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Abstract: Buckling restrained braces are intended to yield in both axial tension and compression. The gusset plates connecting them to
the adjacent beams and columns are thick and often stiffened to prevent buckling, and as a result increase the stiffness of the beam-to-
column connection substantially. The increased stiffness of the beam-to-column connection negatively impacts the seismic performance of
the system by: increasing the portion of the base shear force that is resisted by the frame relative to that resisted by the braces; increasing
the maximum base shear force that the system is subjected to for a given earthquake motion; and transferring moment to the braces for
which they were not designed. Further, failure of gusset welds partly due to the opening and closing of the beam-to-column joint has been
observed in recent experiments. To mitigate these effects and increase the efficiency of buckling restrained braced frames, a novel
connection where the gusset is only connected to the beam and is offset from the column face is proposed and tested in a three-story frame
under quasistatic loading. The connection is shown to accommodate frame drifts as large as 3% and satisfy the buckling restrained brace
performance requirements of the 2005 AISC Seismic Provisions for Steel Buildings. Additionally, the portion of base shear force resisted
by the braces relative to that resisted by the surrounding frame is shown to be consistent with design assumptions. This connection

configuration could be particularly useful for retrofit of seismically deficient moment resisting frames.
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Introduction

Buckling restrained braced frames (BRBFs) have been used as
seismic and lateral load resisting systems for new and retrofit
construction. Under large seismic motions, the full and stable hys-
teretic behavior of the buckling restrained braces (BRBs), which
yield in both tension and compression, provides substantial en-
ergy dissipation and ductility. This behavior has been tested and
well documented in several experimental studies (Wada et al.
1992; Iwata et al. 2000; Black et al. 2004; Lopez et al. 2004;
among others) and there are clauses for the design of BRBFs in
the 2005 AISC Seismic Provisions for Steel Buildings, AISC 341
(AISC 2005a). Appendix T of AISC 341 requires that the satis-
factory performance of BRBs and their connections to surround-
ing framing members (as part of an assembly) be demonstrated by
testing.

Many past tests have documented instances of conformance to
the AISC 341 requirements, the development of which is de-
scribed in Sabelli (2004). However, when testing of complete
BRBFs with gusset plate connections to the beams and columns
has been performed, rather than tests involving only the BRB and
gusset, cases of less-than-adequate performance have been ob-
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served (Tsai et al. 2003; Mahin et al. 2004; Tremblay et al. 2006;
Christopulos et al. 2006; Tsai et al. 2006). These tests have high-
lighted the stiffening effect of the gusset on the connection and, in
some cases, the limitations. Gusset performance is critical to the
performance of BRBF systems and there are several ways in
which gussets affect the system behavior:

1. The presence of the gusset at the beam-to-column connection
creates a system that has a larger stiffness relative to a braced
frame with assumed simple connections, which in turn de-
creases the period of vibration of the system and increases
the seismic force demand.

2. The larger stiffness of the beam-to-column connection also
results in a larger proportion of the base shear force being
resisted through frame action rather than truss action, de-
creasing the effectiveness of the BRBs as described below.

3. Stiff gusset plates may transfer moment to the BRBs which
reduces their cumulative inelastic axial deformation capacity.

4. Out-of-plane gusset buckling may occur as the angle be-
tween the column and the beam at the beam-to-column joint
“closes” during frame sway, causing an out-of-plane moment
on the BRB and the BRB connection to the gusset.

5. Alow-cycle fatigue condition is created in the critical welds
that connect the gusset to the beam and column. Tension
stresses develop as the beam-to-column joint “opens” during
frame sway and compression stresses develop as the joint
closes. Such a low-cycle fatigue condition can lead to weld
fracture.

The latter two points are of critical significance. Recent experi-
mental work by Mahin et al. (2004) and Christopulos et al. (2006)
showed damage to the gusset-to-beam-to-column connections, in-
cluding fractures of the gusset welds and local buckling of the
flanges and webs of the beams and columns along and near the
gusset. The damage was observed at large drifts for braced frames
(i.e., larger than 1.5%) but is nevertheless a concern for certain
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performance expectations of BRBFs. Fractures of the weld of the
gusset to the beam resulted from stresses caused by the opening
and closing of the angle between the column and beam at the
beam-to-column connection. When opening, tensile stresses ori-
ented approximately perpendicular to the BRB’s longitudinal di-
rection develop in the gusset and must be transferred through the
gusset weld to the beam and column. When closing, the gusset
plate is compressed and possibly buckled. If the gusset does
buckle, the out-of-plane deformation would cause additional com-
pression and tension stresses in the welds. Even if buckling does
not occur the alternating cycles of tension and compression
stresses can initiate fracture from low-cycle fatigue of the gusset
weld.

