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Steel concentrically braced frames (CBFs) resist lateral load through braces that concentrically
frame into the centerline of the beam-to-column joint or into an opposing brace, typically with
gusset plate connections. Current design specifications for special concentrically braced frames
(SCBFs) require a number of special ductile detailing requirements to encourage increased drift
capacity and ductility in the system. Often in areas of high seismicity the brace-to-gusset plate
connections are welded. Although bolted connections provide an attractive alternative in terms of
constructability, few tests have investigated seismic performance of bolted SCBF connections.
Prior to the early 1990s, CBFs were not designed to meet ductile detailing and design
requirements and engineers more commonly employed bolted brace-to-gusset plate connections.
Yet these older systems also have not been widely investigated. An experimental research

program was undertaken to study the seismic performance of older bolted CBF connections. The



experimental results were analyzed to draw conclusions on the seismic performance of old CBF
bolted connections and to identify deficiencies of systems utilizing older CBF bolted connection
details. The data was used to create an initial approach to evaluating and retrofitting CBFs on a

subsystem level using ASCE 41.
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CHAPTER 1: INTRODUCTION

1.1  Overview of Concentrically Braced Frames

During an earthquake, a building must resist large lateral forces from the ground accelerations.
Steel concentrically braced frames (CBFs) resist this lateral load through braces that
concentrically frame into the centerline of the beam-to-column joint or into an opposing brace,
typically with gusset plate connections. Often, engineers use CBFs in pairs of opposing braces to
produce comparable responses in both displacement directions, shown in Figure 1.1, rather than
a single diagonal brace, which results in an asymmetric hysteretic response (due to brace
buckling). Regularly, in areas of high seismicity the gusset plate connections (to column, beam,
and brace) are welded, but bolted connections can provide an attractive alternative in terms of
constructability. Currently, there is uncertainty surrounding bolted CBF performance because of
limited available research. Prior to the early 1990s, CBFs were not designed to meet modern
ductile detailing and design requirements and engineers more commonly employed bolted gusset
plate connections. The CBF configuration provides significant elastic stiffness through axial
stiffness of the braces. Additionally, CBFs dissipate a large amount of energy through the
inelastic deformation of the braces and/or connecting elements. This energy dissipation is critical

to the system because it dampens the structure’s dynamic response to an earthquake.

Single Brace Response

Lateral Load, kips

| Opposing Brace Response |

Lateral Load, kips

- 0
Drift Ratio, %

Figure 1.1 - Response of Single Brace vs. Opposing Braces [Powell, 2010]
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1.2 Overview of Design Methodologies

A building’s response to an earthquake is a function of the building’s mass and stiffness, and the
particular earthquake’s ground motion frequency. Prior to the 1988 Uniform Building Code
(UBC), engineers approached CBF design from a force-based perspective, where the braced
frame components were designed for the building’s base shear. This force-based methodology
often is uneconomical as it results in larger structural members in order to provide adequate
strength in the system to resist lateral loads. At that time, there was no consideration of
overstrength factors, material property variability, or rotational demands on components from
brace out-of-plane displacements. These older CBFs are herein referred to as non-seismic

concentrically braced frames (NCBFs).

When the building’s structure cannot fully resist the seismic forces elastically, there will be
yielding within the structural system as shown in Figure 1.2. These older CBFs did not require
special detailing to accommodate these yielding mechanisms, out-of-plane brace buckling, or to
ensure ductile behavior, making the seismic response of NCBFs uncertain. Without special
detailing requirements, NCBF connections are vulnerable to brittle failure modes, such as those
listed in Figure 1.2 (excluding brace fracture) that could occur before the brace capacity has fully
developed. Connection failures will significantly reduce the frame resistance, drift capacity, and
ductility of the CBF system. There are a large number of NCBFs currently in use throughout the
United States that pose a significant potential safety risk because their behavior is not well
known. Unfortunately, at this time, there has been limited research conducted to quantify this

risk posed by NCBF systems.
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Figure 1.2 - Potential Yield Mechanisms and Failure Modes for SCBFs [Powell, 2010]

The yield mechanisms shown can be beneficial for energy absorption in the system, in particular
the brace tensile yielding and compressive buckling. Currently, there are two common design
methodologies for ductile design of Special Concentrically Braced Frames (SCBFs), which
encourage these yield mechanisms unlike NCBF design. These methodologies were developed to
increase drift capacity of the CBFs from the previously used force-based design of CBF

specimens.

The first modern design procedure has been developed since the early 1990s and uses the
American Institute of Steel Construction (AISC) Specifications and Seismic Provisions. AISC
approaches ductile design from a capacity-based procedure by detailing the connections for the
expected capacity of the brace. The gusset plate connections must also accommodate the
inelastic rotations from brace out-of-plane demands. This approach focuses on inelastic capacity
of the brace (as opposed to in the connections and framing elements) to determine the force in

the connection. This methodology uses resistance factors to protect against uncertainties in the

20



calculations. The resistance factors for bolted connection limit states are all low and conservative

due to limited research, leading to more conservative bolted connection designs.

The second modern design procedure has been recently developed by research on SCBFs at the
University of Washington (UW). This Balanced Design Procedure (BDP, Roeder et al., 2011)
aims to add ductility and drift capacity to the system by allowing additional inelastic deformation
in the gusset plate and framing elements. A new series of balance factors has been developed to
replace the resistance factors from the AISC methodology. These balance factors are less
conservative and aim to create a yielding hierarchy of brace buckling, brace tensile yielding,
gusset plate yielding, beam and column yielding, and then brace fracture. However, balance
factors were not developed for bolted connection limit states due to limited testing data. The
majority of prior SCBF research at the UW was on welded gusset plate connections. The intent
of both current SCBF methodologies is to ensure adequate connection capacity to develop the

brace capacity with an increased drift range and result in a ductile failure mode of brace fracture.

1.3 Research Motivation

The research presented in this thesis was funded by the National Science Foundation (NSF):
“NEESR: Collaborative Developments for Seismic Rehabilitation of Vulnerable Braced
Frames”. For this thesis, | tested three single bay, single story NCBF specimens that were funded
by NSF. These NCBF experiments are part of a larger initiative to explore NCBF seismic
behavior and identify specific NCBF vulnerabilities. The UW is working alongside the
University of California, Berkeley, and the National Center for Research on Earthquake

Engineering (NCREE) in Taiwan for this experimental initiative.

As mentioned, in all three design methodologies, there has been limited research conducted on
bolted braced frame performance. There is a high level of uncertainty surrounding bolted
behavior under seismic loading in CBF systems, in particular for NCBF specimens whose
seismic response is not understood as well as modern designed systems. Regarding modern
construction, bolted connections can provide an appealing alternative to welding in terms of

constructability if they have comparable ductile responses to welded connections.
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1.4 Research Goals

The specific goals for the research within this thesis are listed below.

1. Improve the understanding of NCBF seismic performance and identify their critical
deficiencies through three NCBF experiments.

2. Specifically, to experimentally and analytically evaluate the seismic performance of
bolted beam to column and gusset plate to column shear tab connections in these NCBF

specimens.

1.5 Overview of Report

This thesis contains the results, analysis of, and recommendations from three experimental tests
completed at the University of Washington’s Structural Research Laboratory (UW SRL)
between July 29, 2013 and December 19, 2013. Chapter 2 discusses a literature review of
previous research relevant to these tests and their implications. It also details yield mechanisms
and failure modes characteristic of bolted connections. Chapter 3 describes the design of each
specimen with in-depth analysis of a number of limit states. Chapter 3 also highlights the
differences between the AISC and BDP’s approach to SCBF design and elaborates on identified
NCBF deficiencies in the bolted connections studied. Chapter 4 details the experimental test
setup and instrumentation layouts. Chapter 5 documents the test observations from each
experiment, in particular describing connection behavior and the visible yield mechanisms and
failure modes shown in Figure 1.2. Chapter 6 includes an extensive analysis of the data collected
from each test. It reports on the overall frame behavior such as the hysteretic envelopes, stiffness
values, and energy dissipation capabilities, and the component behavior such as brace out-of-
plane displacement, gusset plate rotations, and bolt/weld damage. Chapter 7 provides an
evaluation of the specimens based on the experimental findings using the ASCE/SEI Standard
41-13 for the Seismic Evaluation and Retrofit of Existing Buildings. And finally, Chapter 8

summarizes and draws conclusions from the research.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Considerable research has been conducted to improve the design of SCBFs and their
performance. While CBFs are considered to be among the most efficient of steel structural
systems, they are not considered ductile. In past earthquakes, CBF systems experienced
extensive damage that required significant upgrade and repair work (Rai and Goel, 2003).
Section 2.2 of this chapter will discuss past research on SCBFs, highlighting the work of
Shaback and Brown (2003) and Tremblay (2002). Previous theses from the UW by Johnson
(2005), Kotulka (2007), and Powell (2010), discuss other CBF research such as Whitmore
(1952), Bjorhovde and Chakrabarti (1985), Jain et al (1978), Aslani and Goel (1989) and more.

The UW has spent substantial time testing various SCBF connections to better understand SCBF
performance under increased cyclic loading. Examples of parameters studied include: gusset
plate geometry, beam to column connection method, bolted vs. welded connections, and plate
thicknesses. Through series of single bay, single story tests in the UW SRL and multi-story tests
at the NCREE lab in Taiwan, the behavior of SCBFs has been examined and better detailed from
past UW graduate students: Johnson (2005), Herman (2007), Lumpkin (2009), Clark (2009),
Kotulka (2010), and Powell (2010). While many tests had a brace fracture failure mode, their
total resistance and total drift ranges varied based on the gusset plate and beam to column
connections. A number of these tests will be discussed in Section 2.3 to provide background for
the two modern designed bolted SCBF specimens, SHSS-B1 and SHSS-B2, tested in this thesis’
bolted series of experiments. These previously tested SCBF connections can provide context for
how a current bolted SCBF connection compares in performance to a current welded SCBF

connection.

The Northridge Earthquake in 1994 illuminated vulnerabilities present in many different lateral
load resisting systems. For CBFs, common failure modes were brace fracture and brace
connection failures (Rai and Goel, 2003). CBFs designed and constructed prior to the Northridge
Earthquake have not been studied in great detail, leaving the behavior of these NCBFs and the
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risk they pose to the community largely undefined. NCBF systems are believed to have myriad
deficiencies that could lead to sudden and brittle failures in the event of a large earthquake. To
further examine and explore perceived vulnerabilities of these older connections, the UW
designed and tested a series of braced frame specimens modeled on older building details.
Section 2.4 of this chapter will discuss the infrastructure review conducted by Sloat (2014) that
identified the most severe deficiencies in the older NCBF connections. Section 2.4 will also
discuss the performance of a pilot NCBF specimen tested by Powell (2010). The purpose of
these NCBF experiments is to investigate the controlling failure mechanisms for the NCBFs to
provide engineers with a better understanding of the components that require retrofit. For this
thesis, three deficient bolted NCBF connections, NHSS-B1, NHSS-B2, and NHSS-B3, were
tested. Sloat (2014) and Sen (2014) conducted a series of experiments on welded NCBF

connection designs and possible retrofit strategies of deficient connections.

2.2  Previous CBF Research

The research discussed in this section is a small portion of the research conducted on CBFs. The
two studies discussed below were component-based experiments rather than full-scale system
experiments. However, substantial research has been conducted of both kinds and more

information can be found in the aforementioned theses.

2.2.1 Tremblay [2002]

For the research from Tremblay (2002), a total of 76 cyclic loading tests of bracing members
from 9 test programs were reviewed to inform the seismic design of CBFs. Parameters studied
within the programs were: brace section type, brace cross sectional area, brace end conditions,
brace effective slenderness, and material properties of the brace. Figure 2.1 shows schematic
illustrations of the various geometries for the braces studied. It was found that brace fracture life
(i.e. the number of cycles the brace can achieve prior to fracture) and brace ductility relies
heavily upon the effective slenderness of the brace, and to a “lesser extent” the width to
thickness ratio (Tremblay, 2002). The research showed that local buckling at the brace plastic
hinge was more severe in braces with low slenderness values (despite the width to thickness
value) because higher compressive strains were induced in the plastic hinges in those specimens.

The researchers also concluded that slender braces were able to achieve higher total ductility
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(dissipate more total energy) and reach larger drift ranges prior to fracture because the strain

demand at the plastic hinge reduces with brace slenderness (Tremblay, 2002).
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Figure 2.1 - Geometry of Brace Specimens (Tremblay, 2002)

2.2.2 Shaback and Brown [2003]

For this experimental study, nine full-scale HSS shape brace specimens with typical end
connections were tested under axial cyclic loading until failure in the test setup shown in Figure
2.2. One disadvantage of SCBFs is early HSS brace fracture due to low-cycle fatigue, which can
impact the lateral stiffness and energy dissipation capabilities of the SCBF (Shaback and Brown,
2003). This research found that the effective slenderness ratio and the width to thickness ratio
were parameters that highly influenced the fracture life of HSS braces. Previous research (Tang

and Goel, 1987) found that more slender specimens experience less severe buckling. To illustrate
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the effect of the slenderness ratio on brace hysteretic performance, two specimens with almost

identical width to thickness ratios and different slenderness values were compared within

Shaback and Brown (2003). The normalized force versus normalized displacement response is

presented in Figure 2.3.
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Figure 2.2 - Test Frame Assembly (Shaback and Brown, 2003)
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Figure 2.3 - Normalized Hysteretic Curve Comparison (Shaback and Brown, 2003)
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Specimen 2B was stockier than 3B. Their hysteretic response shows that 2B exhibits better
behavior in compression with fuller loops than 3B. It can be seen that as the effective slenderness
ratio decreases, the stiffness degradation decreases, and energy dissipation per cycle increases
(Shaback and Brown, 2003). The researchers found that the effective slenderness ratio had the
most impact on a brace’s hysteretic response. They also found that while the width to thickness
ratio had minimal effect on the hysteretic response, it was influential on the brace fracture life.
As the width to thickness ratio decreased, the specimens successfully completed more load
cycles and reached greater maximum displacements than those with higher width to thickness

ratios (Shaback and Brown, 2003).

2.3 Previous UW SCBF Research

While the research discussed in Section 2.2 mostly highlighted findings from testing brace
sections, the research from the UW described herein, focused on full system behavior and brace
connection design. The UW has conducted an extensive amount of research to promote better
understanding of SCBF behavior and to influence connection design guidelines. Much of this
research has been on fully welded gusset plate connections, as those are common in current west
coast construction. However, bolted connections, rather than fully welded connections, are
preferred by many engineers due to the perception of reduced construction time and labor costs.
If they provide comparable ductility to welded SCBF connections, they could lead to an
important development in SCBF design. The UW has conducted experiments on two types of
bolted SCBF connections: bolted brace to gusset plate (HSS-16, HSS-19) and bolted end plates
(HSS-20, HSS-21). The results from these bolted experiments as well as the results from the best
performing welded SCBF specimen (HSS-05) are discussed below in their own subsections.
Table 2.1 shows the connection drawings and test objectives for the specimens reviewed in this
section. Figure 2.4 provides a drawing of the UW test setup for directional orientation such as

“the NE corner”.
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Table 2.1 - Previous UW SCBF Test Specimens [Drawings: Johnson (2005), Kotulka (2007), Powell (2010)]

Specimen was designed to

HSS-05 test the limits of the weld

i e capacity design.

This specimen was designed

with a bolted connection at

HSS-16 the gusset plate to increase

constructability.

Specimen was designed to

evaluate bolted brace to

HSS-19 gusset plate connections for

improved constructability.

Specimen was designed with

a bolted beam end plate

HSS-20 connection for improved

. constructability.
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Specimen was designed with
a bolted beam end plate

HSS-21 connection for improved

constructability and reduced

bolt configuration.

(X}

T SE SW :E\

i NE NW Applied
i T”T : Load
B L : €

Figure 2.4 - UW Test Setup Orientation

2.3.1 HSS-05, Shawn Johnson [2005]

Specimen HSS-05 was designed using the BDP and was found to have the best SCBF
performance of the specimens tested at the UW as it exhibited the greatest inelastic deformation
capacity and ductility with brace fracture. Table 2.1 shows a drawing of the gusset plate
connection. The gusset plate connections consisted of 3/8 in. thick gusset plates welded directly
to the beam and column flanges with 5/16 in. fillet welds. The gusset plates provided a 6t

elliptical rotational clearance rather than the standard 2t linear clearance as required by AISC.
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The interface welds were designed for the plastic capacity of the plate, per the BDP. In the NE
and SW corners, the beam was joined to the column with a complete joint penetration (CJP)
weld. The force versus drift response for the specimen is shown in Figure 2.5. This specimen
ultimately failed through brace fracture, but there was significant undesirable weld tearing in the
gusset plate interface welds. At the end of the test, the gusset plate to column welds in the NE
corner had fractured, the NE beam to gusset plate weld was torn 16% of its length, the SW beam
to gusset plate weld was torn 19% of its total length, and the SW gusset plate to column weld had
torn 21% of its length. Tearing of the welds is believed to have changed the support conditions of
the specimen causing the brace to fracture on a diagonal and slightly offset from mid-span

(Johnson, 2005).
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Figure 2.5 - Specimen HSS-05 Force vs. Drift Ratio Response (Johnson, 2005)

In addition to weld tearing in the gusset plate interface welds, both gusset plates sustained
extensive yielding. The specimen’s framing elements also experienced yielding and local flange
buckling. The south beam underwent a downward rotation along the longitudinal axis of the
beam due to the downward vertical brace force from the out-of-plane brace deformation

(Johnson, 2005). The brace achieved a large, 17 in. of out-of-plane displacement prior to brace
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fracture, due to the flexibility of the gusset plate weld tearing and the out-of-plane displacement
of the gusset plates. HSS-05 reached a total drift range of 4.9% and had a total force range of
525 kip. The desirability of this specimen’s performance stems from its high ductility, inelastic
deformation capacity, and its ability to continue to gain compressive strength post-brace
buckling. However, severe weld tearing is not encouraged in design, and was one negative
outcome of this specimen. Throughout this thesis, the bolted specimens tested will be compared

to the performance of this welded SCBF.

2.3.2 HSS-16, Brandon Kotulka [2007]

HSS-16 was the first of two bolted brace to gusset plate connections tested at the UW. A
connection of this type would allow the brace to be shipped to the site with a pre-welded
extension plate and field bolted to the gusset plate. This procedure, rather than field welding, can
potentially save on construction costs as previously mentioned. Table 2.1 shows the gusset plate
connection detail for HSS-16. It used a 7/8 in. extension plate bolted with (15) — 1 1/8 in. A490
slip critical bolts in oversized holes. The extension plate had a notch cut out to allow the brace to
have its entire cross section for one third of its connection length to the extension plate to thereby
eliminate a potential net section failure (Kotulka, 2007). Like HSS-05, this connection also used
a 3/8 in. thick gusset plate with the same gusset plate to beam and gusset plate to column
connection lengths as HSS-05. This connection used larger 7/16 in. welds to connect the gusset

plate to the framing elements.
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Figure 2.6 - Specimen HSS-16 Force vs. Drift Response (Kotulka, 2007)
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The force versus drift response for specimen HSS-16 is shown in Figure 2.6. This specimen
reached the highest drift range of any of the UW test specimens at 5.89%. On the other hand, it
reached a much lower total force capacity than the other test specimens at 447 kip (78 kip less
than HSS-05) and it had an undesirable failure mode of net section fracture in the brace to gusset
plate extension plate. Figure 2.7 shows the plate cracking prior to full fracture. The smaller
compressive capacity of the frame was due to the fact that the connection buckled before the

brace capacity was developed (connection was weaker than brace) (Kotulka, 2007).

Figure 2.7 - Cracking in Extension Plate at -2.86% Drift (modified from Kotulka, 2007)

In addition to the net section fracture in the extension plate, there was significant cracking in the
base metal and welds of both gusset plates, seen as early as -0.49% story drift. In both gusset
plate connections, the base metal adjacent to the gusset plate to column weld fractured. Figure
2.8 shows the complete base metal fracture of the NE column to gusset plate connection. In the
SW connection, the beam to gusset plate weld was torn 36% of its length at the end of the test.

These outcomes are not desirable for seismic design.
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Figure 2.8 - NE Column Connection Base Metal Fracture at -2.66% Drift (modified from Kotulka, 2007)

2.3.3 HSS-19, Jake Powell [2010]

Specimen HSS-19 was the another bolted brace to gusset plate connection tested at the UW. The
goal was to improve upon the performance of HSS-16, which had a high drift range but
undesirable failure mode. This specimen was designed with consultation from AISC and
practicing engineers. To improve the connection, two WT sections were chosen to connect the
brace to the gusset plate because of their high out-of-plane stiffness. The connection for HSS-19
is shown in Table 2.1. The WT’s were bolted through their flanges to the 1/2 in. gusset plate with
(8) — 1 1/8 in. A490 slip critical bolts in standard holes. The WT’s were also bolted to a 7/8 in.
thick splice plate using the same number and size bolts as in the gusset plate. The brace was
slotted and welded to the splice plate. The gusset plate was designed to provide a 6.8t elliptical

clearance rather than the standard 2t linear clearance required by AISC.
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Figure 2.9 - Specimen HSS-19 Force vs. Drift Response (Powell, 2010)

The force versus drift response of the frame is shown in Figure 2.9. This frame reached a low
total drift range of 1.32% and had a total force range in the frame of 326.2 kip. The failure mode
of the test specimen was fracture of the splice plate connecting the WT’s to the brace. While
designed to improve upon the performance of HSS-16, this frame reached a significantly lower
drift level, resisted a smaller force range by 121 kip, and also had an undesirable failure mode.
There was minimal yielding in the framing elements and gusset plates throughout the test, failing
to accomplish one of the testing goals of utilizing total ductility of the system components
(Powell, 2010). All inelastic deformation was located in the splice plates, which led to plate

fracture, shown in Figure 2.10.
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Figure 2.10 - Fractured Splice Plate at End of Test (modified from Powell, 2010)

2.3.4 HSS-20, Jake Powell [2010]

HSS-20 was the first of two bolted end plate connections tested at the UW to explore bolted
SCBF options that could increase the rate of construction and decrease labor costs. This design
was proposed by AISC and CANRON. The connection drawing is shown in Table 2.1. This
specimen was the first of the tests within this chapter to not use a CJP weld to connect the beam
to column in the NE and SW corners. Instead, the beam webs were welded directly to the 1 in.
thick end plate. The 3/8 in. thick gusset plates were welded directly to the end plates and the
beam flanges. The gusset plate provided a 6.8t elliptical clearance, rather than the standard 2t

linear clearance. The end plate was bolted to the column flanges with (18) - 3/4 in. A490 bolts.
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Figure 2.11 - Specimen HSS-20 Force vs. Drift Response (Powell, 2010)

Figure 2.11 shows the force versus drift response for specimen HSS-20. This specimen reached a
total drift range of 3.97% and a total force range of 509.2 kip. While the specimen did not reach
as high a drift range as HSS-05 or HSS-16, it achieved a higher force range than HSS-16 by 62
kip, and a slightly lower range than HSS-05 by 16 kip. Like HSS-05, this specimen experienced
the desirable failure mode of brace fracture. This frame performed well in that it distributed some
yielding through the gusset plates to the framing elements and did not have any gusset plate

interface weld cracking.

2.3.5 HSS-21, Jake Powell [2010]

HSS-21 was the same connection design as HSS-20, but with one set of bolts removed from both
the gusset plate and the beam connection to the endplate. With those bolts removed, HSS-21
used a 14-bolt end plate connection, as shown in the drawing in Table 2.1. It was assumed the
tension from the brace would be evenly distributed amongst the bolts during cyclic loading
(Powell, 2010). However, at +0.35% drift the two bolts in line with the brace’s line of action

fractured. This fracture indicates the bolts did not all resist the same amount of force. The bolt
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fracture did not appear to inhibit the brace performance in any way. The force versus drift
response for the specimen is shown in Figure 2.12. HSS-21 experienced a higher total drift range
than HSS-20 at 4.14%, and a higher total force range of 511.3 kip. The frame ultimately failed
through the desirable failure mode of brace fracture. Neither HSS-20 nor HSS-21 saw a loss in

compressive resistance post-brace buckling.
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Figure 2.12 - Specimen HSS-21 Force vs. Drift Response (Powell, 2010)

2.4 Identification and Prior Testing of NCBF Deficiencies

The 1994 Uniform Building Code (UBC) introduced limited ductile detailing requirements for
braced frames, and the 1997 AISC Seismic Design Provisions fully developed these concepts
creating the “SCBF” (Hsaio et al., 2011). Prior to the 1988 UBC, there were no ductility
requirements. Instead of encouraging ductility, the design philosophy for CBFs was to emphasize
strength in the bracing members and their components, which may lead to poor CBF
performance under severe ground motions (Rai and Goel, 2003). These NCBFs did not consider
overstrength of the brace material nor did they include ductile detailing, which puts them at risk

for brittle failures as previously mentioned. During the Northridge Earthquake, the main failure
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modes seen in braced frames were: brace buckling, brace fracture, and brace connection failures.
The connections failed due to the rotational demand on the gusset plate from the brace out-of-

plane displacements (Rai and Goel, 2003).

To protect these vulnerable, older buildings, there is a large push in the engineering community
for seismic retrofits. Retrofits vary in their level of intensity and expense, depending on the
extent of work to the building. Creating a hierarchy of deficiencies in the NCBFs can be helpful
to building owners trying to decide on a retrofit strategy. For example, one NCBF design might
have multiple deficiencies, but they might not present the same level of risk in the event that
aspect fails. To create this hierarchy and to develop an understanding of NCBF behavior, the
UW first identified myriad perceived system deficiencies in the older buildings described in
subsection 2.4.1. We then designed connections based on these deficiencies and conducted a
series of NCBF full-scale single bay, single story tests in a similar experimental setup as the
prior UW SCBEF tests, described in Chapter 4. The design of these tests is presented in Chapter 3
and their test performance is described in Chapter 5. The first pilot NCBF specimen was tested
by Jake Powell referred to as NCBF 32 (Hsiao et al., 2011), and discussed below in subsection
24.2.

Because the specimens in this thesis are all bolted beam to column and gusset plate to column
connections, bolt yield mechanisms and failure modes are important to identify. Current design
prevents these bolted limit states, as inelastic deformation is to occur in the brace. As seen in the
previous UW bolted specimens described above, there was no mention of observed bolt limit
states (except HSS-21, which had unexpected bolt fracture). It is expected that the older bolted
designs with deficient connections could be susceptible to damage and failure from deficient bolt

capacities. Subsection 2.4.3 describes the potential bolt yield mechanisms and failure modes.

2.4.1 Infrastructure Review

The three bolted NCBF experiments described in this thesis were developed from drawings of
older buildings that were designed and constructed prior to the adoption of the 1988 UBC. Their

design is discussed in detail in Chapter 3. Sloat (2014) conducted an extensive infrastructure
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review of these older buildings that were located in high seismic zones. Using the official
building drawings, he was able to identify and categorize the various NCBF configurations (such
as Chevron, single diagonal and more) and categorize common connection types for the braced
frames. He then analyzed both the braced frame subsystem as a whole, and the prominent
connections individually using current AISC Seismic Requirements to find the system
deficiencies. The results he found were enlightening, as many of the connections completely
failed current AISC design standards in that their demand to capacity values were above 1.
Chapter 3 provides an in depth discussion of the design of each NCBF specimen (NHSS-BI,
NHSS-B2, NHSS-B3) and their controlling limit states for this thesis. The NCBF tests presented
in this thesis, from Sloat (2014), and from Sen (2014) will analyze the results of the UW and
NCREE NCBF experiments and will provide an evaluation of the braced frame performances

(Chapter 7).

2.4.2 Pilot NCBF Experiment — NCBF 32 [Powell, 2010]

Pre-1988 NCBFs were designed without the special detailing requirements for SCBFs today,
which ensure the connections to be stronger than the brace. Because of this absence, NCBFs are
highly susceptible to connection failure and represent one of the largest potential seismic hazards
in the US today (Hsiao et al., 2011). This pilot NCBF test was the first test conducted at the UW
to begin improving the understanding of how NCBFs will respond to a seismic event. NCBF 32
was tested in the same setup in the UW SRL where previous SCBF specimens were tested. The

full frame and connection drawings are shown in Figure 2.13.

