than 10 inches, while NCBF1 achieved less ¥ inches prior to fracture. Additionally, the
braces for NCBF1-R2, NCBF1-R3, and NCBF1-R4 hadaowal buckled or fractured at the end of the
test, so they likely could have sustained largéoreations. This emphasizes the importance of brace

compactness on the ductility of the brace perfogaan
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Figure 6.4 Total Brace Mid-Span Deflection Progi@ss

The brace mid-span deflection is related to thedexial elongation through kinematics. The brace

elongation is comprised of axial elongation frorad® axial force and elongation due to brace dédlect
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If the brace is assumed have a triangular dtion profile, as shown in Figure 6.then the brac
deflection can be predicted from the brace elongatquation (6.-2) describes this relationshd.

axial elongation of the brace, agg is the elongation due to the brace ouplatre buckling

(6.3-2)

Figure6.5 Estimation of Brace Midspan Deflection

Both components of the brace axial elongation dfiewlt to measure in practice, making a dir
application of thikinematic theory impractical. However, the prindipan be applied using the frar
diagonal elongation measurement, which is morabkdi If axial elongation of connections and thack
are ignored, thend.may be replaced by the frame diagonal mrement to estimate the brace -span

deflection.

Figure 6.6 shows the brace nigan deflection as a function of the frame latdrdi in compression fo
each specimem.his plot demonstrates a strong correlation betvesanpres:ve drift and brace m-span
deflection. The kinematic model estimate is corative over almost all drifts for all specimens. -
estimate is least accurate for small drifts. Twaides contribute to this. First, the brace hashegun
buckling globallyat small displacements, so nearly all of the diafjefongation is by axial elongation
the brace and connections, which was negliin the approximationSecond, the estimate assum
triangular brace deflection. However, the bracdedédd profie tends to be more rounded, particularl
smaller drifts, as shown in Figure36A more rounded deflected shape results in a comtipaly lower

mid-span deflections.

At large drifts, the brace is carrying very litdgial load, and thus the elongation due to buck

dominates the behavior. Also, the formation ofasfit hinge causes the brace to transition to &
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triangular deflected shape. These factors congituthe relatively high accuracy of the estimatarge

drifts. This kinematic method serves as a reasenabhservative estimate of the brace mid-span

deflection at larger

drift levels.
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6.2.2 Brace Axial
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Figure 6.6 Brace Total Mid-Span Deflection

Force

The brace axial force is the primary mechanism hictwbraced frames resist lateral load, so it is of

particular interest when investigating braced frapadormance. Typically, braces undergo significant

inelastic deformations during seismic loading, tutensile yielding and compressive buckling. When

the yield stress of the brace is exceeded, a liglegtic constitutive model is no longer sufficiemt

describe the brace performance. Instead, an efastiectly plastic model was used. This model ¢hps

brace stress at the expected yield stress, as shdvigure 6.7, which depicts the stress strain

relationship under monotonically increasing loadWhen the material is unloaded, it follows theslin

elastic stiffness between until the stress reatifegield stress in either compression or tensitis is
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demonstrated in Figure 6.8 aRijure6.9, which show a @jic strain history and the resulting str

response, respectively.

Stress
"\-\

Strain

5€

Figure6.7 Elastic-Perfectly Plastic Material Model

2¢€

Strain

Stress

-2g, -€ 0 & 2,
Strain

Figure 6.8Cyclic Strain Histor

Figure 6.Cyclic Response of Material Mot

The elastigperfectly plastic material model was applied tohesttain gauge reading, and then the si
readings for the brace strain gauges were aveto determine the brace axial stress. Axial load thas

calculated from Equation (6 By, where A is the brace cr-sectional area.
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F =0,,A (6.3-1)

Figure 6.10 shows the brace axial force plottedragjalisplacement for each specimen. No usablesbrac
data was acquired from NCBF1-R2, so it is not ideldihere. Figure 6.11, Figure 6.12, and Figure 6.13
compare the brace behavior for each retrofit to dh&CBF1. These plots show the brace axial fance

compression against the total brace mid-span digftec

The compressive brace resistance for NCBF1 droppbstantially after buckling occurred, and brace
cupping and fracture occurred soon afterward. ©hallslenderness of the brace for NCBF1 was twice
the maximum allowable in SCBF design. The rapic¢®strength degradation and low drift capacity

before fracture demonstrate the poor performandeaxfes with excessive local slenderness.

By comparison, NCBF1-R3 and NCBF1-R4 used compattebsections. NCBF1-R3 has a substantial
drop in strength after buckling, but this is mislew, as the brace was restrained against buckling
downward and thus buckled suddenly in-plane. Torgrasts with the more gradual progression of
buckling observed in the other tests. Figure 6holws that the sudden loss of compressive resistance
corresponded to a substantial increase in bracespad deflection. After the initial drop in resiste, the
compact brace for NCBF1-R3 maintained its compvessapacity much more effectively than NCBF1.

This is clearly demonstrated in Figure 6.11 andifggs.10.

NCBF1-R4 also demonstrated the more gradual losg@fgth characteristic of compact brace sections.
The braces for NCBF1-R1, NCBF1-R2, NCBF1-R3, andBRG-R4 did not begin cupping prior to
connection fracture. All four of these braces wsmsmically compact, and all reached larger midispa
displacements than NCBF1.

NCBF1-R5 had a concrete filled brace, whose steetion was the same as NCBF1. The brace for
NCBF1-R5 lost compressive capacity after bucklingcmmore gradually than NCBF1, as seen in both
Figure 6.10 and Figure 6.13. This demonstratesffieetiveness of the concrete fill at improving the
brace post-buckling performance. The brace cuppddractured at significantly larger displacements
than NCBF1, verifying that the concrete fill impeal/the brace durability, as noted in Figure 6.13.
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Figure 6.10 Brace Axial Force

The brace compressive axial force and mid-sparecksh share an informative relationship, as
demonstrated in Figure 6.11, Figure 6.12, and Eigut3. When the mid-span deflection exceeds 1, inch
the brace begins to lose compressive axial loadaiyp which then continually decreases over
subsequent cycles. This is true for compact brawascompact braces, and the concrete filled brEee.
notable exception is NCBF1-R3. However, as preljomentioned, this specimen's brace behavior is a

result of the restraint against out-of-plane buuklihat was added.

These figures also clearly demonstrate the vulii@gathe non-compact brace for NCBF1, which rapidl
lost lateral load capacity after buckling, and fuaed at a relatively low mid-span deflection. thtee
retrofitted braces shown were able to retain cosgive resistance out to significantly large midrspa
deflections. Also, Figure 6.13 shows the effectesnof the concrete fill, allowed the brace toineta
more of its compressive resistance than NCBF1 atal/dd cupping until more than twice the mid-span

deflection at which it occurred in NCBF1.
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Brace Axial Force vs Midspan NCBF1-R3
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Figure 6.11 Brace Force versus Mid-Span DeflectiNCBF1-R3
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Figure 6.12 Brace Force versus Mid-Span DeflectiCBF1-R4
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Brace Axial Force vs Midspan NCBF1-R5
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Figure 6.13 Brace Force versus Mid-Span DeflectiNCBF1-R5

6.3 Connection Performance

The NCBF and NCBF retrofit specimens tested alldadde range of connection deficiencies, which is
characteristic of NCBFs, as described in Chaptéfdhy of the specimens tested experienced extensive
connection damage or fracture. This makes it dlegtrthe deficiencies of the connections have an
adverse impact on the system performance. Thigseetaluates the contributing factors to the oleser

connection damage and their relation to the predisystem deficiencies.

6.3.1 Out-of-Plane Rotation

The connection out-of-plane rotation is of particuhterest in NCBF systems because of the lagndf
clearance for the brace, as illustrated in Figutd 6in an SCBF connection, the gusset plate igded
with sufficient brace end clearance to allow favide folding region of the plate. This end cleaganc
minimizes the out-of-plane rotations of the gugdate near the welds, thus protecting the connecBy
contrast, NCBF connections lack end clearance reaugints, so the bending of the gusset plate is
concentrated around the welds, which may lead td tearing or fracture. The brace end clearanasslin
illustrated in Figure 6.14 utilize the ellipticaldze end clearance recommendations from Roedér et a
(2011), as described in Chapter 2.
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Figure6.14 Brace End Rotational Clearance

The out-of-plane rotationsf the brace end, two edges of the gusset platethenend of the shear t
were computedlhe Optotrak markers used to compute rotation et eathese locations are showr
Figure 6.15
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Figure6.15 North Connection Rotation Sensors

The rotatiorfor each set of Optotrak mark was computed frorthe difference between the init

position and the deflected position, as showFigure 6.16The rotation was computed using Equa

(6.3-3), in whichLgesis the distance beeen the two markers in the deformed positiaddzis the out-

of-plane movement of marker B relative to markeFigure 6.17%hows a photograph of the -of-plane

rotation of the gusset plate West edge and theemarksed to computhat rotation.

° —
A Original B

Position

Figure 6.18Computation oConnection Out-of-Plane Rotations

Out-of-

B" Plane

In-Plane
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L (6.3-3)

Figure 617 Gusset Plate West Edge Rotation Geometry

As Optotrak markers were not typically visible la South end of the brace, the rwon of eact

component was calculated only for the North corinac

Figure 6.1&hows each of the connection rotations for altstpkotted against the brace -span out-of-
plane deflectionlt is important to note that the various rotaticosnputed here are not cctly
comparable, because thae computed about different axes with differeniggalengths. As suc
similarities or differences in the magnitudes dfrea between plots are not necessarily indicative

direct relationship between them.

Figure 6.1&eveals some interesting trends in the specimeavi@t All four rotations show a stror
correlation with the migpan deflection. This is reasonable because tlce midspan deflection is th
only major out-ofplane movement occurring in the specimen, so ighstsong influence on tt

connection out-of-plane behavior.

The brace end rotation quantities show particulaigarkable consistency across the specir The
brace-togusset connection geometry varied significantlypasithe specimens tested, as shovFigure
6.19 The brace end rotation plot suggests that thiability in the brace-t@usset connection had alm:

no influence on the relationship between the braic-span deflection and the brace end rotation.
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relationship between these two variables is indieatf the degree of rotational restraint that the
connection applies to the brace ends. As suchptbigiemonstrates that the brace-to-gusset plate

connection geometry has virtually no impact onrthtational restraint of the brace end.

The shear tab and both gusset plate edges exhibitibns exceeding 0.1 radians for most test$, an
approaching 0.2 radians in some cases. Theserfaa®ns have the potential to contribute to the
initiation of tearing in the welds, which are sudtgd to these large rotational demands. This isritesd

in more detail later in this section.
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Figure 6.18 Connection Rotations
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Figure 6.19 Variation in Brace-to-Gusset ConnecG@ometry

6.3.2 Gusset-to-Beam Weld Damage

Tearing of the gusset-to-beam weld occurred in &fuhe specimens tested, and contributed to
connection failure in three of those specimenssTthe characteristics of the tearing of this waelel
important to understanding the system vulneragditiThe DCR for the gusset-to-beam weld was 155 fo
all tests. These tests demonstrated that a DCRatigie for gusset-to-beam weld tearing had a Sagnif
impact on the system performance and represemiscalcconnection deficiency. Figure 6.20, Figure
6.21, and Figure 6.22 show the percentage of theetio-beam weld torn as a function of the brack e

rotation, the gusset plate edge rotation, anddta drift range, respectively.
Table 6.1 summarizes the key values from thess.plot

The North gusset-to-beam weld typically began tepait the West end while the brace was buckled out-
of-plane. Increase in the lengths of tears alséjfy occurred at compressive peaks, rather tbasile
ones. This suggests that the tearing of the gusdstam weld is related to the out-of-plane rotatdb

the brace end and the connection. The figures betmfirm this by demonstrating that the rotatiorthef
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West edge of the gusset plate, which is directjg@aht to the end of the gusset-to-beam weld where
tearing typically initiated, had the strongest etation with the weld tearing. The brace end rofati

provides similar results with slightly weaker cdatéon.

The total drift range is clearly not an effectivethiod of predicting weld tearing, as tearing inéthat a
variety of drift ranges. Also, the brace tensilecéy which is used to compute the demand on thd,wel
does not appear to strongly influence the initiatbd weld tearing. As mentioned, tearing typically

initiated and progressed when the brace was in msgajpn, when the axial loads are smaller.

Because drift range and brace axial load appedaae little relation to tearing of the gusset-taine
weld, it is apparent that the most critical asdd¢he performance for predicting tearing of theggt-to-

beam weld is the out-of-plane rotation of the gtiptase.

Table 6.1 shows that tearing initiated when thesguplate rotation was between 0.13 and 0.17 radian
NCBF1 and NCBF1-R4, which did not suffer tearingle gusset-to-beam weld at the gusset plate edge,
reached edge rotations of 0.11 and 0.04 radiasgectively. This demonstrates that tearing of tesgt-

to-beam weld can be expected when the gussetrplatéon exceeds 0.13 radians.

Additionally, it is notable that the beam-to-gussetd reached complete fracture within 2 cyclesraft
tearing exceeded 25% of the weld length in all gaghis instability in weld tearing is expected for
specimens NCBF1-R3 and NCBF1-R5, where the gussetibweld utilized a weld with low notch
toughness. However, NCBF1-R1 had a higher toughmesset-beam weld, but it still progressed
relatively quickly to failure. It is possible thexisting damage to the gusset plates and welds from
NCBF1, which were re-used for NCBF1-R1, affectad behavior. Also, it is possible that the higher
notch-toughness of the weld was not sufficientrtsuee stability of the weld tear once it reached th

length.
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Figure 6.20 Gusset-Beam Weld Tearing versus BradeR®btation
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Figure 6.22 Gusset-Beam Weld Tearing versus Ddfide

Table 6.1 Beam-to-Gusset Weld Tearing Comparison

Values at Weld Tearing Initiation

Maximum Achieved

Specimen Brace End Gusset Plate| Drift Range | Brace End Gusset Plate| Drift Range
(rad) Edgeb (rad) (%) (rad) Edgeb (rad) (%)
NCBF1 NA NA NA 0.091 0.111 1.52
NCBF1-R1 0.898 0.130 NA 0.129 0.194 NA
NCBF1-R2 0.173 0.170 3.23 0.183 0.184 3.34
NCBF1-R3 0.115 0.155 3.06 0.136 0.155 3.06
NCBF1-R4 NA NA NA 0.043 0.037 2.72
NCBF1-R5 0.110 0.145 1.79 0.162 0.172 4.27

6.3.3 Gusset Plate Yielding

The gusset plates used in NCBF1 and its retrofitsdubstantial deficiencies relative to the brace

strength, as summarized in Table 6.2. As a restitese deficiencies, yielding and deformationhie t

gusset plate was typically extensive, as showrigarg 6.23. Although yielding of the gusset platesw

substantial, it did not appear to have a signifieatverse impact on the performance of the spe@men

tested. Yielding of the gusset plate is a duciitétistate, and can actually contribute to the aller

ductility of the system by providing an additioy#&lding mechanism. However, a more severe

deficiency in gusset plate strength could lead gasset plate failure, so the gusset plate straagtill
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important to consider. Additionally, the extensiielding in the gusset plate may have concentrated

strains around the welds, which could have conteitbtio the initiation of weld tearing.

Table 6.2 NCBF Gusset Plate Deficiencies

N NCBF1- | NCBF1- | NCBF1- | NCBF1- | NCBF1-
Limit State NCBF1 R1 R2 R3 R4 RS
Gusset Plate Block Shear 1.16 1.33 1.33 1.22 1.78 1.16
Gusset Plate Whitmore 133 | 1.50 1.50 1.28 1.89 133
Yielding
Gusset Plate Shear Vielding | | 10| | 1¢ 1.16 1.16 1.16 1.16
at Beam
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NCBF1-R2 NE Connection

NCBF1-R2 SW Connection
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6.3.4 Connection In-Plane Rotation

The inplane rotation of the frame places demands ondhaection, and provides additional insight i
the connection performance. As the frame deforhesbeam to column connections must defori
plane to accommodate the rotation between the laga the column, shown in Figu&24. If the
connection is flexurally stiff relative to the beamd colum, this deformation may be concentrated in
beam and column in the form of plastic hingingnat €dges of the gusset plateshown ir Figure 6.25.
If the connection is less stiff than the beans anghae!, then deformations of the connecting elem

will accommodate the rotation, as showiFigure 6.26. The true behavior will bembination of thes

mechanisms.
fimrdaforemmad Cramana MAafAarimad Ceamma ’5
— —e B’
o S %

Figure6.24 Beam-Column Rotation Angle
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Figure 6.25 In-Plane Rotatiorstiff Connection Figure 6.26 InPlane Rotatior- Flexible

r

Connection

The location of large deformations will typicallisa be the location of the most substantial damr
SCBF tests conducted at the University of Washimgjive demonstrated that SCBF connectcan
experience relatively comparable amounts of yigdirthe gusset plate and the framing meml
(Powell 2010). Figure 6.27 arkigure6.28show yielding in the column and gusset plate, rethpay, in
an SCBF connection.

Figure 6.27Column Flange Yielding (Powell 201  Figure 6.28Gusset Plate Yielding (Powell 20:
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The in-plane rotation of the framess captured using the Optotrak sys Markers on the flange of tt
beam and column were used to compute the initiafr-column angle (ideally 90 degrees). The che

in angle was then measured from the relative maifahe markers on the beam and column flai

The relative motion of thbeam and column was recorded in two regions. Thei§i rotation outside tt
connection region. This measure includes rotatithimthe connecting plates, as well at the poddfi
maximum demand in the beam and column at the exfgbe gusset plal Figure 6.2%hows the typical
locations of markers used for this measurement.rdtation angle was calculated using the two ma
on the beam flange and two markers on the coluemyé on the interior side of 1frame. The angle we
also computed using the markers on the exteriog#a. These two values were averaged to calchia
true rotation angle. This procedure helps to renpmasible bias from local deformations of the beau

column flanges.

The secad measure calculated is rotation within the catiog. For this measure, markers on the b
and column flanges that lie within the connecti@revused. This computes the rotation of the coimge
plates, but not the rotation of the beam and colai the edges of the gusset pldgure6.30shows the
typical location of these markers. As with the neaiskoutside the connection region, the rotation

calculated for the interior and exterior flanged #ren aveaged to remove bias.
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Figure 6.29Connection Rotation Marke- Outside Figure 6.30Connection Rotation Marke- Within

Connection Connection
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Rotations outside of the connection region are shiowFigure 6.31. These results show that theiootat
of the beam relative to the column varies linearith drift, which is expected. The consistencyhe t
data demonstrates that the beams and columns sp#timens behaved similarly to one another. Bhis i
reasonable, because the gusset plate and thetahgashich are the primary components of the

connection, remained consistent across all tests.

In—Plane Connection Rotation
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Figure 6.31 Frame In-Plane Rotation Outside Conmect

Calculation of rotations in the region within thenoiection was less reliable, in part due to thelsma
distance between the sensors, which results ieda@ntributions from measurement error. Only two
specimens had enough functional sensors to cadcrdédtion within the connection. These are shawn i

Figure 6.32 and Figure 6.33. The rotation measatékde two locations is comparable.
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Figure 6.32 NCBF1-R2 In-Plane Connection Figure 6.33 NCBF1-R5 In-Plane Connection

Rotation Rotation

The rotation is presented differently in Figured6adid Figure 6.35. The rotation of the connecting
elements is the rotation measured within the caimrecT he rotation of the beam and column is the
difference between the measured rotations insideoatside of the connection. Thus, these plots show
the contributions of the framing elements and thanecting elements to the total rotation separately
These plots demonstrate that the rotation is piiyneoncentrated within the connection. This is
particularly true when the brace is in compressiod the joint is opening. By contrast, the beam and
column rotations are a more significant contributorotation for small tensile drifts, but are aedeen by
the connection rotation at larger drift levels. $&eesults indicate that while the connection ahmds

behave as a true pin, the majority of the deforomais concentrated in the connecting elements.
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Figure 6.34 NCBF1-R2 In-Plane Connection Figure 6.35 NCBF1-R5 In-Plane Connection
Rotation by Component Rotation By Component
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It is possible to quantify the strength of the oection relative to the framing elements in a gelnszase.
The shear tab must transfer flexural, axial, arehslkdemands between the beam and the column. Table

6.3 shows the geometric properties of the framlegents and the shear tab.

Table 6.3 Geometric Properties of Members

Column Beam Shear Tab
A (in*2) 21.1 13.3 11.1
Sx (in”3) 97.4 72.7 54.9
Zx (in"3) 108 82.3 82.3

The shear tab has a smaller cross-sectional asmaatith the beam and the column, and it has aosecti
modulus and plastic section modulus that are less or equal to the beam and column values. This
highlights the shear tab as a potential weak pwithitin the system. In addition, the beam and cola®e
their highest demands at the edge of the gusget, giace the gusset plate contributes to thength
beyond that point. However, in pure frame actibme, largest moments are observed at the beam-to-
column interface, where the shear tab is locatads Tthe shear tab likely has larger flexural desisan

from frame action than the beam or column.

As a result of this, the shear tab may sustairelaitgxural deformations than either the beam er th
column. This confirms the observation from the tiotaplots, which indicated that the connectionhea
than the beam and column, were contributing mogtefotation. This is also consistent with
observations from the tests. Typically, the shabs twere yielded across most, if not all, of the@a by
the conclusion of the test, as shown in Figure .@833contrast, beam and column damage at the
connections was minimal. This highlights an impotri@ifference in behavior between NCBF and SCBF
connections. NCBF connections may concentrate ohefiions in the connecting elements rather than in

the framing elements, unlike SCBF systems, wheglgliyig may be more evenly distributed.

6.3.5 Shear Tab Weld Tearing

The lateral drift and the resulting in-plane raiatof the connection had an impact not only onstiesar
tab yielding, but also on the tearing of the waddmecting the shear tab to the gusset plate and,bea
referred to herein as the shear tab weld. Teaffitigioweld occurred in all of the retrofit specinse and
it contributed to connection failure in all but oofethose tests. The shear tab weld is a criticadgonent
of the system, because it provides the only commebietween the beam and the column. Failure ef thi

weld could result in a partial system collapséné beam carries substantial gravity load.
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The shear tab weld had a DCR for 1.08 for all efshecimens tested. Based on this value, it igising
that failure of the shear tab weld was such a stesi issue, as many other components had higher
DCRs. However, the DCR for the shear tab weld s&faolely on the demands delivered by the brace,
but the weld is also subject to demands due tabptane buckling of the brace and the in-planatioh

of the connection due to lateral drift. The effauftshese factors are discussed below.