To avoid these drawbacks an unconstrained configuration is
proposed where the BRB gusset is connected to the beam and not
to the column. A moment resisting beam-to-column connection is
then employed to transfer the high shear force and increase beam
stability. The proposed gusset connection is an alternative to the
one developed and tested by Fahnestock et al. (2007) where the
gusset is connected to both the beam and column but the moment
is released from the beam via a rotationally flexible splice placed
just outside the gusset region. Fahnestock et al. (2007) showed
the system had good seismic performance and eliminated unde-
sirable failure modes. While such a connection may be a practical
alternative for new construction, it is difficult to employ in retrofit
situations. The connection proposed here may be a practical al-
ternative in retrofit scenarios and also has the benefit of maintain-
ing the redundancy inherent in braced frames with moment-
resisting beam-to-column connections.

The system described here was designed using the formalized
structural fuse methodology (Vargas and Bruneau 2009a) and has
been previously validated for seismic applications using dynamic
earthquake simulation testing (Vargas and Bruneau 2009b). Those
tests, whose primary goal was verification of the formalized struc-
tural fuse design methodology rather than an in-depth investiga-
tion of the behavior of the proposed BRB gusset connection,
confirmed that the system met the performance objectives for the
design seismic demands. However, the drift levels achieved dur-
ing those tests were fairly small, albeit large enough to cause
BRB yielding.

This paper describes the details of the design procedure and
the results from quasistatic cyclic testing to failure of the BRBF
using the proposed BRB gusset connection. The behavior of the
connection is fully investigated and the behavior of the BRBs is
separated from that of the surrounding moment resisting frame.

Structural Fuse Concept for BRB Design

To illustrate how minimizing the stiffness of the framing system
around the BRBs helps to improve the efficiency of the BRBF
system and keep the demands on the framing members low, a
brief review of the structural fuse concept formulated by Vargas
and Bruneau (2009a) is provided. This concept evolves from con-
sideration of a frame with a generic structural fuse in Fig. 1(a) as
represented by the three-spring model shown in Fig. 1(b), where
K is the lateral stiffness of a frame (i.e., the moment-resisting
frame), K and K, are the lateral stiffnesses of the nonyielding
segments of the BRB and the yielding segment of the BRB, re-
spectively, m is the reactive mass, and C is the damping coeffi-
cient. The three spring model can be then be simplified to the
model of Fig. 1(c), where the stiffness K, is

Mass, m
-’ >
Structural
Fuse BRB (d) Frame (f)
Non-Yielding
BRB Segment (s)
/7 < > /77
(a) Ground Motion, Ug(t)

Fig. 1. (a) Frame system with generic structural fuse; (b) mass-spring
representation; and (c) simplified mass-spring system

Ky =Ks+ K, (1)
and
K.K
Ka=s—d 2)
K. +K,

Considering elastic-perfectly plastic behavior for the frame and
structural fuse, the system force-displacement curve shown in
Fig. 2 would result, where A, is the displacement of the system
when the structural fuse yields, A,/ is the displacement of the
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Fig. 2. Generalized pushover curve for system with a structural fuse
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system at frame yield, V,, is the yield base shear force of the
frame alone, V,, is the yield base shear force of the structural fuse
alone, V, is the base shear force of the system when the structural
fuse yields, and V), is the base shear force of the system at frame
yield. The objective of the structural fuse concept is to limit sys-
tem response to less than A, to allow self-centering of the un-
damaged frame upon removal and replacement of the yielded
fuses (i.e., per a complete fuse analogy).