39



\ W16x45 A
. f N - |
\Shear-Tab [ \HSSS“S"“
Connection 76 N
1 4 /} Unit:mm
~1 ] ,1"/ /
a IV 216 y '_j\///—O.FnunGUSSET
LA S 330 & 14677
& Sl [ Y, PLATE
; . :';‘ 7 —1P—(E71TA WELDS
= HSS6x6x "
4 406 ()
. 200 f N__JLax3xh” WITH =
Gusgset Plate 199 A325 BOLTS
/ Connection ]
] W16x45 5
a) _ﬂ 16x43 i b)
a. Full Frame Drawing b. Gusset Plate Connection Drawing

Figure 2.13 - NCBF 32 Test Details (Hsiao et al., 2011)

Unlike previous SCBF tests, this specimen used an HSS6x6x1/4, which is a non-seismically
compact brace section. Additionally, the connections were not designed for the expected capacity
of the brace as required for current SCBF design. They were instead detailed for the design
compression strength of the brace using the nominal brace material strength (Hsiao et al., 2011).
The gusset plate was not designed with elliptical or linear clearance as is required for SCBF
design. The beam to column and gusset plate to column connections used field bolted double
angles. The angles were welded to the gusset plates and beam webs. One significant difference
between the test specimen and older field conditions is that NCBF 32 used demand critical
welds. In older construction, the weld material did not have minimum toughness requirements as

currently required for demand critical welds.

Figure 2.14 shows the applied load protocol, the force versus drift response, and photos at key
points throughout the test. At +0.52% story drift, the fillet welds joining one side of the brace to
the gusset plate fractured, resulting in a significant loss in lateral resistance by approximately
50%. A loss of strength in the frame greater than 20% is considered failure of the system.
Nonetheless, the testing procedure was continued. After +0.52% story drift, the primary source

of lateral resistance in the system was attributed to the beam to column connection in the corners
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with the gusset plates (Hsiao et al., 2011). The bolted angle connections underwent large
deformations, which led to angle fracture at +3.1% story drift. Weld fracture was also seen in the
gusset plate to beam welds. For this NCBF, the strength of the connection controlled the system
performance. The test exhibited an extremely brittle, unpredictable, and undesirable failure mode
of weld fracture. Although the system was classified as “failed” early on, NCBF 32 retained

some residual lateral resistance and drift capacity until the test was stopped.
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Figure 2.14 - Pilot NCBF 32 Behavior (Hsiao et al., 2011)
2.4.3 Bolted Connection Yield Mechanisms and Failure Modes

The calculations for many of these limit states are discussed in detail in Chapter 3 — those that
are not will be detailed in this section. Bolted failures are brittle, and often sudden failure modes
that could potentially be seen in NCBF performance. Bolted behavior is difficult to predict. A490
bolts have been found to have “remarkable ductility” when tension tests were performed on the
bolt (Popov and Takhirov, 2002). At the same time, bolts subjected to cyclic loads can fail
suddenly from fatigue, even at loads below the bolt strengths (Fastenal, 2009). Possible
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secondary yield mechanisms for bolted connections are: bolt hole elongation from bolt bearing

stresses, net section yielding, and deformation of the bolt. Possible failure modes are: bolt shear,

bolt bearing (tearout), net section fracture, block shear, and tension failures from prying.

Yield Mechanisms:

Bolt Hole Elongation from Bolt Bearing

Figure 2.15 shows an illustration of bolt bearing and a photo taken of bolt hole
elongation in the gusset plate from bolt bearing stresses in the NHSS-B3 experiment.
In the photo shown from Specimen NHSS-B3 (performance described in Chapter 5),
the bolt hole was originally 1 1/16 in. diameter and became elongated to an ovular
major axis diameter of approximately 2 in. Bearing strength values are related to the
strength of the material the bolt bears upon, not the bolt strength itself. According to
the Commentary in the 14™ Edition of the Steel Construction Manual’s Specifications
(referred to as the Specifications and the Manual), material bearing strength may be
limited by bearing deformation of the hole, or by tearout of the material upon which a
bolt bears. Frank and Yura (1981, commentary p.16.1-410) found bolt elongations of
more than 1/4 in. occur when the bearing force is greater than 2.4dtF, even though the
material does not rupture. This behavior is visible especially when there is also high

tensile stress on the net section.

a. Bolt Bearing Schematic [20] b. Bolt Bearing Deformation from NHSS-B3

Figure 2.15 - Bolt Bearing Deformation
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Section J10 in the Specifications provides the requirements for checking bearing
strength at bolt holes. There are different requirements for standard, oversized and
short-slotted holes versus long-slotted holes. Within the former group there are two
different limitations for bearing strength depending on whether deformation of bolt
holes at service load is a design consideration. This limit state is described in more
detail in Chapter 3, but one of the two aforementioned equations from the Manual’s

Specification is reproduced below:

R, = 1.21.tF, < 2.4dtF, (2-1)

The left side of the equation is related to bolt tearout, discussed below. The right side
of the equation is related to bolt bearing. The specified minimum tensile strength of
the connecting material is multiplied by the area shown in Figure 2.15 (bolt diameter

multiplied by the material thickness).

Bolt Deformation

Figure 2.16 shows an illustration of a bolt in single shear undergoing bolt shear
deformation, and a photo of bolt deformation from NHSS-B3 after the completed test.
In the latter, there is a clear shear plane that developed in the bolt, but did not cause a
bolt shear failure. All bolted specimens describes in this thesis were loaded in single
shear. For bolts, the location of the shear plane is important to a bolt’s shear strength.
The shear strength of the bolts can either be calculated when the threads are excluded
(resulting in a higher shear strength per bolt), or when the threads are included
(resulting in a lower shear strength per bolt). Eventually, with increased force, this

deformation can result in a bolt shear failure, discussed below.
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a.

Illustration of Bolt Shear Deformation [17]

€—— Shear Plane

b. Bolt Deformation from NHSS-B3

Figure 2.16 — Bolt Deformation
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Failure Modes:

= Bolt Shear

The bolt shear failure mode is discussed in detail in Chapter 3. Figure 2.17 shows two
photos of a bolt from NHSS-B3 that fractured during the test from a bolt shear failure.
Once the force on the bolt exceeds the bolt’s shear capacity, the bolt will fail along its

shear plane.

Figure 2.17 — Photos of Bolt Shear Failure from NHSS-B3

= Bolt Bearing — Tearout

The failure mode from bolt bearing is called tearout, which is a bolt-by-bolt block
shear rupture of the connecting material (Manual’s Commentary). Figure 2.18 shows
an illustration of a bolt tearout failure. As mentioned, in Eqn. 2-1, the left side of the
equation is related to tearout. It uses the ultimate tensile strength of the connecting
material multiplied by the area shown in Figure 2.18 (the clear distance multiplied by

the thickness of the material).
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Figure 2.18 - Bolt Tear Out Failure [20]

Net Section Fracture

Net section fracture is tensile rupture in the net area of the connecting elements. A
diagram of this failure mode is shown in Figure 2.19 and the calculations are described
in Chapter 3. In the case of bolted connections, net section fracture can occur when

the cross sectional area is reduced from the bolt holes if the force on the connecting

()

elements exceeds their tensile capacity.

O

v

Figure 2.19 - Bolted Net Section Fracture [28]
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Block Shear

The block shear failure mode is similar to the net section failure mode except, as
shown in Figure 2.20, there are now shear failure paths in addition to the tensile failure
path. Additionally, it is similar to bolt tearout. Like a net section failure, when a
bolted block shear failure occurs, part of the connection is torn away along the bolts
from the rest of the connection. Block shear is a rupture or tearing failure mode, but
gross yielding on the shear plane can occur when tearing on the tensile plane begins
(Manual’s Commentary). It is for that reason there are two sides to the equation J4-5
from the Manual’s Specifications and discussed in detail in Chapter 3. The left side of
the equation accounts for shear rupture and tensile rupture using the ultimate tensile
strength of the material. The right side of the equation accounts for tensile rupture and
shear yielding using the ultimate tensile strength and yield strength of the materials

respectively.

Shear Path

Tension Path

Shear Path

Figure 2.20 - Block Shear Failure [modified from Ref. 11]

47



Tensile Failure and Prying

The final failure mode described in this section is bolt prying, illustrated in Figure
2.21. This failure mode usually occurs when there is a tee shape or angle in the
connection. Prying was seen in NCBF 32 in the double angle connections, and to a
lesser extent in the bolted end plate connections. The bolted end plate connections can
be considered tee shapes, with the end plate as the “flange” and the gusset plate as the
“web”. As shown in Figure 2.21, when there is flexural deformation in the flanges or
angle legs of the connection, a tensile force is engaged in the bolts as one connecting
element pulls away from the other (or they pull away from each other) [6]. Prying is
an added force in this situation. If this tensile force in the bolt exceeds the bolt’s

nominal tensile stress, the bolt will fail in tension.
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Figure 2.21 - Schematic Drawing of Bolt Prying [30]
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2.5 Summary

This chapter served to provide motivation for the current research in this thesis. Five bolted
gusset plate to column and beam to column connections were experimentally tested for the
research purposes of this thesis. Two of these specimens were SCBFs designed by AISC and
Cives to develop a baseline for bolted SCBF performance. Their design is discussed in detail in
Chapter 3. The NCBF specimens were designed to replicate older connections with multiple
perceived deficiencies discussed in Chapter 3, to improve understanding of NCBF behavior

under seismic loading and identify the experimental severity of the deficiencies.
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CHAPTER 3: SPECIMEN DESIGN

3.1 Introduction

The NCBF specimens were designed to model older, force-based design and construction
practice with a focus on bolted beam to column and gusset plate to column connections. Section
3.2 explains the selected older bolted connections from the infrastructure review (described in
Chapter 2) that were used to develop the three NCBF specimen designs. A demand-to-capacity
analysis was conducted on the selected reference connections using the equations found in the
14™ Edition of the AISC Steel Construction Manual (Manual referred to as “the Manual” and the
specifications section is referred to as “the Specifications”) and using the Balanced Design
Procedure (BDP) (Roeder et al., 2011). The reference connections were checked for a number of
limit states to identify perceived deficiencies to model in the NCBF specimens. These limit states
were described in Section 3.3, and how the perceived deficiencies were incorporated into
specimen development is described in Section 3.4. Section 3.5 concludes the chapter with the
results from material tests on weld samples and coupon samples taken from each component of

the specimens.

3.2 Bolted NCBF Connections from Infrastructure Review

The three NCBF specimens described within this thesis are part of a larger research project on
evaluation and retrofit of older braced frames at the UW, UC Berkeley, and at NCREE in Taiwan
(see Sloat (2014) and Sen et al. (2014)). The methodology for design prior to the early 1990s was
largely force-based with a goal to create strong connections as opposed to the capacity-based
design in SCBF theory, which encourages focus on ductility over strength. These tests aim to
experimentally investigate the perceived deficiencies created from this older design philosophy
that were found in braced frames designed and constructed in high seismic regions prior to the
1990s. From the experimental results, models for use in evaluation and retrofit will be developed

in future work.

The buildings in the infrastructure review by Sloat (2014) were selected to represent a broad

sample of older braced frame systems. The first existing braced frame connection detail that
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inspired the NCBF bolted connection test series is from a four story building from 1982 and

denoted NHSS-Ref-B1 herein. The gusset plate connection detail is shown in Figure 3.1. The

connection detail gives a schedule (shown below the drawing) for varying brace sizes, gusset

plate thicknesses, and number of high strength bolts at different locations within the structure.

Standard, extra-strong pipe braces, and square tube steel ranging from a 6 in. diameter XS pipe

to a TS12x12x1/2 were used, all with shallow brace angles from the horizontal. The larger brace

sizes were used on lower stories and the smaller braces were used on the higher stories. The

gusset plate increased in thickness, from 3/4 in. to 1% in. with increased brace size. The

geometry of the tapered gusset plates and the length of the brace splice also increased with

increased brace size.
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Figure 3.1 — Existing Bolted NCBF Connection NHSS-Ref-B1
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There was a single shear plate welded to the column flanges with a complete joint penetration
(CJP) weld that connected both the beam and gusset plate to the column. The columns were
oriented with their strong axis resisting the brace forces. The 3/4 in. shear plate thickness
remained the same regardless of the brace section or gusset plate thickness used. The brace to
gusset plate and gusset plate to beam weld sizes remained the same (5/16 in. fillet welds) but the
connection length varied with changing brace and gusset plate configurations. This reference
connection did not use net section reinforcement on the brace and had no rotational clearance —
both of which are required by current SCBF design specifications. The brace was typically
connected with 1 in. clear space between the brace end and the beam to gusset plate interface,
leaving minimal space for welding and placing high stress concentrations on the beam to gusset

plate weld at that location.
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Figure 3.2 - Existing Bolted NCBF Connection NHSS-Ref-B2

The second connection studied for the design of the NCBF bolted specimens is from a hospital
designed in 1980 and is herein referred to as NHSS-Ref-B2. The gusset plate connection is
shown in Figure 3.2, along with an elevation view showing a sketch of the brace cross section

(boxed). The braces in this configuration were a combination of plates and quad-angles bolted to
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the rectangular gusset plates. The same combination of four L4x4x3/4 section braces was used
through the height of the building. The columns in this braced frame systems were all strong-axis
oriented to resist the brace forces. Similar to NHSS-Ref-B1, NHSS-Ref-B2 used a bolted
connection to connect the beam and gusset plate to the column. However, this reference
connection used two separate bolted plates rather than one continuous plate. The beam to column
connection consisted of a 5/8 in. thick plate fillet welded to the column flange with a 5/16 in.
fillet weld on both sides, and bolted to the beam flange with (8) 1 in. diameter A490 bolts. The
gusset plate to column connection was similar but used (6) 1 in. diameter A490 bolts. The gusset
plate was fillet welded to the beam with a 5/16 in. weld on both sides. It is not shown in Figure
3.2, but the gusset plate is 1 in. thick. Again, similar to the previous reference connection there
was no rotational clearance in the gusset plate and the brace end was located very close to the

beam to gusset plate interface weld.

An in-depth demand-to-capacity analysis was completed on NHSS-Ref-B1 and NHSS-Ref-B2 to
identify potential deficiencies (Section 3.3) relative to current SCBF design criteria. The
perceived deficiencies and common design characteristics of these two reference connections
(such as the use of 1 in. diameter high strength bolts, split and shared shear plates, and no
rotational clearance on the gusset plate) were used to develop the NCBF specimen designs. Other

bolted connections were found in the infrastructure review and are provided in the Appendix.

3.3 Overview of UFM and Limit State Calculations

The UFM is an equilibrium method used to determine the distribution of forces through the
multi-component braced frame system to design the gusset plate connections. These UFM
demands from the expected brace capacity (using R, factor) were used in a demand-capacity
ratio (DCR) evaluation of the reference connections and design of the NCBF specimens. The
Manual gives a description of the UFM on page 13-3 and says that the “essence of the Uniform
Force Method is to select the geometry of the connection so that moments do not exist on the
three connection interfaces; i.e. gusset-to-beam, gusset-to-column, and beam-to-column.”

Without these moments the engineer can design the connections for shear and/or tension only.
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Figure 3.3 - Force transfer by the UFM [8]

The process for using the UFM is as follows. First, the geometry of the gusset plate is chosen by
finding the parameters o and B. Figure 3.3 shows two free-body diagrams for the generic
connection discussed in Part 13 of the Manual with key parameters labeled in the figures and
defined in Table 3.1. To determine the gusset plate geometry, Eq. (3-1) must be satisfied to
maintain equilibrium and ensure the connection interfaces do not have additional moments. The
gusset plate geometry is set once a and B are determined and the required axial and shear forces

on the connection can be calculated.
a—ftanf =e,tan bl — e, (3-1)

Next, the axial force in the brace is determined. In current SCBF design practice, the engineer is
required to use the expected strength of the brace, R F, to account for possible overstrength in
the brace material. The connections must be designed for this expected strength in order to
ensure the brace yields before any failure of the connection. Equations (3-2) and (3-3) below are
used to calculate the expected brace tensile and compressive capacities and are found in sections
D and E of the Specifications, respectively. For the compressive capacity, the Seismic Provisions

state, “the expected brace strength in compression is permitted to be taken as the lesser of
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RyFyAg and 1.14FAg...” where F; is calculated from Chapter E of the Specifications but uses
expected strength RyF, rather than F,.

T=R, F -4, (3-2)
C =min|[R,-F, -4, 114 F, - A;] (3-3)

Table 3.1 - Variables Used in UFM

Symbol Description

Required axial force (either tension or compression capacity of

P brace)

0 Brace angle from vertical

ép One-half the depth of the beam (in)

éec One-half the depth of the column (in)

B Distance from the face of the beam flange to the centroid of the
gusset-to-column connection (in)

a Distance from the face of the column flange or web to the

centroid of the gusset-to-beam connection (in)

r V(B +ep)? + (a +e)?)

V. Required shear force on the gusset-to-column connection
H, Required axial force on the gusset-to-column connection
Vy Required axial force on the gusset-to-beam connection
Hy Required shear force on the gusset-to-beam connection

The final step in the UFM is to determine the required axial and shear forces the connection must
be designed to resist. These values are defined in Table 3.1 and calculated using Eq.’s (3-4)
through (3-7) below. After these values are calculated, the connection limit states can be checked

against these demands.
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v.=r-(P/) (3-4)
He = P-(%/r) (3-5)
v, = P-(°/y) (3-6)
Hy = P- (%) (3-7)

With the demands throughout the connection defined, the limit states could be analyzed for each
reference connection. A single bay, single story braced frame was isolated and analyzed using
modern seismic design requirements for SCBFs. There are two current SCBF design
methodologies used to evaluate the capacities of the connections. The first is the most widely
accepted and is from the AISC Seismic Provisions. However, extensive experimental research on
SCBFs at the UW with connections designed according to the AISC Seismic Design Provisions
showed variable seismic performance, unintended failure modes, and limited deformation
capacity (Roeder et al., 2011). The BDP was proposed as an alternate design methodology to
improve the seismic performance of SCBF systems. While current AISC capacity-based design
practice aims to concentrate the frame’s inelastic behavior to the brace, the newly developed
capacity-based design philosophy of the BDP aims to maximize ductile yielding in the frame,
rather than limiting it to the brace. To increase drift capacity of the system by ensuring a desired
yield and failure hierarchy, the BDP uses a series of balance factors that were validated from a

broad range of experimental results on SCBFs (Roeder et al., 2011).

The limit state equations for AISC are shown in Table 3.2, and the corresponding equations for
the BDP are in Table 3.3. All variables for these equations are defined in Table 3.4. Following
the tables, each limit state is described in detail within its own section. Resistance factors were
not included in these calculations because their absence added clarity in understanding the
relative importance of various design deficiencies. Likewise, balance factors for the BDP were
not included. Without balance and resistance factors, the limit state equations for the BDP and
for AISC are very similar, allowing the limit state equations to be described in general with any

differences in the procedures noted.
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Table 3.2 - AISC Limit State Equations

Limit State AISC Equation (0] Reference
Net Section Fracture ¢o-E, A, = PP, 0.75 D2-2
¢[O-6 “Fy Ay + Ups " Fy 'Ant] <
Block Shear 0.75 J4-5
$[0.6 - F, - Ay, + Ups - F, * Ane]
Gusset Plate Yielding
. . ¢'Fy'Ag = ¢h, 0.90 J4-1
in Tension
Gusset Plate Tensile
¢-FE A, = PP, 0.75 J4-2
Fracture
Gusset Plate Buckling ¢ Fr-Ay; = QB 0.90 E3-1
Base Metal Fracture ¢ Fugy - Agy = PP, 0.75 J2-2
Brace to Gusset Plate 0.6 F,,.(1+0.5-sin?0)4,,, - N,
¢ o ve 075 | J2-4/12-5
Weld Fracture = ¢P,
Interface Weld 0.6 F,,.(1+0.5-sin?0)4,,, - N,
¢ o ve 075 | J2-4/12-5
Fracture > Uniform Force Method
Bolt Shear ¢ - (Fy-Ap) Ny, = P, 0.75 J3-1
Bolt Bearing ¢l1.2-1.-t-E]<¢p[24-d-t-E] 0.75 J3-6a
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Table 3.3 - BDP Limit State Equations

Limit State BDP Equation* B
Net Section Fracture BU[Rp * Fyp - Anpy + Fuyp 'Agp] = BB, 0.95
Block Shear .8[0-6 "B, Apy + Ups " B, - Ant] = .Bpn 0.85
Whitmore Plate B-R,-E,-A, =BP, 1.0
Yielding
Whitmore Plate B-E,-A, =BP, 0.85
Fracture
Gusset Plate Buckling Same as AISC 0.90
Base Metal Fracture Same as AISC 0.75
Brace to Gusset Plate Same as AISC 0.75
Weld Fracture
Interface Weld Fracture 1.5:8:0.6 F,yy - (0.707) - wy - N, = RyFyt 0.75

Bolt Shear

N/A

Bolt Bearing

N/A

*subscripts: b [brace] and p [plate]
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Table 3.4 - Variables Used in Limit State Equations

Symbol Description
0] Strength reduction factor
0 Angle between weld and applied force
B Balance factor
Ap Area of bolts
Agm Cross-sectional area of the base metal
e Effective net area [= A,, - U, where A,, is net area and U is shear lag factor]
g Gross area of material
Agy Gross area subject to shear
nt Net area subject to tension
Ay Net area subject to shear
w Whitmore area
Ay Area of weld [ = L(0.707)(D/16), where D is the weld size in sixteenths of an
inch and L is the connection length]
d Nominal bolt diameter
E, Critical stress as defined by equations E3-2, E3-3, or E3-4 in the Manual
determined by member slenderness
Fory Weld electrode strength
Foem Nominal stress of the base metal
J O Bolt shear strength
E, Specified minimum tensile strength of material
E, Specified minimum yield strength of material
L Connection length
I Clear distance, in the direction of the force, between the edge of the hole and
the edge of the adjacent hole or edge of the material
Ny Number of bolts
N,, Number of welds
P, Capacity of limit state in consideration
R, Ratio of expected to minimum specified yield stress of steel
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Symbol Description
t Thickness of connected material
Uys 1 if tension stress is uniform; 0.5 where tension stress is nonuniform
wy Weld size

3.3.1 Brace Net Section Fracture

A popular way of connecting an HSS section brace to the gusset plate is to cut a slot into two
walls of the brace slightly longer than the splice length and weld the brace to the gusset plate.
This procedure requires removal of a portion of the brace cross sectional area making this limit
state a particular concern with thicker gusset plates (as in the reference connections) because
more material is removed. Net section fracture is an undesirable failure mode as it is sudden and
results in complete loss of brace resistance (Roeder et al., 2011). In SCBF construction, net
section reinforcement is required to replace the material lost in the slotting procedure. In older
frames, net section reinforcement of the brace typically was not included. The equation to
calculate this limit state is shown in Table 3.2. It uses the ultimate tensile capacity of the brace,

and the shear lag factor, U, which accounts for shear lag in the connection.

3.3.2 Block Shear

The block shear failure mode can occur at the brace to gusset plate connection, or in the bolted
beam to column shear tab or gusset plate to column shear tab connections. Like the net section
fracture limit state, the block shear limit state is greatly influenced by the thickness of the
material used and the splice length (for brace to gusset plate connections). A thicker plate will
have a higher resistance to block shear than a thinner plate. To calculate the block shear capacity
of the connection, the AISC design methodology is to take the lesser of the results from the two
sides of the inequality in Table 3.2. This inequality discourages shear yielding in the material.
Alternatively, the BDP uses a single equation (shown in Table 3.3) to find the block shear

capacity in order to instead, encourage gusset plate yielding.
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3.3.3 Whitmore Gusset Plate Yielding

When gusset plate yielding is calculated, it uses the Whitmore width of the gusset plate. This
parameter is shown in Figure 3.4 and is found using Eq. (3-8), where b is the brace width and L,,
1s the Whitmore width. This area was established by Whitmore (1952) and Part 9 of the Manual
describes it as spreading the force from the start of the joint to 30° on each side in the connecting

element, but the force cannot be distributed beyond an unconnected edge.

L, =b+ 2tan30 (3-8)

Whitmore width

- Net section
~ of brace
30 .

__Weld of brace
to G.P

Figure 3.4 - Whitmore Width Illustration [modified from Roeder et al., 2011]

The AISC equation for this limit state is presented in Table 3.2. This equation gives the general
calculation for a component under a tensile load. When applied to the gusset plate, 4,, refers to
the Whitmore area of the gusset plate, as described above. This limit state depends on the gusset
plate geometry and the plate thickness. A thicker plate will have a higher resistance to tensile
yielding. As mentioned, AISC attempts to ensure the brace sustains the majority of inelastic
deformation. On the other hand, in the BDP methodology, yielding is encouraged in the gusset
plate along the Whitmore section, and is the desired secondary yield mechanism according to the

BDP, following brace yielding and buckling (Roeder et al., 2011). The equation for the BDP
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limit state is shown in Table 3.3. Research from the UW found that frames with thinner gusset
plates were found to be the best at prolonging brace fracture life because they created a more
flexible end condition for the brace, thereby increasing the experimental effective slenderness

ratio (Roeder et al., 2011).

3.3.4 Whitmore Gusset Plate Fracture

The gusset plate fracture limit state stems from the gusset plate yielding limit state along the
Whitmore area only instead of yielding, the plate tears. A photo of this failure mode is shown in
Figure 3.5. The main difference is rather than using the yield stress of the material, both AISC
and the BDP equations use the ultimate tensile strength of the material. The equations for this

limit state are shown in Table 3.2 and Table 3.3, respectively.

Gusset )
Tension

Plate

Rupture

Figure 3.5 - Photo of Tension Rupture at Whitmore Section [31]
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3.3.5 Gusset Plate Buckling

This limit state is checked against the expected buckling capacity of the brace. The AISC and
BDP equations, presented in Table 3.2 and Table 3.3 respectively. The buckling stress, F,,, is
dependent on the slenderness of the plate. An effective length coefficient, k, of 0.65 is used for
corner gusset plates. To determine the buckling length, the engineer can use either the average of
three lengths, shown in Figure 3.6, or the sole length of L, shown in the same figure. The radius
of gyration of the plate, r, is calculated using Eq. (3-9), where parameters /,, and 4,, are about the
Whitmore section. The slenderness ratio determines which equations from Chapter E in the
Specifications are used to find the critical buckling stress. Gusset plate buckling is undesirable

because it does not allow the brace to reach its full inelastic capacity and it weakens the

connection.
— IW 3 9
r = /AW ( - )
|
//\!\—/ //-\'\—/
| 7
//_\i_// For & Z{L:LZ //_\i_/
r or
Lq+ Lo+ L
L= 32 3

Figure 3.6 — Gusset Plate Buckling Length Determination [31]

3.3.6 Base Metal Fracture
Base metal fracture occurs in the heat affected zone of the material rather than in the weld itself.
This weaker area is adjacent to the weld and may be prone to fracture because of reduced

ductility from the welding process. This type of failure mode is equally as catastrophic and
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undesirable as a weld fracture. From testing at the UW, overstrength of the welds did not
negatively impact the SCBF performance (Roeder et al., 2011). The AISC and BDP equations

for base metal fracture are shown in Table 3.2 and Table 3.3 respectively.

3.3.7 Interface Weld Fracture

The interface welds described in this section are those joining the gusset plate to the beam, the
gusset plate to column shear tab, and the beam to column shear tab. SCBF design requirements
mandate the welds to be AISC demand critical. However, in older frames filler metal with low or
unspecified toughness was likely used because of their more rapid deposition rate and greater
economy. The Charpy V-Notch (CVN) toughness of the weld metal is related to the energy
required to induce fracture. The higher the toughness of the filler metal, the larger the crack
length that can be sustained prior to unstable crack propagation. While this parameter is not
included in the capacity calculation of the welds, it is important to note, as it influences the
ability for ductile weld tearing. To accurately simulate older construction field conditions, the
NCBF bolted test series used the weld product Fabshield® 21B E71T-11 from HOBART®,
which is an all-position, non-demand critical weld metal with no minimum toughness
requirements. The data sheet for this weld material is included in the Appendix. CVN tests were
conducted on the different filler metals used in the tests to quantify the difference in actual

toughness values. The results are presented in Section 3.5.