Specimens NCBF1-R3 and NCBF1-R4 aimed to protecttimnection welds by utilizing in-plane brace
buckling. For NCBF1-R4, which buckled purely in g this method was successful for protecting the
gusset-beam weld. However, it was not successfuladiecting the shear tab weld. Figure 6.36 shiwes t
shear tab weld tearing as a function of brace etadion. Specimen NCBF1-R4 invalidates what
appeared to be some correlation between braceotatibn and shear tab weld tearing for the other

specimens, as it complete fracture of the sheawddh at a very small brace end rotation.

Shear Tab Weld Cracking vs Rotation
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Figure 6.36 Shear Tab Weld Tearing versus BraceRgrtdtion

Figure 6.37 shows the shear tab weld tearing aacibn of total drift range. A clear correlatioativeen
drift range and the initiation of tearing is vigblIThis indicates that the tearing of the sheawld is
more dependent on the drift range than on the ladeotation. Table 6.4 gives the drift range hiciv

tearing was first observed in each specimen.

The difference in behavior between NCBF1-R5 andbther specimens is clearly visible in Figure 6.37
and Table 6.4. Specimens NCBF1-R2, NCBF1-R3, anBRICR4 all suffered complete connection

failure within two cycles of the initiation of tdag in the shear tab weld. This indicates thatsthear tab
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weld not only tears at a predictable drift rangg,diso progresses rapidly to failure after teannitigtes.
The rate of tearing propagation is again influenmgthe low notch-toughness electrode, which waslus
for this weld on all specimens. NCBF1-R5 addeddatmltthe shear tab to reinforce the shear tab eld
preventing bending of the gusset plate away froarstiear tab and by providing additional shear
capacity. The bolts were clearly effective in tregard. While they did not delay the onset of tegin

the shear tab weld, they substantially delayegtbpagation of tearing, allowing NCBF1-R5 to attain
higher drift levels.

These results clearly demonstrate that the shbavedd represents a significant vulnerability ie th
system, despite being only slightly deficient. Asfdom the brace compactness, the defiency oftthars
tab weld had the most severe negative impact oaytstem performance of any of the connection

deficiencies.

Shear Tab Weld Cracking
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Figure 6.37 Shear Tab Weld Tearing versus Driftdgean
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Table6.4 North Shear Tab Weld Tearing

Drift Range at Weld End Rotation at Weld Cycles to Fracture After
Tearing (%) Tearing (radians) Weld Tearing
NCBF1 NA NA NA
NCBF1-R1 1.43 0.13 1.0
NCBF1-R2 3.23 0.18 1.5
NCBF1-R3 3.06 0.11 2.0
NCBF1-R4 2.71 0.04 0.0
NCBF1-R5 2.94 0.16 >4.0

6.3.6 Knife Plate Rotation
For specimens NCBFR3 and NCBF-R4, the inplane bending of the knife plates is necessa

accommodate the brace end rotation f-plane bucklingThe performance of this plate is of interest

the performance of these specimeThe rotation of thé&nife plate was computed using four sen:

along the length of the knife plate. The angle leetwthe two sensors in the brace region and th

sensors in the gusset plate region was the krafie pbtation, as demonstratecFigure6.38.
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Figure6.38 Knife Plate Rotation Schematic

The knife plate rotation is plotted Figure 6.39The rotation is strongly correlated with the leragic-

span inplane deflection, which is reasonable. The two ispeias exhibited very similar behavi
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Although the knife plates were designed to resistftll brace tensile capacity, yielding developethe
hinge region when the knife plate rotations excddle4 radians. Given that this is only a smaltticn
of the rotations achieved in these tests, yieldirte knife plates appears to be inevitable dftace in-

plane buckling occurs.

Knife Plate Rotation
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Figure 6.39 Knife Plate Rotation

6.4 System Performance
The system performance combines the effects dbthee and connection components, as well as the
framing members, to provide a more complete undedinhg of how the frame will behave in a structure

subjected to seismic loads.

6.4.1 Load-Drift Behavior

The performance of a braced frame is typicallyrabirized by the lateral load resistance and frame
lateral drift, from which various system propertias be derived. Table 6.5 provides an overviethef
maximum load and drift quantities observed for eafctihe specimens tested. The lateral loads are
presented as both standard and normalized formp@sitive lateral load is normalized to the latéoald
required to yield the brace in tensi@, which is computed using Equation (6.241)s the brace angle,
which is 45° for all specimenR, is the ratio of expected to nominal yield strefsthe brace material for

the braced is the gross area, afgis the design yield stress.
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P, = R, F,A4cos (6) (6.2-1)

The negative lateral load is normalized to therédti®ad required to buckle the brace in compress$ig,
which is computed using Equation (6.2-2). The caitbuckling stress}., was computed using the
expected yield capacity of the bra&,, as described in Chapter 2. An effective lengthoiad, of 1

was assumed for all cases.
P = FrAg cos(6) (6.2-2)

The lateral drift measurements for Table 6.5, amdafi subsequent sections of this chapter, were
computed from the elongation of the frame diagdredveen the work points at the Northeast and
Southwest corners of the frame. Figure 6.40 ilates the geometry of this measurement on the frame
and how it is converted to lateral drift. Equat{ér2-3) gives the formula for the lateral driff,based on
the diagonal elongationd,,. The frame diagonal elongation is the most refiabéasurement available of
the drift experienced by the frame. Losses ocawutgh slip of various components in the load patimf
the actuator to the strong wall, which makes dil&etral measurements, such as the actuator LDASE, |
reliable. Additionally, rocking of the column bas&uses uniform rotation of the frame, which lateral
measurements would read as a component of the Thidtframe diagonal measurement captures only the
shear deformations of the frame, which is the mealistic measurement of the frame lateral drift.

645 C0s (0)

o= (6.2-3)
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Figure 6.40Geometry for Frame Diagonal Measurement and Doftv@rsiol
Maximum Lateral Resistance Drift
Specimen| P+ P- | P+/Py |P-/Pcr| -Drift % | +Drift % | Drift Range %| Description Failure Mode
NCBF1 274 -200 | 0.90 | 0.96 -0.83 0.71 1.54 Existing NCBF Brace Fracture
Gusset-Beam and
Compact Brace
NCBF1-R1| 293 -133 | 0.96 | 0.99 X X X . Gusset-Shear Tab
Retrofit
Weld Fracture
Beam/Gusset-
Compact Brace
NCBF1-R2[ 304 | -144 | 0.99 | 1.08 | -1.93 1.42 3.35 . Shear Tab Weld
Retrofit
Fracture
Knife Plate Gusset-Beam and
NCBF1-R3| 317 -248 | 1.04 | 1.49 -2.16 1.61 3.77 Retrofit - Beam-Shear Tab
Square HSS Weld Fracture
Knife Plate Beam/Gusset-
NCBF1-R4[ 286 | -172 | 0.93 | 1.36 | -1.48 0.86 2.34 Retrofit - Shear Tab Weld
Rectangular HSS Fracture
Concrete Fill
NCBF1-R5| 313 -204 | 1.02 | 0.98 -2.16 1.67 3.83 and Added Bolts| Brace Fracture
Retrofit

Table6.5 Specimen Performance Overview

All of the specimens tested achieved maximum latesals that were rghly equal to the expectt

lateralcapacity based on brace yield strength. This indgcthat the brace expected strength is a

predictor of the lateral load capacity for theserfes. However, it is important to note that somehe
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lateral load resistance is contributed by the colsinas discussed later in this section. Therefbee,
lateral load resistance is actually somewhat leas tight be expected if the brace reached itsotege

yield capacity.

Specimens NCBF1, NCBF1-R1, NCBF1-R2, and NCBF1-¢tbeved maximum lateral loads in
compression that were roughly equal to the expdatedal load capacity based on brace buckling.
Specimens NCBF1-R3 and NCBF1-R4, which were botblane buckling braces, achieved lateral loads
that were approximately 50% larger than the expkectgacities. This indicates that the effectivggten
factor for in-plane buckling in these tests waslmn#han the effective length factor for out-ofpke
buckling in the other tests, resulting in the largleserved buckling resistance. Again, it is impottto

also recognize the contribution of the column sliesnes to the lateral load resistance of the syste

All of the retrofits of NCBF1 improved the totaliffirange substantially. However, only NCBF1-R5
achieved the desired failure mechanism of braadra. Figure 6.41 through Figure 6.45 show the
complete load-drift history for each of the speaisiealong with annotations of significant damagthto
system. It is notable that only specimens NCBF1N@&8F1-R5 achieved the desired failure mode of
brace fracture. NCBF1 suffered brace fracturearg low drift level. While it achieved the desired
failure hierarchy, it did not achieve the desiredtdity. Retrofits NCBF1-R1 through NCBF1-R4
improved the system ductility, but at the cost téss desirable failure mechanism. Each of these
specimens suffered fracture of multiple welds i lorth gusset plate connection. NCBF1-R5 was able
to both improve system ductility and maintain tlesided failure hierarchy, making its performance th

most desirable.
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Figure 6.41 NCBF1 Load-Drift History
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Figure 6.42 NCBF1-R2 Load-Drift History
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NCBF1-R3 Load-Drift Response
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Figure 6.43 NCBF1-R3 Load-Drift History
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Figure 6.44 NCBF1-R4 Load-Drift History
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NCBF1-R5 Load-Drift Response
400 ‘ ‘ ‘ ‘

W-NGB Fracture

300}

200¢

Actuator Load (kips)

Brace Buckling

3 2 -1 0 1 2 3
Lateral Drift (%)

Figure 6.45 NCBF1-R5 Load-Drift History

From the load-drift history for each specimen, jieak values of each cycle were plotted to cretdadh
drift envelope, as shown in Figure 6.47. Also shawhRigure 6.47 are linear fits to the load-drift
envelopes. Each fit is comprised of three line sagsithat estimate the envelope. These segments
estimate behavior in the elastic drift range, tbstyyield tensile drift range, and the post-buaklin
compressive drift range, as shown in Figure 6.48hEof the three lines was fitted using a squaoe ro

sum of squares best fit to the data points inrdagibn of the load-drift envelope.

The intersection points of these lines are usetktermine estimates of the yield and buckling
displacementA, andA.) and the yield and buckling loaB/(andR;). The slopes of the lines are the

elastic, post-yield, and post-buckling stiffnes@&s K, andK.). The computed values for each of the
specimens are given Table 6.6.
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Figure 6.46 Quantities Derived from Envelope LinEgr
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Figure 6.47 Load-Drift Envelopes and Linear Fits
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Table 6.6 Frame Properties Derived from Linear Fits

Elastic Stiffness Post-Yield Stiffness Post-Buckling Yield Force Buckling
Specimen (K/in) (K/in) Stiffness (K/in) (K) Force (K)
NCBF1 657 70 -99 230 -180
NCBF1-R1 X X X X X
NCBF1-R2 611 37 3 228 -125
NCBF1-R3 802 78 -25 260 -199
NCBF1-R4 608 38 -7 241 -157
NCBF1-R5 655 27 -17 267 -194

Elastic stiffness was reasonably consistent fosfadicimens except NCBF1-R3. The higher stiffness of
NCBF1-R3 may have been associated with the reswhthe brace midspan, which delayed buckling of
the brace. Specimen NCBF1 had a large, negatisehuekling stiffness, which is an undesirable
behavior for global performance, as it can leacafd system collapse. The retrofitted specimeitized
compact braces, which lose compressive strengstrdgadly after buckling. As a result, their post-
buckling stiffnesses are more stable, creatingstesy with less severe softening behavior. Posttyiel
stiffnesses were approximately 5%-10% of the alasgtstem stiffness, and the yield forces for athef

specimens fell within the 230-270 kip range.

6.4.2 Energy Dissipation

Energy dissipated by the frame is another valuatdasure of system performance, as systems that
dissipate large amount of energy are more capdldrduring seismic events. The energy dissipated by
the frame can be computed by the area within tiséehgtic loops of the load-drift response. Workealon

on the system by the actuator load can be comusgied Equation (6.2-4).
b
W= f FxdA (6.2-4)
a

The energy dissipated by the system over a comgyete, or multiple complete cycles, is equal te th
net work done by the applied load, because littleaelastic energy should remain in the systemmwhe
returns to its initial state. To compute the enaiggipation, or work, trapezoidal summation wasdus

over the discrete displacement increments, per tifougs.2-5).

257



n
F, + Fy
W = Z LA = Ay (6.2-5)

Figure 6.48 shows the cumulative energy dissipatesus total drift range for each of the speciméhs.
energy dissipated in each cycle typically increasethe test progresses. Cycles that reach larger

displacements have more substantial inelasticmotibich is the source of energy dissipation fer th

frame.
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Figure 6.48 Cumulative Energy Dissipation

Figure 6.49 shows the cumulative energy dissipgtoall of the specimens for comparison. The cdte
energy dissipation is comparable for all tests pxBECBF1-R5, which begins to dissipate energy more
rapidly at the drift range associated with bracekbing. The primary source of this increased energy

dissipation was the brace compressive capacity. NCIB5 had one of the highest buckling loads of the
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specimens tested, and it maintained most of itgocessive resistance over subsequent cycles. This

created a wider load-drift envelope and thus greatergy dissipation.
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Figure 6.49 Cumulative Energy Dissipation - All Tes

6.4.3 Column Performance

Although the brace and gusset plate connectiontharmost critical aspects of the system perforrmanc
the behavior of the framing elements also contebwbnsiderably to the overall system responsan In
idealized braced frame, the connections act ag@epins, so the beams and columns do not cargr she
forces and bending moments. However, braced frameections, particularly at the gusset plates, laave
degree of flexural restraint, which causes the lseama columns to contribute to the lateral reststaof

the system.

Figure 6.50 shows the process by which the sheeedand bending moments for the columns were
calculated. Two sets of strain gauges were usedltolate the moment distribution and shear fooce f
each column. The strain and stress were assumedhtdinearly over the cross section, which is a

reasonable assumption for strains of this magnitadditionally, the shear force was assumed to be
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constant between the connections, which is reasoma&u@use no external force acts on the colun
this region,

Medasured Cross Seclion Cruss Section Morrent Shear Force
Strains Strain ™ Stress ™ Distribution Distribuzion
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Figure 650 Computation of Column Shears and Moments

Unfortunately, strain gauge failures a number of the specimens significantly limits émeount of dat:
that can be derived for the columns. Column shibatswere possible to compute are giveFigure
6.51. The skar force in the West column for NCE-R5 ishigher than that for the East column. 1
likely cause of this is the additiorrestraintprovided to the North end of the West column byltael

beam. The rigidity of the load beam preventsNorth end of the columfrom rotating, increasin
restraint and thereby its force.

261



NCBF1 - East Column Shear NCBF1-R3 West Column SkRegce
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Figure 6.51 Column Shear Force

Since the bending moment is assumed to vary lip@dohg the height of the column, it is possible to
compute the maximum flexural demands on the coluffine maximum flexural demand will occur at
the edge of the connection at either end, becaueiconnection region, the connection contribtdges
the flexural strength of the column, thereby redgatress. The moment at each of the two enddelhibe
My and Msin Figure 6.50, can be computed simply from adirfé@ to the moments computed at the two

strain gauge locations.

The computed moments are shown for the East ColarRigure 6.52 and for the West column in Figure
6.53. Moments for NCBF1 were small, which is readba given the small drift level that was reached.
The East column of NCBF1-R5 underwent a substactiahge in behavior at the North end at -1.5%
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drift. This was a result of the fracture of the togusset-beam weld. The fracture of this weld cedu
the height of the beam-column connection by 50%rehy substantially decreasing the end restrai. T

column moment decreased to near 0 as a resulisafltinge. This is also reflected in the East calum

shear force, which dropped significantly at the sguoint.

In both NCBF1-R3 and NCBF1-R5, the West column heddlexural demands near the plastic moment
capacity of the section at the South connectioiis WMas the location of the highest flexural demawfds
any of the calculated values. Observations fromekts showed that the most significant yieldinthia
columns occurred at this location, which is comrsistlt is likely that the yield capacity of thest

exceeds the 50ksi design strength, meaning teahttment demand in the column is actually somewhat

less than the plastic moment capacity.
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Figure 6.52 East Column End Moments
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Chapter 7: Evaluation and Retrofit

7.1 Introduction

Seismic evaluation and Retrofit of existing struetuin the US is typically accomplished using the
procedures from ASCE 41. This document providesemtares for evaluating the capacity and expected
seismic performance of existing structures. It alescribes protocols for the retrofit of structuttest are
deemed deficient. This chapter builds on existiagiework within ASCE 41 to provide procedures for
the evaluation and retrofit of NCBFs based on #seiits presented in previous chapters. Section 7.2
describes the basis for the proposed evaluatioredwoe and its relation to the protocol from ASCE 4
Section 7.3 describes the results of this evalndtio each of the specimens tested. Section 7.4

summarizes these results and discusses the outoditiesvarious retrofit procedures.

7.2 Evaluation Procedure

The current ASCE 41 procedure utilizes a compobastd evaluation method. Components are
described as either force-controlled or deformationtrolled. The diagonal braces are the deformatio
controlled elements within a braced frame systeneyTare expected to yield and to undergo substantia
inelastic deformations. The other system comporeetdorce-controlled elements, which are requioed
withstand the demands placed on them by the def@meontrolled elements. Deformation-controlled
elements are considered deficient if they are iablpif sustaining the required deformations oistas)
the necessary seismic loads. Force-controlled elenage considered deficient if they are incapable

resisting the force demands placed on them byé¢harmhation controlled elements.

Components that are not capable of resisting thessary forces and deformations outlined in ASCE 41
must be retrofitted per modern governing designddieds. Because none of the connections in the
infrastructure review were capable of developirgtlirace capacity, they would likely require retrofi
under the provisions of ASCE 41. For NCBF1, as waslthe majority of the connections in the
infrastructure review (Chapter 2), this would requthe replacement of the brace, gusset plate, and
potentially the beam-to-column connection. Theofés tested in this experimental program were
intended to demonstrate retrofit alternatives shdnstantially improve system performance without
requiring extensive modifications to meet modersigie standards. The emphasis of this chapter tken
categorization of the performance of the systemsigteand the evaluation of the effectiveness of the

tested retrofit procedures.
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ASCE 41provides categorizes the performance of stegponents with a backbone curve, which is
shown in Figure 7.1. This curve describes the egodoad-displacement or moment-rotation behavior o
the component during a seismic event. The poirBs@D,E are defined by the specific properties of

each component.
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m

Figure 7.1 ASCE 41 Steel Component Backbone Curve

The results presented in the previous chaptetsi®thiesis have demonstrated that there is submtant
interdependency between the behavior of the brarmections, and framing members. In light of this,
the proposed NCBF evaluation procedure developsbioae curves at the subsystem level, rather than
the component level. This allows the evaluatiomte effectively capture these interdependendies, t

providing a more accurate and comprehensive predicf system performance.

The subsystem tested was a single bay containsimigée concentric diagonal brace. This system atghib
different behavior in the directions of brace tensand compression, which provides a challenge in
establishing a backbone curve, which assumes symersgstem behavior. In order to achieve a
symmetric response, a larger subsystem was analgeeduse the behavior of single concentric breces
asymmetrical, structures typically have a mirrdoegce in an adjacent bay, so that one brace with be
tension while the other is in compression, as shioviigure 7.2. This subsystem has symmetric load-

displacement behavior, making it a more viable @até for developing backbone curves.
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Figure7.2 Two Bay Braced Frame Subassembly

To estimate the behavior of this t-bay subsystem, the tensile and compressivedodtdehavior of
each specimen was superimposed to create a sungie. ¢n an idealized ca: this can be accomplishe
by the following procedure. For each displacemina,corresponding lateral resistance can be foor
the tensile portion of the loadtift envelope, shown iFigure 7.3 and for the compressive portion of -
load-drift envelope, shown ifigure7.4. The difference between these two resistang; and R, is the
expected lateral resistance of the-assembly for the prescribed displacement, as shoFigure 7.5.
By applying this summation for each displacemncrement, a complete loahtit envelope for th
subsystem can be created. In order to achievetti@sensile and compressive portions of the oai
loaddrift envelope must have equal displacement increspevhich is difficult to achiev

experimentally.
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ASCE41 Demo Tension
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Figure 7.3 Tension Brace Lateral Load at Prescribisglacement

ASCE41 Demo Compression
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Figure 7.4 Compression Brace Lateral Load at PiestiDisplacement
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ASCE41 Demo Result
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Figure 7.5 Sample Computation of a Point on Sulesydtoad-Drift Curve

In order to create a single envelope curve fronegrpental data, a modified version of the above
approach was necssary. Due to slip of componeriteiexperimental setup, the drift values achieated
the tensile and compressive drifts for a giveneyeére typically different, sometimes dramatically.
Figure 7.6 demonstrates this asymmetry, as conipeedsfts reach 2%, while tensile drifts only reac
1.4%. This makes it impossible to construct soméiqges of the combined load-drift curve, because fo
some displacements, there may be no correspondiagrdone direction to match the data for opposing

direction.
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NCBF1R2 Envelope
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Figure 7.6 Asymmetric Experimental Load-Drift HistdNCBF1-R2)

To address this issue, displacement values werwtaeh from the difference between successive &nsil
and compressive peaks, as shown in Figure 7.7 udedae positive and negative displacements wdre no
always of the same magnitude, the average of tlyni@es was used as the assumed lateral

displacement for the two-bay subsystem.
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Figure 7.7 Experimental Displacements at Succe$¥aks
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The corresponding lateral load was computed asuheof the magnitudes of the tension and
compression resistances at the given displaceneaikispas shown in Figure 7.8. The average drift and
total load at each cycle constitute a point onctbrabined load-drift envelope, as shown in Figuge 7.
Computing the averaged displacement and combirsetiftr each successive cycle provides a complete
load-displacement curve for the combined subsysésnshown in Figure 7.10. This figure also showes th
contributions to the total lateral resistance fribie compressive brace and the tensile brace. Aleof

load curves are plotted against the averaged displant estimate.
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Figure 7.8 Experimental Loads at Successive Peaks
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Load-Drift Sample — For Demo
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Figure 7.9 Sample Computation of a Point on Sulesydtoad-Drift Curve
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Figure 7.10 Load-Drift Curve for Two Bay Subsystem

Once the load-drift curve for the subsystem waaterk the points for the backbone curve was fifide.
curve consists of five points, which are descrilme@able 7.1. In some cases, specimens progressed

through multiple points simultaneously, as is theecfor sudden failures.
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Table 7.1 Key Points for ASCE 41 Backbone Curve

Point Name Description
A Initial Resting State Zero Load and Zero Displaeat
5 Vield Substantial Decrease in Stiffness - Typically Cepmnds
ie
to Brace Buckling
Substantial Negative Stiffness - Typically Corrasg®to
C Loss-of-Strength _ ,
Tearing of Brace or Fracture of Connection Comptsen
Complete Brace or Connection Fracture - Moment Eram
D Loss of Brace Strengtt , _ ,
Action Only Beyond this Point
_ _ Fracture of Beam-to-Column Connection - Potentiall
E Ultimate Failure
System Collapse
7.3 Results

Backbone curves are presented in this sectiontimimrmalized and standard formats. For the

normalized curves, the displacement was normataeie yield displacemem, (point B on the

backbone curve). The force was normalized to tipeebed lateral load capacity of the subsystgmas

calculated from Equation (7.3-1), wherds$?the brace expected yield capacity aptsfhe brace

expected compressive capacity, as calculated ipt€ha.