Using Fig. 2, the stiffness ratio (3, maximum displacement
ductility . and overstrength (), may be defined as

K A, V
B=" 0= 3)

“‘max =
A v,

ya
where the displacement ductility is limited by frame yield. Vargas
and Bruneau (2009a) performed a parametric study incorporating
nonlinear time history analysis to develop a design tool for such a
fuse system. However, the purpose of this study is to investigate
the novel connection detail and in this case only the pushover
curve is necessary to employ the structural fuse design method-
ology.

Considering Fig. 2, the most efficient use of a BRB as the
structural fuse is when the difference between frame and brace
yield displacements is maximized (i.e., when ., is maximized).
Further, when BRB yielding occurs earlier in the loading history
more energy is dissipated prior to frame yielding. Fig. 2 also
assists in demonstrating the effect of stiffening the moment resist-
ing frame by adding a large, thick, stiffened gusset of the type
often used for BRBs. The increase in frame stiffness increases the
total stiffness of the BRBF system, thus causing larger base shear
force to develop. Once the BRBs yield, the larger base shear force
owing to the stiffer frame must be carried by the frame, including
the connections and foundations. In the context of seismic retrofit,
this observation is significant because existing framing systems
may not be able to resist the increased demand. Additionally, for
new construction, this effect may not be accounted for in design
of the frame and foundations, especially if the BRBF is analyzed
neglecting frame action (i.e., as a truss). This frame stiffness in-
crease is likely to be more significant in BRBFs relative to con-
centrically braced frames (CBFs) because the gusset plates in
CBFs are typically designed to be somewhat flexible to allow the
braces to buckle out-of-plane as desired.

BRB Connection Details

Fig. 3 shows a schematic of the proposed connection. As shown,
the work point of the gusset connection is at the intersection of
the beam and column centerlines (if not, it would require account-
ing for additional flexural demands on the beam, but that case is
not considered here). Given that the location of beam plastic hing-
ing is typically assumed to be at d;,/2 from the column face for
moment resisting beam-to-column connections of the type con-
sidered here (Federal Emergency Management Agency 2000b),
the gusset is offset a minimum distance of d,,/2 from the column
face. As a result, the gusset edge may be at the expected location
of a plastic hinge in the surrounding frame, when such a hinge
forms at large drifts. For a gusset welded to the beam, beam
plastic hinging would be expected to be constrained to the region
between the column face and the gusset, and for a gusset bolted to
the beam, hinging might be expected to spread around d,/2. As
discovered during testing and discussed in sections below, beam
yielding was mostly limited to the region between the gusset edge
and the column face despite the bolted gusset connection. Addi-
tionally, the increased stress state caused by the presence of the
bolt holes did not initiate fracture in the beam flange.

As shown in Fig. 3, beam stiffeners should be provided where
the gusset is connected to prevent web buckling and flange bend-
ing. In practice, these stiffeners could also be used for the re-
quired lateral bracing of the beam. The gusset is stiffened against
buckling with an edge stiffener and a stiffener parallel to the
longitudinal axis of the BRB, which is recommended whether a
bolted connection or pin connection is used for the BRB. The
compressive buckling strength of the gusset may be checked
using Section of J4.4 of the AISC Specifications for Structural
Steel Buildings (AISC 2005b) and free-edge buckling may be
checked as per Astaneh-Asl (1998).

Regardless of whether the system is for new construction or
retrofit, the beam-to-column connection should be moment resist-
ing. An estimate of the necessary rotation capacity may be ob-
tained from analysis and for new construction the choice of
whether the connection should satisfy the requirements of special,
intermediate, or ordinary moment frames could be made based on
the required rotation capacity. Note that because the system has a
first mode fundamental frequency of vibration near or above that
of a braced frame, the drifts and rotation demands will be signifi-
cantly lower than those associated with traditional moment resist-
ing frames. In fact, Vargas and Bruneau (2009b) showed that it is
possible to design this system such that there is 0 ductility de-
mand on the beam-to-column connection for design earthquakes.
For earthquakes exceeding the design level shaking, frame yield-
ing will occur and ductile response of beam-to-column connec-
tions should be ensured. When connection ductility demands are
large, moment resisting connections should satisfy the require-
ments for special moment resisting frames (SMRFs) or the re-
quirements for ductile connections as given in FEMA 350
(Federal Emergency Management Agency 2000b). For frames
using the proposed gusset connection, the maximum frame drift
prior to failure will be governed by the rotational capacity of the
beam-to-column connection, not the axial deformation of the
BRB. Thus, the unconstrained gusset connection represents a
tradeoff between gusset and beam-to-column connection perfor-
mance limiting the system ductility. The former is a connection
detail for which there is little experimental data available and the
latter is a detail for which there is considerable data.