Current AISC provisions require the interface welds to develop the tensile capacity of the brace.
Typically engineers use the UFM to distribute the brace force to the connection components. The
UFM was originally developed for wind loading and later adapted to encompass seismic loading,
but it still does not account for the inelastic rotational demands on the gusset plate from brace
OOP displacements. Previous research at the UW has shown that welds designed using the UFM
are actually subjected to stresses much larger than what the UFM predicts (Roeder et al., 2011).
The AISC equation is shown in Table 3.2 and is a function of the load angle, the electrode

strength, the area of the throat of the weld, and the number of welds connecting the components.

The BDP uses a similar, but modified version of the AISC interface weld equation. Rather than

comparing the capacity against the UFM, the BDP uses the expected capacity of the plate, shown
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in Table 3.3. Unlike the AISC equations, the BDP methodology accounts for the inelastic
deformations of the plates and can protect the interface welds against fracture (Roeder et al.,
2011). The BDP also includes the 1.5 factor present in the AISC equation because research
shows that fillet welds in tension can resist about 50% more stress than those loaded in shear
(Kotulka 2007, AISC 2005, AWS 2006). While the researchers at the UW found crack initiation
began in the test specimens between 1.5% and 2% story drift regardless of the connection, and
limited stable crack growth from demand critical welds permitted increased story drift capacity

in the frames, interface weld fracture is not desirable.

3.3.8 Bolt Shear

The equation for the bolt shear capacity is shown in Table 3.2. Bolt shear can be a sudden and
brittle, undesirable failure mode. There is uncertainty with using the UFM to determine force
distributions of bolted connections that use a split shear tab versus a shared shear tab, stemming

from whether the bolts act as one unit in both configurations.

For eccentric bolted connections, the Manual suggests using either the Inelastic Center of
Rotation Method or the Elastic Method, discussed in Part 7 of the Manual. To determine the
capacity of the bolted connection using the former method, the engineer can find the non-
dimensional coefficient, C, from tables in Part 7 of the Manual. The Manual states that C
represents the number of bolts effective in resisting the eccentric shear force. The eccentricity, e,
of the brace force with respect to the centroid of the bolt group was calculated using Eq. (3-10),
where a is the distance from the column flange to the centroid of the first row of bolts, b is the
distance between vertical columns of bolts, and # is the number of vertical columns of bolts. An
annotated drawing is shown in Figure 3.7. This eccentricity is used in the tables to determine C.
The capacity of the bolt group can then be calculated using Eq. (3-11), where the parameter, 7,
1s the shear capacity of the connection, F,,4, For this method, C replaces N, in Table 3.2.

e=a+@n-1)-(/,) (3-10)

OR, = C - ¢ry (3-11)
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Figure 3.7 - Schematic Drawing of Variables a, b, n for Eccentricity Calculation

3.3.9 Bolt Bearing

The AISC bolt bearing limit state equation is shown in Table 3.2. The equation presented is used
when the deformation at bolt holes is a design consideration as AISC attempts to concentrate
inelastic behavior to the brace, not inelastic yielding in the connection. The inequality limits the
bolt bearing capacity to the connection’s resistance to bolt-by-bolt tearout (left side). Both parts
of the inequality are functions of the ultimate tensile strength of the material and the material
thickness. Tearout is a function of the clear distance, while bearing deformation is a function of

the nominal bolt diameter.

3.4 Specimen Design Parameters
Target DCR values for key limit states of the test specimens were determined from analysis of
the variations in the reference connections shown previously in Figure 3.1 and Figure 3.2. The

equations for the limit states have been previously presented in Table 3.2 and Table 3.3. Table
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3.5 shows the DCR values for NHHS-Ref-B1 (drawing in Figure 3.1), NHSS-Ref-B2 (drawing

in Figure 3.2), and the average DCR values for both reference connections. The most severe limit

states found from NHSS-Ref-B1 were brace block shear, brace to gusset plate weld fracture, bolt

shear in both the gusset plate to column and beam to column connections, and in one instance,

bolt bearing at the beam to column connection. The DCR values were more severe for NHSS-

Ref-B2 - nearly all limit states in NHSS-Ref-B2 were above 1. When the DCR values from the

reference specimens were averaged, the limit states above 1.0 were brace net section fracture,

brace block shear, Whitmore gusset plate yielding, brace to gusset plate weld fracture, beam to

gusset plate weld fracture, bolt shear at beam to column and gusset plate to column connections,

and bolt bearing at beam to column and gusset plate to column connections.

Table 3.5 - DCR Values for Reference Connections

NHSS-Ref-B1 NHSS-Ref-B2
lelt State 6” XS 10” STD 12” XS Angles + Average
. . . Angles
Pipe Pipe Pipe Plates
Brace Net Section 0.84 0.83 0.83 1.28 1.62 1.08
Brace Block Shear 1.08 1.25 1.05 2.16 1.29 1.36
Gusset Plate Block
usset Hate Bloc 0.51 0.36 0.35 2.30 1.37 0.98
Shear
Whitmore Gusset
Plate Yielding 0.77 0.57 0.59 2.04 1.22 1.04
-
Whitmore Gusset 0.59 0.44 0.45 1.57 0.94 0.80
Plate Fracture
Pl
Gusset Plate 0.15 0.28 0.35 0.99 0.74 0.50
Buckling
B Pl
race to Gusset Plate | - g 0.96 1.10 N/A N/A 1.02
Weld Fracture
Brace to Gusset Plat
race tofousset Hate | 63 0.73 0.61 N/A N/A 0.66
Base Metal Fracture
Plate Sh
Gusset Plate Shear 0.68 0.44 0.41 1.09 0.65 0.66
Yielding
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NHSS-Ref-B1 NHSS-Ref-B2

Limit State Average
6” XS 10” STD | 12” XS Angles +
. . . Angles
Pipe Pipe Pipe Plates
B Pl
cam to Gusset Plate | ) -, 0.67 0.79 2.49 1.48 1.24
Weld Fracture
Column to Gusset
1.2 1.1 1.4 2.74 1.64 1.
Plate Bolt Shear 0 6 ? 7 6 >3
Column to Beam 1.25 1.01 1.12 278 1.66 1.66
Bolt Shear
|
Column to Gusset 0.43 0.42 0.54 2.04 1.22 1.28
Plate Bolt Bearing
1 B
Column to Beam 1.47 0.91 0.74 1.52 0.91 0.77
Bolt Bearing

After potential deficiencies in the older connections were identified from the DCR analysis (bold
values shaded in grey in Table 3.5 above), an iterative process began for the design of the first
NCBF bolted specimen (NHSS-B1). This design aimed to match the key limit state DCR values
from the average existing connection’s DCR values. A similar DCR analysis was conducted for
NHSS-B2 and NHSS-B3, but these specimens also considered the performance of the prior
NCBEF specimen tested. All three specimen’s DCR results are shown in Table 3.7, with the most
severe DCR values in bold and shaded in grey. Table 3.6 provides the test objective for each
specimen along with key characteristics of the connection. The drawings of the NCBF specimens
tested are shown in Figure 3.8 with boxes to highlight the parameters that changed for each
experiment. It should be noted that in Table 3.7, for the NHSS-B2 specimen, the DCR values are
lower than the NHSS-B1 in part due to the difference in brace size (NHSS-B1 used an
HSS5x5x3/8 and NHSS-B2 used an HSS6x6x1/4). Following Table 3.7 is a more detailed
discussion of how the NCBF specimens were developed from each limit state as compared to

their DCR values.

68




Table 3.6 - Bolted Test Specimen Descriptions

NHSS-B1

To explore perceived
deficiencies of NCBF
bolted connections

(bolt shear, brace net

section, & brace block

shear) using a shared
shear plate.

CJp

7/16 1n. and
11.75 in.

3/4

3/4

NHSS-B2

To explore perceived
deficiencies of NCBF
bolted connections
(bolt shear & bolt
bearing, brace net
section & block shear,
and beam to gusset
base metal fracture)
using separate shear
plates and does not
meet brace seismic
compactness
requirements.

CJp

5/16 in. and
16 in.

3/4

3/4

NHSS-B3

To explore perceived
deficiencies of NCBF
bolted connections
(bolt shear & bolt
bearing, brace net
section & brace block
shear, and Whitmore &

shear gusset plate
yielding) using a split
shear tab and thinner

gusset plate.

CJp

5/16 in. and
15.25 in.

172

3/4
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Figure 3.8 - Specimen Connection Drawings
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Table 3.7 - NCBF Bolted Test Specimen DCR Values from AISC equations

Limit State NHSS-B1 NHSS-B2 NHSS-B3

Brace Net Section 1.2 1.2 1.1

Brace Block Shear 1.1 1.3 1.1

Gusset Plate Block Shear 0.62 0.49 0.94

Whitmore Gusset Plate 075 0.61 1.1
Yielding

Whitmore Gusset Plate 0.58 0.46 0.86
Fracture

Gusset Plate Buckling 0.38 0.4 0.58

Brace to Gusset Plate Weld 0.83 071 0.83
Fracture

Brace to Gusset Plate Base 0.83 1.1 0.83

Metal Fracture

Gusset Plate Shear Yielding 0.96 0.6 1.1

Beam to Gusset Plate Weld 0.64 0.56 0.66
Fracture

Column to Gusset Plate Bolt 1.90 1.63 1.92

Shear

Column to Beam Bolt Shear 1.56 1.30 1.55

Column to Gusset Plate Bolt 0.98 0.84 1.48
Bearing

Column to Beam Bolt Bearing 1.73 1.45 1.73

Block Shear Column to Gusset 072 ) )
Plate and Beam

The net section DCR check for a HSS 5x5x3/8 used in NHSS-B1 and NHSS-B3 was above 1.
Previous SCBF research found net section reinforcing plates were not required and did not
influence SCBF performance (Powell, 2010), and therefore net section reinforcement was not

included on the specimens.

One of the most prevalent deficiencies found in the infrastructure review by Sloat (2014) was the

capacity of the beam to gusset plate weld. The average DCR value for this limit state was above
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1. While the NCBF specimens did not achieve as high a DCR value, they maintained similar
DCR values between the three specimens. To have this similarity, NHSS-B1 had a 11.75 in. long
7/16 in. fillet weld on the top and bottom of the plate, NHSS-B2 had a 16 in. long 5/16 in. fillet
weld on the top and bottom of the plate, and NHSS-B3 had a 15.25 in. long 5/16 in. fillet weld
on the top and bottom of the plate, as shown in Figure 3.8a-c. NHSS-B1 required a thicker weld

due to the reduced connection length from the coped beam flange and shared shear plate.

The weld fracture limit state at the brace to gusset plate interface had previously been tested in
NCBF 32 and found to control the specimen performance. To ensure the NCBF specimens did
not repeat the same failure mode, the weld size at this location was increased. Weld fracture at
the column to gusset plate shear tab connection was also not a deficiency considered in the
NCBF design because many of the connections found in the infrastructure review used a CJP
weld to connect the shear plates to the column. For that reason, NHSS-B1, NHSS-B2, and
NHSS-B3 all used a CJP weld on the column to gusset plate shear tab weld.

The 2010 Seismic Provisions require clearance on the gusset plate for OOP brace rotation. None
of the NCBF reference connections met current clearance requirements, and therefore, none of
the NCBF bolted connection specimens tested were designed to meet these clearance
requirements. This clearance localizes the damage on the gusset plate to a fold line (per AISC) or
an elliptical region (per the BDP), forcing the gusset plate to deform rather than rotate as a rigid

body.

Bolt bearing, calculated using the AISC equation in Table 3.2, at the beam to column connection
was not a deficiency for the reference specimens because of the wide variety of framing elements
used. The UW test setup used one type of beam section for all tests, a W16x45 with a thin 0.345
in. web. Because of this testing constraint, bolt bearing at the beam to column connection had
DCR values greater than 1 for all NCBF bolted connections tested. Additionally, bolt bearing
was not a deficiency for the older gusset plate to column shear tab connection because mostly
thick plates were used as components. Likewise, bolt bearing at the gusset plate to column

connection was not designed to be a deficiency for the NCBF bolted specimens because they
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used 3/4 in. gusset plates. The one exception was NHSS-B3 because one of the test goals was to

explore the effect of using a thinner gusset plate.

While all of the reference connections have bolted shear tab connections for the beam to column
and gusset plate to column connections, they used two different methods — a single and a split
shear plate. To investigate the significance of this shear tab discontinuity on braced frame
performance, NHSS-B1 used a single shear tab (similar to NHSS-Ref-B1), while NHSS-B2 and
NHSS-B3 used split shear tabs (similar to NHSS-Ref-B2). Of particular interest to these tests is
how accurately the UFM predicts the limit states relevant to the shear tabs. A split shear tab is
more susceptible to opposing eccentricities in the connection as opposed to a single, continuous
shear tab across the connections. Further, a single shear plate has the potential to increase the

integrity of the gusset plate to beam weld.

The impact of brace compactness was also studied. For current construction, the Seismic
Provisions require the use of a seismically compact brace for SCBFs. However, many of the
buildings from the infrastructure review were found to have braces with higher width-to-
thickness ratios. The first NCBF welded test conducted by Sloat (2014) used an HSS7x7x1/4
brace section that exhibited this high local slenderness. This brace was not able to resist local
buckling as well as a seismically compact brace and fracture at lower inelastic deformations. Due
to the low total drift range prior to fracture, the brace was not able to impose significant demands
on the connections. To place the highest demands on the connection, NHSS-B1 and NHSS-B3
used a seismically compact HSS5x5x3/8 brace. NHSS-B2 explored the effects of a non-compact
brace section with a lower width-to-thickness ratio (compared to the HSS7x7x1/4) with an

HSS6x6x1/4 brace section to develop a range of brace sections investigated.

A final important difference to be noted between the UW tests and the reference connections is
the bay geometry. The UW setup uses a 12 ft x 12 ft bay with W12x72 columns and W16x45
beams, resulting in a 45° brace angle. The older, existing braced frame designs were often
rectangular bays (width typically twice the height) with varying beam and column sizes through
the height of the structure and varying, but often shallow, brace angles. Some drawings show

beam sizes up to a W30, which is significantly different from a W16. Because of these
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differences, the older designs had to be modified to fit into the UW test setup, but to ensure
reflection of field conditions, the connections maintained a reasonable match with the DCR

values found from the existing connections.

3.5 Material Properties

Samples were taken from three weld filler metals used for welding and subjected to CVN tests to
assess relative average toughness values. The results of these tests are presented in Table 3.8.
The weld electrode E71T-8 was the only demand critical weld type tested and was found to be
about four times as tough as E71T-11 and about three times as tough as E70T-7. E71T-11 had
the lowest average toughness value of all three electrodes. This electrode was also the one used
most in the NCBF specimens because it is an all-position weld. A higher toughness value

indicates more ductility in the material and a larger amount of energy absorption in the material.

Table 3.8 - Charpy V-Notch Test Results on Weld Material

Demand Average Toughness
Weld Material S — S
E71T-8 Y 81.75
E71T-11 N 20
E70T-7 N 277
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CHAPTER 4: EXPERIMENTAL TEST SETUP

4.1 Introduction

This chapter describes the single bay, single story experimental test setup used for the nine
NCBEF tests and two SCBF tests conducted at the University of Washington between 2013 and
2014, also described in Sloat (2014). The setup was originally designed and constructed by
Johnson (2005), modified by Powell (2010), and further modified by the author and Sloat (2014).
Section 4.2 gives an overview of the test configuration. Section 4.3 details each of the test
components. Section 4.4 discusses the instrumentation used in each experiment. Section 4.5
reviews the origins of the test protocol. Section 4.6 concludes the chapter with the preparation

process for each test.

4.2 Overview of Experimental Configuration

Limitations imposed by the University of Washington Structures Research Laboratory (UW
SRL) required the single story, single bay braced frames to be tested in the horizontal plane,
parallel to the strong floor. The test setup was designed to replicate true field conditions as
closely as possible to enable observation of the performance of the brace and connection
behavior. Figure 4.1 shows a CAD drawing of the UW SRL test setup, with photo realizations
shown in Figure 4.2. If the frame were tested upright, the south end would be the lower story,

and the north end the upper story.

A general overview of how the system works is described here. The actuator is attached to a
large concrete reaction block with threaded rods, and the block is anchored to the 3ft thick
concrete strong floor through large post-tensioned Williams Anchor Rods. The lateral load from
the actuator is applied to the frame through the short blue W21x62 steel load beam, which is
bolted to the north beam of the frame. To resist the overturning moment from this force, the
frame is tied back to the blue channel assembly through four large post-tensioned Williams Rods
that also applied a simulated gravity load of 450 kip total to each column. The channel assembly
1s a system of two steel channels and welded plates post-tensioned to the 30 in thick concrete

strong wall at the south end of the test setup.
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Out-of-plane (OOP) restraints were used to prevent the beams, columns, and load beam from

OOP movement, while still allowing the frame to move laterally. The applied lateral force travels

through the frame system to the south shear connection. The bolts attaching the south beam to

the channel assembly transfer the resulting base shear to the channel assembly and the strong

wall. This force is then dissipated through the strong wall and the strong floor. These

components will be discussed in detail in Section 4.3.
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Figure 4.1 - CAD Drawing of the UW Test Setup
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4.3 Test Setup Components

4.3.1 Strong Floor and Strong Wall

The tests took place on the concrete strong floor of the UW SRL. The strong floor is made of 3 ft
thick concrete and acts as a rigid support for the frame, the reaction block, and the strong wall. It
has evenly spaced holes in a grid pattern that are used to anchor the OOP supports. Unfortunately
the floor has some unevenness in the surface, which required some effort to assure the frame was
level and aligned parallel to a horizontal axis. The strong wall is L-shaped and composed of 30 in
thick prestressed concrete. It also acts as a rigid support for the frame and was used to support

some instrumentation for the experiments.

4.3.2 Channel Assembly

The channel assembly transfers the base shear and overturning moment from the braced frame to
the strong wall. A cross sectional diagram of the channel assembly setup is shown in Figure 4.3,
a plan view is shown in Figure 4.4, and photo realizations of the system in Figure 4.5. The
system is composed of two C15x50 steel sections connected by 1/2 in. steel bearing plates on the
north and south sides. At the shear connection in the middle of the south beam, the channel
assembly has a 1.5 in. thick steel plate welded to the north face of the assembly. The channel
assembly is stressed to both legs of the strong wall via a series of 1 in. and 1 5/8 in. diameter
high strength threaded rods. As shown in Figure 4.3, there is also a C12x50 steel member on the

south side of the strong wall to provide a base for the threaded connecting rods.

The braced frame is attached to the channel assembly through (10) — 1 in. diameter A490 bolts
tightened using the turn-of-the-nut method (typically resulting in pressures between 3500 psi and
3700 psi) with the hydraulic torque wrench. The channel assembly also served as the anchorage
for the 1.75 in. diameter William’s rods that were used to apply axial load to the braced frame

columns and as a rigid base to resist the overturning moment in the frame.
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4.3.3 Out-of-Plane Supports

Four OOP supports were required to hold the framing components in place vertically, while
allowing in-plane, lateral movement of the frame. OOP supports were located on each column,
on the north beam, and on the load beam. The south beam did not require an OOP support as it
attached to the rigid channel assembly. A typical OOP restraint system is shown in Figure 4.6,
which consisted of an HSS5x5x3/8 section on the top and a wide flange steel section on the
bottom of the beam or column. As shown, nylon rods on the flanges of the beams or columns
rested on greased stainless steel plates that were tack welded to the OOP restraints. The nylon
rods and the stainless steel plates were greased to create an effectively frictionless surface. The
wide flange OOP supports were anchored to the strong floor with threaded rods, and the HSS

tubes were clamped to the wide flanges with wrench tightened threaded rods.
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Figure 4.6 - OOP Restraint System

4.3.4 Gravity Load System

In a building, the gravity loads act to help prevent overturning of braced frames and add to the
demands imparted from the braces. Gravity loads were simulated in the UW tests by post-
tensioning each column to 450 kips with (2) — 1.75 in. diameter Williams Rods per column.
Figure 4.7 shows the gravity load system layout with labeled components. The rods apply axial
load to the braced frame and are anchored to the channel assembly to prevent braced frame
overturning. In each column, the rods are centered with one rod positioned on top of the column

web and one below the column web.

As shown in Figure 4.7, the post-tensioning rods are anchored at each end of the column with 1
in. thick dish washers and greased spherical hex nuts that allow rod rotation during frame
loading. On the north end of the columns, a 4 in. thick cap plate is attached to the end of the east
column, and to the side of the load beam for the west column. These thick cap plates allow for an

even distribution of the applied axial load.
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Figure 4.7 - Gravity Load System Layout in the West Column [Powell, 2010]

4.3.5 Reaction Block and Actuator

Figure 4.8 shows a drawing of the reaction block and the actuator and Figure 4.9 shows a photo
of the same setup. The reaction block is a 6ft x 8ft x 4ft concrete block and it is anchored to the
strong floor through (6) — 2 in. diameter Williams rods to the west of the test specimen. A thin
layer of Hydro-Stone between the strong floor and the reaction block acts to uniformly distribute
the load throughout the bottom surface. There is also a layer of Hydro-Stone, for the same
reason, between the top of the reaction block and the washer plates for the anchor rods. The rods
prevent overturning of the reaction block when the actuator pushes and pulls the braced frame
test specimen. This reaction block serves as a rigid base for the attached hydraulic actuator that

applies the lateral load to the braced frame system.

The actuator is secured to the reaction block with (6) - 1 1/8 in. threaded rods with an
elastomeric bearing pad between the actuator and reaction block. The actuator has a capacity of
470 kips (pushing) and 350 kips (pulling), which informed the orientation of the frame; the frame
is positioned with the brace in tension as the actuator is pushing and compression when the
actuator is pulling to compensate for the force capacity differences. The actuator was

displacement controlled through its internal LVDT and the loading followed a prescribed load
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protocol, discussed in Section 4.5. A spacer plate was added to the end of the swivel head to

ensure adequate stroke capacity for the braced frame specimens.
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Figure 4.8 - Actuator and Reaction Block Components [Powell, 2010]
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Figure 4.9 - Actuator and Reaction Block Components [Powell, 2010]

4.3.6 Load Transfer Beam

Figure 4.10 details the layout for the load transfer beam and its connection to the actuator and
braced frame. The actuator applies force directly to the W21x62 load transfer beam and that
horizontal applied load is transferred to the braced frame through a bolted shear connection.
Note that relative to the center of the beam, the actuator eccentrically loads the frame with an

eccentricity of 19 in.

83



As seen in Figure 4.10, the W21x62 load transfer beam has a 2 in. thick stiffener plate at
each column flange and 1/2 in. thick stiffener plates along the length of the beam to stiffen
the section. Four threaded rods connect the actuator and the load beam. The load transfer
beam attaches to the north flange of the north beam in the braced frame through a bolted

shear connection composed of (10) — 1 in. diameter A490 bolts.
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Figure 4.10 - Load Transfer Beam Layout [Powell, 2010]

4.3.7 Additional Test Specimen Details to Accommodate Test Setup

Special details were necessary in specific areas of the braced frame specimens to accommodate
local demands imposed by the test setup. These details are not required in typical construction.
The two components, a web doubler plate and column stiffener plates, are described in the

subsections below.
4.3.7.1 Web Doubler Plate

As mentioned, the load transfer beam applied a load at an eccentric distance to the frame, which

induces an in-plane moment in the beam web at the east end of the load beam. The compressive
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force generated from the moment has the potential to buckle the beam web, as was seen in NCBF
1 (Sloat 2014) when a web doubler plate was not included. In this test the north beam web
sustained significant local deformation and web buckling due to the eccentric loading.
Subsequent tests included a 3/8 in. thick web doubler plate, shown in Figure 4.11, that was 2 ft.
long, and as wide as the web depth. This plate is fillet welded on all four sides to the underside of

the north beam — centered at the end of the transfer beam.
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Figure 4.11 - Diagram of Web Doubler Plate in NW Corner of the Braced Frame

4.3.7.2 Column Stiffener Plates

Figure 4.12 shows a detail and photograph of a typical column stiffener. Four steel, 3/4 in. thick
column stiffener plates were added to the south ends of the columns (two per column) to prevent
local damage to the base of the columns seen in previous tests (Sloat, 2014). When the frame is

loaded in tension or compression, one flange of each column has a high concentrated load due to
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the overturning moment in the system. This concentrated load can cause local buckling in the
column flanges. While these plates did not prevent all damage in the column bases, they
appeared to be effective. Yielding of the column base around the stiffeners was observed in most
tests (shown in Figure 4.12, within the rectangle) indicating that the stiffeners may have helped

prevent local buckling at the column base.

ol — 1
5/16" N g (olumn
15 Yielding
Q\ 4ﬁ" e 7.4 &
—on— | -
W12x72
POST-
3 pL — TENSIONING | Column
RODS g Stiffener

Figure 4.12 - Column Stiffener Detail

4.4 Instrumentation

Data from potentiometers and strain gauges was acquired using a National Instruments data
acquisition (DAQ) system and was stored using LabView software on a desktop computer near
the test setup. Each instrument had its own channel through which information was transmitted
to the computer. All instruments were calibrated prior to their use. The calibration factors were
used to convert the voltage readings into the desirable unit for forces, displacements, and strains.
The Northern Digital, Inc (NDI) Optotrak system had a separate DAQ system to record the data
from each individual sensor. These systems did not record data at the same frequency, which had
to be corrected in the data to ensure simultaneous peaks in the data. The specific instrumentation

used in the test is described further below.
Four different types of instruments were used to measure and record the behavior of the braced

frame: strain gauges, potentiometers, the Northern Digital, Inc. (NDI) Optotrak systems, and

visual observations. The first three types are discussed below with emphasis on the measurement
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goals for each. Visual observations include photographs, whitewash yield patterns, and video.
The overall instrumentation plan was consistent throughout the test series, with minor
adjustments for the needs of different specimens. One significant change that was made for the

later experiments was to eliminate a number of potentiometers in favor of Optotrak markers.

4.4.1 Strain Gauges
Strain gauges were adhered to the brace, both columns, and the north beam as shown in Figure
4.13. Exact locations for each test are tabulated in the Appendix. The strain gauge measurements
on these components, coupled with the results from the coupon tests allowed the determination
of:

* Moments in the columns and the north beam [Strain Gauges #5-8, #9-12, and #13-16]

* Shear in the columns and the north beam [Strain Gauges #5-8, #9-12, and #13-16]

* Brace axial force [Strain Gauges #1-4]
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Figure 4.13 - Typical Strain Gauge Layout

It is important to calculate the moments in the framing elements to better quantify the extent of
damage they withstood during the experiments. By calculating the moments at each strain gauge
pair on the beam and columns we can project a moment diagram over the length of the
component assuming linear behavior. The moment diagram can be extended to the ends of the
gusset plate where it can be determined whether a plastic hinge formed in the framing elements
in addition to the brace midspan. This knowledge can shed light on the comparative behavior of
the beams and columns and whether there was a “weak beam-strong column” scenario or vice

versa.
Strain gauge data also makes it possible to trace the load through the system. Using the column

shears calculated from strain gauge pairs on the columns and the applied load, the brace axial

force can be determined. This value can be verified with the strain gauges on the brace and the
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brace material properties from coupon tests that serve as a more direct measurement of the brace

axial force.

To determine the quantities listed above, the strain gauges were located as follows: four gauges
were attached to the brace, one on the midpoint of each wall, 1/4 of the brace length from the
SW end of the brace; four gauges were placed on each column at mid-depth of the flange; in
some cases, two sets of gauges were placed for redundancy for a total of eight gauges on each
column; and four gauges were attached to the north beam between the west end of the NE gusset
plate and the east end of the load beam. The exact calculations using the strain gauges are
detailed in Chapter 6. Tokyo Sokki Kenkyujo Co., Ltd. FLA-6-11-5L uni-axial strain gauges
were used with a 6mm gauge length, nominal gauge factor of 2.12, and high reliability for strain

ranges between +1%.