P, +P
Py= t c
V2

Table 7.2 gives the DCRs for each of the specirtested for reference.

(7.3-1)
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Table 7.2 Specimen DCRs

NCBF1- | NCBF1- | NCBF1- | NCBF1- | NCBF1-

Limit State NCBF1| R1 R2 R3 R4 RS
Brace Net Section Fracture 1.26 1.15 1.15 1.21 1.16 1.26
Brace-Gusset Plate Weld 092 | 092 0.92 0.92 0.92 0.92
Fracture

Brace Block Shear 1.14 0.76 0.76 0.76 0.76 1.14
Gusset Plate Block Shear 1.16 1.33 1.33 1.22 1.78 1.16
Gusset Plate Whitmore 133 | 1.50 1.50 1.28 1.89 133
Yielding

Gusset Plate Buckling 0.74 0.84 0.84 0.70 1.03 0.74
Gusset Plate Shear Vielding | | 10| | 1¢ 1.16 1.16 1.16 1.16
at Beam

Beam-Gusset Weld 1.55 1.55 1.55 1.55 1.55 1.55
Fracture

Shear Tab to Gusset/Beam | | 5o | 4 g 1.08 1.08 1.08 1.08
Weld Fracture

Shear Tab to Column Weld | - | oo 0.65 0.65 0.65 0.65
Fracture

E;ilcoe Width-to-Thickness | 00 | (g4 0.84 0.84 1.00 2.00

The behavior of NCBFL1, the unretrofitted bracednieais shown in the backbone curve in Figure 7.11
and normalized backbone curve in Figure 7.12. TRigaees demonstrate the effect of the non-compact
brace on the system performance. NCBF1 had a wegadist-yield stiffness due to the rapid loss afcler
compressive strength after buckling.. Additionaliyace fracture occurred at less thag, 3vhich

indicates that the system has very post-yield dedtion capacity, in addition to the softening pystd
behavior. It is also notable that the frame actdevaly 80% of the design lateral load resistander po
yielding. In part, this results from brace buckliogcurring at a smaller drift level than brace died).

This was typical of most of the specimens testegh@wn throughout in this section.

Despite substantial strength deficiencies in theneations, almost no connection damage was observed
prior to brace fracture. Because the connections \eegely intact after brace fracture, some vengls

post-fracture cycles were completed. The dasheddith the arrow on the backbone curves indicdtes t
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probable direction of the post-brace fracture bairanf the frame based on the post-brace fracture

resistance of the frame.

ASCE41 NCBF1
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Figure 7.11 Backbone Curve - NCBF1

ASCE41 NCBF1- Normalized
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Figure 7.12 Normalized Backbone Curve - NCBF1

NCBF1-R2 replaced the non-compact brace used infIGHEth a compact section with similar cross-
sectional area. The backbones for the two speci@@nsompared normalized in Figure 7.13 and non-
normalized in Figure 7.14. Unlike NCBF1, NCBF1-Rébited a positive post-yield stiffness, which is
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desirable because the system continues to gaimg#itras it deforms inelastically. NCBF1-R2 was able
reach deformations ofA§ before the system began to lose strength. Thisisstantial improvement

over NCBF1 resulting from the use of a compact diastead of a non-compact one.

However, NCBF1-R2 suffered a rapid failure at gisement of f,. Improving the brace performance
caused concentration of damage in the connectidnish failed suddenly as a result of the deficieaty
the shear tab weld. This is undesirable behavioth@ beam-to-column and brace-to-frame connections

failed simultaneously, potentially resulting in @fal system collapse.

NCBF1-R2 had a smaller design lateral load than RCBecause NCBF1-R2 used a compact brace,
which had a lower buckling capacity. NCBF1-R1 aghitonly 75% of its design strength at yield.
However, it achieved nearly the full design stréngfior to failure, unlike NCBF1, which achievedyn
80% of its design strength. Using a compact briaeeretically results in a loss of lateral load @ifya
but these plots show that the improvement in paskling brace strength and system ductility actuall

results in a slight net gain of lateral load capaci

ASCE41 NCBF1-R2 vs NCBF1
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Figure 7.13 Normalized Backbone Curves - NCBF1HGBF1-R2
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ASCE41 NCBF1-R2 vs NCBF1 — Normalized
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Figure 7.14 Backbone Curves - NCBF1 and NCBF1-R2

NCBF1-R3 utilized an in-plane brace buckling ratrosing the same brace shape as NCBF1-R2. The
behavior of NCBF1-R3 is compared with NCBFL1 in Fgi.15 and Figure 7.16. The behavior of
NCBF1-R3 was influenced by the restraint of thecbraid-span against downward buckling. This
resulted in an unusually high buckling capacity antegative post-yield stiffness. The influencetheke
factors makes it difficult to draw valuable infortizen about the performance from the backbone curves
NCBF1-R3, like NCBF1-R2, suffered a sudden conwactiacture which disconnected the beam from
the column, which could lead to a partial collajpsa structure. This failure further emphasized the

vulnerability of the deficient welds in the conrieos.
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ASCE41 NCBF1-R3 vs NCBF1 — Normalized
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Figure 7.15 Normalized Backbone Curves - NCBF1HG®BF1-R3
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Figure 7.16 Backbone Curves - NCBF1 and NCBF1-R3

NCBF1-R4 also utilized an in-plane brace buckliegafit but used a rectangular, rather than square,
brace cross section. The behavior is comparedM@BF1 in Figure 7.17 and Figure 7.18. NCBF1-R4
exhibited positive stiffness after yielding untitissplacement of &,.However, after this point, the system
suffered a sudden failure of the beam-column cammecagain showing that the deficiency of the shea

tab weld was critical to performance.
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Like previous retrofits, NCBF1-R4 improved the pgild drift range and stiffness of the system, ibut
suffered a less desirable failure. NCBF1-R4 aclde8@% of its expected capacity prior to yielding,
similar to NCBF1. However, like NCBF1-R2, NCBF1-Rdhieved close to the full expected capacity
after yield, while NCBF1 did not, as shown in Figut.18.

ASCE41 NCBF1-R4 vs NCBF1
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Figure 7.17 Normalized Backbone Curves - NCBF1NHG@BF1-R4

ASCE41 NCBF1-R4 vs NCBF1 — Normalized
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Figure 7.18 Backbone Curves - NCBF1 and NCBF1-R4
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NCBF1-R5 retrofitted NCBF1 by filling the non-conmgidorace with concrete and adding bolts to
reinforce the shear tab connection. The behavibéd@BF1-R5 and NCBF1 are compared in Figure 7.19
and Figure 7.20. NCBF1-R5 did achieve a positivet{yeeld stiffness and reached a displacemenipf 5
prior to fracture of the North gusset-beam weld BR¥C-R5 the same expected lateral load capacity as
NCBF1, and attained a similar yield load. HoweW€BF1-R5 had a positive post-yield stiffness, so it
attained 85% of the expected strength prior to gfussbeam weld fracture, whereas NCBF1 began to
lose strength after yield. NCBF1-R5 system thenreghtive stiffness until a displacement af,8vhen
brace fracture occurred. Unlike previous retrofd§BF1 did not suffer a complete connection failure
This was likely due to the bolt reinforcement te #hear tab weld, which extended the connectien lif

even after fracture of the deficient gusset-to-beasidl.

After brace fracture, monotonically increasing aydisplacement was applied to the specimen to
evaluate the residual lateral load capacity offithme. The lateral load resistance of the frame was
consistent across a large range of displacemergscythe test was terminated when the frame was at
total displacement range of 12,5 although failure of the beam-column connectioad hot occurred
and did not appear to be imminent. The post fradb@havior for NCBF1-R5 is signified with the daghe

line and arrow on the figures below.

ASCE41 NCBF1-R5 vs NCBF1 - Normalized
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Figure 7.19 Normalized Backbone Curves - NCBF1HG®BF1-R5
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ASCE41 NCBF1-R5 vs NCBF1
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Figure 7.20 Backbone Curves - NCBF1 and NCBF1-R5

In addition to the six specimens tested for thesth, backbone curves were constructed for twaquev
UW tests. Figure 7.21 and Figure 7.22 show NCBKDHSS08 alongside NCBF1. NCBFO was a
prototype NCBF test, as described in Chapter 2adta bolted double angle gusset-beam connectibn an
suffered fracture of the brace-gusset weld at @ hegv drift level. Prying of the angles did allowet

frame to reach large displacements after bracéuiracLike NCBF1, NCBFO attained less than 1% drift

prior to failure, further demonstrating the inadacyof NCBF performance.

By contrast, HSS08, a typical SCBF designed to modgtandards, has a positive post-yield stiffness a
achieved a large displacement before brace faiiemnnection detail for HSS08 is shown in Figure
7.23. The contrast between the behavior of HSS@8ltwo NCBF specimens demonstrates the
effectiveness of SCBF design requirements at emguaiuctile system performance, while simultaneously
highlighting the vulnerability of NCBFs.

It is also notable that all three specimens achiemproximately 80% of their design lateral loapgazaty
at yield. This consistency between NCBFs and SGBkdormative, because it indicates that the frame
behave similarly prior to brace buckling. Howeuike post-yield performance of the systems differs
substantially.
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ASCE41 NCBF1 vs NCBFO and HSS08
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Figure 7.21 Backbone Curves - Comparison of NCBFS@GBF

SCE41 NCBF1 vs NCBFO and HSS08 — Normali
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Figure 7.22 Normalized Backbone Curves - ComparegddCBF and SCBF
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Figure 7.23 HSS08 Connection Detall

Figure 7.24 and Figure 7.25 compare NCBF1-R5bst successful retrofit of NCBF1, with HSS08.
NCBF1-R5 exhibits clear improvements in performaoeer NCBF1, and mirrors the behavior of HSS08
to a certain extent. Both specimens have posithat-pield stiffness and achieved large deformations
before loss of strength occurred. These plots dstrete the effectiveness of the bolt reinforcenaert
concrete fill used to address the shear tab weldbasaice compactness deficiencies of NCBF1. While

NCBF1-R5 falls short of SCBF performance, it représ a substantial improvement.

ASCE41 NCBF1-R5 vs NCBF1 and HSS08
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Figure 7.24 Backbone Curves - Comparison of NCBB1drSCBF
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'E41 NCBF1-R5 vs NCBF1 and HSS08 — Norm
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Figure 7.25 Normalized Backbone Curves - CompartdddCBF1-R5 to SCBF

7.4 Implications for Evaluation and Retr ofit

The results presented in Section 7.3 can be uiliaeestablish some guidelines for evaluating NCBFs
NCBF1 had numerous deficiencies which affectedgoernce to varying degrees, as summarized in
Table 7.3. Despite the weld and plate capacitycagfcies in the connection, the controlling aspéthe
behavior of NCBF1 was the brace compactness. Subsecgetrofit specimens revealed additional
deficiencies that adversely affected the systerfopeance, particularly the beam-to-gusset weldtaed
gusset/beam to shear tab weld, both of which faiflestveral of the specimens. The retrofit specsnen
also identified successful methods for addressau) @f the critical deficiencies of NCBF1, as presd

in the remainder of this section
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Table 7.3 NCBF1 Deficiencies

Limit State DCR Negative Impact
on Performance

Brace Local Slenderness 2.04 Severe

Beam-Gusset Weld Fracture 1.55 Severe

Shear Tab to Gusset/Beam

Weld Fracture 1.08 Severe

G.ussgt Plate Whitmore 133 Moderate

Yielding

Gusset Plate Block Shear 1.16 Moderate

Gusset Plate Shear Yielding 116 Moderate

at Beam

Brace Net Section Fracture 1.26 Low

Brace Block Shear 1.14 Low

Brace-Gusset Plate Weld 0.92 Low

Fracture

Shear Tab to Column Weld 0.65 Low

Fracture

Gusset Plate Buckling 0.74 Low

7.4.1 Brace Compactness

NCBF1 had a brace with a width-to-thickness rafionace the modern limit. This resulted in a rajpds
of brace compressive strength after buckling, cuppif the brace at a small drift level relative to
specimens with code-compliant braces, and braceuheat a small total drift range. The brace
compactness had a significant adverse impact opdtfermance to the extent that damage to other
deficient components was not observed. Thus, theebrompactness was the deficiency with the most

substantial adverse impact on performance.

Replacing a non-compact brace with a compact seuwtas effective at addressing the negative aspécts

the non-compact brace performance. The compacebuased for retrofits retained more of their
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compressive resistance, as shown in Figure 6.1€y @lso attained significantly larger mid-span

displacements, as shown in Figure 6.11 and Figl2 6

However, the brace replacement strategy requinee sacrifices with respect to system lateral load
resistance. For the retrofits tested in this theslsrace was selected which had the same teagiecity

as the original brace. A compact brace with theesarass-sectional area as a non-compact brace will
have a lower buckling capacity, because it necigdms a smaller radius of gyration, as demonasttat
Table 7.4. This is a concern for system behavioit educes the lateral load capacity of the syste
Additionally, NCBF1-R1 and NCBF1-R2 demonstrateat th more compact brace section is capable of
subjecting the connections to larger demands, wihithose specimens resulted in connection fracture
The alternative is to select a brace section tlznhtains the brace compressive resistance, bigdses
the tensile resistance, also shown in Table 7.& mMiethod can maintain the lateral load capacityef
system, but it may put much higher demands ondheections due to the brace compactness and the
increased brace tensile strength. Given the appeoamection vulnerabilities in many NCBFs,

increasing the brace strength may not be a tergbien.

Table 7.4 Brace Replacement Options

Section HSS7x7x1/4 HSS5x5x3/8 HSS6x6x3/8
Width-to-Thickness Ratio 27.0 11.3 14.2
Area (in?) 6.17 6.18 7.58
Radius of Gyration (in) 2.75 1.87 2.28
Tensile Capacity (kips) 432 433 531
Compressive Capacity (kips) -336 -216 -347

A second retrofit option for a non-compact bracmisll it with concrete. NCBF1-R5 demonstrateath
replacing the brace with concrete prevented raysd bf brace compressive capacity after buckliag, a
shown in Figure 6.13. Also, the concrete fill deldyocal buckling, thus extending the brace lifspa
shown in Figure 6.13. Unlike brace replacemeningjithe brace with concrete retains both the oagi
tensile and compressive capacity of the brace,wisidesirable for system performance. In order to
avoid an increase in compressive capacity fronttmerete, a gap must be provided between the
concrete fill and the gusset plate edge at botls,eaglwas done for NCBF1-R5. This prevents contact

force from developing between the gusset platetli@doncrete, so the concrete carries minimal axial
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load. Like the compact brace replacement, filling brace with concrete increases demands on the

connections, as it extends the brace life.

7.4.2 Beam-to-Gusset Weld

The beam-to-gusset weld had a DCR of 1.55 forfdath® specimens tested. This weld fractured in
NCBF1-R1, NCBF1-R3, and NCBF1-R5, leading immedyate connection failure in the first two of
those specimens. This demonstrates that a highfofRe beam-to-gusset weld is a critical perforoman

issue for NCBF systems.

The lack of end rotational clearance for the biase likely contributed to the vulnerability of eth
gusset-to-beam weld. NCBF1 and the various resrafitlacked end rotational clearance for the hrase
discussed in Section 6.3, when the brace bucklesfqlane, the lack of brace end clearance mageau
substantial rotational demands on the gusset-totveeld, which may contribute to tearing and fraetur
Improving the brace performance can extend itstlifereby putting larger rotational demands on the

connection, and potentially contributing furthemteld damage.

As described in Chapter 2, many NCBFs have shasajtio-brace splice lengths and relatively thin
gusset plates relative to the brace size. As dtrésis often not possible to retain the existogsset plate
for an NCBF and achieve an acceptable level ofebemd clearance, which was the case for NCBF1. An
in-plane buckling brace is a possible alternativprotect the gusset plate-to-beam weld without
replacing the gusset plate. By forcing the bradeuttkle in-plane, the out-of-plane rotational dedsaon
the welds are substantially reduced. NCBF1-R4 destnated the effectiveness of this method, as its
gusset plate-to-beam welds remained intact throliglduration of the test. Alternatively, additiomadld
could be applied to increase the weld size, ogtleset plate could be replaced to address the

vulnerability of this weld.

In order to achieve in-plane buckling, it was neegg to utilize a rectangular HSS section. Wit#iek
plate retrofit, the effective length of the brasdarger for in-plane buckling than for out-ofpia
buckling. This is based off of effective lengthtfars of 1 in both directions, which was found te b
reasonably accurate for the retrofits tested. Theelength for out-of-plane buckling extends t® ¢md
of each knife plate in the connection, as the kpiftes deflect out-of-plane with the brace. Feplane
buckling, the knife plates hinge in the free redgi@tween the brace end and the gusset plate, so the
effective length is the actual brace length. Duth&odifference in brace effective lengths, ités@ssary

to select a brace cross-section that has a smadlers of gyration for in-plane buckling than fartapf-
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plane buckling. A section was selected for NCBF1tRxd produced a lower expected in-plane buckling
load than out-of-plane buckling load, using thauagstions above. This was effective in ensuring ihat
plane buckling occurred. By contrast, using a sgjliaace section resulted in substantial out-ofglan

buckling.

7.4.3 Shear Tab Weld

The shear tab weld, which connects the gusset gfatehe beam web to the shear tab, had a DCR8f 1.
for all specimens tested. Fracture of this weldigouted to the failure of all of the retrofit speens
except NCBF1-R5. In each of those cases, the watdure resulted in failure of the beam-to-column
connection, which could lead to a partial collajpsa structure. This not only limits pre-fracture

performance, but it also eliminates any residugréd load capacity after fracture.

The shear tab weld began tearing at approximagélyft in all specimens, resulting in fracture kit
two cycles in each case except NCBF1-R5. This dsimates that the shear tab weld puts a significant
and quantifiable limitation on the achievable drifhge for this system. It is initially surprisititat this
impacted performance so significantly, as the D@RHe weld was lower than many others for
components of the connection. However, the weldlikal/ impacted not only by demands from the
brace axial force, but also from in-plane rotatia@mands due to the lateral deformation of theé&aas

discussed in Section 6.3.

The effective retrofit of the shear tab weld was dddition of bolts in the shear tab as reinforagme
Sufficient bolts were added to carry the entirdtthe vertical component of the brace force, s tiha
bolts could, in principal, function adequately ewerhe event of complete weld fracture. While ltodts
were not effective at delaying tearing of the shabhrweld, they drastically reduced the rate ofihgg

preventing connection failure.

7.4.4 Gusset Plate and Shear Tab

The gusset plates for all of the specimens testwé deficient for Whitmore Yielding, block sheatla
gusset-to-brace connection, and shear yieldinigegabéam-to-gusset weld. Yielding of the gussetplat
was extensive in all of the specimens, demonstydtia effect of the gusset plate strength defigienc
However, none of the gusset plates tore or fradtunelicating that the deficiency of the gussetgda
was not severe enough to cause connection faltusepossible that the extensive yielding in thisggt

plates caused high strain concentrations arounai¢tas, which could have contributed to weld tegwrin
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However, it generally appears that gusset platdstive level of deficiency seen in these specinagas

not critical.

The shear tabs in most specimens also yielded @x&dyn. This was likely due to a combination of ¢ga
axial force and flexural demands from the relatotation of the beam and column. As with the gusset
plate yielding, there does not to appear to bedinggt concern associated with the weakness dftibar

tab, apart from the potential of tearing of thedgalesulting from strain concentrations.

Due to the lack of end clearance and the sevefrittysodeficiency of the gusset plate, the only effe
way to reduce the DCRs for the plate would be piae it with a larger one. The shear tab could
potentially be reinforced by adding a second stedapn the opposite side of the beam and gusdet pla
but this could be difficult to construct. The otladternative is to replace the shear tab, whichlgdvou

require an extensive retrofit operation.

7.4.5 Brace Net Section

All of the braces tested had DCRs for brace ndimefracture greater than 1.0, but almost no tepaf

the brace net section was observed in the tesisifidicates that deficiency of the brace net saathay

not be as serious of an issue as some of the wéldehcies. However, research by Powell (2010)
suggested that the occurrence of net section tearid fracture was strongly dependent on the load
history applied. Specifically, two similar specinsamere tested under different loading historieg on
under the cyclic load protocol used for the NCBE@mens, and the second under a simulated near-faul
ground motion loading. The specimen tested undar-faailt loading suffered net section fracture, le/hi

the other specimen did not.

It is reasonable to expect that a similar resultildbdde obtained for the NCBF specimens, because the
experimental setup used is the same. Given thatdtigion of net section reinforcing plates is &iu
and inexpensive retrofit measure, it seems reas@maladdress the net section deficiencies by gddin

reinforcing plates to the brace net section.
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Chapter 8: Summary and Conclusions

8.1 Summary

The research presented in this thesis began Mitttrature review and infrastructure survey, which
established the level of deficiency of NCBF systemd provided direction for an experimental program
The experimental program consisted of 1 NCBF, &irepnd 4 retrofits, which were tested in the UW
structures lab. Data analysis of the results froesé¢ specimens was conducted to quantify critgladets
of the system performance. Based on this analysiiminary guidelines for evaluation and retrofigre
created based on the existing code framework, apeeific set of recommendations for evaluation and

retrofit for the connection investigated were pdad.