Per capacity design principles the gusset should be designed to
resist the brace expected tension and compression strengths
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Fig. 4. Gusset free-body diagram

(AISC 2005a,b). Standard gusset plate limit state checks may be
employed including yielding over the Whitmore section, net sec-
tion fracture or tear-out, gusset buckling, and free-edge buckling.
For design of the gusset-to-beam connection, the free-body dia-
gram of the gusset shown in Fig. 4 may be used. Equilibrium
considerations for the free-body diagram give the gusset-to-beam
connection design loads as

H,,=P,cos 4)
V.u,=P,sin 0 (5)
Mub = Vuh(& - 0‘) (6)

where H,,, V,,, and M, =horizontal and vertical forces, and mo-
ment at the gusset-to-beam interface, respectively; P,=expected
BRB strength; and « and a=horizontal distances from the work
point to where the projected brace centerline intersects the beam
flange and to the center of resistance of the gusset-beam connec-
tion, respectively.

If the structural fuse methodology has been used to select
framing member sizes and brace sizes, capacity design of the
beams and columns should already be satisfied since the BRBs
would be designed to yield at a drift that is much smaller than the
yield drift of the moment resisting frame. Nonetheless, to ensure

Direction of Loading

a fail-safe system, the designer should ensure that if the design
drifts are exceeded, a desirable ultimate collapse mechanism is
developed. That is also the case if a more traditional design ap-
proach is used rather than the formalized structural fuse method-
ology. The governing mechanism should consist of plastic
hinging in the beams following BRB yielding and preceding other
failure modes. Strong column-weak beam requirements should be
satisfied to ensure that plastic hinges form in the beam rather than
the columns. Furthermore, detailing the moment resisting connec-
tions to meet the requirements of an intermediate moment frame
(IMF) or SMRF would ensure that the frame could reach a drift of
2 or 3%, or frame ductilities of approximately 2 or 3, respectively.
The beam and beam-to-column connection should also have suf-
ficient shear capacity since the shear force they transfer is larger
than in traditional moment frames or brace-gusset connections.
Consider Fig. 5, which shows a schematic of a beam from a frame
with the proposed BRB gussets subjected to a drift large enough
to cause both BRB yielding and plastic hinging of the beams
(note that for BRBs in a chevron or inverted chevron configura-
tion the situation would be similar). Equilibrium of the free-body
diagram for the beam gives the following expressions for beam
shear force demand, V. and Vi, for the right and left ends of the
beam, respectively

2M])b + (PMH-I + Pm‘)(sh + dC/Z)tan 6
LI

Vbhr= Pui sin 0 (7)

2M ,, + (P41 + P,;) (s, + d,/2)tan 6
L!

Vi = + P sin®  (8)
where M, =plastic moment capacity of the beam; P,; and P,
=expected strengths of the BRBs below and above the beam
under consideration; s,=distance from the column face to the
beam plastic hinge; d.=depth of the column; 6=inclination angle
of the BRBs with respect to horizontal; and L' =distance between
beam plastic hinges. In a retrofit situation, the beam-to-column
connections may not be able to achieve ductility equal to that of
an IMF, however, the shear strength of the connections should
still be greater than required by Egs. (7) and (8) to prevent brittle
shear failure.

Beam Plastic Hinge Location

Y
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Fig. 5. Beam schematic and free-body diagram
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Fig. 6. Test specimen