4.4.2 Potentiometers
Three types of potentiometers were used in each tests: UniMeasure, Inc. model P510 string
potentiometers, the 9600 Series (for small displacements, £1/4 in. to =2 in.) BEI Duncan linear
conductive potentiometer, and the BEI Duncan 600 Series (medium displacements, £2 in. to £5
in.) BEI Duncan. The potentiometers were used to record the quantities listed below and their
typical layout is shown in Figure 4.14. Exact locations for each test are tabulated in the
Appendix.
String potentiometers were used for the following measurements:

* Brace out-of-plane midspan displacement [#8]

* Brace elongation and shortening [#6]

* Frame diagonal [NE to SW frame work points] [#15]

* Frame corner work point vertical displacements [#18, 19, 34, 35]

* Lateral frame displacement [#4]

BEI Duncan potentiometers were used for the following measurements:
* Uplift (2 locations) and slip of the channel assembly from the strong wall [#38, 39, 40]
* Uplift and slip of each flange of both columns from the channel assembly [SW: #43, 51,
44. SE: #41, 53, 42]
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* Horizontal slip of the south beam to channel assembly connection [#45]

* Horizontal slip of the north beam to the load beam [#52]

* Horizontal slip of the reaction block at the base to the strong floor (3 locations) [#47-49]
* Movement of the actuator at the reaction block

* Rotation of all NW, SE beam to column shear tabs [NW: #30, 31. SE: #32, 33]

* Rotation of the SW gusset plate from the west column

* Rotation at plastic hinge locations in north beam and west column (in SW corner) [Beam:

#24, 25. Column: #26, 27|
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Figure 4.14 - Typical Potentiometer Layout

The frame diagonal measurement is one of the most important in the test setup as it is used to
calculate the frame drift. The other potentiometers used to calculate various brace behaviors are
important to understanding the brace response. Potentiometers combined with Optotrak sensors

along the length of the brace can record the brace deflected shape. This shape can visually aid in
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giving information about the brace end conditions, discussed more in Chapter 6. The brace
elongation measurement compared to the frame diagonal measurement can give an indication of
how much elongation and shortening is occurring in the connection (combination of gusset plate,
shear tabs, bolts and welds, and corner framing elements) as compared to the brace itself.
Knowing how much deformation the connection is incurring is of particular importance to the

NCBEF specimens.

The lateral frame measurement (#4), combined with uplift and slip measurements of the testing
assembly can provide an indication of where losses are occurring throughout the system, and can
begin to quantify the loss values at each measured location. In previous UW SCBF experiments,
these losses were not trivial, and are the reason we cannot use the lateral frame string pot

measurement.

The pots used to measure connection rotations allow the calculation of the amount each corner is
opening and closing throughout the experiment. Likewise, the potentiometers used to measure
the uplift at the base of the columns can quantify the base rotation of the frame. These
instruments can also be used to identify if any complete uplift of a column base occurred during

the testing procedure.

A number of corrections using geometry had to be applied to the potentiometer data when
measuring OOP movement of components to account for the lateral movement of the frame. The
calculations made from the potentiometers for the quantities listed above are detailed in Chapter

6.

4.4.3 Northern Digital, Inc. - Optotrak

The Optotrak system manufactured by Northern Digital Inc. was used to measure displacements
at critical locations on the frame. It is composed of two overhead cameras, one mounted to each
leg of the strong wall, that read the 3-D positions (x, y, and z coordinates) of each the light
emitting diodes (LEDs). The two cameras are used to cover a majority of the brace and the NE
corner. The two cameras are required to have an overlapping volume to establish a shared

coordinate system. The Optotrak was used to record the quantities listed below and a typical
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layout is shown in Figure 4.15, where the “+” symbols represent Optotrak markers. Exact
locations for each test are tabulated in the Appendix.

* Brace out-of-plane buckled shape (including midspan displacement)

* Rotation at plastic hinge locations in south beam and east column (in NE corner)

* NE gusset plate out-of-plane displaced shape

* Movement of the NE corner frame diagonal stand

* Rotation of the NE beam to column shear tab

* Rotation of the NE gusset plate to column shear tab

. ot 1

Figure 4.15 - Typical Optotrak LED Layout

The LED sensor layout varied the most on the gusset plate and shear tabs in the NE corner to
accommodate changes in gusset plate geometry, but Figure 4.16 shows a sample configuration.
As mentioned, the LEDs along the brace length are critical to quantifying and visually
representing the brace out-of-plane displaced shape. A pair of these LEDs can also be used to
determine the brace end rotation. The LEDs on the gusset plate can also visually represent the

out-of-plane rotation of the gusset plate. Measuring the connection behavior is of particular

92



importance to the NCBF connections where the brace will not necessarily concentrate the
majority of the inelastic deformation. Because the NE corner of the frame is not as restrained as
the SW corner, identifying any movement in the tower used to measure the frame diagonal
elongation was also important. The calculations made from the Optotrak measurements are

described in detail within Chapter 6.

Figure 4.16 - Sample LED Layout from SHSS-B2

4.4.4 Visual Observations

The final instrumentation type was visual observations, which included photographs, whitewash
yield patterns, and video. Photographs were taken at each pause in the loading protocol either at
a peak tensile load, or peak compressive load. They provided an excellent and unambiguous

form of test documentation that can tell a clear visual story of damage progression.
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Whitewash — a mix of lime and water — was painted on the hot rolled steel beams and columns.
As these elements yielded, the mill scale flaked off, along with the whitewash. The HSS braces
were not whitewashed because they are cold formed steel and therefore do not have mill scale.
The whitewash is critical for visual observations of yield patterns, which helped determine shear

or tensile yielding, and provides a visual indication of the extent of member yielding.

4.5 Load Protocol

The load protocol used for the test was built on and adapted from previous SCBF tests in the UW
SRL (Johnson, 2005). The target protocol has been reproduced below in Figure 4.17, with the
target displacement (in) on the y-axis and the cycle number on the x-axis, and in and Table 4.1.
In Table 4.1 a “cycle” consists of equal positive and negative displacements. For instance, cycle
1 consists of displacing the frame +0.125 in. and then through zero to -.125 in. The protocol
consisted of two cycles at increasing displacements; a cycle consisted of a tensile displacement
followed by an equal compressive displacement. There are more cycles at smaller displacements
in order to establish the elastic stiffness of the frame. The original protocol was created by
Shawn Johnson in 2005 which he developed from recommendations from ATC-24 [6] and the
SAC Steel Project [24]. The actuator was pushed to the peak in either tension or compression

and held while photographs and visual observations were made.
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Figure 4.17 - General Testing Load Protocol

Table 4.1 - Target Displacement per Cycle for Applied Loading Protocol

Cycle Displ(zillcl;e.ment
1-2 0.125
3-4 0.25
5-6 0.375
7-8 0.5

9-10 0.625

11-12 0.75

13-14 0.875

15-16 1.0

17-18 1.25

19-2- 1.5

21-22 2.0

23-24 2.5

25-26 3.0

95



27-28 3.5
29-30 4.0
31-32 4.5
33-34 5.0

There were significant differences between the applied displacement history and the measured

displacement history in each test. Larger differences were seen in tests that sustained higher

tensile forces. This discrepancy was from losses throughout the system through column uplift,

bolt slip in the connection to the south beam to channel assembly and from the north beam to the

load transfer beam, and is discussed further in Chapter 6. The actual applied load histories for

each specimen are given in the Appendix.

4.6

Testing Preparation

A brief overview of the test preparation procedure is listed below:

The steel columns, beams, and braces were fabricated in the lab; cut to length with an
oxy-acetylene torch.

The frame was leveled and aligned using a jig setup on the strong floor.

The members were flipped in order to weld the plates downhand.

Once welded or bolted together completely, the frame was lifted onto a cart at the north
end and the crane on the south end and rolled to the south end of the strong floor.

The frame was leveled using the nylon rods to be approximately 11 3/4” vertical distance
between the strong floor and the bottom of the flange and then bolted to the channel
assembly.

The OOP restraints were placed while strain gauges and Optotrak sensors were applied.
The columns were tensioned and the frame was whitewashed the day before the test.
Before testing, the frame underwent elastic cycles to ensure all instruments were

recording properly.
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CHAPTER 5: TEST RESULTS & OBSERVATIONS

5.1 Introduction

This chapter discusses test results and detailed observations for the three bolted NCBF test

specimens. Section 5.2 briefly describes the nomenclature used to quantify the damage found

throughout the test and to provide a uniform method of defining damage. Figure 5.1 shows

locations on the frame called out in the text during damage observations. For additional

information on the setup, see Chapter 4.

\\\\\\\\\\\\\\\\\\\\\\\\\\ &
\\\\\\\ Reaction Assembly & Strong Wall \\\\
& NN NN NN NN N NN NNBNNNANANY

T SE

NE

SW

Applied

Load

Figure 5.1 - Frame Orientation

Subsections of 5.3 begin with an overview of the specific specimen’s design and are then divided

into two sections describing performance at moderate damage states (DS1 & DS2) through

severe damage states (DS3 & DS4). Each damage state was observed at the peak drift, where a
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“+” drift value indicates the brace was in tension and a value indicates the brace was in
compression. The drift values are the measured drifts obtained from the elongation of the frame
diagonal. The story shears noted in this chapter are the horizontal applied loads from the
actuator. Each specimen’s section concludes with a summary of the key observations during the
test. Table 5.1 provides a brief description of each specimen. Figure 5.2 summarizes the total
drift ranges achieved by each test, with their respective maximum tensile drifts shown in hatched

[

grey (“+” values) and maximum compressive drifts in solid grey (“-” values).
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Table 5.1 — Overview of Specimen Test Matrix

To explore perceived
deficiencies of NCBF
bolted connections (bolt
shear, brace net section, CJP
& brace block shear)
using a shared shear
plate and HSS5x5x3/8
brace section.

7/16 1n. and
11.75 in. 3/4 3/4

NHSS-B1

To explore perceived
deficiencies of NCBF
bolted connections (bolt
shear & bolt bearing,
brace net section &
block shear, and beam 5/16 in. and
to gusset base metal CIp 16.125 in. 3/4 3/4
fracture) using separate
shear plates and an
HSS6x6x1/4 that does
not meet brace seismic
compactness
requirements.

NHSS-B2

To explore perceived
deficiencies of NCBF
bolted connections (bolt
shear & bolt bearing,
brace net section &
brace block shear, and CJP
Whitmore & shear
gusset plate yielding)
using a split shear tab,
thinner gusset plate and
HSS5x5x3/8 brace
section.

5/16 in. and
15.75 in. 172 3/4

NHSS-B3
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Figure 5.2 - Specimen Drift Ranges

5.2 Overview of Performance States

The major performance states defined for observed damage in these tests are yielding, buckling
(both local and global), weld damage, bolt hole elongation, and bolt deformation. The
performance states are summarized in Table 5.2. The photographs accompanying the
descriptions should be used as a reference throughout the text when different performance states
are stated in test descriptions. As mentioned, these observed performance states are used to
classify the frame into four different damage states based on observed damage. These damage

states are presented in Table 5.3 following the performance state descriptions.
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Table 5.2 - Performance State Descriptions

Symbol Label Detailed Description
. _— Yield lines are visible and cover less than one half the
Yl Initial Yielding gusset plate or member depth.
_— Yield lines cover more than one half the gusset plate or
Y2 Moderate Yielding member depth, but not the entire member.
Yield lines cover the entire gusset plate or member depth
Y3 Severe Yielding to the extent much of the white wash might have flaked
off.
Framing Elements: Local buckling is first visible but
B1 Initial Bucklin does not exceed the buckled steel element's thickness.
& Brace: Global buckling does not exceed the member
depth
Framing Elements: Local buckling exceeds the buckled
B2 Moderate Buckling steel element's thickness.
Brace: Global buckling exceeds the member depth
Framing Elements: Local buckling exceeds twice the
B3 Severe Buckling buckled steel element's thickness.
Brace: Global buckling exceeds twice the member depth
BT B Tearin Tearing has initiated on at least one corner of the brace in
race fearing the plastic hinge region.
BF Brace Fracture Brace is completely fractured.
o\ . A weld crack has initiated on the gusset plate to column
WCl1 In1t1ala:7&gé(11u(rilr§ckmg or beam to column weld but is only torn on one side or it
has not exceeded 5% of the weld length.
The weld crack on the gusset plate to column or beam to
wC2 Crz/c[:i(iigra;f g) ?111(111111 column weld is on both the top and bottom of the plate or
& it has not exceeded 25% of the weld length.
. The weld crack on the gusset plate to column or beam to
WC3 Severzxilﬁl E;lackmg column weld is on both the top and bottom of the plate or

it has not exceeded 50% of the weld length.
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Symbol Label Detailed Description

Weld Fracture at Complete weld fracture on the beam to column or gusset
WCF .
Column plate to column connection.
o . A weld crack has initiated on the gusset plate to beam
WBI1 Initial nga(iackmg weld but is only torn on one side or it has not exceeded

5% of the weld length.

Moderate Weld The weld crack on the gusset plate to beam weld is on
WB2 Cra(c):kin At Beam both the top and bottom of the plate or it has not
& exceeded 25% of the weld length.

The weld crack on the gusset plate to beam weld is on
both the top and bottom of the plate or it has not
exceeded 50% of the weld length.

Severe Weld Cracking

WHE3 at Beam

Complete weld fracture on the gusset plate to beam

WBF Weld Fracture at Beam )
connection.

WBe Base Metal Damage on | There is base metal damage [usually a tear] at the beam

Column to column or gusset plate to column connection.
WBb Base Metal Damage on | There is base metal damage [usually a tear] at the beam
Beam to gusset plate connection.
BoE Bolt Elongation in There is bolt hole elongation in either the beam web, the
Connecting Materials | gusset plate, or the shear tabs.
BD Bolt Deformation There is at least 1/16” measured bolt deformation.
BoF Bolt Fracture One or more of the bolts has fractured in a connection.
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Table 5.3 - Damage State Descriptions

YI- gusset

Initial yielding, but no
physically discernable
damage. Brace OOP
buckling less than brace
depth.

OOP brace buckling is less than twice the
brace depth. Crack initiation in welds less
than 5% total weld length. Gusset yielding
around fold line. Limited frame yielding.
Initial bolt hole elongation >1/16 in.
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B3 - local deformation Y3 - column

WB2 or WC2

BoE <1/4 in.

WB3, WC3, WBF, WCF BT or BF

OOP brace buckling less than three times brace
depth - visible damage localization. Gusset plate
yielded over 50% of the area. Weld tears have
propagated between 25% and 50% of length.
Framing members yielded over entire depth.
Flange and web local buckling less than the
thickness. Bolt hole elongation less than 1/4 in.

Brace has fractured or severe plastic hinge with
OOP displacement more than three times the brace
depth. Widespread yielding or buckling of gusset
plates - over 75%. Weld torn more than 50% of
length or fully fractured. Visible plastic hinging in
framing elements. Flange and web local buckling
less than twice the thickness. Bolt hole elongation
greater than 1/4 in., or bolt fracture.

5.2.1 Plate and Frame Yielding (Y)

Strain gauge measurements (described in Chapter 6) and whitewash yield patterns (described in

Chapter 3) are used for measuring and observing yielding in the UW braced frame system

experiments. To compare damage levels and to expand upon the notation in Table 5.2, samples

of yield progression in the gusset plates and framing elements are shown through photos in

Figure 5.3 and Figure 5.4, respectively.
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a. Initial Yielding, Y1

¢. Severe Yielding, Y3

Figure 5.3 - Typical Yield Progression on Gusset Plate (from Specimen SHSS-B2)

In most tests initial yield lines (Y1) on the gusset plate were perpendicular to the brace axis,
resulting from the gusset plate bending out-of-plane (OOP) to accommodate brace buckling,
shown in Figure 5.3a. These yield lines increased in density with increased brace buckling.
Moderate yielding (Y2) is defined when yield lines have covered over 50% of the gusset plate, as
shown in Figure 5.3b. Yield patterns were visible on both the top and the bottom of the gusset
plates. In the majority of the tests, severe yielding (Y3) occurred in the gusset plates when almost

all the whitewash had been removed, as seen in Figure 5.3c.
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a. Initial Yielding, Y1

c. Severe Yielding, Y3

Figure 5.4 - Typical Yield Progression in Columns (from Specimen SHSS-B1)

In most tests, initial yielding (Y1) formed in the framing elements from the flange tips
propagating towards the web at the edge of the gusset plate, as shown in Figure 5.4a. State Y2 is
defined when these lines increased in density and length to half of the member depth (Figure
5.4b). Severe yielding (Y3) was defined when the yield lines had propagated the entire member
depth, and the width of the yield lines was approximately one member depth, as shown in Figure
5.4c. In this condition, a large band of whitewash had flaked off. Framing element yielding was
observed on both sides of the beam or column flanges in the connection regions and the

beam/column webs within the connection region.
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5.2.2 Buckling (B)

Global brace buckling also occurred, and is illustrated in Figure 5.5. Figure 5.5a shows initial
visible brace buckling (B1). With increased drift levels, the brace OOP displacement progressed
to larger than the brace depth (B2), shown in Figure 5.5b. After the brace exceeded two times the

brace depth it was in B3, shown in Figure 5.5c¢.

A plastic hinge occurs in the brace when it has fully yielded due to a combination of axial load
and P-0 moment. Ultimately, plastic deformation may lead to a concentration of damage near
midspan, and local deformation occurs in all four walls of the HSS brace sections. At this severe
deformation (B3), there is cupping in the top and bottom brace walls and bulging in the side
walls, shown in Figure 5.5d. Severe strain concentrations develop in the corners of these brace
sections and brace tearing (BT) initiates from the corners of the brace during tension cycles, as
seen in Figure 5.5¢e. The tearing leads to brace fracture (BF) when it penetrates through the depth

of the brace as shown in Figure 5.5f.
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Figure 5.5 - Typical Brace Fracture Progression: a. B1, b. B2, c. B3, d. B3-Hinge, e. BT, f. BF

Every test resulted in local buckling of a column or beam flange near the edge of the gusset
plate, after significant flange yielding as discussed in Table 5.2. In Figure 5.6a, the beam flange
had visible local buckling (B1), where the amplitude of the buckle was less than the element
thickness. In Figure 5.6b, with increased drift levels, the flange continued to buckle to more than
the thickness of the beam flange (B2). For severe damage (B3), the flange buckle had an

amplitude more than twice the flange thickness, as shown in Figure 5.6c.

a. Initial Buckling, B1 b. Moderate Buckling, B2
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c. Severe Buckling, B3 (Post-fracture cycles)

Figure 5.6 - Typical Local Buckling Progression in Beam (from Specimen SHSS-B1)

5.2.3 Weld Tearing and Fracture (W)

Weld tearing was prominent in all specimens, but the extent of the tearing varied. With stable
crack growth, weld tearing is tolerable and can accommodate increased drift levels without
strength degradation. Weld fracture implies the weld has torn along its entire length and no
longer joins the two welded parts. The resistance to unstable weld fracture is related to the CVN
toughness of the weld metal. The E71T-11 weld metal used for the specimens is not demand

critical weld material and has limited resistance to fracture.

Progression of weld tearing is defined by the performance states from Table 5.2. The photo
series in Figure 5.7 shows the development of weld tearing at the beam to gusset plate
connection (WB), but weld tearing at the gusset plate to column shear tab (WC) also occurred
and followed a similar progression through performance states. Initial weld cracking (WB1),
shown in Figure 5.7a, is designated when the crack was visible and had propagated less than 5%
of the total weld length. Once it grown to between 5% and 25% it was considered moderate weld
cracking (WB?2), as seen in Figure 5.7b. Cracks longer than 50% of the total connection length
were considered severe weld cracking (WB3), shown in Figure 5.7c. Figure 5.7d shows the

connection after the beam to gusset plate weld fractured (WBF).
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a. Initial Weld Tearing, WB1 b. Moderate Weld Tearing , WB2

c. Severe Weld Tearing, WB3 b. Weld Fracture, WBF

Figure 5.7 - Progression of Weld Fracture (from Specimen SHSS-B2)

5.2.4 Bolt Damage States (Bo)

Bolted connection yield mechanisms and failure modes were described in Chapter 2. Bolt hole
elongation (BoE) and to a much lesser extent, bolt shear deformation can add drift capacity to the
system. However, bolt fracture (BoF) is a clear, undesirable failure mode that should be avoided.
The bolt performance states presented in Table 5.2 are illustrated in Figure 5.8. Additionally, at
the end of each subsection of Section 5.3, diagrams for each bolted connection of the frame
illustrate the bolt damage in the bolts, the beam web and/or gusset plate, and the shear tabs. Bolt
fracture is dictated with an “X”, elongation/deformation between 1/16 in. and 1/4 in. is hatched

with diagonal lines, and bolt elongation/deformation greater than 1/4 in. is fully shaded. For
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system orientation, Figure 5.1 has previously identified the four corners of the frame. Figure 5.9

shows an example of these bolt damage diagrams.

NE
#(;

a. Bolt Hole Elongation, BoE (shown in GP) b. Bolt Deformation, BD

¢. Bolt Fracture, BoF

Figure 5.8 - Bolt Performance State (from Specimen NHSS-B3)
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Figure 5.9 - Bolt Damage from Specimen NHSS-B3, Left to Right: Bolt Damage, Shear Tab Damage, Beam
Web & Gusset Plate Damage
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5.3 Bolted NCBF Test Observations

This section reports the test observations from the three bolted NCBF specimens NHSS-BI,
NHSS-B2, and NHSS-B3. The calculations behind the designs were summarized in Chapter 3.
These connections were all designed to be deficient in a number of limit states to model older
pre-1988 connections. The demand to capacity values developed from AISC equations (shown in
Chapter 3) without using resistance factors are shown in Table 5.4. Also, shown in Table 5.5, is a
comparison between the DCR values calculated using the Balanced Design Procedure (BDP)

without the beta factors and the AISC equations without resistance factors.

Table 5.4 - Demand to Capacity Ratios with AISC Equations

Limit State NHSS-B1 NHSS-B2 NHSS-B3

Brace Net Section 1.2 1.2 1.1

Brace Block Shear 1.1 1.3 1.1

Gusset Plate Block Shear 0.62 0.49 0.94

Whitmore Gusset Plate 075 0.61 1.1
Yielding

Whitmore Gusset Plate 0.58 0.46 0.86
Fracture

Gusset Plate Buckling 0.38 0.4 0.58

Brace to Gusset Plate Weld 0.83 071 0.83
Fracture

Brace to Gusset Plate Base 0.83 1.1 0.83

Metal Fracture

Gusset Plate Shear Yielding 0.96 0.6 1.1

Beam to Gusset Plate Weld 0.64 0.56 0.66
Fracture

Column to Gusset Plate Bolt 1.90 1.63 1.92

Shear

Column to Beam Bolt Shear 1.56 1.30 1.55

Column to Gusset Plate Bolt 0.98 0.84 1.48
Bearing

Column to Beam Bolt Bearing 1.73 1.45 1.73
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Table 5.5 — Comparison of BDP and AISC DCR Values for Beam to Gusset Plate Weld

Limit State NHSS-B1 | NHSS-B2 | NHSS-B3
AISC 0.64 0.56 0.66
BDP 1.1 1.5 1.4
5.3.1 NHSS-B1
5.3.1.1 Specimen Overview

Specimen NHSS-B1 was tested on October 2“d, 2013, and was the first in a series of bolted
NCBEF tests that were designed to model a common bolted connection from the building survey
described in Chapter 3. NHSS-B1 was designed to be deficient in brace net section rupture, brace
block shear, bolt bearing, and bolt shear, and the design is illustrated in Figure 5.10. The BDP
recommends that welds be designed to develop the tensile yield capacity of the plate, and this
method results in larger DCR values as seen in Table 5.5. The most severe limit state for this
connection is bolt shear. In addition to the deficiencies in the limit states listed above, the gusset
plate was not designed to have a buckling rotation clearance as required by SCBF criteria.
Although the brace was slotted for the welded connection to the gusset plate, net section
reinforcing plates were not used, as required by the current Seismic Provisions. The E71T-11

weld material used does not meet demand critical requirements.

Key components of the frame included a single (7) bolt, 3/4 in. thick shear tab connecting the
column to both the beam (with 4 bolts) and the 3/4 in. thick gusset plate (with 3 bolts); all bolts
were A325, 1 in. diameter bolts with F436 structural washers. The shear tabs were connected to
the column flanges via complete joint penetration welds (CJP). The gusset plates were connected
to the beam flanges with 7/16 in. fillet welds. The brace was also connected to the gusset plates
with 7/16 in. fillet welds. One difference between NHSS-B1 and the reference specimens (shown
in Chapter 3) is the brace type. NHSS-B1 used a seismically compact brace because NCBF1
(Sloat, 2014) showed that using a non-seismically compact brace fails at small drift levels and

does not develop the capacity of the connection.
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Figure 5.10 - NHSS-B1 Connection Drawing

NHSS-B1 had a surprising performance — it was able to sustain a maximum applied force with
the brace in tension of 362 kip and -171 kip when the brace was in compression. The maximum
drift levels achieved were 1.9% in tension and -3.0% in compression for a total drift range of
4.9% prior to brace fracture. The specimen’s hysteretic response is shown in Figure 5.11. The
system experienced brace fracture, the failure mode typical of SCBFs. Table 5.6 through Table
5.8 show the progression of performance states at each cycle of NHSS-B1. They present
information on each component of the system and it’s yielding, buckling, or failure modes

throughout the experiment.
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Figure 5.11 - Specimen NHSS-B1 Applied Story Shear vs. Story Drift Hysteretic Behavior
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Table 5.6 - Progression of Damage in NE Corner

NE CORNER
U Uz Beam/Gusset
CYCLE Tension | Compression| Brace | Gusset E
Drift (%) Drift (%) P | DERNN | WEEER) o on
Shear Tab
1 0.01 -0.03
2 0.01 -0.04
3 0.04 -0.07
4 0.04 -0.07
5 0.08 -0.08
6 0.07 -0.08
7 0.11 -0.09
8 0.12 -0.09
9 0.17 -0.13
10 0.17 -0.13
11 0.21 -0.16
12 0.23 -0.16 Y1
13 0.27 -0.20 B1
14 0.27 -0.20
15 0.30 -0.27 vi-W
flange
16 0.28 -0.28
17 0.32 -0.49
18 0.28 -0.50
19 0.38 -0.67 B2
20 0.37 -0.68 B1 -
flange
21 0.49 -1.10
22 0.50 -1.12
23 0.66 -1.53 WB1
24 0.67 -1.53
25 0.87 -1.92
26 0.92 -1.94
27 1.10 -2.29
28 1.16 -2.30 iy
flange
29 1.42 -2.68 Y2, WB2
30 1.48 -2.67
31 1.80 -2.94
32 1.86 -2.83
33 2.21
34
35
36
37
38
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Table 5.7 - Progression of Damage in SW Corner

T T SW CORNER
rue rue
CYCLE Tension | Compression| Brace | Gusset (CHEEE AR ECET 5
Drift (%) Drift (%) Plate to Column Column S Beam| W Column
Shear Tab Shear Tab
1 0.01 -0.03
2 0.01 -0.04
3 0.04 -0.07
4 0.04 -0.07
5 0.08 -0.08
6 0.07 -0.08
7 0.11 -0.09
8 0.12 -0.09
9 0.17 -0.13
10 0.17 -0.13
1 0.21 -0.16
12 0.23 -0.16
13 0.27 -0.20 B1 Y1
14 0.27 -0.20
15 0.30 -0.27
16 0.28 -0.28
17 0.32 -0.49
18 0.28 -0.50
19 0.38 -0.67 B2 Y1
B1 - E flange,
20 0.37 -0.68 Y1 - W flange
21 0.49 -1.10 Initial Uplift
22 0.50 -1.12 Y1
23 0.66 -1.53
24 0.67 -1.53
25 0.87 -1.92
26 0.92 -1.94
B2 - E flange,
27 1.10 -2.29 WB1 Y2- W flange
28 1.16 -2.30
29 1.42 -2.68
30 1.48 -2.67 WCA1
31 1.80 -2.94
32 1.86 -2.83
33 2.21
34
35
36
37
38
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Table 5.8 - Progression of Damage in Brace, NW Corner, and SE Corner

NW CORNER SE CORNER
UL LD Beam to Beam to
CYCLE ;?Inﬂs;;n) Coglr?fl;e(f/s)lon Brace N Beam | W Column Column | E Column Column |S Beam
. . Shear Tab Shear Tab
1 0.01 -0.03
2 0.01 -0.04
3 0.04 -0.07
4 0.04 -0.07
5 0.08 -0.08
6 0.07 -0.08
7 0.1 -0.09
8 0.12 -0.09
9 0.17 -0.13
10 0.17 -0.13
11 0.21 -0.16
12 0.23 -0.16 Initial Uplift
13 0.27 -0.20 B1
14 0.27 -0.20
15 0.30 -0.27
16 0.28 -0.28
17 0.32 -0.49
18 0.28 -0.50
19 0.38 -0.67 B2
20 0.37 -0.68
21 0.49 -1.10
22 0.50 -1.12
23 0.66 -1.53
24 0.67 -1.53
25 0.87 -1.92 Y1
26 0.92 -1.94
27 1.10 -2.29 Yi-E
flange
28 1.16 -2.30
B1 - flange,
29 1.42 -2.68 Y1 - W flange
30 1.48 -2.67 B1 - Y1
flange
31 1.80 -2.94
32 1.86 -2.83
33 2.21
34
35
36
37
38
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5.3.1.2 Moderate Damage States (DS1 & DS2)

Initial brace buckling (B1) was observed at -0.2% drift. There was slight initial visible uplift of
the east flange of the east column at this drift. Uplift of a single flange at the column bases
continued throughout the remainder of the test and grew in magnitude. At this same drift level,
initial yielding on the NE gusset plate (Y1) and whitewash flaking (Y1) on the NE beam to
column and gusset plate to column shared shear tab was observed, as shown in Figure 5.12. The
SW gusset plate also began yielding from the OOP brace rotation demands around -0.2% drift at

the brace end.