8.2 Conclusions

The research presented in this thesis has demtatstteat NCBF systems, which are common in the US,
may perform poorly in seismic events, but that seffiective retrofit methods are available to addres
NCBF deficiencies.

None of the connections evaluated in the infrastinecreview were capable of developing the brace
capacity, which emphasizes that NCBFs are susdeptilconnection failures. NCBFL1 verified that the
deficiencies of NCBFs, particularly severe bragmlslenderness, can cause premature failure and no
ductile system response. Table 8.1 shows thearf€BF1 deficiencies and effective retrofits. Réts

of NCBF1 demonstrated that the brace local sleredsroould be effectively addressed by replacing the

brace with a compact section or by filling the ler&dth concrete to delay local buckling.

However, these retrofits also demonstrated additivnlnerabilities to the NCBF connection. The giss
plate to beam weld, which had a high DCR for aldmens, was particularly vulnerable due in part to
brace end out-of-plane rotations and the lack atérend clearance on the gusset plate. This weldea
effectively protected by using an in-plane bucklibrgce with a knife plate retrofit, for which sgeci
design recommendations were provided. The gusatt/beam to shear tab weld also failed consistently
and clearly limited the achievable drift rangelad specimens despite being only slightly deficigéhis

weld can be effectively protected by reinforcingvith bolts using the provided recommendations.

Table 8.1 NCBF1 Critical Deficiencies
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Deficiency DCR Retrofit

Brace Local Slenderness 2.04 Brace Replacementr&ertill

Gusset-to-Beam Weld 1.55 In-Plane Buckling Brace
Shear Tab to Gusset/Beam Weld 1.08 Bolt Reinforoéme

The NCBF also had a range of deficiencies thandidadversely affect the system performance, shown
in Table 8.2. In particular, the gusset plate gtienleficiencies resulted in extensive gusset plate
yielding, but did not directly lead to connecti@ildires. Strength deficiencies in the shear tabthed

brace net section also had minimal negative impadhe system performance. This result is valutdsle
evaluation, because it demonstrates that defi@snniductile limit states, such as gusset plaklyig,

may not need to be addressed to achieve subskantipioved system performance, as demonstrated by
specimen NCBF1-R5.

Table 8.2 NCBF1 Non-Critical Deficiencies

Deficiency DCR
Gusset Plate Whitmore Yielding 1.33
Gusset Plate Block Shear 1.16

Gusset Plate Shear Yielding at Beam 1.16

Brace Net Section Fracture 1.26
Brace Block Shear 1.14

Finally, based on the results from these specinmetiminary procedures for construction of backiéon

curves to model subsystem performance were provitkzing the existing framework from ASCE 41.

8.3 Future Work

Ongoing work on this project at UW and its partiadaoratories will continue to evaluate vulneralsbt

and retrofits of NCBFs. Below is a list of areagogsible topics of future investigation:

e Evaluation of other common connection details ftbminfrastructure review and retrofits to

address their deficiencies.
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Investigation of further retrofits to NCBF1 or ottednnections with similar characteristics.
Evaluation of larger subsystem deficiencies, inicigdveak and non-compact beams, and
undersized columns.

Investigation of the implications of NCBF deficiées on the performance of structures
containing NCBFs using analytical modeling.

Development of specific recommendations for evadnaand retrofit of NCBFs.
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A.l. List of Surveyed Buildings

Appendix A: Infrastructure Review Supplements

Building Date State Type Floors Braces Configurations Connection Types
83CA3A Oct-83 CA Corporate HQ 3 HSS, W Single Diagonal, Chevron Bolted Shear Tab
82TN4A Nov-82 N Corporate HQ 3,5 HSS, Pipe Single Diagonal, Chevron Shared Gusset
88CA3A Jan-88 CA Research 2,3 HSS, Pipe Single Diagonal, Chevron Shared Gusset
80CA4A Sep-80 CA Office 4 HSS, W Chevron, Single Diagonal Beam Only
S8O0WASA Jun-80 WA Hospital 8 Angles X-Bracing, Single Diagonal Fully W;L)dl(:i’i izl(jte;:tl'leear Tab,
86WA3A Apr-86 WA Hospital 3 HSS Chevron, Single Diagonal Welded Shear Tab
88UT1A Oct-88 uTt Retail 1 Angles X-Bracing Bolted End Plate
83CA2A May-83 CA Office 2 HSS Chevron Fully Welded
74CAGA Jul-74 CA Hospital 6 w X-Bracing, Single Diagonal Double Gusset Plate
820R9A Jun-82 OR Hospital 9 w Single Diagonal, Multi-Story X Double Gusset Plate
92WA2A Feb-92 WA School 2,3 HSS Chevron Welded Shear Tab
86CA4A Aug-86 CA Office 4 HSS Chevron Bolted Double Angle

A.2. Connection and Frame Drawingsand DCRs

For each of the connections from the survey, thgvohlgs and DCRs for the connections and frames are

given in this section. The images presented arerptsfrom the drawings collected for the survdye T

DCRs for the connections are given for each commeetithin the braced frame bay. For single

concentric braces, this is each of the two corf@schevron braces, this is the two corners aadtte

mid-span connection. The DCRs for the frame ardaitgest values from the four load cases invesdjat

(see Chapter 2). The DCRs for the various comparagmnot necessarily all come from the same load

case. All of the values presented for the beamasseming no composite action, with the exceptfon o

the combined compression and bending calculatianishexplicitly labeled as composite.
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A.2.1. 82TN4A--113-ZZ1A-2

Figure A.1 Top and Bottom Connection Detail (82TN4A3-ZZ1A-2)
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Figure A.2 Frame Elevation (82TN4A--113-ZZ1A-2)

Table A.1 Connection DCRs (82TN4A--113-ZZ1A-2)
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Limit State Top-Left | Bottom-Right
Net Section Fracture 0.84 0.84
Brace Block Shear 0.62 0.62
Plate Block Shear 0.45 0.45
Whitmore Yielding 0.83 0.85
Whitmore Fracture 0.51 0.52
Plate Buckling 0.49 0.51
Brace-Gusset Weld Fracture 1.13 1.13
Brace-Gusset Bolt Shear

Gusset Plate Shear at Beam-Gusset 0.72 0.72
Beam-Gusset Weld Fracture 0.94 1.04
Beam-Gusset Bolt Shear

Beam-Gusset Bolt Bearing

Beam-Gusset Block Shear

Gusset Plate Shear at Column-Gusset

Column-Gusset Bolt Shear 0.87 0.89
Column-Gusset Bolt Bearing 0.23 0.27
Column-Gusset Weld Fracture 1.08 1.06
Column-Gusset Block Shear 1.28 134

Table A.2 Frame DCRs (82TN4A--113-ZZ1A-2)

Story 1 Story 2 Story 3
Right Column Compressive 0.56 0.25 0.06
Right Column Tensile 0.29 0.04 -0.06
Left Column Compressive 1.23 0.68 0.24
Left Column Tensile 0.40 0.19 0.04
Beam Compressive 1.17 0.78 0.55
Beam Tensile 0.57 0.28 0.00
Beam Bending 0.43 0.32 0.43
Beam Compression and Bending 1.55 1.06 0.94
Beam Comp+Bending (Compsite) 0.90 0.62 0.53

A.2.2. 83CA3A--14-LK-2
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Figure A.4 Top Connection Detail (83CA3A--14-LK-2)
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Figure A.5 Frame Elevation (83CA3A--14-LK-2)

Table A.3 Connection DCRs (83CA3A--14-LK-2)

Limit State Top-Left Bottom-Right
Net Section Fracture 1.10 1.10
Brace Block Shear 0.72 0.72
Plate Block Shear 0.37 0.37
Whitmore Yielding 0.45 0.45
Whitmore Fracture 0.28 0.28
Plate Buckling 0.54 0.54
Brace-Gusset Weld Fracture 0.88 0.88
Brace-Gusset Bolt Shear

Gusset Plate Shear at Beam-Gusset

Beam-Gusset Weld Fracture

Beam-Gusset Bolt Shear 0.99 0.99
Beam-Gusset Bolt Bearing 0.12 0.12
Beam-Gusset Block Shear

Gusset Plate Shear at Column-Gusset 0.35 0.35

Column-Gusset Bolt Shear

Column-Gusset Bolt Bearing

Column-Gusset Weld Fracture

Column-Gusset Block Shear

Table A.4 Frame DCRs (83CA3A--14-LK-2)

Story 1 Story 2 Story 3
Right Column Compressive 0.97 0.57 0.21
Right Column Tensile 0.57 0.16 -0.09
Left Column Compressive 0.57 0.58 0.21
Left Column Tensile 0.32 0.16 -0.09
Beam Compressive 0.63 1.46 1.29
Beam Tensile 0.54 0.55 0.00
Beam Bending 0.24 5.75 4.08
Beam Compression and Bending 0.84 6.32 4.52
Beam Comp+Bending (Compsite) 0.60 3.49 2.50
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A.2.3. 83CA3A--P-1415-3
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Figure A.6 Bottom Connection Detail (83CA3A--P-143%6
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Figure A.8 Frame Elevation (83CA3A--P-1415-3)
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Table A.5 Connection DCRs (83CA3A--P-1415-3)

Limit State Bottom-Left Top-Center Bottom-Right
Net Section Fracture 1.09 1.11 1.04
Brace Block Shear 0.43 0.63 0.43
Plate Block Shear 0.53 0.70 0.76
Whitmore Yielding 0.64 1.00 0.97
Whitmore Fracture 0.40 0.61 0.60
Plate Buckling 0.59 0.79 0.88
Brace-Gusset Weld Fracture 0.90 1.30 0.90
Brace-Gusset Bolt Shear
Gusset Plate Shear at Beam-Gusset 0.56
Beam-Gusset Weld Fracture 1.58
Beam-Gusset Bolt Shear 0.74 0.74
Beam-Gusset Bolt Bearing 0.17 0.26
Beam-Gusset Block Shear
Gusset Plate Shear at Column-Gusset 0.74 1.11
Column-Gusset Bolt Shear
Column-Gusset Bolt Bearing
Column-Gusset Weld Fracture
Column-Gusset Block Shear
Table A.6 Frame DCRs (83CA3A--P-1415-3)
Story 1 Story 2 Story 3
Right Column Compressive -0.13 -0.07 0.04
Right Column Tensile 0.51 0.37 -0.04
Left Column Compressive 0.86 0.94 0.48
Left Column Tensile 0.49 0.53 0.27
Beam Compressive 0.45 0.38 0.38
Beam Tensile 0.22 0.28 -0.37
Beam Bending 0.07 0.07 0.07
Beam Compression and Bending 0.51 0.45 0.44
Beam Comp+Bending (Compsite) 0.38 0.32 0.32

A.2.4. 88CA3A--1-CD-2
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Figure A.11 Frame Elevation (88CA3A--1-CD-2)

Table A.7 Connection DCRs (88CA3A--1-CD-2)

Limit State Bottom-Left Top-Center Bottom-Right
Net Section Fracture 1.30 1.30 1.30
Brace Block Shear 1.05 1.05 1.05
Plate Block Shear 0.80 0.80 0.80
Whitmore Yielding 1.02 1.08 1.02
Whitmore Fracture 0.63 0.66 0.63
Plate Buckling 0.53 0.55 0.53
Brace-Gusset Weld Fracture 1.64 1.64 1.64
Brace-Gusset Bolt Shear

Gusset Plate Shear at Beam-Gusset 0.48

Beam-Gusset Weld Fracture

Beam-Gusset Bolt Shear 0.63

Beam-Gusset Bolt Bearing 0.18 0.18
Beam-Gusset Block Shear

Gusset Plate Shear at Column-Gusset 1.00 1.00
Column-Gusset Bolt Shear

Column-Gusset Bolt Bearing

Column-Gusset Weld Fracture

Column-Gusset Block Shear

Table A.8 Frame DCRs (88CA3A--1-CD-2)
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Story 1 Story 2
Right Column Compressive 1.30 0.49
Right Column Tensile 0.15 -0.22
Left Column Compressive 1.30 0.49
Left Column Tensile 0.15 -0.22
Beam Compressive 0.92 0.70
Beam Tensile 0.25 0.00
Beam Bending 9.03 6.89
Beam Compression and Bending 8.84 6.66
Beam Comp+Bending (Compsite) 4.13 3.03

A.2.5. 80CA4A--2-AB-2
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Figure A.13 Bottom Connection Detail (BOCA4A--2-AB-
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Figure A.14 Frame Elevation (80CA4A--2-AB-2)

Table A.9 Connection DCRs (80CA4A--2-AB-2)

Limit State Top-Left Bottom-Center Top-Right
Net Section Fracture 1.21 1.21 1.21
Brace Block Shear 1.05 1.05 1.05
Plate Block Shear 1.15 1.15 1.15
Whitmore Yielding 2.75 2.70 2.75
Whitmore Fracture 1.63 1.59 1.63
Plate Buckling

Brace-Gusset Weld Fracture 1.36 1.36 1.36
Brace-Gusset Bolt Shear

Gusset Plate Shear at Beam-Gusset 1.30 1.29 1.30

Beam-Gusset Weld Fracture

Beam-Gusset Bolt Shear

Beam-Gusset Bolt Bearing

Beam-Gusset Block Shear

Gusset Plate Shear at Column-Gusset

Column-Gusset Bolt Shear

Column-Gusset Bolt Bearing

Column-Gusset Weld Fracture

Column-Gusset Block Shear

Table A.10 Frame DCRs (80CA4A--2-AB-2)
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Story 1 Story 2 Story 3 Story 4
Right Column Compressive 3.65 2.50 1.40 0.57
Right Column Tensile 0.74 0.46 0.21 0.10
Left Column Compressive 3.65 2.50 1.40 0.57
Left Column Tensile 0.74 0.46 0.21 0.10
Beam Compressive 0.21 0.21 0.17 0.11
Beam Tensile 0.16 0.06 0.00 -0.10
Beam Bending 1.71 1.47 1.06 0.32
Beam Compression and Bending 1.73 1.53 1.14 0.38
Beam Comp+Bending (Compsite) 1.00 0.93 0.63 0.20

86WA3A--10-HF-1
i i
B
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Figure A.16 Bottom Connection Detail (86 WA3A--10-Hf

Figure A.17 Frame Elevation (86WA3A--10-HF-1)

Table A.11 Connection DCRs (86WA3A--10-HF-1)

Limit State Bottom-Left Top-Right
Net Section Fracture 1.07 1.07
Brace Block Shear 0.64 0.64
Plate Block Shear 0.86 0.86
Whitmore Yielding 1.24 1.17
Whitmore Fracture 0.77 0.71
Plate Buckling 1.11 0.92
Brace-Gusset Weld Fracture 1.25 1.25

Brace-Gusset Bolt Shear

Gusset Plate Shear at Beam-Gusset 1.77 1.77

Beam-Gusset Weld Fracture 1.61 1.61

Beam-Gusset Bolt Shear

Beam-Gusset Bolt Bearing

Beam-Gusset Block Shear

Gusset Plate Shear at Column-Gusset 1.10 0.95

Column-Gusset Bolt Shear

Column-Gusset Bolt Bearing

Column-Gusset Weld Fracture 1.35 0.95

Column-Gusset Block Shear

305



Table A.12 Frame DCRs (86 WA3A--10-HF-1)

Story 1 Story 2 Story 3
Right Column Compressive 2.21 1.40 0.44
Right Column Tensile 133 0.95 0.30
Left Column Compressive 1.85 1.55 0.49
Left Column Tensile 1.02 1.05 0.33
Beam Compressive 0.63 0.38 0.19
Beam Tensile 0.92 -0.01 -0.19
Beam Bending 3.52 1.39 0.18
Beam Compression and Bending 3.76 1.61 0.27
Beam Comp+Bending (Compsite) 1.96 0.89 0.16

A.2.7. 88UT1A--A-1516-1

Figure A.18 Top Connection Detail (88UT1A--A-151F-1
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Figure A.20 Frame Elevation (88UT1A--A-1516-1)

Table A.13 Connection DCRs (88UT1A--A-1516-1)
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Limit State Top-Left Bottom-Right
Net Section Fracture 1.05 1.05
Brace Block Shear 1.17 1.17
Plate Block Shear 0.48 0.88
Whitmore Yielding 1.57 1.57
Whitmore Fracture 0.97 0.97
Plate Buckling 0.45 0.46
Brace-Gusset Weld Fracture

Brace-Gusset Bolt Shear 2.96 2.96
Gusset Plate Shear at Beam-Gusset 1.01 1.20
Beam-Gusset Weld Fracture 1.00 1.05
Beam-Gusset Bolt Shear

Beam-Gusset Bolt Bearing

Beam-Gusset Block Shear

Gusset Plate Shear at Column-Gusset 0.53 1.03
Column-Gusset Bolt Shear 0.39

Column-Gusset Bolt Bearing

Column-Gusset Weld Fracture 0.46 0.90
Column-Gusset Block Shear 0.39

Table A.14 Frame DCRs (88UT1A--A-1516-1)

Story 1
Right Column Compressive 1.26
Right Column Tensile 0.04
Left Column Compressive 3.85
Left Column Tensile 0.07
Beam Compressive 0.51
Beam Tensile -0.43
Beam Bending 2.69
Beam Compression and Bending 2.90
Beam Comp+Bending (Compsite) NA

A.2.8. 7ACAG6A--10-MN-1
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Figure A.21 Top and Bottom Connection Detail (74@A@0-MN-1)
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Figure A.22 Frame Elevation (74CA6A--10-MN-1)

Table A.15 Connection DCRs (74CA6A--10-MN-1)
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Limit State Bottom-Left Top-Right
Net Section Fracture 1.05 1.05
Brace Block Shear 0.45 0.45
Plate Block Shear 1.61 1.61
Whitmore Yielding 2.07 2.11
Whitmore Fracture 1.25 1.28
Plate Buckling 1.88 1.88
Brace-Gusset Weld Fracture

Brace-Gusset Bolt Shear 1.36 1.36
Gusset Plate Shear at Beam-Gusset 2.85 2.85
Beam-Gusset Weld Fracture 1.38 1.38
Beam-Gusset Bolt Shear 1.68 1.68
Beam-Gusset Bolt Bearing

Beam-Gusset Block Shear

Gusset Plate Shear at Column-Gusset 2.73 2.73
Column-Gusset Bolt Shear

Column-Gusset Bolt Bearing

Column-Gusset Weld Fracture 0.99 0.99
Column-Gusset Block Shear

Table A.16 Frame DCRs (74CA6A--10-MN-1)

Story B1 Story B2 Story 1 Story 2 Story 3 Story 4 Story 5 Story 6
Right Column Compressive 2.98 2.56 2.49 2.08 2.69 2.03 2.02 1.02
Right Column Tensile 2.40 2.06 2.09 1.75 2.24 1.68 1.66 0.83
Left Column Compressive 2.98 2.53 2.46 1.97 2.39 1.60 1.20 0.02
Left Column Tensile 2.12 1.77 1.79 1.43 1.72 1.14 1.20 -0.02
Beam Compressive 0.53 0.53 0.57 0.57 0.57 0.63 0.63 0.62
Beam Tensile 0.47 0.47 0.53 0.52 0.53 0.58 0.58 0.57
Beam Bending 0.06 0.06 0.07 0.07 0.07 0.08 0.08 0.08
Beam Compression and Bending 0.59 0.59 0.63 0.63 0.64 0.69 0.69 0.69
Beam Comp+Bending (Compsite) 0.50 0.50 0.54 0.53 0.54 0.59 0.59 0.58
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A.2.9. 820R9A--H-1719-2
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Figure A.23 Top and Bottom Connection Detail (82@R81-1719-2)
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Figure A.24 Frame Elevation (820R9A--H-1719-2)
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Table A.17 Connection DCRs (820R9A--H-1719-2)

Limit State Top-Left Bottom-Right
Net Section Fracture

Brace Block Shear

Plate Block Shear

Whitmore Yielding 1.93 1.93
Whitmore Fracture 1.20 1.20
Plate Buckling 2.56 1.95

Brace-Gusset Weld Fracture

Brace-Gusset Bolt Shear

Gusset Plate Shear at Beam-Gusset

Beam-Gusset Weld Fracture

Beam-Gusset Bolt Shear

Beam-Gusset Bolt Bearing

Beam-Gusset Block Shear

Gusset Plate Shear at Column-Gusset

Column-Gusset Bolt Shear

Column-Gusset Bolt Bearing

Column-Gusset Weld Fracture

Column-Gusset Block Shear

Table A.18 Frame DCRs (820R9A--H-1719-2)

Story 1 Story 2 Story 3 Story 4 Story 5 Story 6 Story 7 Story 8 Story 9
Right Column Compressive 1.09 1.07 1.04 1.03 1.06 0.99 0.55 0.31 -0.09
Right Column Tensile 1.36 137 1.36 1.36 1.44 1.40 0.89 0.57 0.07
Left Column Compressive 1.48 1.61 1.54 1.43 1.42 1.34 0.95 0.86 0.46
Left Column Tensile 1.52 1.68 1.62 1.51 1.51 1.42 1.03 0.92 047
Beam Compressive 0.62 0.77 0.86 0.86 0.86 0.62 0.62 0.65 0.52
Beam Tensile 0.56 0.70 0.77 0.77 0.77 0.56 0.42 0.57 0.00
Beam Bending 0.12 0.20 0.32 0.31 0.37 0.23 0.27 0.34 0.27
Beam Compression and Bending 0.52 0.60 0.57 0.58 0.53 0.42 0.38 0.35 0.28
Beam Comp+Bending (Compsite) 0.36 0.39 0.36 0.36 0.33 0.30 0.28 0.22 0.20

A.2.10. 80OWAB8A--E201-546S72-1
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Figure A.25 Top and Bottom Connection Detail (B0VMAE201-S46S72-1)
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Figure A.26 Frame Elevation (80WAB8A--E201-S46S72-1)