Specimen Design

The specimen design is described in detail in Vargas and Bruneau
(2009b), therefore, only a brief description is provided here. A
prototype design was performed for the three-story SAC building
(Federal Emergency Management Agency 2000a) for design
ground shaking that was based on the performance capacity of the
earthquake simulators in the Network for Earthquake Engineering
Simulation node in the Structural Engineering and Earthquake
Simulation Laboratory at the University at Buffalo (UB). The
structural fuse methodology was employed for design of the pro-
totype and the test specimen was designed from the prototype
using a 1/3 length scale factor. As noted in Vargas and Bruneau
(2009a,b) the analytical performance of the prototype and the
results of dynamic testing of the specimen under design ground
motions demonstrated that the design satisfied the performance
objectives of the formalized structural fuse methodology, namely,
that the frame remained elastic and the BRBs yielded, undergoing
significant inelastic deformations. The 1/3 scale frame shown in
Fig. 6 consisted of A992 Gr. 50 W150X 13.5 (W6 X 9) beams
and WI30X23.8 (W5X16) columns, and SN400B (F,
=235 Mpa and F,=400 Mpa) BRBs with a rectangular core
cross-sectional area of 25X 16 mm. Story heights were 1,340
mm for the first story and 1,289 mm for the second and third
stories, and the bay width was 2,032 mm. Each end of each BRB
was attached to the beams with the unconstrained gusset connec-
tions except the bottom of the first-story brace, which was con-
nected directly to the column.

(
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(W5 x 16)

Bolts @ 13%

Bolts @ 16
1,/‘05,5, ‘\\5,
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e ES——— ]

Fig. 7. BRB-to-beam connection detail (a) as designed; (b) after
setup

Typical BRB-to-beam and beam-to-column connections are
shown in Fig. 7. Centerlines of the brace, beam, and column
intersected at the center of the column panel zone and the BRB
gusset was offset from the column face by a distance of 76 mm.
The 16 mm thick gussets had 9.5-mm thick edge stiffeners as well
as 16-mm stiffeners at the splice connection with the BRBs. The
edge stiffeners were sized to be the same width as the beam flange
and any remaining free-edge length satisfied the requirements of
Astaneh-Asl (1998). Stiffeners were also provided for the beam
on both sides of the web at the ends of gussets. The first-story
BRB-to-column connection is shown in Fig. 8. As shown, the
centerline of the BRB was aligned to intersect the centerline of
the column at the top of the column’s base plate and a stiffened
gusset was bolted to the column flange.

Moment resisting beam-to-column connections were designed
and a detail of the as built connection is shown in Fig. 9. Consid-
ering the 1/3 scale of the specimen, it was not possible to match
all details of a connection from FEMA 350 (Federal Emergency
Management Agency 2000b). Therefore, the connection was de-
signed to be similar to a welded unreinforced flange-welded
(WUF-W) web connection. Some key differences between the
as-built connection and the WUF-W details from FEMA 350 are:
¢ The beam web was not welded to the column flange but rather

only to the 6.4-mm shear tabs.

e There were two shear tabs, one on each side of the beam web,
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Fig. 8. BRB-to-column connection detail (a) as designed; (b) after
setup (only on bottom story)

which were connected with complete joint penetration welds
to the column flange and 4.7-mm fillet welds to the beam web.

e The radius for the weld access hole was 4.8 mm, and the
center of the weld access hole was 9.5 mm from the inside of
the adjacent flange, both of which are smaller than the mini-
mum specified dimensions in FEMA 350.
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Fig. 9. Beam-to-column connection
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Fig. 10. Nonlinear static analysis for the test specimen (a) analytical
pushover curve; (b) model schematic

e A hole was necessary in the middle of the column web panel
zone for attachment of the reactive mass system [necessary for
the earthquake simulation testing in Vargas and Bruneau
(2009b) but used only for lateral bracing in the quasistatic
testing described here]. The panel zone was then reinforced
with a 25.4-mm doubler plate on each side of the column web.
The 1/3 scale specimen does not meet the qualification testing

requirements for beam-to-column connections in AISC 341

(AISC 2005a,b), where the beam is required to have a depth of

90% of the prototype beam and a weight per foot of 75% of the

prototype. Further, the detail changes above that were necessary

to accomplish the required scale of the specimen may result in
changes of the stress-strain history at critical fracture locations.

Such changes could affect the low-cycle fatigue life of the con-

nection. Therefore, near full-scale testing would be required prior

to implementation of the proposed connection.