Figure 5.12 - Yielding in NE Gusset Plate and Shear Tab at +0.2% Drift

As the cycles continued, the NE corner sustained more yielding and damage than the SW corner.
In the NE corner at +0.4% drift, local buckling (B1) of the west flange of the east column at the
south end of the gusset plate to shear tab connection occurred, as shown in Figure 5.13. At this
same drift level and location in the SW corner (west column, east flange), there was also local
buckling of the column flange (B1). After reaching -0.7% drift, the brace had buckled upwards
OOP at the midspan 6.1 in. (B2).
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Figure 5.13 - NE Corner Local Flange Buckling (B1) at -1.0% Drift

At -0.7% drift, along the gusset plate to beam connection in the SW corner, the north flange of
the south beam was rotating — the top of the flange rotated north and the bottom of the flange
rotated south, shown in Figure 5.14 by the gap between the level and the beam flange. This
rotation was noted in previous SCBF tests and attributed to the downward force from the brace.
For this specimen, the shared shear tab did not provide much stiffness or resistance against the

OOP rotational demand, and this caused the whole corners to be affected and rotate.

Level

Figure 5.14 - Rotation of North Flange of South Beam in SW Corner

The framing elements sustained increased yielding with increased drift levels. On the west flange
of the west column, there was increased widespread yielding (Y2) at the south base of the
column at -1.1% drift. As the brace buckled to larger OOP displacements it placed more
rotational demand on the connections. The rotation of the south beam in the SW corner

increased, and the east flange on the west column was visibly rotating as well - the top of the
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flange was twisting east while the bottom of the flange was twisting west as shown in Figure

5.15. The flexibility in the shared shear tab allowed all components within the corner to rotate.

Figure 5.15 - Illustration of the SW Corner Beam and Column Rotations with Brace in Compression

At +0.5% drift there was a 1/8 in. vertical gap between the gusset plate and shear tab in the SW
corner of NE connection, shown in Figure 5.16. This gap indicated that the shear tab was bent
upward, sustained inelastic deformation, and did not straighten back out in tension. The gap was
only located at the free end of the shear tab, since bolt clamping forces held the plates together at
other locations. At +0.7% drift, yield lines (Y1) began to form in the SW gusset plate that ran

45° in each direction from the end walls of the brace.

Figure 5.16 - Gap Between Shear Plate and Gusset Plate in NE Corner
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At -1.5% drift, a 1/8 in. weld crack initiated on the bottom of the NE gusset plate to beam weld
(WB1). At the next compressive cycle, -1.5% drift, this weld crack propagated to 3/4 in. in
length (WB1). At this drift level, there was rotation of the south flange of the north beam in the
NE corner, similar to the behavior observed in the SW corner. The top of the flange was rotating
south while the bottom of the flange was rotating north. At this compression cycle the
potentiometer measuring the brace midspan OOP displacement value broke. The last measured
displacement was 10.3 in. (B2) at -1.5% drift, but the Optotrak sensor continued to measure this

OOP displacement.

5.3.1.3 Severe Damage States (DS3 & DS4)

The rotations in the SW corner became more pronounced at +1.1% drift with a 1/2 in. measured
displacement of the east flange in the west column, shown in Figure 5.17. At -2.2% drift, the
weld crack in between the beam and the NE gusset plate continued to grow to 3.25 in. (WB1),
but was still only on the bottom side. An approximately 1/8 in. long weld crack initiated (WB1)
in the SW beam to gusset plate (east propagating west) at this drift level. The brace walls

experienced visible local deformation at the brace plastic hinge location at the midspan.

1/2 in. disp.

g
k
2

b 5

Figure 5.17 - Rotation of the East Flange of the West Column at +1.1% Drift

The NE shear tab remained appreciably bent upward in the SW corner of the plate at +1.2% drift.

There was a 4 in. long weld crack (WB2) in the NE corner between the beam to gusset plate that

123



propagated through to the top fillet weld at -2.3% drift. More local buckling of the framing
elements occurred at -2.7% drift on the west flange of the west column at the north end (against

load beam).

At -2.7% drift, the severity of the hinge at midspan of the brace increased (B3-cupping) with the
bottom wall cupping inward as shown in Figure 5.18. A 1 in. weld crack on the underside of the
SW beam to gusset plate developed (WB1). In the SW corner, a 3 in. long weld crack also
developed in the CJP weld (WC1) joining the shear plate to column beginning at the north end of
the connection and propagated south. In compression at -2.9%, the weld crack in the NE beam to

gusset plate connection had grown to 4.25 in. on top and 6.5 in. on the bottom fillet weld (WB2).

Figure 5.18 - Brace Local Deformation (B3-Cupping) at Midspan at -2.7% Drift

The bottom corners of the brace began to tear at midspan at +1.9% drift (shown in Figure 5.19),
while framing element rotations increased in both corners. The west column in the SW corner
sustained significant yielding over the full depth of the column (Y3) and the west flange of the
west column in the SW corner locally buckled (B1) at -2.8% drift, both shown in Figure 5.20.
Additionally, the CJP weld crack in the SW corner grew to 5 in. in length but only 3 in. cracked
fully through the thickness (WC1). At this compression drift level, there was severe increased
local buckling of the brace (B3-cupping) at midspan. At +2.2% drift, the brace fractured (BF),

shown in Figure 5.21.
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Figure 5.19 - Brace Tearing (BT) at Midspan at +1.9% Drift

a. Local Buckling (B1) on West Flange b. Severe Yielding (Y3) on West Flange

Figure 5.20 - Damage in West Column in SW Corner at -2.8% Drift

Figure 5.21 - Brace Fracture (BF) at +2.2% Drift
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5.3.14 Specimen Summary of Results

The brace achieved a 17.5 in. OOP displacement at midspan before failing through brace
fracture. The framing elements sustained damage and the specimen’s unexpected ductility was
likely due to local deformation in the columns, weld fracture, bolt hole elongation, and bolt
ductility. The OOP rotation of the brace was not localized to the gusset plate bending alone — the
beam and column flanges attached to the gusset plate also were rotating. There was weld tearing
in the south gusset plate to column shear tab weld, in all gusset plate to brace splice welds
(minimal <1/4 in.), and in the north beam to gusset plate weld. The damage to the CJP weld was
extensive and moved between the heat affected zone of the plate, the weld metal, and finally
fully into the plate (latter in post fracture cycles). The gusset plate to brace welds were small and
did not propagate a notable amount. The damage to the beam to gusset plate weld in the NE

corner is described below.

At the NE beam to gusset plate connection, weld crack initiation was observed at -1.5% drift and
increased with increased story drift (see Figure 5.22). At the completion of the -2.7% drift
compressive cycle, the weld crack was 5.125 in. long on the bottom (Figure 5.22¢) and 2.25 in.
long on the top (Figure 5.22d). The weld crack was 6.5 in. long on the bottom (Figure 5.22¢) and
4.25 in. (Figure 5.22f) on the top at brace fracture. The weld crack did not fracture despite the

use of welds with low CVN toughness.

a. 3/4 in. weld crack (WB1) at -1.5% drift b. 2.125 in. weld crack at -1.9% drift
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¢. 5.125 in. weld crack (bottom, WB2) at -2.7%

d. 2.25 in. weld crack (top) at -2.7% drift
drift

e. 6.5 in. weld crack (bottom) at -2.9% drift f. 4.25 in. weld crack (top) at -2.9% drift

Figure 5.22 - Progression of Weld Cracking in NE Beam to Gusset Plate Connection

Post-fracture cycles were completed after brace fracture on the frame to quantify the residual
system strength and stiffness. Continued rotation was observed in the connections. The post-
fracture cycles were stopped because of the 10.5 in. crack in the CJP weld at the SW shear plate
to column connection. The crack at the north end opened to 3/4 in. Additionally, the south beam
developed a severe hinge in the SW corner adjacent to the gusset plate connection. Also during
post-fracture cycles a bolt in the SE corner fractured. During these cycles, the frame was able to

sustain story shears of 100 kip and -100 kip.

After post-fracture cycles, the frame was disassembled and the bolts and bolt holes were studied
with findings displayed in Figure 5.23 through Figure 5.26. A few bolts in the gusset plates had
visible bearing deformation (BD) and well-defined shear planes as shown in Figure 5.24a. In the

NE and SW connections, there was significant bolt hole elongation (BoE) (most notably in the
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beam web as it was the thinnest component). The largest elongation seen was 5/16 in. shown in

Figure 5.24c. There was no tearing, bolt pull out, or block shear. One bolt fractured (BoF) in the

SE beam to column connection during the post-fracture cycles, shown in the illustration in

Figure 5.23. A detailed photo summary of bolt damage can be found in the Appendix.

Legend:
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Figure 5.23 - SE Corner Bolt Damage
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Figure 5.24 - NE Corner Bolt Damage
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Figure 5.25 - SW Corner Bolt Damage
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Figure 5.26 - NW Corner Bolt Damage
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5.3.2 NHSS-B2

5.3.2.1 Specimen Overview

Specimen NHSS-B2 was tested on November 18™ 2013. It was the second in a series of bolted
NCBF tests, and modified NHSS-B1 to have a split shear tab rather than a shared beam to
column and gusset plate to column shear tab. The goal of this test was to examine the effects of
this change in connection configuration. Additionally, NHSS-B2 used an HSS6x6x1/4 (non-
compact) brace to explore whether the brace would resist local damage at the plastic hinge long

enough to reach the full capacity of the connection.

As seen in Table 5.4, NHSS-B2 was designed to be deficient in brace net section rupture, brace
block shear, brace to gusset plate base metal fracture, bolt shear, column to beam bolt bearing,
and brace local slenderness. The BDP predicts a DCR value of 1.5 for the weld joining the gusset
plate to the beam, since the BDP recommends that welds be sized to the tensile strength of the
gusset plate. The most severe limit states for this connection are the beam to gusset plate weld
fracture according to the BDP, and bolt shear for AISC. In addition to the deficiencies in the
limit states listed above, the gusset plate was not designed to have linear (AISC) or elliptical
(BDP) clearance. Although the brace was slotted for the welded connection to the gusset plate,
no net section reinforcing plates were included as required by the current Seismic Provisions.

The welds were E71T-11 and did not meet demand critical requirements.

Key components of the frame included (2) 3/4 in. thick bolted shear tabs — one to connect the
column to the beam (with 4 bolts) and the other to connect the 3/4 in. thick gusset plate (with 3
bolts) to the column; all bolts were A325, 1 in. diameter bolts with F436 structural washers. The
shear plates were connected to the column flanges via CJP welds. A drawing of the connection is
shown in Figure 5.27. The gusset plate and shear plate width and thickness, and number and size

of bolts were identical to NHSS-B1.
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Figure 5.27 - Specimen NHSS-B2 Connection Drawing

The non-compact brace of NHSS-B2 was able to fracture the NE gusset plate connection. NHSS-
B2 reached a maximum applied force of 292.9 kip, and -164.4 kip when the brace was in tension
and compression, respectively. The maximum story drifts were 0.69% in tension and -1.1% in
compression for a total drift range of 1.79% prior to connection failure. The specimen’s
hysteretic behavior is found in Figure 5.28. The frame exhibited a brittle and undesirable failure
mode of bolt fracture (BoF) and gusset plate to beam weld fracture (WBF) for the NE gusset
plate. Table 5.9 though Table 5.11 show the progression of performance states at each cycle of
NHSS-B2. They present information on each component of the system and its yielding, buckling,

or failure modes throughout the experiment.
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Figure 5.28 - Specimen NHSS-B2 Applied Story Shear vs. Story Drift Hysteretic Behavior
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Table 5.9 - Progression of Damage in NE Corner

NE CORNER
True True
CYCLE | Tension | Compression| Brace Gusset Beam to N
Drift (%) Drift (%) Plate Column Beam E Column
Shear Tab
N e e \Wonge.
2 0.04 -0.03
3 0.08 -0.07
4 0.08 -0.07
5 0.13 -0.09
6 0.13 -0.08
7 0.17 -0.11
8 0.17 -0.11
9 0.21 -0.13 Yclv-fTaur:de
10 0.21 -0.12
11 0.25 -0.16
12 0.25 -0.15
13 0.31 -0.19 B1
14 0.32 -0.19
15 0.36 -0.23
16 0.36 -0.23
17 0.44 -0.36
18 0.44 -0.36
19 0.56 -0.52 Y1
20 0.54 -0.53
B2 -
21 0.69 -1.07 . WB2 Y2, B1
hinge
22 0.64 -1.05 WB3
Y2, WBF,
23 BoF -
END
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
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Table 5.10 - Progression of Damage in SW Corner

SW CORNER
True True
CYCLE | Tension | Compression| Brace | g,sset | B€aM to s w
Drift (%) Drift (%) Plate Column | b -m | Column
Shear Tab
1 0.04 -0.03
2 0.04 -0.03
3 0.08 -0.07
4 0.08 -0.07
5 0.13 -0.09
6 0.13 -0.08
7 0.17 -0.11 Y1
8 0.17 -0.11
9 0.21 -0.13
10 0.21 -0.12
11 0.25 -0.16 Y1
12 0.25 -0.15
13 0.31 -0.19 B1
14 0.32 -0.19
15 0.36 -0.23
16 0.36 -0.23
17 0.44 -0.36
18 0.44 -0.36
19 0.56 -0.52
20 0.54 -0.53
21 0.69 -1.07 B2 -
hinge
22 0.64 -1.05
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
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Table 5.11 - Progression of Damage in NW & SE Corners

NW CORNER SE CORNER
True True
CYCLE | Tension | Compression| Brace w Beam to Beam to
Drift (%) Drift (%) N Beam Column Column |S Beam|E Column| Column
Shear Tab Shear Tab
1 0.04 -0.03
2 0.04 -0.03
3 0.08 -0.07
4 0.08 -0.07
5 0.13 -0.09
6 0.13 -0.08
7 0.17 -0.11
8 0.17 -0.11
9 0.21 -0.13
10 0.21 -0.12
11 0.25 -0.16
12 0.25 -0.15
13 0.31 -0.19 B1
14 0.32 -0.19
15 0.36 -0.23
16 0.36 -0.23
17 0.44 -0.36
18 0.44 -0.36
Initial
19 0.56 -0.52 Uplif
20 0.54 -0.53
21 0.69 1.07 B2- | Y1-atload
hinge beam

22 0.64 -1.05
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

136




5.3.2.2 Moderate Damage States (DS1 & DS2)

The columns sustained initial yielding (Y1) due to the compression force from column
tensioning and bolt pretensioning. When the bolts were tightened, the shear plate and the gusset
plate and beam web were clamped together. Because the shear plate was not initially
perpendicular to the column (at a slight angle from welding process), the column flange
deformed to accommodate the induced rotation. This initial yielding occurred in the NE corner,
on the inside of the east column, west flange along the length of the connection, shown in Figure
5.29. Additional initial yield lines appeared in the SW corner on the west column east flange

along the gusset plate to column shear tab region.
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Figure 5.29 - Pre-Test Yielding in NE Corner on East Column

Figure 5.30 - Initial Yielding (Y1) on SW Gusset Plate
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Initial yield lines (Y1) developed in the SW gusset plate at +0.2% drift as seen in Figure 5.30.
Additionally, the brace buckled OOP (B1) at -0.2% drift. Minor initial weld tearing was
observed at +0.4% drift in the brace to gusset plate welds at both the NE and SW corners. Yield
lines in the framing elements increased at +0.6% drift on the west flange of the east column at
the south end of the gusset plate to column connection. In the NE corner, yielding increased (Y1)
between the walls of the brace on the gusset plate around +0.6% drift. The early weld tearing in

the brace to gusset plate welds remained stable with no signs of growth over these cycles.

5.3.2.3 Severe Damage States (DS3 & DS4)

The damage sustained at -1.1% drift is shown in Figure 5.31. There was local buckling (B1) at
the NE corner on the west column flange of the east column (Figure 5.31b) and increased
yielding (Y2) in the same location (Figure 5.31a). During this same cycle there was visible
yielding in the north flange of the north beam on both the inside and outside adjacent to the load
beam. At the brace plastic hinge there was visible local deformation in the walls (B2-cupping),
shown in Figure 5.31c. In the NE corner, a 6 in. weld crack (WB2) appeared suddenly in the
beam to gusset plate connection through the top and bottom of the fillet welds as seen in Figure

5.31d.

a. Yielding (Y2) on West Flange of East Column b. Local Buckling (B1) on West Flange of East
Column
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c. Brace Hinge (B2-Hinge) d. 6 in. Weld Crack (WB2) at Beam to Gusset
Plate

Figure 5.31 - Increased Damage in the NE Corner at -1.1% Drift

When the brace was in tension at +0.7% drift, there was slight residual local deformation in the
brace hinge at midspan, but no increase in lengths of weld tearing. At the next compressive cycle
at the same drift level, the hinge at brace midspan increased in severity, (B2-cupping). At -1.1%
drift, the weld tear in the NE corner had grown to 12 in. long on top and 11.125 in. long on the
bottom. The NE gusset plate dislocated upward OOP out of the weld seat by 1/4 in. During the
following tensile cycle at a higher drift level, complete fracture of the beam to gusset plate weld
in the NE connection occurred (Figure 5.32a). While investigating the weld fracture during the
pause in the load cycle, initial tearing was observed on the bottom of the brace at midspan in the
corners (Figure 5.32b). The tension cycle was continued, and simultaneous fracture of the 3 bolts
connecting the column to gusset plate shear tab in the NE corner occurred (Figure 5.32¢). The

test did not reach the full tensile cycle. This full failure progression is shown in Figure 5.32.

a. Complete Fracture of Beam to Gusset Plate Weld b. Brace Tearing
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c. Complete Connection Failure

Figure 5.32 - NE Connection Failure in Final Tensile Cycle

53.24 Specimen Summary of Results

NCBF 1 (Sloat, 2014) used the seismically non-compact HSS7x7x1/4, and the local strain
concentrations at the corners of the locally slender brace due to brace buckling resulted in early,
sudden brace fracture before the connection was fully developed. NHSS-B2 also had a locally
slender brace with a slightly lower b/t ratio. NHSS-B2 was only able to reach a total drift of
1.79% (0.27% higher than NCBF1) but the connection failed before the brace fractured.

This specimen saw comparatively little yielding in the framing components. The inelastic
deformation was largely constrained to the brace plastic hinge. The 6 in. weld crack that
propagated in the NE beam to gusset plate weld developed quickly and led to sudden weld
fracture. The 3 bolts joining the gusset plate to the shear plate fractured shortly thereafter. The
failure mode of this specimen was extremely brittle and swift. The connection failed on the third

cycle after the weld crack was first observed in the NE beam to gusset plate weld.

Once the connection failed, a portion of the brace was cut out. Post-fracture cycles were
completed on the specimen to determine the residual stiffness of the frame. During these cycles,
the frame was able to sustain story shears of 70 kip and -50 kip with the brace in tension and
compression respectively. After these cycles, the frame was disassembled and the bolts and their
connecting members were investigated. Diagrammatic sketches of the bolt damage found in the

four corners can be found in Figure 5.33 through Figure 5.37. Aside from the 3 fractured bolts in
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the NE gusset plate to column shear tab connection, shown in Figure 5.34a and Figure 5.35a,
there was limited bolt damage and bolt hole elongation. Maximum elongation from bearing
stresses of 3/16 in. was found in the NE gusset plate to column shear tab in all holes, shown in
Figure 5.34b and Figure 5.35b. There was no observed deformation at the edge of the plate from
bolt bearing stresses, as seen in NHSS-B1. The beam web only had one hole with less than 1/4
in. elongation (comparable to that found in the shear tab), as shown in Figure 5.34c and Figure
5.35c. Overall, the performance of this frame did not appear greatly influenced by bolt

deformation and bolt hole elongation.

Legend:
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Figure 5.33 - SE Corner Bolt Damage
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Figure 5.34 - NE Corner Bolt Damage

a. GP to Col. Bolts b. Southern-most GP to Col. c. Beam Web
Shear Tab Bolt Hole

Figure 5.35 - Photo Evidence of Bolt Damage in NE Corner
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Figure 5.36 - SW Corner Bolt Damage
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Figure 5.37 - NW Corner Bolt Damage
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5.3.3 NHSS-B3

5.3.3.1 Specimen Overview

The third bolted specimen, NHSS-B3, was tested on December 19“‘, 2013. NHSS-B3 resembled
NHSS-B2, except it used a seismically compact HSS 5x5x3/8 brace and with a thinner 1/2 in.
thick gusset plate to explore the effects of using a thinner gusset plate on the connection

performance.

As seen in Table 5.4.1, NHSS-B3 was designed to be deficient in brace net section rupture, brace
block shear, Whitmore gusset plate yielding, gusset plate shear yielding, bolt shear, and bolt
bearing. The AISC equation shows a DCR of 0.64 for beam to gusset plate weld strength, but the
BDP resulted in a DCR value of 1.4, because of the recommendation that weld strength should
develop the tensile yield capacity of the gusset. The most severe limit state for this connection is

bolt shear and bolt bearing.

In addition to the deficiencies in the limit states listed above, the gusset plate was not designed to
have linear (AISC) or elliptical (BDP) clearance. Although the brace was slotted for the welded
connection to the gusset plate, no net section reinforcing plates were included as required by the

current Seismic Provisions. The E71T-11 welds were not demand critical.

Key components of the frame included: 3/4 in. thick bolted beam to column shear tabs (4 bolts)
and 3/4 in. thick bolted gusset plate-to-column shear tabs (3 bolts); all bolts in those components
were A325, 1 in. diameter bolts, with F436 structural washers. The shear tabs were connected to
the column flanges via CJP welds. The gusset plates were connected to the beams with 5/16 in.
fillet welds. The brace was connected to the gusset plate with 7/16 in. fillet welds. The

connection drawing is shown in Figure 5.38.
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Figure 5.38 - Specimen NHSS-B3 Connection Drawing
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NHSS-B3 failed due to fracture of the beam to gusset plate welds in the NE and SW corners
which caused a loss of more than 20% in lateral resistance. The test was continued after the
welds fractured and the frame was able to reach higher drift levels. Prior to the connection
failures, the maximum load resisted in the frame with the brace in tension was 341 kip and -176
kip with the brace in compression. After these fractures, when the brace was in tension the frame
was able to sustain loads of about 200 kip, and when in compression the frame resisted a little
over 100 kip. The brace remained connected to the column through the 3 bolts in each gusset
plate to column shear tab. Even with only 3 bolts in each corner, the brace was still able to
continue buckling OOP at increased displacements to eventually reach 17.8 in. midspan OOP

displacement.
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Prior to connection failure, the maximum story drifts achieved were 1.1% and -2.1% with the
brace in tension and compression respectively, for a total range of 3.2%. As mentioned, the test
was continued after these fractures and the maximum story drifts achieved at the completion of
the test were 2.6% in tension and 3.8% in compression for a total drift range of 6.4%. The
specimen’s hysteretic response is shown in Figure 5.39. Table 5.12 through Table 5.14 show the
progression of performance states at each cycle of NHSS-B3. They present information on each

component of the system and it’s yielding, buckling, or failure modes throughout the experiment.
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Figure 5.39 - Specimen NHSS-B3 Applied Story Shear vs. Story Drift Hysteretic Behavior
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Table 5.12 - Progression of Damage in NE Corner

NE CORNER
True True G tt B t
CYCLE | Tension | Compression| Brace Gusset C;l:Iz;no CZTle: N E
H 0, H 0,
Drift (%) Drift (%) Plate Shear Tab Shear Tab Beam | Column
1 0.03 -0.04
2 0.03 -0.04
3 0.05 -0.07
4 0.05 -0.07
5 0.08 -0.09
6 0.08 -0.09
7 0.12 -0.12
8 0.12 -0.12
9 0.16 -0.16
10 0.16 -0.16
1" 0.21 -0.22 B1 Y1
12 0.19 -0.23
13 0.23 -0.32
14 0.20 -0.34
15 0.24 -0.44
16 0.21 -0.45
17 0.28 -0.68 B2
18 0.25 -0.69
19 0.32 -0.92 Y1 Y1
20 0.30 -0.94
21 0.50 -1.35 WB1
22 0.49 -1.35 WB2
23 0.70 -1.63 WB3 B1-
flange
WBF,
24 0.88 -1.81 BoEg, Y2
25 1.10 -2.10
26 1.01 -2.14
27 1.27 -2.44 Y2
28 1.25 245
29 1.53 277
30 1.53 -2.75
31 1.82 -3.09
32 1.83 -3.07
33 2.08 -3.38
34 2.07 -3.40 Y-
web
35 2.33 -3.75
36 2.33 -3.73
37 BoF - END B1 -
web
38
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Table 5.13 - Progression of Damage in SW Corner

SW CORNER
L) L) Gusset to Beam to
CYCLE | Tension | Compression| Brace Column Gusset Column S w
Drift (%) Drift (%) Shear Tab Plate Shear Tab Beam | Column
1 0.03 -0.04
2 0.03 -0.04
3 0.05 -0.07
4 0.05 -0.07
5 0.08 -0.09
6 0.08 -0.09
7 0.12 -0.12
8 0.12 -0.12
9 0.16 -0.16
10 0.16 -0.16
11 0.21 -0.22 B1 Y1
12 0.19 -0.23
13 0.23 -0.32
14 0.20 -0.34
15 0.24 -0.44
16 0.21 -0.45
Y1 -
17 0.28 -0.68 B2
web
18 0.25 -0.69
19 0.32 -0.92 Y1
20 0.30 -0.94
21 0.50 -1.35
22 0.49 -1.35 WB1
23 0.70 -1.63 WB2 Y2
24 0.88 -1.81
25 1.10 -2.10 WB3
26 1.01 -2.14 WBF
27 1.27 -2.44 BoEg
28 1.25 -2.45
29 1.53 -2.77
30 1.53 -2.75
31 1.82 -3.09
32 1.83 -3.07
33 2.08 -3.38
34 2.07 -3.40
35 2.33 -3.75
36 2.33 -3.73
37
38
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Table 5.14 - Progression of Damage in NW & SE Corner

NW CORNER SE CORNER
True True B ¢ B ¢
CYCLE | Tension | Compression| Brace N w eam to E eam to
Drift (%) Drift (%) Beam | Column I | S Column (ST
Shear Tab Shear Tab
1 0.03 -0.04
2 0.03 -0.04
3 0.05 -0.07
4 0.05 -0.07
5 0.08 -0.09
6 0.08 -0.09
7 0.12 -0.12
8 0.12 -0.12
9 0.16 -0.16
10 0.16 -0.16
1 0.21 -0.22 B1
12 0.19 -0.23
13 0.23 -0.32
14 0.20 -0.34
15 0.24 -0.44
16 0.21 -0.45 Y1 Y1
17 0.28 -0.68 B2 Y1
18 0.25 -0.69
19 0.32 -0.92
20 0.30 -0.94
21 0.50 -1.35
22 0.49 -1.35
Initial
23 0.70 -1.63 Uplift
24 0.88 -1.81
25 1.10 -2.10
26 1.01 -2.14
27 1.27 -2.44 IPB1
28 1.25 -2.45
29 1.53 -2.77
30 1.53 -2.75 Y1
31 1.82 -3.09 B1
32 1.83 -3.07
33 2.08 -3.38
34 2.07 -3.40
35 2.33 -3.75
36 2.33 -3.73
37
38
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5.3.3.2 Moderate Damage States (DS1 & DS2)

The brace buckled upward OOP (B1) at -0.2% drift. Initial yield lines (Y1) on the inside of the
east flange of the west column were observed at +0.21% drift. Framing element yielding (Y1)
continued at +0.54% drift in the NE corner on the west flange on the east column at the south
end of the gusset plate, shown in Figure 5.40. As the cycles continued at larger drifts, yielding in

the framing elements increased.