Table A.19 Connection DCRs (80WA8A--E201-S46S72-1)
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Limit State Top-Left Bottom-Right
Net Section Fracture 1.08 1.08
Brace Block Shear 0.79 0.79
Plate Block Shear 1.08 1.08
Whitmore Yielding 1.23 1.23
Whitmore Fracture 0.91 0.91
Plate Buckling 0.89 0.89
Brace-Gusset Weld Fracture
Brace-Gusset Bolt Shear 1.68 1.68
Gusset Plate Shear at Beam-Gusset 0.65 0.65
Beam-Gusset Weld Fracture 1.05 1.05
Beam-Gusset Bolt Shear
Beam-Gusset Bolt Bearing
Beam-Gusset Block Shear
Gusset Plate Shear at Column-Gusset 0.45 0.45
Column-Gusset Bolt Shear 0.48 0.48
Column-Gusset Bolt Bearing
Column-Gusset Weld Fracture 0.72 0.72
Column-Gusset Block Shear
A.2.11. 83CA2A--D-45-2
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Figure A.27 Bottom Connection Detail (83CA2A--D-2%-
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Table A.20 Connection DCRs (83CA2A--D-45-2)
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Limit State Bottom-Left Top-Center Bottom-Right
Net Section Fracture 1.14 1.14
Brace Block Shear 0.71 0.71
Plate Block Shear 1.19 1.19
Whitmore Yielding 1.62 1.62
Whitmore Fracture 0.97 0.97
Plate Buckling 0.78 0.78
Brace-Gusset Weld Fracture 1.48 1.48
Brace-Gusset Bolt Shear

Gusset Plate Shear at Beam-Gusset 2.02 2.02
Beam-Gusset Weld Fracture 0.68 0.68
Beam-Gusset Bolt Shear

Beam-Gusset Bolt Bearing

Beam-Gusset Block Shear

Gusset Plate Shear at Column-Gusset 0.73 0.73
Column-Gusset Bolt Shear

Column-Gusset Bolt Bearing

Column-Gusset Weld Fracture 1.13 113

Column-Gusset Block Shear

Table A.21 Connection DCRs (83CA2A--D-45-2)

Story 1 Story 2
Right Column Compressive 1.00 0.66
Right Column Tensile -0.52 -0.32
Left Column Compressive 0.98 0.43
Left Column Tensile -0.11 -0.23
Beam Compressive 1.45 1.12
Beam Tensile 1.42 1.08
Beam Bending 3.70 2.79
Beam Compression and Bending 4.35 3.32
Beam Comp+Bending (Compsite) 2.62 2.00

A.2.12. 86CA4A--D-45-2

318



Figure A.31 Top Connection (86CA4A--D-45-2)
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Figure A.32 Frame Elevation (86CA4A--D-45-2)

Table A.22 Connection DCRs (86CA4A--D-45-2)

Limit State Bottom-Left Top-Center Bottom-Right
Net Section Fracture 1.14 1.14 1.14
Brace Block Shear 0.89 0.89 0.89
Plate Block Shear 0.88 0.88 0.88
Whitmore Yielding 1.25 1.50 1.25
Whitmore Fracture 0.76 0.89 0.76
Plate Buckling 1.02 1.04 1.02
Brace-Gusset Weld Fracture 0.87 0.87 0.87
Brace-Gusset Bolt Shear

Gusset Plate Shear at Beam-Gusset 0.78 0.61 0.81
Beam-Gusset Weld Fracture 0.63 0.63 0.63
Beam-Gusset Bolt Shear

Beam-Gusset Bolt Bearing

Beam-Gusset Block Shear 0.81 0.81
Gusset Plate Shear at Column-Gusset

Column-Gusset Bolt Shear 1.30 132
Column-Gusset Bolt Bearing

Column-Gusset Weld Fracture

Column-Gusset Block Shear 0.81 0.81
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Table A.23 Frame DCRs (86CA4A--D-45-2)

A.2.13. 92WA2A--ZZ-79-2
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Story 1 Story 2 Story 3 Story 4
Right Column Compressive 0.80 0.60 0.53 0.34
Right Column Tensile -0.50 -0.38 -0.32 -0.20
Left Column Compressive 0.86 0.84 0.48 0.19
Left Column Tensile 0.29 0.23 0.00 -0.12
Beam Compressive 2.12 0.92 1.20 1.42
Beam Tensile 2.08 0.90 1.18 1.39
Beam Bending 4.84 2.94 2.94 2.45
Beam Compression and Bending 5.91 3.30 3.52 3.25
Beam Comp+Bending (Compsite) 3.13 1.77 1.90 1.73
- SHEAR = Iz

Figure A.33 Bottom Connection Detail (92WA2A--ZZ-29
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Table A.24 Connection DCRs (92WA2A--ZZ-79-2)
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Limit State Bottom-Left Top-Center Bottom-Right
Net Section Fracture 1.28 1.28 1.28
Brace Block Shear 1.09 1.09 1.09
Plate Block Shear 0.65 0.65 0.65
Whitmore Yielding 0.89 0.90 0.89
Whitmore Fracture 0.55 0.55 0.55
Plate Buckling 0.40 0.12 0.40
Brace-Gusset Weld Fracture 1.42 1.42 1.42
Brace-Gusset Bolt Shear

Gusset Plate Shear at Beam-Gusset 0.78 0.29 0.78
Beam-Gusset Weld Fracture 0.68 0.42 0.68
Beam-Gusset Bolt Shear

Beam-Gusset Bolt Bearing

Beam-Gusset Block Shear

Gusset Plate Shear at Column-Gusset 0.95 0.95
Column-Gusset Bolt Shear

Column-Gusset Bolt Bearing

Column-Gusset Weld Fracture 0.83 0.83

Column-Gusset Block Shear

Table A.25 Frame DCRs (92WA2A--ZZ-79-2)

Story 1 Story 2
Right Column Compressive 1.21 0.65
Right Column Tensile 0.03 -0.31
Left Column Compressive 1.21 0.65
Left Column Tensile 0.03 -0.31
Beam Compressive 0.67 0.97
Beam Tensile 0.27 0.00
Beam Bending 3.60 4.89
Beam Compression and Bending 3.84 5.09
Beam Comp+Bending (Compsite) 1.93 2.55
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A.3. Sample Evaluation Calculations

This section provides an example of how DCRs waleutated for the infrastructure revieThe sample
structure, shown in Figure A.36, is 92WA--ZZ-79-A. Only one of the corner connections will
demonstrated in this section.

Figure A.36 Sample Frame Layout

Table A.26 Brace Properties

Brace HSS6x6x1/4
Ly Length of Brace 260.66 in
0, Brace-Beam Angle 37.2 degrees
Ry Ratio of Expected to Design Yield Strength 1.4

Ratio of Expected to Design Ultimate
R¢ Strength 1.3
Ay Gross Area of Brace 5.24 in’
ty Brace Wall Thickness 0.25 in
her Brace Cross-Sectional Width 6 in
Fyb Brace Yield Strength 46 ksi
Fub Brace Ultimate Strength 58 ksi
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Ko Brace Effective Length Factor 1

Iy Brace Radius of Gyration 2.34 in

First, we compute the demands the brace will ptaccthe system. The capacities of the various

connection limit states will be evaluated agaihese demands computed for the brace.
The expected brace tensile capacity is:

P, = RyF,A; = 1.4 x 46ksi * 5.24in? = 337.5 kips
The expected brace compressive capacity is comastéallows:

) m?E 12 % 29000ksi )
Euler Buckling Stess: F, = 5 = — = 23.1ksi
(ﬂ) (1 * 260.7m)
T 2.34in

KL E
Slenderness Ratio: — =111.4 > 4.71 |—— =100
r RyFy

Critical Buckling Stress: F.. = 0.877F, = 0.877 % 23.1ksi = 20.0ksi

P. = 1.1F, A, = 1.1  20.0ksi * 5.24in = 161. 1kips

Table A.27 Brace-Gusset Connection Properties

Fyp Gusset Plate Yield Strength 36 ksi
Fup | Gusset Plate Ultimate Strength 58 ksi
Kp Gusset Plate Effective Length Factor 0.65

tp Gusset Plate Thickness 0.5 in
wt Gusset-Brace Weld Type Fillet

Nw Gusset-Brace Number of Welds 4

w2 Gusset-Brace Weld Size 0.25 in
Lc Length of Gusset-Brace Connection 8 in

Brace Net Section Capacity:
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B? + 2BH 3 6in? + 2 * 6in * 6in
4(B+H)  4(6in+ 6in)

X = = 2.25in

x .
Shear Lag Factor: U =1 — = 8m -~ 0.72
Cc

Net Area: A, = Ag — Agjors = 5.24in* — 2 % 0.25in % 0.75in = 4.87in?
Effective Net Area: A, = UA,, = 0.72 * 4.87in? = 3.50in?
Net Section Capacity: R = R,F,A, = 1.3 * 58ksi x 3.50in? = 263. 7kips

Net Section DCR: DCR = [t = 337-5kips _
etoection UL ~R T 263.7kips

28
Brace Block Shear Capacity
Net Shear Area: A,, = 4t,L. = 4 = 0.25in * 8in = 8in?
Gross Shear Area: Ay, = 4t,L, = 4 * 0.25in = 8in = 8in?

Net Tension Area: A,; = 0in?

Block Shear Capacity: R = UpsApiRiE, + 0.6 x min (A, R E, , Agy Ry E)

R =1 %0in? x 1.3 x 58ksi + 0.6 * min(8in? * 1.3 * 58ksi , 8in? x 1.4 x 46ksi) = 309. 1kips

P, 337.5kips
Block Shear DCR = — = =

R~ 309.1kips 1.09

Gusset Plate Block Shear Capacity

Net Shear Area: Ay, = 2tyL. = 2 * 0.5in * 8in = 8in?
Gross Shear Area: Ay, = 2t,L, = 2 * 0.5in * 8in = 8in?
Net Tension Area: Ay = tyhp, = 6in * 0.5in = 3in?
Block Shear Capacity: R = UpsApeF, + 0.6 * min (A, F, , Agy )

R =1 *4.5in? * 58ksi + 0.6 * min(12in? = 58ksi , 12in? * 46ksi) = 346.8kips
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Block Sh DCR = P; _ 337.5kips _
ockeohear UL =R T 346.8kips

Gusset Plate Whitmore Yielding
Whitmore Area: A,, = hy, + 2L, tan(30) = 6in + 2 * 8in * tan(30) = 7.38in?
Whitmore Yielding Capacity: R = A, F, = 7.38in? * 36ksi = 266.1kips

Whit Velding DCR = P 337.5kips _
rimore feldng VLR = R T 266.1kips

Brace-to-Gusset Plate Weld

Weld Capacity: R = 0.6Fgxx(0.707w,)L,,N,, = 0.6 * 70ksi * (0.707 *.25) = 8in * 4 = 237.6kips

P, 337.5kips
Weld DCR =—= =

R = 237.6kips 1.27

Gusset Plate Buckling

Li+L,+L; 9in+ lin+ (—1in)
= = 3in

Clear Length for Buckling: L =

3 3
(bh3> (15.25 * 0.53>
. . 1 \12) 12 _ .
Radius of Gyration: r = i oh 1525:05 — 0.15in

T2E 3 2 % 29000ksi
KIN2 /1% 3in\2
¥ (omm)

= 1618ksi

Euler Buckling Stess: F, =

KL E
Slenderness Ratio: — = 13.3 < 4.71 |— =100
r Fy

Fy 36
Critical Buckling Stress: F,, = 0.658%F, = 0.658161836 = 35. 7ksi

Gusset Plate Buckling Capacity: R = F.,.A,, = 35.7ksi * 7.38in? = 263. 7kips
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Moment Due to Load Eccentricity

Figure A.37 shows the force equilibrium on the gtigdate. The loads on the gusset plate resutt
unbalanced moment on the gusset plate. This moimeitided evenly between the gus«-to-beam weld

and the gusset-to-shear tab weld.

P../2

L J

P../2

Figure A.37Force Equilibrium on Gusset Plate

Gusset-to-Beam Weld
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P,
Stress on Weld: Oy = Y = Oksi
A
w

Force Parallel to Weld: P, = P, sin(6,,) = 154kips

Stress on Weld: o, = & = i = 154kips = 22.0ksi
CU T A, T 0.707w,L, N, 0.707 % 0.313in * 31.7in * 1 '
M,, .
Moment on Weld: M = > = 1736k — in
My M*LTW 1736k—in*31'27m
Max o on Weld: gy, = =1 = = 47.0ksi
w ﬁ0.707NWW2L3V 150.707 * 1% 0.313in * (31.7in)?

Total Stress on Weld: oo = \/(fo)z + (ayf + aym)z = 51.9ksi

Oyf + Oym .
Angle of Stress on Weld: 6;,; = atan| —— | = 1.13 radians

O'xf
Weld o Capacity: o4 = 0.6Fgxx(1+ 0.5sin(8;0¢)*°) = 0.6 * 70(1 + 0.5sin(1.13)*°) = 60. 1ksi

Otor 85.9ksi
Weld DCR: = —=1.83
Oall 60ksi

Gusset Plate Shear Yielding at Beam

Capacity: R = 0.6F,A, = 0.6 * 36ksi * 21.4in = 0.5in = 405kips

DCR'Px _ 270kips 0.78
"R 405kips
Gusset Plate and Beam to Shear Tab Weld
. Pt Sin(gbr) .
Force Perpendicular to Weld: P, = — = 102kips
P, P, 102kips

= 13.5ksi

St Weld: =—= =
TeSS On e Oy = T 0.707wy L, N,y 0.707 * 0.25in * 21.4in * 2

Force Parallel to Weld: P, = P; cos(0p,) = 270kips
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P, P, 270kips

St Weld: a,p = — = = = 35.7ksi
TeSS oMW Oxf = Y = 0.707wyL,y N, 0.707 % 0.25in * 21.4in * 2 St
M,, .
Moment on Weld: M = > = 1736k —in
Mxy Mt 1736k — in » 2110
Max o on Weld: oy, = =1 = = 64.7ksi
W 50.707N,w,L}, 170707 + 2+ 0.25in * (21.4in)3

Total Stress on Weld: oyo = \/(fo)z + (ayf + aym)z = 85.9ksi

oyr + O
Angle of Stress on Weld: 6, = atan <u

) = 1.14 radians
Uxf

Weld o Capacity: o4 = 0.6Fgxyx(1+ 0.55in(8;5.)>°) = 0.6 * 70(1 + 0.5sin(1.14)*°) = 60ksi

Weld DCR: 2ot = 859KSL _ 4 o6
€ ) O'a” - 60kSl -
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Appendix B: Instrumentation Layouts
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Figure B.8.1 NCBF1 Potentiometer Layout
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Table B.1.

NCBF1 Potentiometer Locatons

Ch X|VY |z L

# Name Type | (in)| (in) | (in) | Axis | (in) Purpose Location

0 0 NA X | x| x X X Terminal Resistor X

1| MTS500Kips Load | LoadCell | x | x | x X X Actuator Load Actuator

2 2 MTS1_1LDVT LDVT X | x| x X X Actuator Displacement Actuator

3 | 3 terminator resistor NA X | x| x X X Terminator resistor 3 X

4 4 ColLatNE D9600 | -6 | O [ O | X+ | 12 Lateral Frame Displacement NW Corner of Frame

5 5 BrVert6thSW P510 ([111(111]| 4| Z+ | 14 Elongation of Brace Brace

6 6 BrExt P510 (134|128 3.5|X-Y-| 167 Brace Out of Plane Displacement SW Brace 5/6 Point

7 7 Br3Pin P510 [128(134|3.5|X-Y-|167 Brace Out of Plane Displacement Brace

8 8 BrVertMid P510 72172 4| 2+ | 14 Brace Out of Plane Displacement Brace Center

9 9 Null NotUsed| x | x | x | X X round duncan cable

10 10 GusNECL P510 11|11 -0 z+| 17 Gusset Plate Out of Plane Displacement NE Gusset Plate

11 11 BrVertEndNE P510 13|13 4| z+ | 14 Brace Out of Plane Displacement NE End of Brace

12 12 BrVert6thNE P510 33|33 4| 72+ | 14 Brace Out of Plane Displacement NE Brace 1/6 Point

13 13 BrVert3rdNE P510 52|52| 4|72+ | 14 Brace Out of Plane Displacement NE Brace 1/3 point

14 14 BrVert3rdSW P510 7272 4| z+ | 14 Brace Out of Plane Displacement SW Brace 2/3 Point

15 15 FrDiag P510 |[144(144| 30 | X-Y-|204 Elongation of Frame Diagonal Work Points

16| 16 BrVertEndSW D9600 |131|131| -4 | Z+ | 14 Brace Out of Plane Displacement SW End of Brace

17 17 GusSWCL D9600 |133|133| -0 | z+ | 17 Gusset Plate Out of Plane Displacement SW Gusset Plate

18 18 GusNES P510 11210 z+ | 17 Gusset Plate Out of Plane Displacement NE Gusset Plate

19 19 GusNEW P510 21| 11| -0 | z+ | 17 Gusset Plate Out of Plane Displacement NE Gusset Plate

20 20 GusSWN D9600 [133|123| -0 | z+ | 17 Gusset Plate Out of Plane Displacement SW Gusset Plate

21 21 GusSWE D9600 |123|133| -0 | Z+ | 17 Gusset Plate Out of Plane Displacement SW Gusset Plate

22 22 NBmHngN D9600 | 19| -7 | 2 | X+ | 16 Beam Plastic Hinge Rotation North Beam at NW Gusset
23 23 NBmHngS D9600 |19 (6.8 2 | X+ | 16 Beam Plastic Hinge Rotation North Beam at NW Gusset
24 24 SBmHngN D9600 |125(137| 2 | X- | 16 Beam Plastic Hinge Rotation South Beam at SE Gusset
25 25 SBmHngS D9600 |125(151| 2 | X- | 16 Beam Plastic Hinge Rotation North Beam at NW Gusset
26 26 WColHngE D9600 |140|125( 4 | Y- | 13 Column Plastic Hinge Rotation West Column at NW Gusset
27 27 WColHngW D9600 |149|125( 4 | Y- | 13 Column Plastic Hinge Rotation North Beam at NW Gusset
28 28 EColHngE D9600 |4.5|19| 4 | Y+ | 13 Column Plastic Hinge Rotation East Column at SE Gusset
29 29 EColHngW D9600 | 14|19 4 | Y+ | 13 Column Plastic Hinge Rotation East Column at SE Gusset
30 30 STNWN D600 (136 -8 | 2 | X+ | 2 Shear Tab Connection Rotation NE Shear Tab

31 31 STNWS D600 ([136(7.5| 2 | X+ | 2 Shear Tab Connection Rotation NE Shear Tab

32 32 STSEN D600 8 137 2 | X- | 2 Shear Tab Connection Rotation SW Shear Tab

33 33 STSES D600 8 [152 2 | X- | 2 Shear Tab Connection Rotation SW Shear Tab

34 34 NEWPVert P510 0O|0|O0|z+] 12 Vertical Displacement of Work Point NE Work Point

35 35 NWWPVert P510 (144 0 | O | Z+ | 12 Vertical Displacement of Work Point NW Work Point

36 36 SEWPVert D600 0 (144 0 | Z+ | 12 Vertical Displacement of Work Point SE Work Point

37 37 SWWPVert D600 ([144(144| 0 | Z+ | 12 Vertical Displacement of Work Point SW Work Point

38 38 ChanlLiftSW D600 |[150(170| 7 | Y+ | 2 Uplift of Channel Assembly Near SW Corner of Frame
39 39 ChanlLiftSE D600 [-27(170| 9 | Y+ | 2 Uplift of Channel Assembly Near SE Corner of Frame
40 40 ChanSlip D600 [-27(172| 9 | X- | 2 Shear Slip of Channel Assembly SW Corner of Strong Wall
41 41 ColLiftSW D600 ([150(151| O | Y+ | 2 Uplift of Column SW Corner of Frame
42 42 ColSlipSW D600 [152(153| 1 | X- | 2 Column Shear Slip SW Corner of Frame
43 43 CollLiftSE D600 -7 |151] 0 | Y+ | 2 Uplift of Column SE Corner of Frame

44 44 ColSlipSE D600 -9 |153| 1 | X-| 2 Column Shear Slip SE Corner of Frame

45 45 SBmSlip D600 99 (152 O | X- | 2 Shear Slip of Beam South Beam

46 46 NBmSlip D600 87| 9|0 | X+ | 2 Shear Slip of Load Beam North Beam at Load Beam
47 47 SBIkSlip D600 (26944 |-17| X+ | 2 Slip of Reaction Block SW Corner of Reaction Block
48 48 CBIkSlip D600 (269 -2 |-17| X+ | 2 Slip of Reaction Block W Side of Reaction Block
49 49 NBIkSlip D600 ([269(-43|-17| X+ | 2 Slip of Reaction Block NW Corner of Reaction Block
50 50res2_18 NA X | x| x X X Terminator resistor X
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Figure B.8.2 NCBF1 Strain Gauge Layout
Table B.2. NCBF1 Strain Gauge Locatons
Ch X|Y|z Leng
# Name Type |(in)|(in)|(in) |Axis| th Purpose Location
51 Strain Res 3_0 NA X | x| x X Terminal Resistor X
52 Strn 3_1 Str Gauge [107(107| 3.5 |X+Y+| NA Column Forces W Column, S End, W Side
53 Strn 3_2 Str Gauge[105(109| O |X+Y+| NA Column Forces W Column, S End, E Side
54 Strn3_3 Str Gauge|107(107| -4 (X+Y+| NA Brace Forces Brace Top
55 Strn3_4 Str Gauge|110(104| O [X+Y+| NA Brace Forces Brace, N Side
56 Strn3_5 Str Gauge|150( 87| O | Y+ | NA Brace Forces Brace Bottom
57 Strn3_6 Str Gauge|138( 87| O | Y+ | NA Brace Forces Brace, S Side
58 Strn 3_7 Str Gauge[150( 24| O | Y+ | NA Column Forces W Column, N End, W Side
59 Strn 3_8 Str Gauge[138( 24| 0 | Y+ | NA Column Forces W Column, N End, E Side
60 Strn3_9 Str Gauge| 6.2(120| O | Y+ | NA Beam Forces N Beam, N Side
61 Strn 3_10 Str Gauge| -6 [120] O | Y+ | NA Beam Forces N Beam, S Side
62 Strn 3_11 Str Gauge[ 6.2 57| 0 | Y+ | NA Column Forces E Column, N End, W Side
63 Strn 3_12 Str Gauge| -6 [ 57| O | Y+ | NA Column Forces E Column, N End, E Side
64 Strn 3_13 Str Gauge| 45| -8 | O | X+ | NA Column Forces E Dolumn, S End, W Side
65 Strn 3_14 Str Gauge| 45 [7.9] 0 | X+ | NA Column Forces E Column, S End, E Side
66 res 3_15 NA X | x| x X X Terminal Resistor X
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Figure B.8.3 NCBF1 Optotrak Layout
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Table B.3. NCBF1 Optotrak Locatons