Nonlinear static analysis of a model of the experimental speci-
men was performed using SAP2000 (Computers and Structures
Inc. 2004) and the results are shown in Fig. 10(a). The analysis
considered a displacement pattern corresponding to a single ac-
tuator load at the top of the structure as discussed below. BRBs
were modeled as elastic-plastic elements with only uniaxial yield-
ing and 5% strain hardening based on the axial testing described
in Vargas and Bruneau (2009b). Frame elements were also de-
fined to have elastic-plastic flexural hinges with 1% strain hard-
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ening. No rotation limits for strength loss in the framing element
hinges were assigned and all possible hinge locations in both the
beams and the columns were considered. Rigid elements were
used to represent the gussets and connected the brace end points
to the centerline of the beam as shown in Fig. 10(b). The resulting
pushover curves, shown for the bare frame, BRB’s only, and
frame with BRBs, indicate that the BRBs have been designed to
yield at a roof drift of 0.17% while the frame will yield at a drift
of 0.86% drift. For the prototype frame designed for the three-
story SAC building, the roof drift at yield of the BRBs and frame
were found to be 0.01 and 1%, respectively (Vargas and Bruneau
2009b). Thus, the analyses indicate that the prototype and the 1/3
scale experimental specimen exhibit reasonably similar global be-
havior. Additional details on the scaling of the specimen from the
prototype design, and on the results of nonlinear response history
analysis can be found in Vargas and Bruneau (2009b).

Experimental Setup and Loading

The specimen was attached to the strong floor of the laboratory at
UB. Lateral support to the specimen was provided by the reactive
mass frame used for the earthquake simulation testing. The reac-
tive mass frame provides negligible resistance in the plane of the
specimen, via the use of three-dimensional rockers at the top and
bottom of each column at each story, while providing out-of-
plane resistance through double-angle braces between the col-
umns in that direction. The reactive mass frame has steel plates
that are 90-mm thick, 2,000-mm wide, and 3,000-mm long sepa-
rating the columns at each level and acting as beams. The con-
nection of the plates to the specimen is achieved through 38-mm
diameter high strength threaded bars that connect to vertically
slotted holes in the webs of BRBF columns.

A large capacity static actuator was mounted to the adjacent
strong wall and connected to the mass plates at the top story of
the specimen as shown Fig. 11. The essentially rigid mass plates
then transfer the actuator load to the tops of the columns of the
BRBF. Loading was only applied at the top story of the specimen;
therefore, the story shear force was equal at each level. The speci-
men was connected to a large steel floor plate at the column bases
through connections capable of transferring the plastic moment
capacity of the column. The floor plate was then pretensioned to
the strong floor to prevent uplift of the specimen during testing.

The loading protocol used was based on Appendix T of AISC
341 (AISC 2005a,b) for qualifying cyclic testing of BRB test
specimens, which specifies loading requirements in terms of BRB
axial deformation. Roof drift was assumed to be proportional to
BRB deformation and was used as the control quantity here be-
cause the frame was comprised of three BRB specimens. Prior to
testing, the loading protocol was developed based on the results
of the nonlinear static analysis described above. The brace defor-
mation corresponding to the design story drift was assumed to be
the brace deformation when the surrounding frame yields, in this
case at 0.86% roof drift according to the nonlinear static analysis.
This is a conservative upper bound on BRB deformation because
the system was designed using the structural fuse methodology
where the maximum drift for design ground motions is limited to
the drift at which the frame surrounding the fuse elements begins
to yield. Thus, 0.86% roof drift was substituted for brace defor-
mation at design story drift in the loading protocol.

Table 1 gives values for the target percent roof drift and actual
percent roof drift used as control for the quasistatic testing (the
actual displacements applied were slightly different as a result of
flexibility in the test setup). In Table 1, A is the roof displacement,
d is BRB axial deformation determined from displacement poten-
tiometers that spanned the BRBs’ length from gusset-to-gusset, A,
is roof displacement at yield of the first BRB (all three BRBs
yield at very similar roof displacements), A, is the inelastic roof
drift computed as the total roof drift minus the base shear force
divided by the frame’s elastic stiffness, 8, is yield axial deforma-
tion of the BRB (1.16 mm), and 3, is the inelastic axial deforma-
tion of the BRB computed as the total BRB deformation minus
the BRB axial force divided by the BRB’s elastic stiffness. The
brace deformation measurements include the deformation of the
flared ends of the BRBs; however, their stiffness was 13 times
larger than that of the BRB core making their contribution to
BRB elongation negligible. After initial cycles, the loading pro-
tocol requires cycles be applied at 1.5 times the brace deformation
at the design story drift until a cumulative BRB inelastic defor-
mation of 2003, is achieved. To approximate the cumulative BRB
inelastic deformation prior to the test the roof drift was assumed
to be proportional to BRB deformation, and the analytical model
described above was used to estimate base force at the various
drift levels. Table 1 shows the target and actual cumulative inelas-
tic brace deformations, the latter determined using the BRB hys-
teretic curves described below. Through the beginning of
Sequence 6 the loading protocol was consistent with that in Ap-
pendix T of the ASIC Seismic Provisions. At the end of Sequence
6 the system could be considered qualified per AISC (2005a,b),
but only for the relatively small BRBs, beams, and columns used
here. After Sequence 6, additional cycles at increasing drift levels
were applied until failure of the specimen was observed.
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Table 1. Loading Protocol and Brace Plastic Deformation Accumulation