Figure 5.40 - Initial Yielding (Y1) in NE Corner

By -0.45% drift, a 4 in. x 3 in. area of yield lines on the outside of the west flange of the base of
the west column was seen. On the east column, yield lines formed at both the top and bottom of
the east flange. Additionally, the gusset plate was observed to be bending OOP — but not bending
the shear tab with it as in NHSS-B1, shown in Figure 5.41. At -0.92% drift, yielding (Y1) in the

NW corner on the east flange of the west column as seen in Figure 5.42 was observed.
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Figure 5.42 - Yielding (Y1) in the NW Corner

At the next compressive cycle at -0.94% drift, yield lines (Y1) also formed on the north flange of
the north beam about 8§ in. east of the load beam. The brace continued to buckle upwards OOP
and at -0.68% drift, the brace midspan had displaced 5.7 in. (B2). At -1.3% drift, there was
increased yielding (Y1) at the base of the west column on the west flange. Also at this drift level,
a 1 in. long weld crack (WB1) initiated in the NE corner at the west end of the gusset plate to
beam weld on the bottom of the plate, shown in Figure 5.53a. The OOP rotation of the gusset

plate in the NE corner is shown in Figure 5.43. Tensile yield lines were observed on the
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underside of the NE gusset plate at +0.49% drift. On the SW gusset plate, radial yield lines

formed around all 3 bolts.

Figure 5.43 - Gusset Plate Rotation at -1.3% Drift

By the second compressive cycle at the above drift, the crack in the NE beam to gusset plate
weld had propagated to 3/4 in. and 4.125 in. long (WB2) on the top and bottom, respectively, as
shown in Figure 5.53b. In the SW corner, the beam to gusset plate weld crack (WB1) had
propagated to 2.75 in. long on the bottom, as seen in Figure 5.54a. After this compression cycle,
there was increased yielding in the NW beam to column shear tab at the southern end. Moving to
the tension cycle, at +0.70% drift there was significant yielding in the NE gusset plate and about
40% of the whitewash had flaked off.

5.3.3.3 Severe Damage States (DS3 & DS4)

During the compressive cycle at -1.6% drift, the NE weld tearing propagated to 11.25 in. (WB3)
through both welds and the gusset plate had dislocated OOP at the west end by 1/2 in., as seen in
Figure 5.53c. The SW corner beam to gusset plate weld tearing had propagated to 4 in. and 1 in.
long on the top and bottom fillet weld (WB2), respectively, shown in Figure 5.54b. In this

corner, the east flange of the west column had rotated over the entire depth of the SW
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connection. Yield lines continued propagating on the west column flange of the west column

(Y2), shown in Figure 5.44.

Figure 5.44 - Moderate Yielding (Y2) on the West Flange of the West Column at -1.6% Drift

The test was paused during the +0.88% drift cycle when the beam to gusset plate weld in the NE
corner fractured, as seen in Figure 5.53d. Once the tensile drift peaked at +0.88%, there was a
residual 2 in. vertical OOP displacement of the brace. The fully fractured weld crack in the NE
corner opened a gap of 1 in. at the far west side, seen in Figure 5.45. On the underside of the NE
gusset plate three bulges formed east of the bolt heads caused by bolt hole elongation, shown in
Figure 5.46. On the south ends of the brace to gusset plate splice, small weld cracks initiated. At
-1.6% drift, the brace had increased in vertical OOP displacement to 11.2 in. (B2). At -1.8%
drift, the SW beam to gusset plate connection now had a 5 in. long weld crack on the bottom and

2.5 in. long weld crack on the top, shown in Figure 5.54c.
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Figure 5.46 - Bolt Hole Elongation in the Gusset Plate in the NE Corner

o

In the following cycles, the SW beam to gusset plate weld continued to deteriorate, and at -2.1%
drift it had cracked 8.5 in. on top and 11 in. on the bottom (WB3), as shown in Figure 5.54d, and
the east flange of the west column continued to rotate. By the second cycle at +1.0% drift, the
bottom weld crack fractured and the crack length was 14 in. on top. In these larger compression
drift cycles, the brace began to buckle in-plane to the NW due to the eccentricity from the
connection weld fractures. When stretched in tension, the brace developed into an “S” shape,
shown in Figure 5.47. The photo shows that in the SW corner the brace was displaced towards

the west, and in the NE corner the brace was displaced towards the east.
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Figure 5.47 - Brace "S" Shape at +1.0% Drift

At the second compressive cycle at -2.1% drift, the SW beam to gusset plate weld fractured, as
shown in Figure 5.54¢ and the gusset plates were attached to the columns by 3 bolts at each
gusset. After this event, the specimen lost significant lateral resistance, but the test was still
continued. At -2.1%, a gap of 1/8 in. between the load beam and the north beam flange at the
east end was first observed. The NE bolt holes continued to elongate at increasing drift levels.

Bolt hole elongation (BoE) was first seen at in the SW corner at -2.4% drift.

At +1.5% drift, the north flange of the south beam in the SW corner came in contact with the east
flange of the west column. The SW corner of the gusset plate was also bearing on the east flange
of the west column. This contact continued throughout the rest of the test. Figure 5.48 shows the
local buckling (B1) that formed at -2.8% drift on the east flange of the west column at the south
end of the NW shear tab.
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Figure 5.48 - Local Buckling (B1) in the NW Corner of the Frame at -2.8% Drift

Figure 5.49 - In-plane Brace Buckling at -3.1% Drift

By -3.1% drift, the brace in-plane buckling increased at its midspan from the first observation
(shown in Figure 5.49), likely due to the flexibility and eccentricity caused by the beam to gusset

plate weld fracture. The brace appeared to be developing slight local deformations in the brace
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walls (B3-cupping) and it was warm to the touch. By the second cycle at this drift, both flanges
at the base of the north column were bowed outward (local deformation) as shown in Figure
5.50. The NE corner continued to suffer extreme damage at +2.3% drift with the west end of the
gusset plate separated 1.5 in. to the south and moved 1.5 in. to the west from its original location,

as seen in Figure 5.51.

Figure 5.51 - Visible Gap in Gusset Plate to Beam at +2.3% Drift
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At -3.7% drift, slight beam web local buckling (B1) in NE beam to column connection occurred,
as shown in Figure 5.52a. This behavior was seen because of the eccentricities induced by weld
fractures in the gusset connections. The free edge of the gusset plate at the beam to gusset plate
connection had displaced out of the weld seat significantly as shown in Figure 5.52b and Figure
5.53e. The elongation of the bolt holes and deformation in the bolts in the gusset plate to column
shear tab was so severe the bolts were pointing diagonally — towards the west; and in viewing
from below, the edge of the bolt hole was visible from around the bolt head, as shown in Figure
5.52c. The brace continued to develop deformation at the plastic hinge at midspan, with a total
vertical displacement of 17.8 in (Figure 5.52d). The actuator reached its full stroke capacity and
the test was stopped at +2.6% drift. There was one bolt fracture in the NE gusset plate to column
shear tab connection (the northernmost bolt). The test was stopped after this bolt fracture — a

photo summary of the last compression cycle is below in Figure 5.52.

ar

TR

ord 38
c. Bolt Hole Elongation from Below the North d. Brace Hinge at Midspan
Gusset Plate

Figure 5.52 - Final Test Photos at -3.7% Drift
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5.3.3.4 Specimen Summary of Results

While NHSS-B3 was able to achieve the highest drift range of all the tests, it had an undesirable
failure mode and sustained significant loss of resistance at a much lower drift range. The frame’s
resilience after weld fracture was due to increased flexibility in the gusset plate connections,
extreme bolt hole elongation, and bolt deformation. Once the beam to gusset plate welds
fractured, the brace achieved larger OOP displacements due to the significant OOP rotation of
the free sides of the gusset plate.

In NHSS-B2, once the NE beam to gusset plate weld fractured, the bolts joining the gusset plate
to column shear tab fractured in the same tensile cycle. The same three bolts in this NHSS-B3
did not fracture. Changing to a 1/4 in. thinner gusset plate allowed bolt hole elongation and bolt
deformation that contributed to increased frame story drift capacity. In the previous tests, bolt
hole elongation concentrated in the thinnest connecting member, but in NHSS-B3, both the

gusset plate (1/2 in.) and the connecting shear tab (3/4 in.) deformed.

Post-fracture cycles were completed as part of the full test cycles. Typically, to conduct post-
fracture cycles, the testing had to be stopped and a portion of the brace cut out to prevent
binding. The beam to gusset plate weld fracture in both corners was the cause of the loss in
resistance, but the gusset plates remained connected to the columns. Because of this connectivity,
the test did not have to be stopped prior to post-fracture cycles. At the conclusion of the test, the
frame was disassembled and the bolts and bolt holes were studied. The diagrammatic sketches
below in Figure 5.55 through Figure 5.60 document the bolt damage found with key photos
included. Additionally there are photographs of all bolts and connecting plates in the Appendix.
A few bolts in the gusset plates withstood significant deformation (BD) from bearing stresses

and looked close to shear failures, as seen in Figure 5.57 and Figure 5.58.

There was significant elongation of bolt holes (BoE) from bearing stresses, most notable in the
NE gusset plate. Those three holes elongated to a final ovular diameter of between 2.125 in.
(closest to the beam), which is double the original diameter, and 1.625 in. (southernmost), which
is 9/16 in. larger than the original diameter. With these elongations, it is clear that bolt hole

elongation contributed a large portion of the maximum story drift. The edges of the NE gusset
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plate and NE beam web were deformed significantly from bolt bearing. Photos of these
elongated bolt holes are shown in Figure 5.57. Bolt #5, located closest to the beam in the gusset
plate connection, fractured during the final tension cycle, seen in Figure 5.58, making bolt shear

failure the controlling failure mode over individual bolt tearout.

%

4

a. 1 in. long weld crack at -1.3% drift b. 4.125 in. (bottom) & 0.75 in. (top) weld crack at
-1.3% drift

c. 11.25 in. (bottom) & 11.25 in. (top) weld crack at -1.6% drift
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d. Weld fracture at +0.88% drift e. Post weld fracture at -3.7% drift

Figure 5.53 - Progression of NE Beam to Gusset Plate Weld Fracture

(UECTORL o

a. 2.75 in. long weld crack at -1.3% drift b. 4 in. (bottom) & 1 in. (top) weld crack at -1.6%
drift

c. 5 in. (bottom) & 2.5 in. (top) weld crack at -1.8% drift
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d. 11 in. (bottom) & 8.5 in. (top) weld crack at -2.1% e. Weld fracture at -2.1% drift (second cycle)
drift (first cycle)

Figure 5.54 - Progression of SW Beam to Gusset Plate Weld Fracture
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Figure 5.55 - SE Corner Bolt Damage
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Figure 5.56 - NE Corner Bolt Damage
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Figure 5.57 - Bolt Hole Elongation in NE Gusset Plate

Figure 5.58 - Bolt Damage in NE Gusset Plate
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Figure 5.59 - SW Corner Bolt Damage
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Figure 5.60 - NW Corner Bolt Damage
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CHAPTER 6: DATA ANALYSIS

6.1 Introduction

This chapter focuses on analyzing the data from each specimen and drawing conclusions about
system performance. The instrumentation layout was described in Chapter 4, but will be
elaborated on in this chapter as necessary to accompany sample calculations. Data analysis
utilized Matlab Version R2013a and Microsoft Office Excel. Occasionally, instrumentation was
damaged or electronic errors occurred during the test. This flawed data was not included in the

analysis.

The total braced frame system behavior is evaluated in Section 6.2, with subsections
investigating the applied lateral load versus story drift responses, system stiffness comparisons,
energy dissipation comparisons, and post-failure system behavior. Section 6.3 discusses the NE
and SW connection responses (the corners with the gusset plate connection), in particular the
gusset plate OOP displaced shape, gusset plate OOP rotation angle, and shear tab rotations.
Section 6.4 discusses bolt damage seen in the test and its impact on system performance, and

Section 6.5 discusses weld damage for each test specimen.

Section 6.6 describes the analysis of the brace response for each test specimen. It is broken into
several subsections that describe finding the experimental effective length factor, k, the brace
buckled performance state comparisons, the brace axial force versus story drift response, the
brace buckled shape, and the brace elongation. Section 6.7 discusses the NW and SE connection

responses (the corners without the gusset plate connection).

6.2 Braced Frame System Behavior

When assessing the performance of a braced frame, its ultimate drift capacity and its lateral load
resistance are two important factors. The braced frame’s drift capacity can be a direct measure of
its ductility. The desired performance for a braced frame is one that can survive large drift levels
while maintaining its lateral load resistance. Braced frame systems achieve their ductility

through inelastic brace buckling and yielding of the brace, however, yielding of other
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components can add ductility and inelastic deformation capacity to the system. In order to
develop the brace capacity and maximize brace performance, the connection must be able to
withstand the large forces and inelastic rotational demands from the brace. Connection failures in

several tests had detrimental effects on the frame’s lateral drift and resistance capabilities.

Table 6.1 provides a summary of each test, including their experimental goals, drift and load
capacities, and ultimate failure modes. The applied lateral load versus story drift response for the
specimens are asymmetric and could be misleading. The asymmetry is due to different factors,
including the difference between the brace’s tensile and compressive capacities and losses and
slip that occur within the system. The total drift range is reported and is a better measure to use

because it more closely relates the strain in the outer fiber of the braces.

From the results presented in Table 6.1, NHSS-B1 achieved the largest ductility, total force
range and total drift capacities. It also had the most desirable failure mode of brace fracture,
despite significant tearing at the gusset plate to beam weld. NHSS-B2 and NHSS-B3 were less
ductile and neither was able to achieve brace fracture. NHSS-B3 had comparable lateral
resistance to NHSS-B1, and NHSS-B2 had the lowest lateral resistance. The hysteretic force-

drift response of these specimens is described in more detail in Section 6.2.1.

167



NHSS-B1

Table 6.1 - Summarized Test Specimen Performance

Specimen was
designed to explore
perceived deficiencies
of NCBF bolted
connections (bolt
shear, brace net
section, brace block
shear) using a shared
shear tab.

1.9

4.9

362

-171

533

Brace

Fracture

NHSS-B2

Specimen was
designed to explore
perceived deficiencies
of NCBF bolted
connections (bolt shear
& bearing, brace net
section & block shear,
beam to gusset base
metal fracture) using a
split shear tab and non-
seismically compact
brace.

0.69

-1.1

1.8

293

-164

457

Weld/Bolt

Fracture

NHSS-B3

Specimen was
designed to explore
perceived deficiencies
of NCBF bolted
connections (bolt
shear, brace net section
& block shear) using a
split shear tab and
thinner gusset plate.

2.6"

-3.8°

6.4"

213°

-133¢

345°¢

1.1°

2.1°

3.2

341¢

-176¢

5174

Weld

Fractures

SR

o

d. Peak story shear values at failure (20% strength loss).

Peak story shear values after failure (20% strength loss) from weld fractures.

Drift values at failure (20% strength loss) due to weld fractures in NE & SW connections.

Drift values for entire test, however failure (20% strength loss) occurred at lower drift values, see note b.
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6.2.1 Applied Story Shear versus Story Drift Response

Figure 6.1 shows the applied story shear versus story drift response for the three specimens with
their failure mode noted on the plot (refer to Chapter 5 for definitions of the notation). The axes
for each specimen are at the same scale for visual comparison. The lateral load plotted on the y-
axis is the measurement recorded directly from the load cell in the actuator during the test. The
frame drift was calculated as the true horizontal displacement divided by the frame height. The
true horizontal displacement of the frame was calculated using the frame diagonal elongation
measurement divided by the cosine of the original brace angle. This measurement was used
instead of the string pot measuring the lateral displacement in the NE corner, because it requires

minimal corrections and is easily and accurately determined.

Comparisons can be made of the total drift range, the maximum tensile and compressive
capacities of the system, the strength degradation, and the energy dissipation (qualitative
observations) from these plots. The energy dissipation capability of the tests can be compared
from the hysteretic responses as tests with wider loops indicate more energy dissipated than

those with more narrow, pinched loops.
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c¢. NHSS-B3

Figure 6.1 - Applied Story Shear vs. Story Drift Hysteretic Response

Brace fracture was the ultimate failure mode for NHSS-B1, and the other two specimens had less
ductile failure modes of weld/bolt fractures in the NE and SW gusset plate connections. Despite
its connection deficiencies, most notably the DCR values for bolt shear of 1.6 in the beam to
column shear tab and 1.9 in the gusset plate to column shear tab, NHSS-B1 had reasonably good
hysteretic behavior as compared to previous SCBF research (Johnson, 2005). Nevertheless, it
experienced weld tearing at the beam to gusset plate interface in the NE corner, which was
unexpected due to its low DCR value of 0.64 (per AISC equations in Chapter 3). If the strength
of the gusset plate in tension is substituted for the expected tensile brace capacity for the
demand, as recommended in Roeder et al. (2011), the DCR value was 1.1 and more closely

reflects the specimen performance.

NHSS-B1 achieved 362 kip and -171 kip lateral load with the brace in tension, and compression,
respectively. Prior to weld fracture in both NE and SW corners, NHSS-B3 reached a total load
capacity range 16 kip less than NHSS-B1, with a comparable compressive buckling load. Its
hysteretic behavior changed dramatically after beam to gusset plate welds in both the NE and
SW connections fractured. After weld fracture, the system remained connected through the
bolted gusset plate to column shear tabs, but the lateral load resistance decreased significantly.
Again, NHSS-B3 had DCR values for bolt shear of 1.9 and 1.6 for the gusset plate to column and

beam to column shear tabs, respectively, and yet these failure modes were not seen. NHSS-B2
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had the least ductile response of the three NCBF specimens. It suffered rapid strength
degradation shortly after brace buckling. The hysteretic loops indicate little damage or yielding
prior to a 6 in. weld crack (WB2) that formed in the beam to gusset plate weld in the NE
connection at -1% story drift. Weld fracture occurred shortly thereafter, but was not expected for
this specimen because the AISC DCR value for interface weld fracture was only 0.56. Using the
gusset plate strength however, NHSS-B2 had a DCR value of 1.5 for interface weld fracture,
which was only slightly lower than the 1.6 DCR value for bolt shear in the column to gusset
plate shear tab. These bolts failed immediately after weld fracture in the NE corner (same tension

cycle).

Powell (2012) tested a pilot NCBF specimen (NCBF 32 as discussed in Chapter 2) and its
applied lateral load versus story drift response was previously shown in Figure 2.14. Its response
was similar to NHSS-B3, where despite an early connection failure resulting in large strength
degradation, the system was able to continue to much higher drift levels at a decreased lateral
load capacity. Prior to failure of the gusset plate to brace welds, the system resembled a
combination of NHSS-B2 and NHSS-B3, with very narrow, tight hysteretic loops. At connection
failure and large strength degradation, NCBF 32 had achieved a drift range of 1.3%. Its low total

drift range also indicates it was the least ductile system.

6.2.2 Stiffness Comparisons

For each test the backbone envelope curve of the applied lateral load-displacement data was
plotted. From these curves, the elastic stiffness (k.), the post-yield stiffness (kp), and the post-
buckling stiffness (kpc) of the system were found using a linear fit to the segments; the slope of
the applied lateral load versus displacement plot is the stiffness. The elastic stiffness is of
interest to engineers when the braced frame system is subjected to smaller, more frequent
earthquakes, as the system remains elastic at the lower displacement values. The post-buckling
and post-yield stiffness values for the systems are more important when considering larger, more
infrequent earthquakes. The stiffness values found for each of the specimens is shown in Table
6.2. A sample calculation of these values is illustrated with specimen NHSS-B1, shown in Figure

6.2.
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Figure 6.2 — Sample Stiffness Calculation for Specimen NHSS-B1

Table 6.2 — Stiffness Comparison of Test Specimens

Test Elastic, k. Post-Yield, | Post-Buckling,
Specimen (k/in) Kp¢ (K/in) Kpc (k/in)
NHSS-B1 957 2.1 -7.4
NHSS-B2 545 N/A -39
NHSS-B3 807 13* -14.7

*Post-weld fractures
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Figure 6.3 - Backbone Curves for NCBF Bolted Specimens

Figure 6.3 shows the backbone envelope curves for the three NCBF specimens. NHSS-B1 had
the highest elastic stiffness, followed by NHSS-B3, and then NHSS-B2. The differences between
NHSS-B3 and NHSS-B1 are that NHSS-B3 used a split shear tab to connect the beam and gusset
plate to the column, and used a 1/2 in. thick gusset plate, while NHSS-B1 used a shared shear tab
and a 3/4 in. thick gusset plate. The higher elastic stiffness for NHSS-B1, could be attributed to
the thick plates and connecting the beam and gusset plate to the column with a single combined
shear plate, since this configuration creates a more restrained corner connection. A value for the
post-yield stiffness of NHSS-B2 and NHSS-B3 was not calculated as the frames’ connections
had brittle failures at lower drift levels. The post-yield stiffness value reported for NHSS-B3 in
Table 6.2 was based upon the data collected after both the NE and SW connections beam to
gusset plate weld’s had fractured, and these fractures resulted in a drastic strength loss (not
shown in Figure 6.3 for clarity). NHSS-B2 had an HSS6x6x1/4 brace section that was designed

to have a lower kL/r value and saw more severe stiffness degradation in the system.
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NHSS-B1 had the highest post-buckling stiffness value, followed by NHSS-B3, and then NHSS-
B2. The increased flexibility of the NHSS-B2 system post-buckling could be attributed to the 6
in. weld crack that appeared suddenly in the NE beam to gusset plate connection around -1%
story drift (-1.5in). NHSS-B1 had twice as high a post-buckling stiffness as NHSS-B3, again
possibly because the shared shear tab and thicker gusset plate in NHSS-B1 provided a more

restrained connection after brace buckling able to better distribute the load.

6.2.3 Energy Dissipation

A braced frame system dissipates energy through the inelastic buckling and yielding of its braces
with secondary yielding of other elements. Energy dissipation is crucial to seismic lateral-load
resisting systems because it dampens the structure’s dynamic response to an earthquake. While a
system with higher energy dissipation improves seismic performance, it does not guarantee a
satisfactory performance. Systems that absorb large amounts of energy also sustain significant
damage. This section compares the calculated total braced frame energy dissipated for each of
the three specimens. The total energy is divided into energy dissipated from the brace and from

other components of the system (framing elements, connection ductility, bolt deformation).

Energy dissipation is calculated using the applied lateral load and horizontal displacement values
for each specimen. The energy dissipated per cycle is the area within one full hysteretic loop.
The sum of these cycles gives the cumulative energy dissipated for the specimen. The
trapezoidal rule, shown in Eq. (6-1) was used to calculate the area of the hysteretic loops. Figure
6.4 shows the calculation graphically. One caveat of this energy calculation is that the total
energy dissipated is directly dependent on the number of cycles completed — the higher the drift
achieved and the more cycles completed, the larger the total energy dissipated. Losses vary from
test to test, and two frames can have different energy dissipation by virtue of differences in their

deformation capacity and history.
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o= S -0

where: E = total energy dissipated
P = applied lateral load
A = displacement in direction of applied force

I = increment

| Force

Drift

Figure 6.4 - Energy Dissipation Calculation (Kotulka, 2007)

(6-1)
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Figure 6.5 - Cumulative Braced Frame System Energy Dissipated for NCBF Specimens

Figure 6.5 shows the energy dissipated by the full braced frame system for the three bolted
NCBF specimens, with failure modes indicated on the plot. The three specimens follow a similar
energy versus total drift range curve until NHSS-B2 sustained weld fracture at the NE gusset
plate to frame connection at the 1.75% total drift range with 1350 kip-in of energy dissipation.
NHSS-B1 and NHSS-B3 continued to follow similar curves until the 2.25% drift range. NHSS-
B3 sustained a sequence of weld fractures first in the NE then the SW gusset plate to beam
connection at slightly larger drift ranges. By the second fracture at 3.2% total drift range, NHSS-
B3 had dissipated 3110 kip-in.of energy dissipation. There was a large increase in energy
dissipated at approximately 2.8% total drift range in NHSS-B1 when cupping developed at the
plastic hinge. Following this drift range, the rate of energy dissipation in NHSS-B1 decreased.
The local deformations in the brace walls at midspan increased in severity for NHSS-B1 until the

brace fractured at close to 5% total drift range with 8325 kip-in energy dissipated.

176



Table 6.3 - Energy Dissipation Comparison

Total % Energy
Specimen Descrintion Energy Distribution Total Drift
P P Dissipated Range (%)

(Kip-in) Brace Other

Specimen was designed during
development of Balanced Design
HSS-05 Procedure with a thinner gusset 6000* 80% 20% 4.3%
plate than AISC design procedures

allow and 8t elliptical clearance.

Specimen was designed as a pilot
NCBEF test with a brace that did
not meet current b/t limits for
NCBF 32 | SCBFs and connections that were 3057° - - 1.3
not designed for the expected
brace capacity as required for
SCBFs.

Specimen was designed to explore
perceived deficiencies of NCBF
NHSS-B1 bolted connections (bolt shear, 8325 69% 31% 4.9
brace net section, brace block
shear) using a shared shear tab.

Specimen was designed to explore
perceived deficiencies of NCBF
bolted connections (bolt shear &

NHSS-B2 | bearing, brace net section & block 1350 92% 8% 1.8
shear, beam to gusset base metal

fracture) using a split shear tab and

non-seismically compact brace.

Specimen was designed to explore
perceived deficiencies of NCBF
bolted connections (bolt shear,
brace net section & block shear)
using a split shear tab and thinner
gusset plate.

NHSS-B3 3110 83% 17% 3.2

“This is the total energy dissipated for the system past 1.3% at which there was significant loss in lateral resistance.
*Instrumentation problems did not allow for data collection after 4.3% drift range, however this connection reached

close to 5% total drift range.

Table 6.3 gives tabulated results for these bolted NCBF specimens. In addition, a previously
tested NCBF (NCBF 32) and an SCBF with nearly optimal performance (HSS-05) are included.

These additional specimens have nearly the same member sizes allowing energy dissipation to be
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directly compared, where the difference largely reflects specimen behavior. HSS-05 is
considered the “upper-bound” of previously tested SCBF specimens at the UW because of its
optimal performance. However, the full energy dissipation of HSS-05 is not included because
key instruments were not functional in the final cycles of that test. The table provides a brief
description of each specimen, the total energy dissipated, the total drift range achieved, and
distributes the total energy into energy dissipated by the brace and other sources, including frame
yielding, plate yielding, bolt deformation, bolt hole elongation, and other system inelastic

deformations.

NHSS-BI had a desirable failure mode of brace fracture and also dissipated more energy than
the other NCBF specimens, despite its numerous deficiencies. Comparing NHSS-B1 to HSS-05
at the drift range of about 4.3%, HSS-05 had a total energy dissipation of 6000 kip-in while
NHSS-B1 had a total energy dissipation of about 7000 kip-in. This observation is significant
because NHSS-B1 had a highly deficient connection (described in Chapter 3) and HSS-05 was

designed to meet current seismic requirements.