Marker X Y Z Location
1 35.95 7.86 3.34 North Beam Flange
2 32.99 7.93 3.37 North Beam Flange
3 29.89 7.88 3.35 North Beam Flange
4 26.89 7.91 3.36 North Beam Flange
5 23.93 7.88 3.36 North Beam Flange
6 20.92 7.90 3.36 North Beam Flange
7 -21.68 24.65 -48.51 Malfunctioned
8 14.98 7.94 3.36 North Beam Flange
9 -21.68 24.65 -48.51 Malfunctioned
10 -21.68 24.65 -48.51 Malfunctioned
11 6.03 7.96 3.35 East Column Flange
12 2.93 7.97 3.34 East Column Web
13 -21.68 24.65 -48.51 Malfunctioned
14 -21.68 24.65 -48.51 Malfunctioned
15 -21.68 24.65 -48.51 Malfunctioned
16 -21.68 24.65 -48.51 Malfunctioned
17 5.86 13.14 6.11 East Column Flange
18 5.90 16.07 6.10 East Column Flange
19 5.91 19.09 6.10 East Column Flange
20 5.90 22.05 6.11 East Column Flange
21 5.88 25.11 6.11 East Column Flange
22 -21.68 24.65 -48.51 Malfunctioned
23 -21.68 24.65 -48.51 Malfunctioned
24 -21.68 24.65 -48.51 Malfunctioned
25 22.72 26.41 5.82 Brace
26 20.67 24.34 5.81 Brace
27 18.56 22.24 5.82 Brace
28 16.49 20.13 5.83 Brace
29 14.36 17.89 5.84 Brace
30 12.28 15.84 5.84 Brace
31 -21.68 24.65 -48.51 Malfunctioned
32 -21.68 24.65 -48.51 Malfunctioned
33 -21.68 24.65 -48.51 Malfunctioned
34 -21.68 24.65 -48.51 Malfunctioned
35 -21.68 24.65 -48.51 Malfunctioned
36 19.92 12.85 9.42 NE Gusst Plate
37 8.23 19.46 9.56 NE Gusset Plate
38 8.34 21.43 9.56 NE Shear Tab
39 8.38 23.62 9.57 NE Shear Tab
40 10.13 21.35 9.59 NE Gusset Plate
41 12.47 23.58 9.61 NE Gusset Plate
42 10.44 23.60 9.60 NE Gusset Plate
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B.2. NCBF1-R1
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Figure B.8.4 NCBF1-R1 Optotrak Layout
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Table B.4. NCBF1-R1 Optotrak Locations

Marker X Y z Location
1 -6.02 18.37 5.91 East Column Flange
2 -6.00 25.23 5.94 East Column Flange
3 -3.73 29.56 -44.87 East Column Web
4 71.09 69.37 6.79 Malfunctioned
5 8.27 40.58 -53.18 East Column Flange
6 5.62 32.12 6.11 East Column Flange
7 5.62 25.00 6.12 East Column Flange
8 5.59 17.77 6.10 East Column Flange
9 7.54 -0.96 -39.38 NE Shear Tab
10 8.62 21.41 11.72 NE Shear Tab
11 8.70 17.96 11.80 NE Shear Tab
12 71.09 69.37 6.79 Malfunctioned
13 8.58 10.93 11.84 NE Shear Tab
14 18.22 7.15 1.25 North Beam Web
15 26.75 7.03 -0.09 North Beam Web
16 34.67 7.64 8.86 North Beam Flange
17 46.85 7.70 8.85 North Beam Flange
18 70.82 7.79 8.85 North Beam Flange
19 82.68 7.86 8.84 North Beam Flange
20 34.76 -7.88 8.84 North Beam Flange
21 26.11 -7.93 8.78 North Beam Flange
22 18.35 -7.95 8.71 North Beam Flange
23 21.08 13.27 12.28 NE Gusset Plate
24 21.15 10.26 12.24 NE Gusset Plate
25 18.13 10.07 12.31 NE Gusset Plate
26 10.14 18.92 17.59 NE Gusset Plate
27 10.64 21.44 12.04 NE Gusset Plate
28 13.21 21.52 12.03 NE Gusset Plate
29 13.10 13.75 9.59 Brace
30 35.41 28.03 -61.51 Brace
31 52.01 52.12 9.54 Brace
32 71.62 71.69 9.67 Brace
33 91.30 91.29 9.31 Brace
34 110.87 110.82 9.36 Brace
35 71.09 69.37 6.79 Malfunctioned
36 71.09 69.37 6.79 Malfunctioned
37 71.09 69.37 6.79 Malfunctioned
38 71.09 69.37 6.79 Malfunctioned
39 71.09 69.37 6.79 Malfunctioned
40 71.09 69.37 6.79 Malfunctioned
41 71.09 69.37 6.79 Malfunctioned
42 71.09 69.37 6.79 Malfunctioned
43 71.09 69.37 6.79 Malfunctioned
44 71.09 69.37 6.79 Malfunctioned
45 71.09 69.37 6.79 Malfunctioned
46 71.09 69.37 6.79 Malfunctioned
47 71.09 69.37 6.79 Malfunctioned
48 71.09 69.37 6.79 Malfunctioned
49 71.09 69.37 6.79 Malfunctioned
50 71.09 69.37 6.79 Malfunctioned
51 71.09 69.37 6.79 Malfunctioned
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Figure B.8.5 NCBF1-R2 Potentiometer Layout
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Table B.5. NCBF1-R2 Potentiometer Locations

Ch X|Y| 2z Leng

# Name Type |(in)|(in)|(in)|Axis| th Purpose Location

0 0 NA X | x| x X X X X

1|1 MTS500KipsLload|LoadCell | x | x | x | x X MTS 500 kips Load cell Actuator

2 2 MTS 1_1 LDVT LDVT X | x| x X X Actuator LDVT Actuator

3 | 3 terminator resistor NA X | x| x X X Terminator resistor 3 X

4 4 ColLatNE D9600 | -6 | O | O | X+ | 12 Lateral Frame Displacement NW Corner of Frame

5 5 BrVert6thSW P510 |111|111| 4| Z+ | 14 Elongation of Brace Brace

6 6 BrExt P510 |134(128|3.5|X-Y-| 167 Brace Out of Plane Displacement SW Brace 5/6 Point

7 7 Br3Pin P510 [128|134|3.5|X-Y-| 167 Brace Out of Plane Displacement Brace

8 8 BrVertMid P510 72172 4| 7+ | 14 Brace Out of Plane Displacement Brace Center

9 9 Null NotUsed| x | x | x X X Not used X

10 10 BusNECL P510 11| 11| -0 | z+ | 17 Gusset Plate Out of Plane Displacement NE Gusset Plate

11 11 BrVertEndNE P510 13|13 | -4 | z+ | 14 Brace Out of Plane Displacement NE End of Brace

12 12 BrVert6thNE P510 33334 |7+ | 14 Brace Out of Plane Displacement NE Brace 1/6 Point

13 13 BrVert3rdNE P510 52 |52|-4|z+| 14 Brace Out of Plane Displacement NE Brace 1/3 point

14 14 BrVert3rdSW P510 72 72| 4| 7+ | 14 Brace Out of Plane Displacement SW Brace 2/3 Point
15 15 FrDiag P510 |144|144| 30 [ X-Y-| 204 Elongation of Frame Diagonal Work Points

16| 16 BrVertEndSW D9600 (131(131| -4 | Z+ | 14 Brace Out of Plane Displacement SW End of Brace

17 17 GusSWCL D9600 (133|133| -0 | Z+ | 17 Gusset Plate Out of Plane Displacement SW Gusset Plate

18 18 GusNES P510 11 21| -0 | z+ | 17 Gusset Plate Out of Plane Displacement NE Gusset Plate

19 19 GusNEW P510 21 (11| -0 | z+ | 17 Gusset Plate Out of Plane Displacement NE Gusset Plate

20 20 GusSWN D9600 |133|123| -0 | z+ | 17 Gusset Plate Out of Plane Displacement SW Gusset Plate

21 21 GusSWE D9600 (123|133| -0 | Z+ | 17 Gusset Plate Out of Plane Displacement SW Gusset Plate

22 22 NBmHngN D9600 | 19| -7 | 2 | X+ | 16 Beam Plastic Hinge Rotation North Beam at NE Gusset
23 23 NBmHngS D9600 |19 |6.8| 2 | X+ | 16 Beam Plastic Hinge Rotation North Beam at NE Gusset
24 24 SBmHngN D9600 |[125|137| 2 | X- | 16 Beam Plastic Hinge Rotation South Beam at SE Gusset
25 25 SBmHngS D9600 |[125|151| 2 | X- | 16 Beam Plastic Hinge Rotation South Beam at SE Gusset
26 26 WColHngE D9600 |140|125| 4 | Y- | 13 Column Plastic Hinge Rotation West Column at NE Gusset
27 27 WColHngW D9600 |149|125| 4 | Y- | 13 Column Plastic Hinge Rotation West Column at NE Gusset
28 28 EColHngE D9600 |4.5|19| 4 | Y+ | 13 Column Plastic Hinge Rotation East Column at SE Gusset
29 29 EColHngW D9600 |14 |19 | 4 | Y+ | 13 Column Plastic Hinge Rotation East Column at SE Gusset
30 30 STNWN D600 [136| -8 | 2 | X+ | 2 Shear Tab Connection Rotation NW Shear Tab

31 31 STNWS D600 |136|7.5| 2 | X+ | 2 Shear Tab Connection Rotation NW Shear Tab

32 32 STSEN D600 8 [137| 2 | X-| 2 Shear Tab Connection Rotation SE Shear Tab

33 33 STSES D600 8 [152| 2 | X- | 2 Shear Tab Connection Rotation SE Shear Tab

34 34 NEWPVert P510 0|0]| 0| Z+]| 12 Vertical Displacement of Work Point NE Work Point

35 35 NWWPVert P510 (144 0 | O | Z+ | 12 Vertical Displacement of Work Point NW Work Point

36 36 SWWPVert D600 0 (144 0 | Z+ | 12 Vertical Displacement of Work Point SW Work Point

37 37 SEWPVert D600 |144|144| 0 | Z+ | 12 Vertical Displacement of Work Point SE Work Point

38 38 ChanlLiftSE D600 |150(170| 7 | Y+ | 2 Uplift of Channel Assembly Near SE Corner of Frame
39 39 ChanlLiftSW D600 |-27|170| 9 | Y+ | 2 Uplift of Channel Assembly Near SW Corner of Frame
40 40 ChanSlip D600 |-27 172 9 | X- | 2 Shear Slip of Channel Assembly SW Corner of Strong Wall
41 41 ColLiftSW D600 [150(151| O | Y+ | 2 Uplift of West Column, West Flange SW Corner of Frame
42 42 ColSlipSW D600 |152153| 1 | X- | 2 Column Shear Slip SW Corner of Frame
43 43 ColLiftSE D600 -7 (151 O | Y+ | 2 Uplift of East Column, East Flange SE Corner of Frame

44 44 ColSlipSE D600 -9 |153| 1 | X- | 2 Column Shear Slip SE Corner of Frame

45 45 SBmSlip D600 99 [152| 0 | X- | 2 Shear Slip of Beam South Beam

46 46 NBmSlip NotUsed| x | x | x | x X Shear Slip of Load Beam - Now Ch#52 North Beam at Load Beam
47 47 SBIkSlip D600 (269|444 |-17| X+ | 2 Slip of Reaction Block SW Corner of Reaction Block
48 48 CBIkSlip D600 |269| -2 |-17| X+ | 2 Slip of Reaction Block W Side of Reaction Block
49 49 NBIkSlip D600 |269|-43|-17| X+ | 2 Slip of Reaction Block NW Corner of Reaction Block
50 50 GSTNES D600 |6.5|151| O | Y+ | 2 Uplift East Column, west flange E Column Base, W Flange
51 51 STNWS D600 [137|151| O | Y+ | 2 Uplift West Column, east flange W Column Base, E Flange
52 52 BSTNEN D600 |87 |-9| 0 | X+ | 2 Shear Slip of Load Beam North Beam at Load Beam
53 53 BSTSIlipNE D600 [269|-32| 0 | X+ | 2 Actuator base south side Actuator Base Movement
54 54 GSTNEN D600 [269| -3 | O | X+ | 2 Actuator base north side Actuator Base Movement
55 55 GSTSlipNE D600 X | x| x X X Not used X

56 56 Res 2-24 Resistor | x | x | x X X Terminator resistor X
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Figure B.8.6 NCBF1-R2 Strain Gauge Layout

Table B.6. NCBF1-R2 Strain Gauge Locations

@OH]

g{ |

Ch X|Y|z Leng

# Name Type |(in)| (in)|(in) |Axis| th Purpose Location

57 57 strn3_0 Resistor | x | x | x X X Terminator resistor X

58 58strn3_1 Not Used| x | x | x X X NA NA

59 59 strn3_2 Not Used| x | x | x X X NA NA

60 60 strn 3_3 Not Used| x | x | x X X NA NA

61 61strn3_4 Not Used| x | x | x X X NA NA

62 62 strn 1 Str Gauge|107(107| -4 [X+Y+| NA Brace Forces Brace Top

63 63 strn 2 Str Gauge|110(104| O [X+Y+| NA Brace Forces Brace, S Side

64 64 strn 3 Str Gauge|107(107] 3.5 [X+Y+| NA Brace Forces Brace Bottom

65 65 strn 4 Str Gauge|105(109| O [X+Y+| NA Brace Forces Brace, N Side

66 66 strn 5 Str Gauge[150( 87| O | Y+ | NA Column Forces W Column, S End, W Side
67 67 strn 6 Str Gauge[138| 87| 0 | Y+ | NA Column Forces W Column, S End, E Side

68 68 strn 7 Str Gauge[150( 24| O | Y+ | NA Column Forces W Column, N End, W Side
69 69 strn 8 Str Gauge (138 24| 0 | Y+ | NA Column Forces W Column, N End, E Side
70 70 strn 9 Str Gauge[ 6.2 57| 0 | Y+ | NA Column Forces E Dolumn, S End, W Side
71 71 strn 10 Str Gauge| -6 [ 57| 0 | Y+ | NA Column Forces E Column, S End, E Side

72 72 strn 11 Str Gauge| 6.2 (120| 0 | Y+ | NA Column Forces E Column, N End, W Side
73 73 strn 12 Str Gauge| -6 [120| O | Y+ | NA Column Forces E Column, N End, E Side

74 74 strn 13 Str Gauge| 45| -8 | O | X+ | NA Beam Forces N Beam S Side

75 75 strn 14 Str Gauge| 45 (79| 0 | X+ | NA Beam Forces N Beam N Side

76 76 Strain term Resistor | x | x [ x X X Terminator resistor X
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Table B.7.

NCBF1-R2 Optotrak Locations

Marker X Y Z Location
1 -5.79 40.79 6.11 East Column Flange
2 5.88 40.84 6.10 East Column Flange
3 -5.82 34.83 6.12 East Column Flange
4 5.88 34.80 6.09 East Column Flange
5 -5.82 28.93 6.30 East Column Flange
6 5.89 28.69 6.10 East Column Flange
7 -5.77 22.84 6.32 East Column Flange
8 5.90 22.77 6.10 East Column Flange
9 -5.87 17.01 6.30 East Column Flange
10 5.88 16.86 6.10 East Column Flange
11 -5.94 4.97 6.33 East Column Flange
12 5.88 4.88 6.11 East Column Flange
13 17.12 7.95 3.51 North Beam Flange
14 16.96 -7.74 3.44 North Beam Flange
15 23.08 -7.73 3.47 North Beam Flange
16 23.14 7.88 3.51 North Beam Flange
17 29.18 7.92 3.52 North Beam Flange
18 29.09 -7.77 3.52 North Beam Flange
19 35.19 7.91 3.52 North Beam Flange
20 35.06 -7.74 3.52 North Beam Flange
21 41.15 7.96 3.51 North Beam Flange
22 40.73 -7.73 3.53 North Beam Flange
23 16.75 2.67 0.06 North Beam Web
24 17.03 -2.57 0.03 North Beam Web
25 19.86 2.69 0.03 North Beam Web
26 19.92 -2.42 0.04 North Beam Web
27 22.93 2.76 0.03 North Beam Web
28 23.12 -2.23 0.04 North Beam Web
29 25.83 2.75 0.02 North Beam Web
30 25.92 -2.11 0.04 North Beam Web
31 28.99 2.78 0.03 North Beam Web
32 28.96 -2.17 0.03 North Beam Web
33 31.98 2.70 0.04 North Beam Web
34 32.13 -1.96 0.04 North Beam Web
35 11.70 18.81 0.02 NE Gusset Plate
36 11.73 21.82 0.04 NE Gusset Plate
37 14.73 21.95 -0.01 NE Gusset Plate
38 22.00 14.33 0.03 NE Gusset Plate
39 22.18 11.12 0.05 NE Gusset Plate
40 18.97 11.19 0.04 NE Gusset Plate
41 5.86 7.88 6.12 East Column Flange
42 9.39 21.19 0.46 Northeast Shear Tab
43 9.29 7.88 0.53 NE Shear Tab
44 9.43 -5.36 0.43 NE Shear Tab
45 14.49 14.47 2.52 Brace
46 33.07 33.02 2.59 Brace
47 52.48 52.75 2.57 Brace
48 72.11 71.78 2.56 Brace
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Table B.8 NCBF1-R3 Potentiometer Locations

Ch X|Y| 2z Leng

# Name Type |(in)|(in)|(in)|Axis| th Purpose Location

0 0 NA X | x| x X X X X

1|1 MTS500KipsLload|LoadCell | x | x | x | x X MTS 500 kips Load cell Actuator

2 2 MTS 1_1 LDVT LDVT X | x| x X X Actuator LDVT Actuator

3 | 3 Terminal Resistor NA X | x| x X X Terminator resistor 3 X

4 4 ColLatNE D9600 | -6 | O | O | X+ | 12 Lateral Frame Displacement - NE Corner NW Corner of Frame

5 5 BrVert6thSW P510 X | x| x X X Elongation of Brace Brace

6 6 BrExt P510 |134(128|3.5|X-Y-| 167 Brace Out of Plane Displacement SW Brace 5/6 Point

7 7 Br3PinNull P510 |111|111| -4 | Z+ | 14 Brace Diagonal Elongation (end to end) Brace

8 8 BrVertMid P510 X | x | x| x X Brace Out of Plane Displacement Brace Center

9 9 Null NotUsed| x | x | x X X Not used

10 10 BusNECL P510 X | x| x X X Gusset Plate Out of Plane Displacement NE Gusset Plate

11 11 BrVertEndNE P510 X | x| x X X Brace Out of Plane Displacement NE End of Brace

12 12 BrVert6thNE P510 x | x| x X X Brace Out of Plane Displacement NE Brace 1/6 Point

13 13 BrVert3rdNE P510 X | x| x| x X Brace Out of Plane Displacement NE Brace 1/3 point

14 14 BrVert3rdSW P510 x | x| x X X Brace Out of Plane Displacement SW Brace 2/3 Point

15 15 FrDiag P510 |144|144| 30 [ X-Y-| 204 Frame Diagonal Elongation Work Points

16 16 Null D9600 X | x| x X X Brace Out of Plane Displacement Null

17 17 Null D9600 X | x| x X X Gusset Plate Out of Plane Displacement Null

18 18 GusNES P510 0 |144| 0 | Z+ | 12 Southwest Work Point Vertical SW Work Point

19 19 GusNEW P510 [144|144| 0 | Z+ | 12 SE Work Point Vertical SE Work Point

20| 20 GusSWN_Null D9600 X | x| x| x X Gusset Plate Out of Plane Displacement Null

21| 21 GusSWE_null D9600 X | x| x X X Gusset Plate Out of Plane Displacement Null

22| 22 NBmHngN_null D9600 |124|120| 1 |X+Y+| 6 SW Knife Plate Rotation North Side SW Knife Plate, North Side
23| 23 NBmHngS_null D9600 X | x | x| x X North Beam Plastic Hinge Null

24 24 SBmHngN D9600 |125(137| 2 | X- | 16 South Beam Plastic Hinge North South Beam at SE Gusset
25 25 SBmHngS D9600 |[125|151| 2 | X- | 16 Beam Plastic Hinge Rotation South Beam at SE Gusset
26| 26 WColHngE_null D9600 |119|125| 1 |X+Y+| 6 SW Knife Plate Rotation South Side SW Knife Plate, South Side
27| 27 WColHngW_null | D9600 X | x| x X X Column Plastic Hinge Rotation Null

28 28 EColHngE D9600 |140|125| 4 | Y- | 13 West Column Plastic Hinge West West Column at SW Gusset
29 29 EColHngW D9600 |149|125| 4 | Y- | 13 West Column Plastic Hinge East West Column at SW Gusset
30 30 STNWN D600 [136| -8 | 2 | X+ | 2 NW Shear Tab Rotation South Flange NW Shear Tab

31 31 STNWS D600 |136|7.5| 2 | X+ | 2 NW Shear Tab Rotation North Flange NW Shear Tab

32 32 STSEN D600 8 [137| 2 | X-| 2 SE Shear Tab Rotation North Flange SE Shear Tab

33 33 STSES D600 8 (152 2 | X-| 2 SE Shear Tab Rotation South Flange SE Shear Tab