Target loading protocol Actual loading protocol®
Ist-story BRB 2nd-story BRB 3rd-story BRB
Number

Seq. cycle Drift % A (mm) A /Ay 3(44,/4,) Drift®% 5,/8,  2(5,/3,) 5,/5,  2(8,/3,) 5,/8,  2(3,/3,)
1 2 0.21 8.4 0.18 1.44 0.18 0 0 0 0 0 0
2 2 0.43 16.9 1.2 10.9 0.38 1.3 5.6 0.6 5.7 0.5 4.9
3 2 0.86 33.8 32 36.1 0.79 4.0 30.9 3.9 39.3 32 34.0
4 2 1.29 50.7 53 78.6 1.22 7.0 81.1 8.0 103.7 6.4 88.4
5 2 1.72 67.6 7.5 138.7 1.67 10.1 156.3 11.8 199.3 9.8 170.2
6° 24 1.29 50.7 53 528.5 1.23 6.9 767.9 7.6 955.1 6.4 826.1
7 2 2.00 78.4 9.0 720.4 1.89 12.1 860.4 15.0 1,068.2 11.9 922.1
8¢ 2 2.50 97.9 11.6 813.3 2.31 18.1 1,106.6 17.8 1,340.5 15.0 1,151.3
9 2 3.00 117.5 143 916.9 2.81 17.0 1,244.5 22.9 1,518.8 18.8 1,304.4
10 2 3.50 137.1 17.0 1052.9 3.29 18.0 1,389.6 255 1,717.4 20.5 1,471.6
11 2 4.00 156.7 19.7 1221.2 3.75 18.0 1,525.0 36.5 1,940.9 25.5 1,655.9

“Where differences in the peak positive and negative brace deformations were observed in a sequence, the maximum absolute value of those values is used
in §,/8,. The summation includes the full unsymmetrical deformation pattern.

"There were minor differences between the maximum positive and negative drifts during a given cycle and the maximum absolute values for drift are
given in the table.

AISC Seismic Provisions Appendix t-test requirements were fulfilled during Sequence 6.

9Failure of the column base plate under the west column occurred during Cycle 2 of Sequence 8. Sequence 8 was restarted from the beginning following
repair at the beginning of Sequence 8, resulting in four cycles at 2.31% drift.

Experimental Results

The base shear force versus roof drift hysteresis is shown in Fig.
12. Elastic specimen behavior was observed during the first two
cycles although there was some friction in the system (this is
shown as a small hysteretic area in the early cycles of Fig. 12).
Yielding of the BRBs began in Cycles 3 and 4 (Sequence 2) at
approximately 0.20%. At approximately 1% drift, during Cycles 7
and 8 of Sequence 4, frame yielding began with the beams at the
first story, followed by the beams at the second story and then the
beams at the third story. Recall the design intent, informed by
nonlinear static analysis, was that there would be no yielding of
frame members up to a drift of 0.86%. The BRBs, acting as fuses,
yielded at a considerably lower drift of 0.17% and were respon-
sible for all energy dissipation prior to yielding in the frame. The
results indicate that this requirement was indeed satisfied as the
BRBs began to yield at approximately 0.20% drift and had sig-
nificant inelastic deformation prior to the onset of frame yielding.