The horizontal component of the brace axial force versus displacement plot was used to
determine the energy dissipated by the brace. The energy was calculated as the area within one
hysteretic loop and the total energy as the sum of all hysteretic loops. 80% of HSS-05’s energy
dissipation capacity came from the brace, whereas NHSS-B1 only dissipated 69% of its energy
through the brace. NHSS-B2 dissipated 92% of its energy through the brace, which was the most
of the specimens. NHSS-B3 dissipated 83% of its energy through the brace. NHSS-B1 also
dissipated energy through significant yielding, local flange buckling sustained in both columns

and the south beam, and bolt hole elongation and deformation.

NHSS-B1 was the only specimen with a shared shear tab configuration, and this may have
benefited the distribution of energy dissipation. This shared shear tab more evenly distributed the
brace demand to the bolts connecting the beam to column and gusset plate to column
connections, resulting in widespread bolt hole elongation and bolt deformation in the majority of

the bolts. NHSS-B3 had even more bolt hole elongation and deformation, but only after the
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specimen had lost a significant amount of its load capacity and was therefore not considered in

the energy calculations.

NHSS-B2 used a non-compact brace with thin walls unable to resist the large strain demands at
the plastic hinge location. There was very little other yielding or deformation in the system aside
from the brace plastic hinge. The weld tearing that occurred and resulted in a connection failure
was sudden and brittle and therefore did not absorb much energy. Similarly, NHSS-B3 did not
see much frame or gusset plate yielding in early cycles. NHSS-B3 had similar brittle weld
tearing that led to a connection failure at early cycles. NCBF 32 also failed at a small, 1.5% total
drift range due to weld fracture at the brace to gusset plate connection. The specimen then
functioned at dramatically reduced strength for significantly larger drift levels, and its total

energy was comparable to NHSS-B3 (Hsiao et al., 2011).

6.2.4 Post-Failure Behavior

When the beam to column connections remained connected after initial fracture of the brace or
welded joints, the frame was cycled to increasing drift levels, to determine the residual strength
and stiffness of the system after the initial failure mode. This residual performance is important
in the event of large, infrequent earthquakes that fail a connection or fracture a brace during the
seismic event. The applied lateral load versus displacement response was generated for each
specimen with post-fracture data. The residual stiffness of the frame was calculated from the
slope of the entire post-failure data. Table 6.4 reports the stiffness results from the specimens,

and Figure 6.6 shows the applied lateral load versus story drift responses for the tests.

The post-failure strength and stiffness values were primarily based on moment frame action.
NHSS-B3 was the only specimen that did not result in brace fracture or a complete disconnection
of the gusset plate from its framing elements. No portion of the brace was removed, and the post-

failure cycles to the frame were completed continuously, as shown in Figure 6.1e.

NHSS-B3 had a much larger residual strength and stiffness value than the other two NCBF
specimens, as the brace remained connected to the framing elements. NHSS-B2 had the higher

post-weld fracture stiffness of 32 kip/in, despite a complete loss of the NE gusset plate due to
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weld fracture. NHSS-B1 had the lowest post-failure stiffness of 21 kip/in, despite having a brace

fracture with the gusset plates partially in tact. One contributor to the low stiffness value could

have been from the SW corner, which had a weld crack that grew in the CJP weld and base metal

for the entire length of the gusset plate to column shear tab connection. This frame also had

considerable bolt hole elongation, which could have contributed to the low post-failure stiffness.

Table 6.4 - Post-Failure Stiffness Comparison

Specimen

Test Goal

Failure
Mode

Post-Failure
Stiffness (k/in)

Percent of
Initial
Stiffness (%)

NHSS-B1

Specimen was designed to
explore perceived deficiencies
of NCBF bolted connections
(bolt shear, brace net section,
brace block shear) using a
shared shear tab.

Brace Fracture

21

2.2%

NHSS-B2

Specimen was designed to
explore perceived deficiencies
of NCBF bolted connections
(bolt shear & bearing, brace
net section & block shear,
beam to gusset base metal
fracture) using a split shear
tab and non-seismically
compact brace.

Connection
Failure

32

5.9%

NHSS-B3

Specimen was designed to
explore perceived deficiencies
of NCBF bolted connections
(bolt shear, brace net section
& block shear) using a split
shear tab and thinner gusset
plate.

Connection
Failure

N/A

N/A
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Figure 6.6 - Post-Fracture Applied Lateral Load vs. Displacement Response

6.3 Gusset Plate Connection Response

Modern SCBF connections are required to provide rotational clearance on the gusset plate
(typically linear 2t,) to accommodate the demand from the brace end rotation, but older NCBF
specimens, such as described in this thesis, were not required to provide this clearance for

rotational demand.

The OOP gusset plate rotations were determined using Optotrak LED sensors placed on top of
the gusset plate. Figure 6.8 shows an example of the LEDs used to plot the gusset plate OOP
displaced shape. For the maximum OOP gusset plate rotation, the LEDs marked #1 and #2 in
Figure 6.8 were used. The rotation (8) was found by taking the arcsine of the OOP displacement
at #2 (d,) divided by the distance between the two markers (R), as shown in Eq. (6-2) and Figure
6.7. The gusset plate distance between the two markers was assumed to remain constant
(ignoring any elongation in the plate) and the OOP displacement was taken as the changing
variable. The hysteretic response for these maximum OOP displacements are shown in Figure

6.9. These plots were not obtained for NHSS-B2 because of limitations in the test data.
.1 (d
6 = sin™! ( Z/R) (6-2)
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Figure 6.8 - LEDs used to Plot Gusset Plate OOP Displaced Shape (from Specimen NHSS-B1)
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Figure 6.9 - Hysteretic Response for Maximum Gusset Plate OOP Rotation

Figure 6.9 shows that NHSS-B3 had the highest gusset plate OOP rotation. However, the beam-
gusset interface welds fractured fairly early in the experiment. The fracture allowed a large
portion of the gusset plate to rotate because it was no longer fixed to the beam. Further, these
markers have some inherent inaccuracy because the gusset plate became disconnected from the

beam flange at larger drift levels.

Additionally, the OOP displacement of the gusset plate was plotted along the length of the gusset
plate connection at each LED marker, shown in Figure 6.10. The marker on the beam is at the “0
in.” length along the gusset plate. These displacements are compared with photos from the
specimen to provide assurance the calculations were reasonable and are also shown in Figure
6.10. From Figure 6.10, it can be seen the photos have a generally good correlation with what the
data reflects. NHSS-B1 had somewhat smaller gusset plate rotations and displacements as shown
in Figure 6.9 and Figure 6.10. Additionally, between markers “0” and “1” there is a line with the
same slope as between “1” and “2” when the gusset plate to beam weld had not fractured. NHSS-
B3 has a kink in these lines at -3.7% drift, after the weld had fractured and was moving OOP

disconnected from the beam.
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Figure 6.10 - Gusset Plate OOP Displacement along Gusset Plate Length

184



6.4 Bolt Damage

NCBF specimens used 1 in. diameter A325 bolts whose yield mechanisms and failure modes
were previously described in Chapter 2, and their bolt damage photos and diagrams were shown
in Chapter 5. A tabulated presentation of this data for the NCBF specimens is given in Table 6.5
and Table 6.6, with the bolts and bolt holes are numbered in Figure 6.11.

All three NCBF specimens had DCR values between 1.6 and 1.9 for bolt shear. These high DCR
values were perceived as the primary deficiency of all three specimens. However, bolt shear was
not the failure mode for any of these tests. Bolt shear failures in the gusset plate connection
occurred in NHSS-B2 after the gusset plate to beam weld in the NE corner had fractured.
Additionally, one bolt fractured in NHSS-B3 in the last tension cycle of the frame well after

there was a significant loss in strength in the system caused by weld fractures.

These specimens also had high bolt bearing DCR values for the beam to column connection, and
bolt hole elongation was visible in the beam web in all three specimens to varying degrees of
severity. NHSS-B3 also had a high DCR value for gusset plate to column bolt bearing (due to the
thinner gusset plate), and it had significant bolt hole elongation in the gusset plate. However, bolt
tearout did not occur in any specimen. Note that the beam web thickness for the NHSS
specimens was thinner than the reference connections, and therefore, there would likely be less

bolt hole elongation in those reference connections.
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Figure 6.11 - Bolt/Hole Numbering for NCBF Specimens
Table 6.5 - Bolt Hole Elongation per NCBF Specimen
Bolt Hol A t of
oR HOe MIOHAEO" NHSS-B1 NHSS-B2 NHSS-B3
Number Elongation (in.)
None X X
1 <1/4
>1/4 X
None X
2 <1/4 X X
>1/4
None X
3 <1/4 X X
>1/4
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None

<1/4

>1/4

None

<1/4

X (ST)

>1/4

None

<1/4

X (ST)

>1/4

None

<1/4

X (ST)

>1/4

Table 6.6 - Bolt Deformation of NCBF Specimens

Bolt Number

Behavior

NHSS-B1

NHSS-B2

NHSS-B3

None

X

X

X

Deformation

Fracture

None

Deformation

Fracture

None

Deformation

Fracture

None

Deformation

Fracture
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None

5 Deformation X

Fracture X X

None

6 Deformation X X

Fracture X

None

7 Deformation X X

Fracture X

6.5 Weld Damage

As seen from the test observations in Chapter 5, weld tearing and fracture was significant in
these specimens. This weld tearing was surprising, as the specimens all had beam to gusset plate
interface weld DCR values between 0.6 and 0.7. The welds connecting the shear tabs to the
columns were CJP welds and were not deficient. Figure 6.12 shows a bar chart of the extent of
weld tearing for each specimen and HSS-05 at the interface welds at the end of each test. The
chart is normalized on the y-axis by the total interface weld length. Welds with a measure of 1
experienced complete weld fracture. The welds were measured throughout the test as they were
observed. There was no observed weld tearing in the beam to column shear tab welds. As
mentioned from Chapter 2, HSS-05 was considered the best SCBF performance by a BDP
designed connection, but this connection had ductile weld tearing in multiple locations

throughout the experiment.
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Figure 6.12 - Normalized Weld Crack Length for Each Specimen Compared to HSS-05

Weld fracture of the NE beam to gusset plate weld was the failure mode for two of the three
specimens. Specimens NHSS-B2 and NHSS-B3 had concentrated weld tearing at that interface
weld, and NHSS-B3 also had weld tearing in the SW gusset plate to beam weld. NHSS-B1, on
the other hand, had more distributed weld tearing throughout all gusset plate and shear tab
interface welds (except the NE gusset plate to column shear tab weld). NHSS-B1 developed a
weld tear in the CJP weld in the SW shared gusset plate shear tab and as the weld propagated, it
crossed from the base metal (in the heat affected zone) back through the CJP weld.

The DCR values computed with the brace strength as the demand were compared to those found
using the strength of the gusset plate as the demand in Table 6.7. The DCR values using the
gusset plate strength are consistently higher than the AISC DCR values (using the brace strength)
and for all specimens the fillet weld sizes were under-designed. The BDP calculates this weld

based on the expected tensile capacity of the gusset plate, which allows for inelastic deformation
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of the plate within the weld calculation. NHSS-B2 and NHSS-B3 had fracture of the beam to
gusset plate weld, and similarly, also had the highest DCR values using the gusset plate strength.

Table 6.7 - Comparison of Beam to Gusset Plate Weld DCR using Different Demands

AISC (strength of brace) 1.24 0.64 0.56 0.66

BDP (strength of gusset plate) 2.69 1.1 1.5 1.4

With the discrepancy from using two different demands noted, the data was used to investigate
whether there were commonalities between all specimens that could be related to weld tearing
initiation. Table 6.8 provides data on initial weld tearing correlations in the beam to gusset plate
weld in the NE corner. It lists the initial weld crack length observed and the total drift range at
which this initial crack appeared. Both the brace end rotation and the gusset plate rotation in the
NE corner were calculated and are presented in the table at the rotation value when initial weld
tearing occurred. Finally, the table compares the cycle number where initial weld tearing

appeared.

Table 6.8 - Initial Weld Tearing Correlations in NE Beam to Gusset Plate Weld

NHSS-B1 1/8 2.2 0.15 0.14 23
NHSS-B2 6 1.8 0.10 0.10 21
NHSS-B3 1 1.9 0.14 0.14 21
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Regardless of the gusset plate geometry, connection configuration, brace size, or initial crack
length, initial weld tearing occurred at very similar total drift ranges for all specimens. NHSS-B1
saw initial weld tearing at the highest total drift range (with the lowest DCR from the gusset
plate demand). As expected, the brace end rotation and the gusset plate rotation yielded
consistent values for observation of initial weld tearing. The table shows that, NHSS-B2 had the
lowest OOP gusset plate and brace end rotation value at initial weld tearing, and NHSS-B1 had
the highest OOP gusset plate and brace end rotation values at initial weld tearing, because it was
able to achieve the highest drift range prior to initial weld tearing. The shared shear tab in NHSS-
B1 likely relieved stress on the beam to gusset plate weld, allowing increased OOP rotation and

increased drift ranges prior to weld tearing initiation.

Table 6.8 can be used in conjunction with Table 6.9 to draw further conclusions about the beam
to gusset plate weld tearing. Table 6.9 lists the number of cycles completed after initial weld
tearing prior to weld fracture, and lists whether this weld fracture was the failure mode of the
specimen. The two NCBF specimens that had beam to gusset plate weld fracture were only to
achieve two to three cycles before weld fracture, due to the low toughness weld material. As seen

from this section, the gusset plate to beam weld presents a severe vulnerability for older CBFs.

Table 6.9 - Weld Propagation Information for NE Beam to Gusset Plate Weld

Cycles to Failure
Specimen after Initial Weld Cause of Failure?
Tearing
NHSS-B1 Did Not Fail. NO
NHSS-B2 2 YES
NHSS-B3 3 YES
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6.6 Brace Response

A typical progression of brace fracture from cyclic loading (as typical for SCBFs) is illustrated in
Figure 6.13 and was only seen in specimen NHSS-B1. Stage 1 shows the initial buckling of the
brace, which occurred when the brace was loaded in compression and surpassed its buckling
capacity. As the compressive drift levels increased, the brace OOP displacement increased and a
plastic hinge formed at the brace midspan, shown in Stage 2. Stage 3 occurred as the brace was
loaded in tension after a plastic hinge had formed and there was residual OOP displacement at
midspan due to high strain concentrations in the plastic hinge region at zero applied load. In
Stage 4, as the brace was pulled towards a peak tension displacement, there was again increased
strain concentrations at the plastic hinge location. In Stage 5, there was uneven tensile yielding in
the brace, mostly concentrated near the plastic hinge region. Finally, in Stage 6 the brace began
to tear in tension at the corners of the plastic hinge region where the strain concentrations were
the highest. As the brace was pulled further in tension, the tears propagated through the thickness

of the brace and the brace fractured.
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Figure 6.13 - Idealized Inelastic Brace Behavior Under Cyclic Loading [Modified from Powell, 2010]
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Although brace fracture only occurred in one of the three bolted NCBF specimens, brace
response is still important to observe in the NCBF specimens. Table 6.10 shows the buckling and
damage progression of each brace for the test specimens. The specific drift ranges for each
performance state can be found in the respective specimen sections in Chapter 5. All specimens
used an HSS5x5x3/8 except for NHSS-B2, which used a non-seismically compact HSS6x6x1/4.
The performance states in the table were defined in Chapter 5. The brace axial force versus
displacement plots shown in Figure 6.16 were used to identify when the brace initially buckled,
B1. Initial brace buckling occurred at the drift when the brace axial force reached a maximum

compressive value.
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Table 6.10 - Comparison of Brace Performance States

CYCLE

Brace

NHSS-B1

NHSS-B2

NHSS-B3

B1

B1

B1

] i e I et RG] E ENOA FOR N
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NHSS-B1 and NHSS-B2 are directly comparable for brace performance states as both used an
HSS5x5x3/8. The differences between the two connections were NHSS-B1 used a shared shear
tab, while NHSS-B3 used a split shear tab to connect the beam and gusset plate to the column. In
addition, NHSS-B1 used a 3/4 in. thick gusset plate while NHSS-B3 used a 1/2 in. thick gusset
plate. The two braces appeared to buckle around the same cycle, and reach B2 and B3 around the
same cycle, as seen in Table 6.10. NHSS-B3 experienced weld fractures connecting the gusset
plate to beam in both gusset plate connections at cycle 26 and subsequently lost a substantial
amount of its resistance. Because of the significantly increased flexibility in gusset plate corners
caused by weld cracking, the curvature at brace midspan for NHSS-B3 was not as concentrated
as in NHSS-B1. NHSS-B1 developed cupping in the brace walls at midspan during cycle 27 and
eventually the brace fractured in cycle 33, as noted in Table 6.10. NHSS-B3 did not appear to
show local deformation in the brace walls until cycle 35. The brace for NHSS-B3 never

fractured.

NHSS-B2 used a non-seismically compact brace HSS6x6x1/4 but buckled around the same drift
value as the HSS5x5x3/8 braces, as noted in Table 6.10. The brace developed cupping earlier
than the other specimens — at performance state B2 rather than B3, shown in Table 6.10. The
seismically compact braces were able to sustain much larger OOP displacements, over 7 in. more
OOP displacement than in NHSS-B2. The tests with seismically compact braces were also able
to resist local damage to the brace in the hinge location for more cycles than NHSS-B2.
Ultimately, while the brace was beginning to tear, the specimen had a connection failure when
the beam to gusset plate weld fractured causing the bolts in the gusset plate to column shear tab
to fracture. Because of the evidence of tearing, it is suspected that the brace would have failed

within a couple cycles.

6.6.1 Experimental effective length factor, £
In practice, an effective length factor, &, of 1.0 is often assumed to estimate the expected brace
buckling capacity. This capacity depends upon the effective slenderness, kL/r, of the brace

members, where k is the effective length coefficient, L is the true length of the brace, and r is the
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radius of gyration of the brace. The AISC Seismic Provisions place an upper limit to preclude

dynamic effects associated with extremely slender braces.

Table 6.11 compares the experimental brace buckling load (P.) to the expected AISC critical
buckling load (P,), where P, uses R Fyin place of Fy. The experimental brace buckling load was
found from the brace axial force versus story drift graphs and this experimental brace buckling
load was used to calculate the experimental effective length factor, k., for each test. A k., value
around 1 represents gusset plate connections that behave similar to a theoretical pinned end
connection. A k., value greater than 1 indicates a larger effective length and a £k, value less
than 1, represents a smaller effective length. These experimental effective length factors were

then used to compute the experimental slenderness ratios (k..,L/r) for each test.

Table 6.11 - Comparison of Experimental Brace Quantities

Experimental AISC Experimental Experimental
S Te:st L,, (in) i ki P.=F.A, P./P, |Effective Length Slenderness
pecimen or (Kip) (kip) Factor, K,,, Ratio, K., L,/r
NHSS-B1 167.3 186 191 0.98 1.1 94.8
NHSS-B2 | 167.3 201 217 0.92 1.1 77.2
NHSS-B3 167.3 199 191 1.04 0.97 86.8

Table 6.11 shows that experimental effective length factors of close to 1.0 were found for all
specimens. Therefore, using the brace length as the true end-to-end length and a & value of 1.0 is
recommended for computing the compressive strength in braced frames for these types of NCBF

bolted gusset plate connections.

6.6.2 Brace Axial Force versus Drift Response
The brace axial force was calculated by two different methods. The first method measures the
strain of four gauges placed one quarter of the brace depth from the SW corner on the center of

each brace wall. While the brace remains elastic, an average of the four readings can be used to
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find the brace axial force. Once the brace had yielded, a bilinear constitutive model following the
coupon data results was used to model the non-linear behavior. The brace axial force calculation

for the first method is shown in Eq. (6-3).

Figure 6.14 - Cross Section of Brace Showing Strain Gauge Layout

(61 + & +e3+¢,)

Pyrace = 4 "E - Aprace (6-3)
where:  Pprqce = brace axial force (kip)
& = brace strain from gauge
E = brace elastic modulus (ksi)
Aprace = brace area (in’)

The second method for calculating the brace axial force is by equilibrium — using the column
shears and the applied actuator load. The column moments were determined from two sets of
strain gauges placed on the two extreme fibers at the center of the column flanges and located at
each end of the column where the column was anticipated to remain elastic. Once the moments

were found at each end of the column, the constant shear along the column (no external forces
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applied) is determined by equilibrium. The sum of the two column shears represents the total
shear force due to flexure of the frame. This shear in the frame was subtracted from the applied
lateral load from the actuator and divided by the cosine of 45° (original brace angle). Figure 6.15

illustrates these calculations from the second method.

/’ © IZa Ca ()Ta
1 = = OMLT*( e
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Figure 6.15 - Column Shear Calculations from Strain Gauges

Figure 6.16 shows each specimen’s brace axial force normalized by the expected brace tensile
capacity, P, = R F\,A,, plotted against the story drift. The axial forces for NHSS-B2 and NHSS-
B3 were calculated using method 2, but NHSS-B1 used method 1 and the expected brace
material properties. Table 6.12 highlights the peak tension and compression brace force
normalized by the expected yield strength of the brace. This table also includes the maximum

brace OOP displacement.
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Table 6.12 - Brace Quantity Comparisons

Max. Brace Max. Normalized | Max. Brace
Specimen Description Midspan Brace Axial Force | Elongation

Displacement (in) T = C (%)

Specimen was designed to explore
perceived deficiencies of NCBF
NHSS-B1| bolted connections (bolt shear, 17.5 1.03 | 043 1.5
brace net section, brace block
shear) using a shared shear tab.

Specimen was designed to explore
perceived deficiencies of NCBF
bolted connections (bolt shear &

NHSS-B2 | bearing, brace net section & block 8.3 095 | 0.5 0.40
shear, beam to gusset base metal 3

fracture) using a split shear tab and

non-seismically compact brace.

Specimen was designed to explore
perceived deficiencies of NCBF :
bolted connections (bolt shear,
NHS5-B3 brace net section & block shear) 17.8 090 | 046 0.43
using a split shear tab and thinner
gusset plate.

All specimens used an HSS5x5x3/8 brace except NHSS-B2, which used an HSS6x6x1/4 brace.
NHSS-B1 was the only test to have brace fracture; the other two had connection failures. NHSS-
B1 had the highest brace tensile force (446 kip) of the bolted specimens and was the only

specimen whose tensile stress surpassed the expected brace yield strength.

NHSS-B2 had the lowest tensile capacity of the three tests, but the highest compressive force of
the tests. Although it had the lowest tensile capacity, it reached the second highest percentage of
expected brace yield capacity. This specimen had the lowest experimental slenderness ratio of all
the experiments, which supports why it had the highest brace buckling force. NHSS-B2 had the
lowest brace OOP displacement at midspan by over 7 in. Once the brace buckled, the hysteretic
loops became much wider than the other specimens, dissipating more energy per cycle than the
braces with smaller kL/r values. This brace was more slender than the others locally. NHSS-B3
had the highest brace OOP midspan displacement, and was the only specimen to surpass the

AISC expected buckling capacity with its experimental buckling value.
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6.6.3 Brace Buckled Shape

The brace buckled shape was plotted using Optotrak markers on the top wall of the brace along
its length. Figure 6.17 presents the brace buckled shape as it reached each brace performance
state (described in Chapter 5), compared to a photo of brace buckling from the test. For
reference, the “0” end is the NE corner, and the brace length is the SW corner. The Optotrak
camera volumes were unable to capture the full brace length and for these instances, the brace

behavior was mirrored from the recorded data and marked in a lighter grey line with no makers.
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Figure 6.17 - Brace Out-of-Plane Buckled Shape for Each Specimen

The maximum OOP displacement of each specimen achieved is listed in Table 6.12. Visual
observations match the plots well. It was postulated that since the NCBF specimens had no
rotation clearance provided on the gusset plate, that the brace ends might have some restraint
causing the brace buckled shape to resemble a “bell” shape rather than a sine curve. It can be
seen from the plots in Figure 6.17 that this behavior did not occur. The lack of rotational
clearance for the NCBF specimens did not prohibit a curve resembling an ideal pinned end
condition to occur. For all specimens, during early cycles when the brace was in stage B1, the
brace took on a more gradual curved shape over the entire brace length. As local strain
concentrations increased at the plastic hinge region, the brace OOP shape became more
triangular, meeting close to a point at brace midspan. For NHSS-B2, the only non-seismically
compact brace, this triangular shape occurred at a lower OOP displacement by about 50% (at 8
in.) than the other specimens. At this severe pointed shape, the plastic hinge region displayed
cupping and bulging of the brace walls. The severity of this local deformation varied based on
the braced frame failure mode. Specimens NHSS-B1, and NHSS-B2 saw tearing at the bottom
corners of the brace, which led to brace fracture for NHSS-B1. NHSS-B3 saw local deformation
at the brace hinge of slight cupping and bulging, but not close to the extent of the other

specimens.
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Figure 6.18 compares the buckled shape at similar drift levels for the NCBF specimens. These
three specimens had different OOP progressions. NHSS-B2, only reached performance state B2
before the gusset plate connection failed in the NE corner. Figure 6.18a shows NHSS-B2 has a
more pointed shape, while NHSS-B1 and NHSS-B3 have curved shapes over the length of the
brace. At -0.7% drift, NHSS-B1 and NHSS-B3 had similar brace OOP displacements. However,
in NHSS-B3, when the beam to gusset plate welds fractured in both NE and SW corners, the
brace OOP displacement increased at a slower rate than NHSS-B1. This rate decrease occurred
because the force transferred into the brace was smaller after weld fracture. At approximately the
same drift level when NHSS-B1 reached its maximum OOP displacement, shown in Figure
6.18b, NHSS-B1 has buckled OOP (17.5 in.) about 3.5 in. more than NHSS-B3. NHSS-B3 did

not reach its maximum OOP displacement (17.8 in.) until -3.7% story drift, due to its connection

failures.
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Figure 6.18 - Comparison of NCBF Brace Buckled Shapes at B2 and NHSS-B1 Max OOP Displacement

6.6.4 Brace elongation

Brace elongation is defined as the change in length of the brace while stretched in tension. This
value is reported as a percentage of the total brace length. Brace elongation is an important
behavior to study because when compared to the frame diagonal elongation, it can indicate how
much deformation is concentrated in the brace relative to the other components in the system.
The brace elongation can also be used in conjunction with the amount of energy dissipated by the

brace to draw conclusions about the brace behavior.
The brace elongation was determined through the use of Optotrak sensors placed on one half of

the brace length. Again, the camera orientations did now allow the full brace to be visible, and

the data for brace elongation from the Optotrak had to be doubled. The data from the LED placed
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at the brace midspan, and the LED placed at the NE end of the brace (full brace length) was used

to:

1. Calculate original location and exact distance (using Pythagorean theorem) between the
NE brace marker and the brace midspan marker. The original distance between the two
markers was multiplied by two to approximate the full brace length.

2. Increment through the Optotrak data and record the new positions of the two markers
and the difference in their new distance and their original distance to calculate the
elongation. The new distance between the two was also multiplied by two to
approximate the full brace behavior.

3. Their recorded elongation was divided by the original brace length to present a

percentage of the brace length.

The results from these calculations are shown in Figure 6.19 and the maximum elongation values
are reported in Table 6.13. All specimens reached different maximum drift ranges and had
different failure modes. Table 6.13 and Figure 6.19 show that NHSS-B1 had brace fracture as the
failure mode and it had the highest total brace elongation value. The specimens where damage

was concentrated in the connections had lower total brace elongation values.

Table 6.13 — Maximum Brace Elongation Values for Each Specimen

Specimen El: ztgz;lt:;la:‘; ) Failure Mode
NHSS-B1 1.48 Brace Fracture
NHSS-B2 0.40 Connection Failure
NHSS-B3 0.43 Connection Failure

NHSS-BI1 had the highest experimental effective slenderness ratio of the three specimens and

also consistently had the highest brace elongation of the three specimens for the entirety of the
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curve after 0.5% total drift range. NHSS-B2 had more elongation than NHSS-B3 likely because
it was able to hinge and locally deform the brace prior to connection failure and NHSS-B3 could

not.