34 34 NEWPVert P510 |144| 0 | O | Z+ | 12 NW Work Point Vertical NE Work Point

35 35 NWWPVert P510 0|0]| 0| Z+]| 12 NE Work Point Vertical NW Work Point

36| 36 SWWPVert_null D600 X X | x X Not used SW Work Point

37 37 SEWPVert D600 |6.5(151| O | Y+ | 2 E Column Uplift West Flange East Column, W Flange, South End
38 38 ChanlLiftSE D600 |150(170| 7 | Y+ | 2 Uplift of Channel Assembly Near SE Corner of Frame
39 39 ChanlLiftSW D600 |-27|170| 9 | Y+ | 2 Uplift of Channel Assembly (SW) Near SW Corner of Frame
40 40 ChanSlip D600 |-27|172| 9 | X- | 2 Shear Slip of Channel Assembly SW Corner of Strong Wall
41 41 ColLiftSW D600 [150(151| O | Y+ | 2 E Column Uplift East Flange SW Corner of Frame
42 42 ColSlipSW D600 |152|153| 1 | X- | 2 E Column Lateral Slip (E Flange) SW Corner of Frame
43 43 ColLiftSE D600 -7 (151 O | Y+ | 2 W Column Uplift West Flange SE Corner of Frame

44 44 ColSlipSE D600 -9 |153| 1 | X- | 2 W Column Lateral Slip (W Flange) SE Corner of Frame

45 45 SBmSlip D600 99 [152| 0 | X- [ 2 | Slip Between S Beam and Channel Assembly South Beam

46| 46 NBmSlip_null [NotUsed| x | x | x | x X BROKEN - Not Used North Beam at Load Beam
47 47 SBIkSlip D600 (26944 |-17| X+ | 2 Slip of Reaction Block SW Corner of Reaction Block
48 48 CBIkSlip D600 |269| -2 |-17| X+ | 2 Slip of Reaction Block W Side of Reaction Block
49 49 NBIkSlip D600 |269|-43|-17| X+ | 2 Slip of Reaction Block NW Corner of Reaction Block
50 50 null D600 |6.5(151| O | Y+ | 2 Uplift of East Column, west flange E Column Base, W Flange
51| 51 WColLiftEFlange D600 [137|151| O | Y+ | 2 Uplift West Column, east flange W Column Base, E Flange
52 52 NBeamSlip D600 |87 |-9| 0 | X+ | 2 Slip Between Load Beam and North Beam North Beam at Load Beam
53 53 null D600 (269|-32| 0 | X+ | 2 Actuator-Reaction Block Slip (S) Actuator Base Movement
54 54 null D600 [269| -3 | O | X+ | 2 Actuator-Reaction Block Slip (N) Actuator Base Movement
55 55 null D600 X | x | x X X Not used X

56 56 Null Resistor | x | x | x X X Terminator resistor X
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Figure B.8.9 NCBF1-R3 Strain Gauge Layout
Table B.9. NCBF1-R2 Strain Gauge Locations
Ch X|Y|z Leng
# Name Type |(in)|(in)|(in) |Axis| th Purpose Location
57 57 strn3_0 Resistor | x | x | x X X Terminator resistor X
58 58strn13_1 Str Gauge|107(107| -4 (X+Y+| NA Brace Forces Brace Top
59 59strn23_2 Str Gauge|110(104| O [X+Y+| NA Brace Forces Brace, S Side
60 60strn33_3 Str Gauge|107(107] 3.5 [X+Y+| NA Brace Forces Brace Bottom
61 61strn43_4 Str Gauge|105(109| O [X+Y+| NA Brace Forces Brace, N Side
62 62 strn53_5 Str Gauge[150( 87| O | Y+ | NA Column Forces W Column, S End, W Side
63 63 strn63_6 Str Gauge[138( 87| 0 | Y+ | NA Column Forces W Column, S End, E Side
64 64 strn73_7 Str Gauge[150( 24| O | Y+ | NA Column Forces W Column, N End, W Side
65 65strn83_8 Str Gauge (138 24| O | Y+ | NA Column Forces W Column, N End, E Side
66 66 strn93_9 Str Gauge[ 6.2 57| 0 | Y+ | NA Column Forces E Dolumn, S End, W Side
67 67 strn 103_10 [Str Gauge| -6 | 57| O | Y+ | NA Column Forces E Column, S End, E Side
68 68strn113 11 Str Gauge| 6.2 (120| 0 | Y+ | NA Column Forces E Column, N End, W Side
69 69 strn 123_12  [Str Gauge| -6 {120 O | Y+ | NA Column Forces E Column, N End, E Side
70 70 strn 13 3_13 Str Gauge| 45| -8 | O | X+ | NA Beam Forces N Beam S Side
71 71strn143_14 |Str Gauge| 45|79 0 | X+ | NA Beam Forces N Beam N Side
72| 72 Terminal Resistor | Resistor | x | x | x X X Terminator resistor X
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Table B.10. NCBF1-R3 Optotrak Locations

Marker X Y z Location
1 5.88 41.07 6.09 East Column Flange
2 -5.89 40.96 5.90 East Column Flange
3 5.87 34.94 6.08 East Column Flange
4 -5.88 34.75 5.88 East Column Flange
5 5.93 28.99 6.09 East Column Flange
6 -5.87 29.01 5.87 East Column Flange
7 5.93 23.20 6.09 East Column Flange
8 -5.85 23.18 5.82 East Column Flange
9 5.95 17.04 6.09 East Column Flange
10 -5.85 16.99 5.81 East Column Flange
11 5.98 5.04 6.06 East Column Flange
12 -5.87 5.05 5.81 East Column Flange
13 17.25 7.77 8.69 North Beam Flange
14 17.09 -7.84 8.68 North Beam Flange
15 23.10 7.74 8.69 North Beam Flange
16 23.12 -7.86 8.70 North Beam Flange
17 28.99 -7.87 8.69 North Beam Flange
18 29.09 7.71 8.68 North Beam Flange
19 35.16 7.68 8.67 North Beam Flange
20 35.05 -7.90 8.68 North Beam Flange
21 41.01 7.67 8.68 North Beam Flange
22 40.95 -7.97 8.68 North Beam Flange
23 17.30 2.45 12.10 North Beam Web
24 17.38 -2.65 12.08 North Beam Web
25 20.42 2.47 12.05 North Beam Web
26 20.43 -2.61 12.08 North Beam Web
27 98.63 30.12 28.55 Malfunctioned
28 23.64 -2.65 12.09 North Beam Web
29 26.32 2.40 12.05 North Beam Web
30 26.62 -2.56 12.09 North Beam Web
31 29.28 2.41 12.04 North Beam Web
32 29.47 -2.67 12.09 North Beam Web
33 32.29 2.37 12.05 North Beam Web
34 32.32 -2.69 12.09 North Beam Web
35 11.21 18.19 12.13 NE Gusset Plate
36 11.34 21.29 12.13 NE Gusset Plate
37 14.32 21.30 12.26 NE Gusset Plate
38 21.74 14.16 12.26 NE Gusset Plate
39 21.72 11.45 12.17 NE Gusset Plate
40 18.62 11.45 12.17 NE Gusset Plate
41 9.10 21.39 11.59 NE Shear Tab
42 9.17 12.19 11.62 NE Shear Tab
43 98.63 30.12 28.55 Malfunctioned
44 9.53 -5.93 11.60 NE Shear Tab
45 6.02 7.87 6.08 East Column Flange
46 -5.81 7.37 5.78 East Column Flange
47 9.49 9.04 7.12 NE Shear Tab
48 14.84 14.43 7.32 NE Knife Plate
49 20.54 20.17 7.55 NE Knife Plate
50 19.85 19.52 7.53 NE Knife Plate
51 98.63 30.12 28.55 Malfunctioned
52 27.78 27.41 7.87 NE Knife Plate
53 18.74 20.26 12.37 NE Gusset Plate
54 20.75 22.18 10.06 Brace
55 98.63 30.12 28.55 Malfunctioned
56 22.79 20.23 10.08 Brace
57 38.73 37.74 10.32 Brace
58 55.51 54.72 10.59 Brace
59 72.62 71.74 10.72 Brace
60 98.63 30.12 28.55 Malfunctioned
61 64.27 63.52 10.66 Brace
62 81.53 80.57 10.76 Brace
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Table B.11 NCBF1-R4 Potentiometer Locations

Ch X|Y|z Leng

# Name Type |(in)| (in)|(in) |Axis| th Purpose Location

0 0 NA X | x| x X X X X

1|1 MTS 500 Kips Load | Load Cell | x | x | x X X MTS 500 kips Load cell Actuator

2 2 MTS1_1LVDT LDVT X | x| x X X Actuator LDVT Actuator

3 | 3 terminator resistor | Resistor | x | x | x X X Terminator resistor 3 X

4 4 FrDiagTop P510 |[144(144| 30 | X-Y-|204 Frame Diagonal Elongation NE,SW Work Points

5 5 FrDiagBot P510 |[144(144| 24 | X-Y-|204 Frame Diagonal Elongation NE,SW Work Points

6 6 BrElong P510 (111(111| 4| Z+ | 14 Brace Elongation Brace Ends

7 7 FrLateral P510 6| 0|0 | X+]| 12 Lateral Frame Displacement NE Corner of Frame

8 8 BrMid P510 X | x| x X X NOT USED Brace Center

9 9 SBmHngN D9600 |125|137| 2 | X- | 16 South Beam Plastic Hinge North South Beam at SE Gusset
10 10 SBmHngS D9600 |125({151| 2 | X- | 16 Beam Plastic Hinge Rotation South Beam at SE Gusset
11 11 WColHngW D9600 |140|125( 4 | Y- | 13 West Column Plastic Hinge West West Column at SW Gusset
12 12 WColHngE D9600 |149|125( 4 | Y- | 13 West Column Plastic Hinge East West Column at SW Gusset
13| 13 NWShearTabN D600 (136 -8 | 2 | X+ | 2 NW Shear Tab Rotation South Flange NW Shear Tab

14| 14NWShearTabS D600 [136(7.5| 2 | X+ | 2 NW Shear Tab Rotation North Flange NW Shear Tab

15 15 SEShearTabN D600 8 |137 2 | X- | 2 SE Shear Tab Rotation North Flange SE Shear Tab

16 16 SEShearTabS D600 8 |152 2 | X- | 2 SE Shear Tab Rotation South Flange SE Shear Tab

17 17 NWWPVert P510 0O|0|O0|z+] 12 Vertical Displacement of Work Point NE Work Point

18 18 NEWPVert P510 (144 0 | O | Z+ | 12 Vertical Displacement of Work Point NW Work Point

19 19 SWWPVert P510 0 (144 0 | Z+ | 12 Vertical Displacement of Work Point SE Work Point

20 20 SEWPVert P510 (144(144| 0 | Z+ | 12 Vertical Displacement of Work Point SW Work Point

21| 21 WColUpliftw D600 [150(151| O | Y+ | 2 W Column Uplift West Flange SW Corner of Frame

22 22 WColUpliftE D600 ([137(151| O | Y+ | 2 Uplift West Column, east flange W Column Base, E Flange
23 23 WColSlip D600 [152(153| 1 | X- | 2 W Column Lateral Slip (W Flange) SW Corner of Frame

24 24 EColUpliftw D600 |[6.5(151| O | Y+ | 2 E Column Uplift West Flange SE Corner of Frame

25 25 EColUpliftE D600 -7 |151] 0 | Y+ | 2 E Column Uplift East Flange SE Corner of Frame

26 26 EColSlip D600 9 |153| 1 | X-| 2 E Column Lateral Slip (E Flange) SE Corner of Frame

27 27 ChanUpliftw D600 ([150(170| 7 | Y+ | 2 Uplift of Channel Assembly Near SE Corner of Frame
28 28 ChanUpliftE D600 [-27(170| 9 | Y+ | 2 Uplift of Channel Assembly (SW) Near SW Corner of Frame
29 29 ChanSlip D600 [-27(172] 9 | X- | 2 Shear Slip of Channel Assembly SW Corner of Strong Wall
30 30 SBeamSlip D600 99 [152| 0 | X- | 2 | Slip Between S Beam and Channel Assembly South Beam

31 31 NBeamSlip D600 87| 9|0 | X+ | 2 Slip Between Load Beam and North Beam North Beam at Load Beam
32 32 ActBaseN D600 ([269(-32| O | X+ | 2 Actuator-Reaction Block Slip (N) Actuator Base Movement
33 33 ActBaseS D600 (269 -3 | O | X+ | 2 Actuator-Reaction Block Slip (S) Actuator Base Movement
34 34 RxnBIkN D600 [269(-43|-17| X+ | 2 Slip of Reaction Block NW Corner of Reaction Block
35 35 RxnBIkC D600 (269 -2 |-17| X+ | 2 Slip of Reaction Block W Side of Reaction Block
36 36 RxnBIkS D600 (26944 |-17| X+ | 2 Slip of Reaction Block SW Corner of Reaction Block
37 37 Terminal Not Used X | x X X X X

38 38 Null D600 X | x X X X X

39 39 Null D600 X | x| x X X X

40 40 KPSWN D9600 |124(120| 1 (X+Y+| 6 SW Knife Plate Rotation North Side SW Knife Plate, North Side
41 41 KPSWS D9600 |119(125| 1 (X+Y+| 6 SW Knife Plate Rotation South Side SW Knife Plate, South Side
42| 42 Term Resistor Resistor | x | x | x X X Terminal resistor X
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Table B.12 NCBF1-R4 Strain Gauge Locations

Ch X|Y|z Leng
# Name Type | (in)|(in)[(in) [Axis| th Purpose Location
43| 43 Str Term Resistor | Resistor | x | x | x X X Terminator resistor X
44 44 Strl Str Gauge|107(107| -4 [X+Y+| NA Brace Forces Brace Top
45 45 Str2 Str Gauge|110(104| O [X+Y+| NA Brace Forces Brace, S Side
46 46 Str3 Str Gauge|107(107] 3.5 [X+Y+| NA Brace Forces Brace Bottom
47 47 Strd Str Gauge|105(109| O [X+Y+| NA Brace Forces Brace, N Side
48 48 Str5 Str Gauge[150( 87| O | Y+ | NA Column Forces W Column, S End, W Side
49 49 Stré Str Gauge (138 87| O | Y+ | NA Column Forces W Column, S End, E Side
50 50 Str7 Str Gauge[150( 24| O | Y+ | NA Column Forces W Column, N End, W Side
51 51 Str8 Str Gauge[138( 24| 0 | Y+ | NA Column Forces W Column, N End, E Side
52 52 Str9 Str Gauge[ 6.2 57| 0 | Y+ | NA Column Forces E Dolumn, S End, W Side
53 53 Str10 Str Gauge| -6 [ 57| 0 | Y+ | NA Column Forces E Column, S End, E Side
54 54 Str11 Str Gauge| 6.2 (120| O | Y+ | NA Column Forces E Column, N End, W Side
55 55 Str12 Str Gauge| -6 [120| O | Y+ | NA Column Forces E Column, N End, E Side
56 56 Str13 Str Gauge| 45| -8 | O | X+ | NA Beam Forces N Beam S Side
57 57 Str14 Str Gauge| 45 79| O | X+ | NA Beam Forces N Beam N Side
58 58 Str Resitor Resistor | x | x | x X X Terminator resistor X
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Table B.13. NCBF1-R4 Optotrak Locations

Marker X Y z Location
1 -28.84 -17.50 63.39 Malfunctioned
2 -6.00 34.47 6.00 East Column Flange
3 -5.97 28.61 6.02 East Column Flange
4 -5.96 22.60 6.01 East Column Flange
5 -4.33 16.08 10.39 East Column Web
6 3.67 24.84 -5.27 East Column Web
7 5.61 40.75 6.09 East Column Flange
8 5.64 34,78 6.09 East Column Flange
9 98.42 32.15 27.37 Malfunctioned
10 5.76 22.47 6.10 East Column Flange
11 5.74 16.70 6.09 East Column Flange
12 5.72 7.59 6.10 East Column Flange
13 6.55 4.22 8.79 NE Shear Tab
14 -0.12 1.28 -14.72 East Column Web
15 9.02 21.67 11.56 NE Shear Tab
16 9.19 7.70 11.58 NE Shear Tab
17 12.72 12.69 7.28 NE Shear Tab
18 18.84 18.71 7.32 NE Knife Plate
19 19.81 19.55 7.32 NE Knife Plate
20 20.55 20.40 7.32 NE Knife Plate
21 22.14 20.26 9.35 Brace
22 20.33 21.97 9.31 Brace
23 21.29 21.16 7.33 NE Knife Plate
24 27.85 27.72 7.36 NE Knife Plate
25 9.09 -6.00 11.59 NE Shear Tab
26 16.56 -7.97 8.54 North Beam Flange
27 22.52 -7.91 8.54 North Beam Flange
28 28.42 -7.94 8.53 North Beam Flange
29 34.57 -7.91 8.50 North Beam Flange
30 40.44 -7.93 8.51 North Beam Flange
31 16.42 -2.53 11.97 North Beam Web
32 19.57 -2.54 11.96 North Beam Web
33 22.76 -2.60 11.95 North Beam Web
34 25.78 -2.80 11.96 North Beam Web
35 28.68 -2.91 11.95 North Beam Web
36 31.60 -2.90 11.94 North Beam Web
37 40.31 7.73 8.63 North Beam Flange
38 34.49 7.70 8.63 North Beam Flange
39 28.58 7.73 8.63 North Beam Flange
40 22.48 7.74 8.63 North Beam Flange
41 31.60 2.47 11.97 North Beam Web
42 28.63 2.39 11.98 North Beam Web
43 25.58 2.39 11.98 North Beam Web
44 22.69 2.36 11.97 North Beam Web
45 19.51 2.32 11.98 North Beam Web
46 16.39 2.46 11.98 North Beam Web
47 16.25 7.72 8.63 North Beam Flange
48 22.20 10.87 12.05 NE Gusset Plate
49 22.26 15.59 12.17 NE Gusset Plate
50 17.71 12.73 12.05 NE Gusset Plate
51 12.70 18.00 12.03 NE Gusset Plate
52 10.87 22.31 11.99 NE Gusset Plate
53 15.65 22.16 12.06 NE Gusset Plate
54 18.19 20.24 12.09 NE Gusset Plate
55 20.47 17.93 12.17 NE Gusset Plate
56 37.89 37.91 9.37 Brace
57 54.95 54.77 9.36 Brace
58 67.38 67.76 9.37 Brace
59 71.04 72.67 9.37 Brace
60 71.66 71.87 9.38 Brace
61 72.29 71.23 9.36 Brace
62 76.06 76.32 9.37 Brace
63 88.48 88.99 9.38 Brace
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Table B.14 NCBF1-R5 Potentiometer Locations

Ch X|Y|z Leng

# Name Type |(in)| (in)|(in) |Axis| th Purpose Location

0 0 NA X | x| x X X X X

1 |1 MTS 500 Kips Load | Load Cell | x | x | x X X MTS 500 kips Load cell Actuator

2 2 MTS1_1LVDT LDVT X | x| x X X Actuator LDVT Actuator

3 | 3 terminator resistor | Resistor [ x | x [ x X X Terminator resistor 3 X

4 4 FrDiagTop P510 |[144(144] 30 |X-Y-|204 Frame Diagonal Elongation NE,SW Work Points

5 5 FrDiagBot P510 |[144(144| 24 | X-Y-|204 Frame Diagonal Elongation NE,SW Work Points

6 6 BrElong P510 (111(111| 4| Z+ | 14 Brace Elongation Brace Ends

7 7 FrLateral P510 6| 0|0 | X+]| 12 Lateral Frame Displacement NE Corner of Frame

8 8 BrMid P510 72172 4| Z+ | 14 NOT USED Brace Center

9 9 SBmHngN D9600 |125|137| 2 | X- | 16 South Beam Plastic Hinge North South Beam at SE Gusset
10 10 SBmHngS D9600 |125({151| 2 | X- | 16 Beam Plastic Hinge Rotation South Beam at SE Gusset
11 11 WColHngW D9600 |140|125( 4 | Y- | 13 West Column Plastic Hinge West West Column at SW Gusset
12 12 WColHngE D9600 |149|125( 4 | Y- | 13 West Column Plastic Hinge East West Column at SW Gusset
13| 13 NWShearTabN D600 (136 -8 | 2 | X+ | 2 NW Shear Tab Rotation South Flange NW Shear Tab

14| 14NWShearTabS D600 [136(7.5| 2 | X+ | 2 NW Shear Tab Rotation North Flange NW Shear Tab

15 15 SEShearTabN D600 8 |137 2 | X- | 2 SE Shear Tab Rotation North Flange SE Shear Tab

16 16 SEShearTabS D600 8 |152 2 | X- | 2 SE Shear Tab Rotation South Flange SE Shear Tab

17 17 NWWPVert P510 0|00 |z+] 12 Vertical Displacement of Work Point NE Work Point

18 18 NEWPVert P510 (144 0 | O | Z+ | 12 Vertical Displacement of Work Point NW Work Point

19 19 SWWPVert P510 0 (144 0 | Z+ | 12 Vertical Displacement of Work Point SE Work Point

20 20 SEWPVert P510 (144(144| 0 | Z+ | 12 Vertical Displacement of Work Point SW Work Point

21| 21 WColUpliftWw D600 |[150(151| O | Y+ | 2 W Column Uplift West Flange SW Corner of Frame

22 22 WColUpliftE D600 [137(151| O | Y+ | 2 Uplift West Column, east flange W Column Base, E Flange
23 23 WColSlip D600 [152(153| 1 | X- | 2 W Column Lateral Slip (W Flange) SW Corner of Frame
24 24 EColUpliftw D600 |[6.5(151| O | Y+ | 2 E Column Uplift West Flange SE Corner of Frame

25 25 EColUpliftE D600 -7 |151] 0 | Y+ | 2 E Column Uplift East Flange SE Corner of Frame

26 26 EColSlip D600 -9 |153| 1 | X-| 2 E Column Lateral Slip (E Flange) SE Corner of Frame

27 27 ChanUpliftw D600 [150(170| 7 | Y+ | 2 Uplift of Channel Assembly Near SE Corner of Frame
28 28 ChanUpliftE D600 [-27(170| 9 | Y+ | 2 Uplift of Channel Assembly (SW) Near SW Corner of Frame
29 29 ChanSlip D600 [-27(172| 9 | X- | 2 Shear Slip of Channel Assembly SW Corner of Strong Wall
30 30 SBeamSlip D600 99 [152| 0 | X- | 2 | Slip Between S Beam and Channel Assembly South Beam