NHSS-B2 and NHSS-B3 had very similar maximum total brace elongation values despite using
different brace sections and the fact that NHSS-B3 achieved almost twice the total drift range as
NHSS-B2 prior to connection failure. The reason for this behavior is likely due to their failure
modes. NHSS-B2 developed a sudden weld fracture almost 50% of its total connection length
that fractured within a couple cycles of appearing. NHSS-B3 on the other hand, had weld tearing
propagating in both the NE and SW gusset plate to beam connections. As the severity of the
tearing increased to fracture in the NE corner at close to 2% total story drift range, the brace
elongation leveled out. The SW beam to gusset plate weld fractured in the following within two
compression cycles but in that time the brace elongation value did not increase because of the

weld tearing.
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Figure 6.19 - Brace Elongation vs. Total Drift Range for NCBF Specimens
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6.7 NW & SE Connection Response

The NW and SE beam to column connections were simple shear tab connection that used (4) —
3/4 in. A490 bolts for all specimens. Two potentiometers were placed on the inside of the north
and south flange of each beam to measure displacements and to determine the rotation of the
shear tab connection. None of the specimens had a bolt fracture during the main portion of the
experiment; however, some tests had slight bolt hole elongation and bolt deformation in these
connections. The calculation to find shear tab rotations is shown below in Eq. (6-4) and Figure
6.20, where J, and o, are the measured values from the potentiometers attached to the beam

flanges in the SE and NW shear tab, and L,,, is the distance between instruments.

_ (6 = bp)
Vshear tab = T (6-4)
rot

- a
m ll

°| B Beam

o —
-

-m =Potentiometers

_ (0+-0v)

sheartab (radlans) —
7 Lo

Column

T / I\\

Figure 6.20 - Shear Tab Rotation Calculation [Powell, 2010]
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The shear tab rotations are shown separately below for the NW and SE corners in Figure 6.21
and Figure 6.22, respectively. These figures show fairly consistent linear behavior between the
shear tab rotations in both bending directions. NHSS-B3 had consistently less rotation for both
the SE and NW corners, NHSS-B1 had the highest NW rotations, and NHSS-B2 had the highest
SE rotations. The shear tab rotations for all specimens were slightly less (but comparable) than

those seen in previous SCBF specimens (Powell, 2010).
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Figure 6.21 - NW Shear Tab Rotations for NCBF Specimens
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Figure 6.22 - SE Shear Tab Rotations for NCBF Specimens
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CHAPTER 7: EVALUATION

The ASCE/SEI Standard 41/13 “Seismic Evaluation and Retrofit of Existing Buildings” (referred
to herein as “the Standard”) provides a procedure for evaluating and retrofitting existing
buildings. This procedure is not mandated but is “intended to serve as a nationally applicable tool
for design professionals, code officials, and building owners undertaking the seismic evaluation
and retrofit of existing buildings” [4]. It is a tool to help the above listed groups of people better
determine when building rehabilitation is needed and how it can be accomplished. The Standard
defines target performance levels, considers a variety of earthquake hazards, and provides four
different analysis techniques [4]. This chapter highlights excerpts from the Standard, focused on

Chapter 9: Steel, related to the evaluation of the three braced frames tested.

The Standard defines a seismic evaluation process as shown in the flow chart in Figure 7.1. The
Standard defines a seismic retrofit as “improving the seismic performance of structural and/or
nonstructural components of a building by correcting deficiencies identified in a seismic
evaluation to a selected Performance Objective,” with the retrofit process outlined in Figure 7.2.
As seen in these two figures, the Standard has many components within the evaluation and
retrofit analysis, and this Chapter focuses only on a small part of the evaluation and retrofit

Process.
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Figure 7.1 - Evaluation Process [ASCE 41/13]
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A Performance Objective must be chosen as a goal. The chosen Performance Objective must

contain a target Building Performance Level (which includes a combination of a Structural and

Nonstructural Performance Level) and an Earthquake Hazard Level. The latter is described in

Section 2.4 of the ASCE 41 Standard. The target Building Performance Levels are described in
Section 2.3 of the ASCE 41 Standard. Table 7.1 (reproduced from Table C2-2 in ASCE 41)

provides a list of overall structural damage that might be observed in a building at each

performance level in an earthquake. Table 7.2 (partially reproduced from Table C2-3 in ASCE

41) illustrates damage states specific to lateral load resisting systems for steel concentrically

braced frames.

Table 7.1 - Damage Control and Building Performance Levels [modified from Table C2-2 from ASCE 41]

Target Building Performance Levels

Overall
Damage

Structural

Coll I diat
0 .apse Life Safety Level meCiate Operational Level
Prevention Level 3-C) Occupancy (1-A)
(5-E) Level (1-B)
Severe Moderate Light Very Light
Little residual Some residual No permanent drift.

stiffness and
strength to resist
lateral loads, but
gravity load-
bearing columns
and walls
function. Large
permanent drifts.
Some exits
blocked. Building
is near collapse in
aftershocks and
should not
continue to be
occupied.

strength and
stiffness left in all
stories. Gravity-
load-bearing
elements function.
No OOP failure of
walls. Some
permanent drift.
Damage to
partitions. Continued
occupancy might not
be likely before
repair. Building
might not be
economical to repair.

No permanent
drift. Structure
substantially
retains original
strength and
stiffness.
Continued
occupancy
likely.

Structure
substantially retains
original strength and

stiffness. Minor
cracking of facades,
partitions, and
ceilings as well as
structural elements.
All systems
important to normal
operation are
functional.
Continued
occupancy and use
highly likely.
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Table 7.2 - Structural Performance Levels and Illustrative Damage States [modified from Table C2-3 from

ASCE 41]
Seismic Structural Performance Levels
Force Collapse Immediate
- Type i Life Safety Level
Resisting Prevention Level e Si(lse 3))7 Ve Occupancy Level
System (S-5) (S-1)
Extensive yielding .
Many b 1d
Primary and buckling of or s n(}:,kléa‘tf ets (izenot
and braces. Many braces totzll faﬂu Man Minor yielding or
Secondary and their conne}::tion.s mi }}:t buckling of braces.
Elements connections might fail &
Steel Braced fail. )
F Transient drift
rames “u ffriililesiletr::o crelluse Transient drift Transient drift
extensive sufficient to cause | which causes minor
Drift nonstructural nonstructural or no nonstructural
damage. Extensive damage. Noticeable | damage. Negligible
penrglaﬁent drift permanent drift. permanent drift.

For non-linear modeling of existing buildings, the Standard has developed generalized force-
deformation relations for yielding comparisons in common lateral systems. The general force-
deformation curve is shown in Figure 7.3. The y-axis showing the force, Q, has been normalized
by the expected yield strength of the component, Q. For braces, or as proposed here for braced
frame systems, Point “A” on the curve is the initial point of the brace response; Point “B” occurs
at the deformation when the brace has reached its expected yield load in tension or its expected
buckling load in compression; Point “C” occurs at the peak strength of the brace prior to loss in
resistance either from brace fracture or connection failure; Points “D” and “E” represent the
residual strength values. In braced frames these latter values may be residual moment frame
strength after brace or connection failure. The modeling parameters “a”, “b”, and “c” depend on
the deformation capacity of the brace and its connections. The value “a” represents the plastic
deformation capacity of the brace either post-yield or post-buckling. The value “b” represents the
full plastic deformation capacity of the system at maximum strength. The value “c” is the

residual strength ratio of the component.
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Figure 7.3 - Generalized Force-Deformation Relation for Steel Elements or Components [1]

ASCE 41 has modeling parameters corresponding to components of various systems are
tabulated in tables of the Standard. The curves typically are generated for each displacement-
controlled component of the system. For example, in a braced frame, there are separate modeling
parameters for the brace in compression and the brace in tension and then further modeling
parameters based on the brace section used. There are also tabulated values for the acceptance
criteria specific to primary and secondary components of the lateral system for the nonlinear
analysis methods. A selection of this table has been included in Table 7.3. The parameter A,
represents the axial deformation of the brace at the expected buckling load (at Point “B”).
Likewise, the parameter Arrepresents the axial deformation at the expected tensile yield load in
the brace. The Standard Commentary clearly states that these values have been developed from
experiments on braced frames that have required ductile detailing, and brace slenderness and
compactness requirements. NCBFs did not have the same requirements and therefore are
unlikely to have the same behavior as SCBFs. The Standard suggests these tabulated values be

reduced but used with caution due to the lack of experimental results on NCBFs [4].
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Table 7.3 - Modeling Parameters and Acceptance Criteria for Nonlinear Procedures - Structural Steel
Components - Axial Actions [modified from Table 9-7 in the Standard]

Slender HSS,
. 0.5A:. | 9A. 0.3 0.5A: | 5Ac | 7TAc | TA: | 9A.

Brace in Pipes, Tubes

Compression | Stocky HSS,
1A TA. 0.5 0.5A: | 4A. | 6A. | 6A. | TA.

Pipes, Tubes

. HSS, Pipes,
Brace in 5Ar | 11A7 0.6 0.5Ar | 6Ar | 8Ar | 8Ar | 11Ar

Tension Tubes

The parameters for NCBFs have not yet been developed and is an objective of this research

project. As there were numerous components in the NCBFs tested that contribute to the

deformations of the system, and because NCBF performance may be governed by connection

failure rather than brace fracture, the proposed parameters were developed for the entire braced

frame system as opposed to just the braces. Figure 7.4 shows the plots for the NCBF specimens

tested and the coordinates for points A-E are listed in Table 7.4 though Table 7.5. Following

these plots and tables is a description of how they were developed.
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Figure 7.4 — NCBF Force-Deformation Plots

These plots were created using the hysteretic behavior of the frame prior to brace fracture or
connection failure and the behavior post-brace or connection failure. The y-axis is the story shear
normalized by the expected brace tensile capacity (for tensile force values) and by the expected
brace buckling capacity (for the compressive force values). The x-axis is the story drift
normalized by the drift level (%) of the frame when the brace yielded in tension. The coordinates
for A-D in tension and A-C in compression were found directly from the hysteretic response of
the frame. Because the frames failed in tension, there is no recorded compressive value for point
D, and it was taken as the same value as point C. The arrows represent that the specimens did not
completely fail at point D or E, but that is where cycles were discontinued. It is important to note

that when looking at Table 7.4 and Table 7.5, NHSS-B3 was the only specimen, of the three, that
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had post-fracture cycles completed continuously with the full brace frame cycles prior to fracture

and is labeled as “E* .

Table 7.4 — Tension Modeling Parameters

NHSS-B1 | 0 0 1.0 | 079 | 49 | 0.80 | 5.6 | 0.17 - -

NHSS-B2 | 0 0 1.0 | 047 | 2.7 | 0.78 | 4.8 | 0.14 - -

NHSS-B3 | 0 0 1.0 | 063 | 23 | 0.76 | 43 | 042 | 7.7 | 0.46

Table 7.5 - Compression Modeling Parameters

NHSS-B1 | 0 0 -0.43 | -0.84 | -8.1 | -0.67 | -8.1 | -0.67 - -

NHSS-B2 | 0 0 -0.74 | -0.72 | 4.2 | -0.55 | -42 | -0.55 - -

NHSS-B3 | 0 0 -0.75 | -0.88 | -7.0 | -0.66 | -7.0 | -0.66 | -12.5 | -0.57

The data is also presented for the combined tension and compression response of the frame. To
merge the two, the new plots were created with total drift range on the x-axis and the average
normalized story shear on the y-axis. Figure 7.5 shows the combined force-deformation curves
and Table 7.6 gives the combined force-deformation modeling parameters. NHSS-B1 had the
highest force capacity, and the highest deformation parameters. It is important to note that
NHSS-B2 used an HSS6x6x1/4 as opposed to an HSS5x5x3/8 like NHSS-B1 and NHSS-B3,
which is responsible for some of the differences between force-deformation behaviors. While the

normalized tensile capacity of NHSS-B1 remained consistent after yield, its rapid loss of
219



normalized compressive resistance caused a loss in normalized average story shear between
points B and C. A similar negative stiffness was also seen in Specimen NHSS-B3. NHSS-B2 had
a positive normalized post-yield stiffness value that offset the normalized compressive loss when

averaging the values.

1.0

E*

\ 4

0 5 10 15 20 25

Normalized Average Story Shear [(Q/Q,) + (Q/Q,,)]/2

Normalized Story Drift Range (d/d,)
<FNHSS-B1 =%NHSS-B2 =>NHSS-B3

Figure 7.5 - Combined Force-Deformation Curves for NCBF Bolted Specimens
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Table 7.6 — Combined Modeling Parameters

A B C D E*
Specimen a
d P d P d P d P d P
NHSS-B1 | 0 0 14 | 0.82 13 0.73 | 13.7 | 0.42 - - 12
NHSS-B2 | 0 0 1.7 | 059 | 7.0 | 0.66 | 9.1 | 0.35 - - 5
NHSS-B3 | 0 0 1.8 | 076 | 94 | 0.71 | 11.4 | 0.54 | 20.2 | 0.51 8

The values for the modeling parameters, and the force-deformation relations also make sense
following the analysis in Chapter 6. The higher plastic deformation values of NHSS-B1 indicate
it was more ductile than the other specimens, supported by also having the highest amount of
total energy dissipation and energy dissipation per cycle of the NCBF specimens. Point A is the
highest in NHSS-B1, as it also had the highest total drift range of the NCBF specimens. NHSS-
B1 was the only specimen to sustain brace fracture; the other two specimens had connection
failures. However, the connection failures in NHSS-B3 did not completely disconnect the braced
frame system from the framing elements as in NHSS-B2. NHSS-B3 had weld fracture at the
beam to gusset plate welds in the NE and SW corner, but the gusset plates were still connected to
the columns, and the brace was still in tact. It is likely this remaining connectivity of the system

1s why NHSS-B3 had the highest residual strength ratio than the other specimens.

These modeling curves can be applicable to specimens with:
= High DCR values (above 1.5) for bolt shear in the gusset plate to column and/or beam to
column connections.
= Either split or shared shear plates of 3/4 in. thickness.

= Configurations with no rotational buckling clearance on the gusset plate.

More experiments should be conducted with the above characteristics to further develop the

parameters.
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CHAPTER 8: SUMMARY & CONCLUSIONS

8.1 Summary of Specimen Performance

Three bolted NCBF specimens were tested to improve understanding of NCBF behavior and
identify critical risks within the systems. They are part of a larger research initiative to explore
NCBF seismic behavior and identify specific NCBF vulnerabilities. In particular, limited
research has been conducted on bolted CBF connections, and the results from these specimens

are intended to aid in remedying this lack of experimental data.

NHSS-B1

This specimen used a bolted shared shear tab to connect the beam and gusset plate to the column,
and a seismically compact HSS5x5x3/8 brace section. The connection was deficient in brace net
section, brace block shear, bolt shear, and bolt bearing; it also had no rotational clearance on the
gusset plates, did not use net section reinforcement, and used filler metal for the welds with no
minimum toughness requirements. Despite its deficiencies, NHSS-B1 achieved a total drift range
of 4.9% with a total resistance of 533 kip, and a ductile failure mode of brace fracture. Bolt hole
elongation and bolt deformation was evident in the specimen and likely increased the specimen’s
drift capacity. There was notable weld tearing in the beam to gusset plate welds, and gusset plate

to column shear tab welds.

NHSS-B2

This specimen used the same general geometric configuration as NHSS-B1 except it used a
bolted split shear tab to connect the gusset plate and beam to the column. NHSS-B2 also used an
HSS6x6x1/4 brace section with a higher local slenderness value than NHSS-B1. Like NHSS-BI,
the connection was deficient in brace net section, brace block shear, bolt shear, and bolt bearing;
it was also deficient in brace to gusset plate base metal fracture due to the thinner brace wall.
NHSS-B2 had no rotational clearance on the gusset plates, did not use net section reinforcement,
and used filler metal for the welds with no minimum toughness requirements. This specimen had
a much worse performance than NHSS-B1, only achieving a total drift range of 1.8% with a total

resistance of 457 kip and a brittle failure mode of weld/bolt fracture at the NE gusset plate
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connection. There was limited bolt hole elongation in this connection, much less than seen in
NHSS-B1. The weld tear in the NE beam to gusset plate weld appeared suddenly at 40% of the

length and fractured within a couple cycles.

NHSS-B3

This specimen also had the same general geometric configuration as NHSS-B1 and NHSS-B2.
This specimen used bolted split shear tabs (like NHSS-B2) and a seismically compact
HSS5x5x3/8 brace section (like NHSS-B1), but used a thinner gusset plate than the two previous
specimens. Like NHSS-B1 and NHSS-B2, the connection was deficient in brace net section,
brace block shear, bolt shear, and bolt bearing; it was also deficient in Whitmore gusset plate
yielding, gusset plate shear yielding, and bolt bearing in the gusset plate because of its reduced
thickness. NHSS-B3 had no rotational clearance on the gusset plates, did not use net section
reinforcement, and used filler metal for the welds with no minimum toughness requirements.
This specimen had a better performance than NHSS-B2 but not as good as NHSS-B1. It achieved
a 3.2% total drift range with a total resistance of 517 kip and a brittle failure mode of beam to
gusset plate weld fracture in both NE and SW connections. Returning to a brace with a lower b/t

ratio and using a thinner gusset plate allowed almost twice the drift capacity as NHSS-B2.

8.2 Research Conclusions

The following conclusions were drawn from the analysis in this thesis:

1. The bolted NCBF connection with a shared shear tab (NHSS-B1) was able to perform as well
as the optimal welded connection (HSS-05) designed with the BDP. Despite NHSS-B1’s
numerous deficiencies this specimen performed as follows:

»  Force-drift capacity: NHSS-B1 had a higher total force range and reached the same
drift level as HSS-05. Bolt hole elongation and bolt deformation likely contributed to
this specimen’s performance.

»  Failure mode: Like HSS-05, specimen NHSS-B1 achieved ductile brace fracture.

»  FEnergy Dissipation Capacity: NHSS-B1 dissipated more energy by about 1000 kip-in
than HSS-05 at the same final total drift range.
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. Two of the NCBF specimens, NHSS-B2 and NHSS-B3, had brittle fracture at low drift levels
due to insufficient capacity of the beam to gusset plate welds and opposing eccentricities

from using a split shear tab configuration.

. Bolt shear failure was not evident in any of the specimens (except NHSS-B2 post-weld
fracture), despite having highly deficient bolt configurations. The NCBF specimens had the
highest DCR values for the bolt shear limit state at 1.9 (NHSS-B1 and NHSS-B3) and 1.6
(NHSS-B2). There was observed bolt hole elongation and bolt deformation from their high
bolt bearing DCR values in all NCBF specimens to varying degrees. These performances
suggest that ductility can be achieved with older bolted NCBFs with proper balance of bolt
shear strength and bolt bearing deficiencies. Bolt hole elongation clearly increased the
inelastic deformation capacity while delaying other undesirable failure modes, such as bolt

shear and weld fracture.

. Designing the beam to gusset plate interface weld using the AISC resistance factors and the
UFM is not sufficient to resist weld fracture. Instead there appears to be evidence in favor of
designing the weld for at least the expected capacity of the gusset plate. NHSS-B1 had the
lowest DCR value from the BDP at 1.1 and had 50% weld tearing, while NHSS-B2 and
NHSS-B3 had weld fracture with DCR values at 1.5 and 1.4, respectively.

. The use of filler weld metals that do not have minimum toughness requirements do not allow

ductile weld tearing and were found to limit the drift capacity of the systems.

. The use of a shared shear tab configuration as opposed to a split shear tab configuration
showed an increase in the drift capacity, total force range, energy dissipation, elastic
stiffness, and ductility of the NCBF specimens. The shared shear tab configuration also
allowed for a desirable ductile failure mode of brace fracture and was able to relieve stress on

the beam to gusset plate weld by more evenly distributing forces in the connection.
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8.3 Recommendations for Future Research

As seen in this research, bolted connections have the potential to perform as well as welded

connections within CBF configurations, and should be the focus of continued research such as:

Further research on bolted shared shear tabs. For example: a bolted shared shear
tab with a highly deficient beam to gusset plate weld (from gusset plate demands)

to explore the extent to which a shared shear tab can protect that interface weld.

The development of balance factors for bolted SCBF configurations to allow the

use of the BDP for modern bolted connections.

Bolts as retrofit options for deficient welded shear tab NCBF configurations.

Multi-story NCBF (and SCBF) bolted connections.

Other bolted configurations such as bolted endplates and mega-gusset plates.
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APPENDIX A: DRAWINGS

A.1 NHSS-B1
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Figure A.1 - NHSS-B1 Full Frame Drawing
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A.2 NHSS-B2
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A.3 NHSS-B3
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APPENDIX B: LOAD HISTORIES

Table B.1 - NHSS-B1 Load History

CYCLE | LOAD (kip) CYCLE | LOAD (kip)

2 -39.3 19 -269.3
39.3 153.5

4 -73.5 21 -314
76.4 152.7

6 -106 23 -337
106.4 152

8 -132.2 25 -350
132 151

10 -145.5 27 -354
143.3 150
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Table B.2 - NHSS-B2 Load History

CYCLE | LOAD (kip) CYCLE | LOAD (kip)

22 -278.6
END -98.6

18 -231.7

156.7
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Table B. 3 - NHSS-B3 Load History

CYCLE

16

18

LOAD (kip)

-231
157.5

-256
153.5

CYCLE

34

36

LOAD (kip)

-193
112

-198
109
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APPENDIX C: CALCULATIONS

Calculations are attached following this page in the form of hand calculations.
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Fabshield® 21B

HOBART

FILLER METALS

A

AWS A5.20: E7T1T-11

FEATURES:

BENEFITS:

WELDING POSITIONS:

LEEEED

» Excellent operator appeal

* Versatile

» Self-shielded

+ Excellent bead appearance
» Excellent slag removal

APPLICATIONS:

* General fabrication

* Pre-fab construction
» Short assembly welds
* Machine parts

* Rail car repairs

Increases productivity

Ideal for a variety of applications

Suitable for welding outdoors

Helps to ensure weld integrity, reduces re-work
Makes clean-up easy and quick

Non-alloyed and fine grain steels

« Light structurals [under 3/4” (19.1mm) thick]

e Tanks

SLAG SYSTEM: Fast freezing, basic/fluoride type, flux-cored wire

SHIELDING GAS: None required

TYPE OF CURRENT: Direct Current Electrode Negative (DCEN)

STANDARD DIAMETERS: 0.030” (0.8 mm), 0.035” (0.9 mm), 0.045” (1.2 mm), 1/16” (1.6 mm), 0.068 (1.7 mm),
5/64” (2.0 mm)

RE-DRYING: Not recommended

STORAGE: Product should be stored in a dry, enclosed environment, and in its original intact packaging

TYPICAL WELD METAL CHEMISTRY* (Chem Pad):
T

Weld Metal Analysis Fabshield 21B AWS Spec
Carbon (C) 0.28 0.30
Manganese (Mn) 0.34 1.75
Silicon (Si) 0.15 0.60
Phosphorus (P) 0.008 0.03
Sulphur (S) 0.003 0.03
Aluminum (Al) 1.72 1.80

Note: AWS specification single values are maximums.
TYPICAL MECHANICAL PROPERTIES* [Aged 48 Hrs. @200°F (93°C)]:

Mechanical Tests

Fabshield 21B

AWS Spec

Tensile Strength

91,000 psi (627 MPa)

70,000-95,000 psi (490-670 MPa)

Yield Strength

62,000 psi (427 MPa)

58,000 psi (390 MPa) Minimum

Elongation % in 2" (50mm)

22%

20% Minimum

TYPICAL CHARPY V-NOTCH IMPACT VALUES*: Not applicable

*The information contained or otherwise referenced herein is presented only as “typical” without guarantee or warranty, and Hobart Brothers Company
expressly disclaims any liability incurred from any reliance thereon. Typical data are those obtained when welded and tested in accordance with AWS

A5.20 specification. Other tests and procedures may produce different results. No data is to be construed as a recommendation for any welding condi-
tion or technique not controlled by Hobart Brothers Company.
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Fabshield® 21B

Wire-Feed Deposition Contact Tip to

Diameter Weld Speed Rate Work Distance
Inches (mm) Position Amps | Volts | inf/min  (m/min) | Ibs/hr  (kg/hr) | Inches (mm)
0.030 (0.8) All Position 25 14 55 (1.4) 0.3 0.1) 1/2 (13)
0.030 (0.8) All Position 125 16 225 (5.7) 3.8 (1.7) 1/2 (13)
0.035 (0.9) All Position 55 17 75 (1.9) 1.8 (0.8) 1/2 (13)
0.035 (0.9) All Position 80 19 110 (2.8) 21 (0.9) 1/2 (13)
0.035 (0.9) All Position 120 20 160 (4.1) 2.5 (1.2) 1/2 (13)
0.045 (1.2) All Position 115 15 105 (2.7) 1.4 (0.6) 1/2 (13)
0.045 (1.2) All Position 130 16 125 (3.2) 1.8 (0.8) 1/2 (13)
0.045 (1.2) All Position 160 17 170 (4.3) 2.8 (1.3) 1/2 (13)
0.045 (1.2) All Position 200 18 195 (5.0) 3.5 (1.6) 1/2 (13)
1/16 (1.6) All Position 160 17 70 (1.8) 21 (1.0) 3/4 (19)
1/16 (1.6) All Position 190 18 100 (2.5) 3.2 (1.5) 3/4 (19)
116 (1.6) Flat & Horizontal 210 19 110 (2.8) 3.4 (1.6) 3/4 (19)
116 (1.6) Flat & Horizontal 260 20 145 3.7) 4.8 (2.2) 3/4 (19)
0.068 (1.7) All Position 145 22 159 (4.0) 1.9 (0.9) 3/4 (19)
0.068 (1.7) All Position 155 18 60 (1.5) 23 (1.1) 3/4 (19)
0.068 (1.7) All Position 185 17 70 (1.8) 2.7 (1.2) 3/4 (19)
0.068 (1.7) All Position 240 18 100 (2.5) 4.2 (1.9) 3/4 (19)
0.068 (1.7) Flat & Horizontal 255 21 111 (2.8) 5.2 (2.3) 3/4 (19)
0.068 (1.7) Flat & Horizontal 315 18 49 (1.2) 7.4 (3.4) 3/4 (19)
5/64 (2.0) All Position 185 16 55 (1.4) 26 (1.2) 1 (25)
5/64 (2.0) All Position 190 18 60 (1.5) 2.8 (1.3) 1 (25)
5/64 (2.0) All Position 220 19 70 (1.8) 3.5 (1.6) 1 (25)
5/64 (2.0) Flat & Horizontal 265 21 90 (2.3) 4.7 (2.1) 1 (25)
5/64 (2.0) Flat & Horizontal 315 22 124 (3.1) 71 (3.2) 1 (25)

* Maintaining a proper welding procedure - including pre-heat and interpass temperatures - may be critical
depending on the type and thickness of steel being welded.
« All position includes: Flat, Horizontal, Vertical Up, Vertical Down, and Overhead.

STANDARD DIAMETERS AND PACKAGES: For a complete list of diameters and packaging,
please contact Hobart Brothers at (800) 424-1543, or (937) 332-5188 for International Customer Service.

Diameter 2-Ib. (0.9kg) 10-Ib. (4.5kg) 33-Ib. (15kg)
Inches (mm) Spool Spool Spool
0.030 (0.8) | S222106-019 S$222106-022 —
0.035 (0.9) | S222108-019 S$222108-022 S$222108-029
0.045 (1.2) — S$222112-022 S$222112-029
1/16 (1.6) — S$222119-022 S$222119-029
0.068 (1.7) — — S$222123-029
5/64 (2.0) — — S$222125-029

CONFORMANCES AND APPROVALS:

« AWS A5.20, E71T-11
+ AWS A5.20M, E491T-11
« ASME SFA 5.20, E71T-11

« ABS, E71T-11

+ CWB, E491T-11-H8

CAUTION:

Consumers should be thoroughly familiar with the safety precautions on the warning label posted in each shipment and in the

American National Standard Z249.1, “Safety in Welding and Cutting,” published by the American Welding Society, 550 NW LeJune
Road, Miami, FL 33126; OSHA Safety and Health Standards 29 CFR 1910 is available from the U.S. Department of Labor,
Washington, D.C. 20210

Material Safety Data Sheets on any Hobart Brothers Company product may be obtained from Hobart Customer Service or at www.hobartbrothers.com.

Because Hobart Brothers Company is constantly improving products, Hobart reserves the right to change design and/or A
snecifications without notice H EahER A IR