31 31 NBeamSlip D600 87| 9|0 | X+ | 2 Slip Between Load Beam and North Beam North Beam at Load Beam
32 32 ActBaseN D600 ([269(-32| O | X+ | 2 Actuator-Reaction Block Slip (N) Actuator Base Movement
33 33 ActBaseS D600 (269 -3 | O | X+ | 2 Actuator-Reaction Block Slip (S) Actuator Base Movement
34 34 RxnBIkN D600 [269(-43|-17| X+ | 2 Slip of Reaction Block NW Corner of Reaction Block
35 35 RxnBIkC D600 (269 -2 |-17| X+ | 2 Slip of Reaction Block W Side of Reaction Block
36 36 RxnBIkS D600 (269 44 |-17| X+ | 2 Slip of Reaction Block SW Corner of Reaction Block
37 37 Terminal Not Used| x | x | x X X X X

38 38 Null D600 X | x| x X X X X

39 39 Null D600 X | x| x| x X X X

40 40 KPSWN D9600 X | x| x X X SW Knife Plate Rotation North Side SW Knife Plate, North Side
41 41 KPSWS D9600 X | x| x X X SW Knife Plate Rotation South Side SW Knife Plate, South Side
42| 42 Term Resistor Resistor | x | x | x X X Terminal resistor X
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Table B.15 NCBF1-R5 Strain Gauge Locations

Ch X|Y|z Leng

# Name Type | (in)|(in)|(in) |Axis| th Purpose Location

43| 43 Str Term Resistor | Resistor | x X X X X Terminator resistor X

44 44 Strl Str Gauge|107(107| -4 [X+Y+| NA Brace Forces Brace Top, 6th Point
45 45 Str2 Str Gauge[110(104| O |X+Y+| NA Brace Forces Brace, S Side, 6th Point
46 46 Str3 Str Gauge|107(107] 3.5 [X+Y+| NA Brace Forces Brace Bottom, 6th Point
47 47 Strd Str Gauge[105(109| O |X+Y+| NA Brace Forces Brace, N Side, 6th Point
48 48 Str5 Str Gauge| 87 | 87 | -4 [X+Y+| NA Brace Forces Brace Top, 3rd Point
49 49 Str6 Str Gauge| 90 | 84| O |X+Y+| NA Brace Forces Brace, S Side, 3rd Point
50 50 Str7 Str Gauge| 87 | 87 | 3.5 [X+Y+| NA Brace Forces Brace Bottom, 3rd Point
51 51 Str8 Str Gauge| 85| 90 | O |X+Y+| NA Brace Forces Brace, N Side, 3rd Point
52 52 Str9 Str Gauge[150( 87| O | Y+ | NA Column Forces W Column, S End, W Side
53 53 Str10 Str Gauge[138( 87| 0 | Y+ | NA Column Forces W Column, S End, E Side
54 54 Str11 Str Gauge[150( 55| O | Y+ | NA Column Forces W Column, Center, W Side
55 55 Str12 Str Gauge[138( 55| O | Y+ | NA Column Forces W Column, Center, E Side
56 56 Str13 Str Gauge[150( 24| O | Y+ | NA Column Forces W Column, N End, W Side
57 57 Str14 Str Gauge[138( 24| 0 | Y+ | NA Column Forces W Column, N End, E Side
58 58 Str15 Str Gauge[ 6.2 57| O | Y+ | NA Column Forces E Dolumn, S End, W Side
59 59 Str16 Str Gauge| -6 [ 57| O | Y+ | NA Column Forces E Column, S End, E Side
60 60 Str17 Str Gauge|[ 6.2 24| 0 | Y+ | NA Column Forces E Dolumn, Center, W Side
61 61 Str18 Str Gauge| -6 [ 32| 0 | Y+ | NA Column Forces E Column, Center, E Side
62 62 Str19 Str Gauge| 6.2 (120| 0 | Y+ | NA Column Forces E Column, N End, W Side
63 63 Str20 Str Gauge| -6 [120| O | Y+ | NA Column Forces E Column, N End, E Side
64 64 Str21 Str Gauge| 45| -8 | O | X+ | NA Beam Forces N Beam S Side

65 65 Str 22 Str Gauge| 45 79| 0 | X+ | NA Beam Forces N Beam N Side

66 58 Str Resitor Resistor | x X X X X Terminator resistor X

356




6H

- 48
54:‘ ‘44 46 45

. 13
/P e

1516 17

0371445004 2426283032

47

138 s eeees, 232527293133
Pt e . ¢ —

35

% =
36 22 212019 1

Figure B.8.16 NCBF1-R5 Optotrak Layout
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Table B.16 NCBF1-R5 Optotrak Locations

Marker X Y 4 Location
1 5.77 40.79 6.09 East Column Flange
2 5.77 34.75 6.10 East Column Flange
3 5.71 28.78 6.11 East Column Flange
4 5.84 22.81 6.11 East Column Flange
5 5.82 16.77 6.09 East Column Flange
6 5.82 7.65 6.08 East Column Flange
7 -5.73 40.76 6.14 East Column Flange
8 -5.76 34.69 6.13 East Column Flange
9 -5.80 28.79 6.12 East Column Flange
10 -5.75 22.83 6.11 East Column Flange
11 -5.81 16.80 6.11 East Column Flange
12 -5.83 7.84 6.09 East Column Flange
13 22.57 7.88 3.59 North Beam Flange
14 16.46 7.86 3.58 North Beam Flange
15 28.47 7.80 3.58 North Beam Flange
16 34.49 7.79 3.57 North Beam Flange
17 40.55 7.80 3.58 North Beam Flange
18 40.43 -7.85 3.66 North Beam Flange
19 34.40 -7.81 3.63 North Beam Flange
20 28.38 -7.83 3.61 North Beam Flange
21 22.44 -7.79 3.58 North Beam Flange
22 16.41 -7.77 3.56 North Beam Flange
23 22.52 -2.84 0.25 North Beam Web
24 22.49 2.41 0.21 North Beam Web
25 25.49 -2.75 0.24 North Beam Web
26 25.42 2.32 0.19 North Beam Web
27 28.49 -2.78 0.25 North Beam Web
28 28.49 2.19 0.20 North Beam Web
29 31.43 -2.83 0.25 North Beam Web
30 31.47 2.16 0.20 North Beam Web
31 34.47 -2.82 0.26 North Beam Web
32 34.58 2.24 0.19 North Beam Web
33 37.45 -2.78 0.25 North Beam Web
34 99.38 30.99 -15.68 Malfunctioned
35 6.67 -6.46 0.56 NE Shear Tab
36 9.12 -6.58 0.56 NE Shear Tab
37 8.96 7.75 0.55 NE Shear Tab
38 6.85 7.66 0.56 NE Shear Tab
39 9.01 22.33 0.48 NE Shear Tab
40 6.72 22.35 0.51 NE Shear Tab
41 10.36 18.62 0.14 NE Gusset Plate
42 10.35 22.25 0.08 NE Gusset Plate
43 13.86 22.34 0.18 NE Gusset Plate
44 21.98 12.14 0.19 NE Gusset Plate
45 21.99 9.00 0.12 NE Gusset Plate
46 18.63 8.98 0.14 NE Gusset Plate
47 0.32 1.29 26.78 East Column Web
48 13.52 13.11 5.74 Brace
49 31.66 33.84 3.86 Brace
50 33.85 31.57 3.88 Brace
51 99.38 30.99 -15.68 Malfunctioned
52 51.40 53.22 3.77 Brace
53 73.23 70.70 3.71 Brace
54 71.14 72.82 3.69 Brace
55 72.20 71.75 3.70 Brace
56 99.38 30.99 -15.68 Malfunctioned
57 65.99 37.50 -17.67 Malfunctioned
58 54.80 34.27 -5.35 Malfunctioned
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Appendix C: Experimental Setup

C.1. StrongFloor and Strong Wall

The strong floor and strong wall are permanentfes in the University of Washington structural
engineering lab. The strong floor consists of @8 thick prestressed concrete floor with embedded
threaded rod tie downs. The tie downs are arraimgad6 inch grid, except in the area near thengtro
wall, where they are spaced at 18 inches for grélatability in experimental setups. The stronglwa

13 feet 6 inches tall and attached to the soutlweaeer of the strong wall in an L-shaped configjora
The wall consists of 30 inch thick prestressed petecwith an 18 inch grid of conduits for anchoring
components. Both the strong wall and the strongy ft@n reasonably be considered rigid supportsiguri

experiments, given the high level of strength aifthess they provide.

C.2. Reaction Block and Actuator

An MTS hydraulic actuator was used to apply loath®specimen and was controlled using an MTS
controller. The actuator runs at 3000 psi hydrapifessure and has a maximum load capacity of 4% ki
when pushing and 330 kips when pulling. Actuatastpug coincides with brace tension, when the latera
resistance of the frame is higher, thus allowirgttsting of stronger specimens. The actuator etrok

range is £10 inches.

The head of the actuator was attached to a swiketh prevents transverse loads from being calried
the actuator. This protects the actuator from danaagl ensures that only lateral load is appligti¢o
specimen. The swivel was attached to the loadimagnbsith four 1 inch diameter hex bolts. Actuat@ado
was recorded using the actuator load cell, pogtidmehind the swivel. This load cell and the ontoar
LDVT provided continuous feedback to the controtteallow for accurate displacement control of the
specimen. At its base, the actuator was bolted4tinah thick steel adaptor plate. The actuator was
attached to the reaction block using six 1 1/8 idieimeter B-7 threaded rods, each stressed tgp80 ki
Between the adapter plate and the reaction bloskamalastomeric bearing pad, which provides
rotational freedom for the actuator at its bases $hrves to reduce moments carried by the acfuatdr
to accommodate the small lateral movement of théadmr due to displacements of the frame.

The reaction block consists of a 6'x8'x4’ reinfodceoncrete block with horizontal conduits configlire
for mounting actuators and 6 vertical conduitsainchoring the block. The reaction block was anathore

to the strong floor using 6 Williams rods 2 inchesliameter and stressed to 220 kips each. HydvoeSt
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was poured between the reaction block and thegftoar and between the steel washer plates and the

s

s \ o
| MTs | N

'-'f‘_'?- Controllel @;3“-‘ Adapter
S R .“ Plate

£}
Figure C.1: Photograph of MTS Actuator

2in Williams Rods

1 1/8in Threaded Rods
Swivel

Adapter

Spiral Washers

/

Load Cell Elastomeri
Actuator _
Bearina Pa

Figure C.2: Schematic of Actuator and Reaction Bloc

C.3. Load Beam

Load was transferred between the actuator headebaind the North beam of the specimen through a
built-up W21x62 section. The load beam was boltetth¢ actuator head swivel using hex head bolts and
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to the North flange of the North beam of each speaiusing 10-1 inch diameter A490 bolts. The beam
is strengthened with several plates to prevent darmaad distribute load. A 2 inch end plate provides
contact surface for the actuator head. In conjonatiith a second 2 inch plate, it provides continof

the column flanges to the cap plate where axiatpgssing load is applied. This prevents local bogk

of the load beam, which must carry the full coluaxial load through its depth in this region. 4 siddil
stiffener plates are provided at the opposite driieoload beam to prevent local buckling of thedo
beam flanges.

The eccentricity between the line of action of élsuator force and the center of the beam deptbesaa
moment to develop in the load beam. This momenttes a compressive force at the leading edge of
the load beam where it contacts the flange of thelNoeam of the specimen. This compressive force
causes local buckling of the web and beam of tkeisgen. Because this damage is a result of théngad
conditions and not reflective of performance oéal isystem, a web double plate is provided foib#en
to reduce the severity of this damage.

The positioning of the load beam is intended todflective of loading conditions in a structure,ext
lateral load typically enters the frame througtheas connection between the floor slab and the beam
Providing a full-length shear connection would gase the stiffness of the beam by an unacceptable

margin, so load is instead applied over only 40%heflength.

Figure C.3: Load Beam
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C.4. Channe Reaction Assembly
The channel assembly was designed by Shawn Jofmsthre first series of SCBF tests (Johnson 2005).

It has been used for all subsequent braced fraperiexents, including the current test series.. The
assembly consists of two C15x50 channel sectioifsupuwith steel plates. The assembly was post-

tensioned to the strong wall to provide resistancghear and overturning loads from the specimen.

The assembly connection has a nominal shear cgud &89 kips, which is designed to resist the
maximum horizontal force that the actuator canwppr0 kips. Ten 1 inch diameter bolts connect the
South beam of the specimen to the channel assamphpvide shear transfer. The assembly was
tensioned to the strong wall with five 1 3/4 indghardeter Williams rods tensioned to 220 kips andael
inch diameter threaded rods tensioned to 60 kips.cbntact surface between the assembly and the
strong wall was filled with Hydro-Stone to createmaoother contact surface.

In 2007, repairs and modifications were made tcctimnnel assembly. The bearing plates at the lodises
the columns were replaced due to local deformafims a total of 23 frame tests. Additional 1/2hnc
bearing plates were added at the locations of thiga¥i's rods to better distribute the load to the

assembly.

C.5. Axial Load System

Axial load was applied to each of the columns toudate gravity loads from the structure. Two 1 3/4
inch diameter Williams rods were tensioned in eaabmn, with one on each side of the web. Each rod
was tensioned to 225 kips, providing an axial load50 kips to each column. The axial load was iappl
using a short-stroke hydraulic ram. 4 inch thicg péates provided a bearing surface for the nutthen
rods to transfer the axial load to the column.h& tolumn bases, the rods pass through HSS4x4x1/2
tubes welded to the channel reaction assemblyehtle of the rods were fastened with Williams
spherical hex nuts and dish plates. The interfadase between the nuts and plates was cated with
machine grease. This system allowed the rods &derfiteely at the ends, preventing bending moments

from developing when lateral drift was appliedhe frame.
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C.6. Out-of-Plane Restraints

Out-of-Plane (OOP) restraints were used to pretrenspecimen from moving excessively out of plane
while not restricting in-plane motion. Figures 6.3.through 4.3.6.4 show images of the out of plane
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restraints used, and figure 4.3.6.5 shows a scheofahe out of plane restraints. Two restraingsev
applied on the North beam of the specimen alonigiitgth. These simulate the restraint that would be
imposed by the floor slab in a structure. One a@stwas applied to each column at mid-height. €hes
simulate the fixity of columns coming from beamsgth orthogonal directions, as well as continuity
with columns in floors above and below. The layoiuthe testing area did not permit the restrairthef
corners of the frame, so the columns are braceddheight as an approximation. The North Beam was
braced at 2 points along its length, simulatingl#teral restraint provided by a floor slab in pital
structure. The South Beam was effectively restamethe bolts fastening it to the reaction assgmbl

The base of the OOPs were wide flange sectionghnkeére tensioned to the strong floor with 1 inch
diameter threaded rods. The top of the restraiete WMSS5x5x3/8. Which were tensioned with 34"
threaded rods to the wide flange restraints. Sliditerface was created by affixing slotted nylods to
the flanges of the beams and columns, which sligreased stainless steel plates attached to the

restraints. This created a low-friction interfagenimizing restrain to in-plane movement.

Figure C.6: Out-of-Plane Restraint for East Column
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Figure C.8: Out-of-Plane Restraint Load Beam
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Figure C.10: Schematic for Out-of-Plane Restraints
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Appendix D: Data Analysis Plots

D.1. BraceElongation

The axial elongation of the brace is of interestduse this elongation comprises the majority afrid
deformation of a typical braced frame. It was meadwsing a potentiometer attached tch end of the
brace. This measurement requires correction tovertiee artificial elongation induced by the brand
rotation. Figure D.1 shows the induced error inkifece elongation for one end of the brsd,, is the
measured elongation, afids the true brace elongation. When making the cornectite error, which i
the difference between the two values, must be ldduiecause this figure accounts for only one dr

the brace. Equation (D1} was used for the correcti

(D.1-1)

Out-of-
Plane

d
forme
pefo™

Original
Position

Brace
Axis

Figure D.1 Brace Elongation Correct

When the brace end rotations become large, theated values often differed from the measured &
by more than 50%. Because suiclarge contribution to the behavior comes fronoeretthe result:
become less reliable. Figure D.2 gives the bramegaltion envelopes for the specimens for whi

reasonable result could be obtail
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Brace Elongation — All Tests
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Figure D.2 Brace Elongation Envelopes

D.2. Connection Elongation

As mentioned in Section D.1, there is a differelnegveen the measured values for brace elongatidn an
frame diagonal elongation. The remaining elongatist occur in the region between the brace endls an
the work points. This includes the gusset platesastabs, and a portion of the column at eactoétite

brace, as shown in Figure D.3.
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Connection:

Connection

Figure D.: Connection Elongation Schematic
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Figure D.4 shows the connection elongation fortés¢és for which brace elongation data was available
There is strong consistency in the data when theebis in tension. The combined elongation of e t

connections reaches 1 inch for all three speciniEmsse elongation values were larger than thosthéor
braces. Figure D.5, Figure D.6, and Figure D.7 tjinebrace elongation and connection elongation for

each specimen normalized to the correspondinghengt

Also of interest is the trend observed in compmsgil specimens NCBF1-R4 and NCBF1-R5. After
brace buckling occurs, the elongation of the guslseé becomes positive. What is likely occurriag i
residual tensile strain in the gusset plate. Aftaice buckling, the axial force in the brace isiigantly
higher in tension than in compression. As a relut gusset plate is likely to go through largesita
deformations in the tensile direction. If theseatlefations are large enough, the connection mightrre
some residual positive elongation, even when theebis in compression. This is an interesting
phenomenon, and it emphasizes the degree to whaclweakness of the connecting elements influences
the frame behavior.

It should be noted that the connection elongasaherived from a combination of the brace elongatio
brace end rotation, and frame diagonal elongatieasurements. As such, there may be substantial erro
in the quantities reported here.

Connection Elongation — All Tests
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Figure D.4 Connection Elongation
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Average Strain — NCBF1-R2
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Figure D.6 NCBF1-R4 Average Strain
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Average Strain - NCBF1-R5

0.03¢ ]
0.02}

0.01}

T ——— Brace

-0.01¢ / —e&— Connections| |

Average Strain (in/in)

-0.02¢ i

-0.03 ‘ ‘ ‘ ‘
-3 -2 -1 0 1 2 3
Lateral Drift (%0)

Figure D.7 NCBF1-R5 Average Strain

D.3. Construction of ASCE 41 Backbone Curves

When constructing the ASCE 41 backbone curvedi®ltbay braced frame subsystem, one procedural
factor can impact the results. In Section 7.2 nie¢hodology for creating the combined load-drift
envelope is described. The successive peaks tdakdeand drift histories are used to create thatpan

the combined load-drift envelope. This is showFigure 7.7 amd Figure 7.8, which are shown belaw fo

reference as Figure D.8 and Figure D.9.

Drift History — For Demo
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Figure D.8 Experimental Displacements at Succe$3aaks
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Load History — For Demo
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Figure D.9 Experimental Loads at Successive Peaks

Below are shown plots for each of the specimenshkvbompare the combined load-drift envelope
computed in two different ways. The first is tog¢adach tension peak and the following compression
peak to create each point on the envelope. Thuallisd "Tension First" below. The second methad is
take each compressive peak with the following mmgeak, called "Compression First" below. As these
plots demonstrate, the procedure used has a sngakt on the shape of the envelope, particularkgrwh

the resistance of the system changes rapidly.
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\bined Load-Dirift (Tension First vs Compression
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Figure D.10 Comparison of Load-Drift Envelope Mathe NCBF1
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Figure D.11 Comparison of Load-Drift Envelope Mathe NCBF1-R2
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Ibined Load-Drift (Tension First vs Compression
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Figure D.12 Comparison of Load-Drift Envelope Mathe NCBF1-R3
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Figure D.13 Comparison of Load-Drift Envelope Methe NCBF1-R4
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\bined Load-Drift (Tension First vs Compression
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Figure D.14 Comparison of Load-Drift Envelope Mathe NCBF1-R5

D.4. Slip Losses

The lateral displacement measured using the fraaggodal elongation is typically substantially lower
than the displacement applied by the actuator. iEHexrgely a result of displacement losses withim

system. Some of those losses were monitored dtiventests.

The plots below show the total slip as a functibaciuator load for each of the specimens. Noteftra
NCBF1, the North beam and actuator base measursmené not functional, so the actual losses were
likely much greater. The losses at the channehatsigeand reaction block base were typically negligi
throughout the tests. The actuator base loseshigiéy load-proportional across all specimens. $liys
at the North and South beams of the specimen (Wbadkis transferred to and from the frame) wess le
predictable. Large slips occasionally occurrectllikdue to exceeding the slip-critical load for goan all

of the bolts. As a result, there are sometimeseaugdnps in the losses.
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Total Slip vs Load
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Figure D.15 Slip Components for NCBF1
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Total Slip vs Load
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Figure D.17 Slip Components for NCBF1-R2
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Total Slip vs Load
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Figure D.19 Slip Components for NCBF1-R3
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Figure D.21 Slip Components for NCBF1-R4
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Total Slip vs Load
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Figure D.23 Slip Components for NCBF1-R5
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The figures below show the total eccentricity ia tateral drift for each specimen. Typically, driétre

larger in compression, as losses are somewhat giampea to load, and thus are larger in tensiorso

shown are th maximum losses in each corresponding directibe.second plot has an "eccentrici

plotted. This is the "missing" tensile displacemmuafuired to make the hysteresis symmetric. Tlgarty

demonstrates that the measured slip losses daootiat far all of the eccentricity, though they
account for some of it. Other contributing factmrslude axial deformation within the test se
components, as well as column base uplift, andiootaf the towers holding the frame diago

elongation potentiometer.

X 25

_5:_ 1.5 - ; :

= - m HE = B

5 o, W N . . .

g n z ; ; ; ; ; B Max Negative Losses
2 = @ m E R
5 15 ; ; [ ;ﬁ M Viax Positive Drift
é 2 - ; El = oy Naoative Drife
X s B =Maxnegative Drif
= NCBF1 NCBF3 NCBFS NCBF/ NCBF9

Specimen Identification

Figure D.24 Drift Eccentricity
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The plot below shows the drift eccentricity for aycle of each test as a function of the |
eccentricity for the corresponding cycle. OthenthNCBF1-R2. which may have had instrumentati
problems (as it was one of the first tests), thegeclear relationship between the load and dispheen!
eccentricity. This appears to break down when catime damage starts to occur, particularly
NCBF1-R5.
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