After completing the testing requirements of Appendix T of
AISC 341, the specimen was subjected to cycles at increasing
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Fig. 13. (a) Fracture at west column base; (b) repaired west column
Fig. 12. Base shear force versus roof drift base
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Fig. 14. Beam-to-column connection fracture

drifts. During the cycles of Sequence 8 at approximately 2.3%
frame drift, the weld connecting the west column to its base plate
fractured as shown in Fig. 13(a). Note that the west column did
not have the BRB connection at its base. The figure shows sig-
nificant whitewash flaking indicating that the column had yielded
extensively prior to the fracture. The connection was ground
down and the column was rewelded to the base plate. Stiffeners
were added to the base plate connections on both columns as
shown in Fig. 13(b) to prevent subsequent fracture at the column
base. The loading protocol was then continued with two addi-
tional cycles at 2.3% drift as shown in Table. 1.

In the cycles after the column base repair increasing plastic
deformations of the BRBs and beams occurred. The specimen
behaved in a ductile manner until the first floor beam-to-column
connection at the west end of the beam fractured. Fig. 14 shows
the fracture after testing and after the lateral bracing frames had
been removed. The fracture occurred during the positive loading
branch at 1.4% drift of what would have been the first cycle of
Sequence 12, where the target roof drift was 4.5% (see Fig. 12
and Table 1). Following the fracture the specimen lost 30% of its
strength. There was evidence of yielding, significant plastic de-
formation, and local buckling of the beam flanges at the connec-
tion.

Using strain gages that were placed in elastic regions of the
beams and columns, the portions of the story shear force resisted
by the frame and BRBs were separated. Fig. 15 shows those
individual contributions for all three stories as backbone curves
taken at the peaks of each cycle. The data for the first story shows
the fracture of the weld at the west column base connection near
2.3% drift and the corresponding repair. As shown in Fig. 15 the
BRBs resisted nearly 70% of the story shear force for the duration
of the testing at all stories except the first story, where the per-
centage fell to slightly below 50% just prior to the fracture near
the base plate of the west column. The figure also shows the clear
linear behavior of the framing members well beyond the drift
levels where the BRBs yield, consistent with the structural fuse
concept. The first story had a somewhat larger stiffness relative to
the upper two stories as indicated in Fig. 16, which shows the
deformations of the west column at the positive peak of the final
cycle of each sequence of loading. The first-story stiffness was
expected to be larger because of the attachment of the gusset and
BRB to the bottom of the east column as shown in Fig. 6. This
connection is also the reason the portion of the first-story shear
force carried by frame is larger than at the other two stories. The
column deformation profile also shows that the relative deforma-
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Fig. 15. Story shear force versus story drift backbone curves (a) first
story; (b) second story; and (c) third story

tions of the second and third story were similar; however, during
the final cycles, the second story begins to absorb more of the
total frame deformation.

Similar results to those above were obtained for energy dissi-
pation, as shown in Fig. 17. The BRBs acted as a structural fuse
and dissipated most of the hysteretic energy while the largest
frame contribution was found to occur at the first story and the
largest BRB contribution was found to occur at the second story.

Again using the strain gauge data to separate the response of
various components, the BRB axial forces and the beam end mo-
ments were found. Fig. 18 shows BRB axial force Py, normal-
ized by the yield axial force P,,., versus BRB axial deformation
Sy, Normalized by the yield deformation dyprp- All BRBs had
significant inelastic deformation and had stable hysteretic behav-
ior. As expected, all BRBs had more strain hardening and devel-
oped larger strengths in compression than in tension due to
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Fig. 16. Profile of west column at the maximum displacement of
each sequence except Sequence 6

confinement of the lateral strains provided by the restraining ma-
terial. Further, all BRBs showed increasing compressive stiffness
near peak deformations in the final cycles caused by binding of
the flared ends against the outer case of the BRBs. The first-story
BRB appears to bind at a slightly lower deformation which may
be attributed to the different gusset connection at the bottom of
the first story. The BRBs at the second and third stories had the
novel gusset connections at each end and were subjected to mini-
mum rotations as the sections of the beams they were attached to
remained approximately parallel. However, the first-story BRB
was likely subjected to different rotations at each end because it
was connected to two locations that did not stay approximately
parallel (a column and a beam). The end rotations likely caused
binding of the outer case of the BRB at a smaller axial deforma-
tion. Thus, another advantage of the novel gusset connection is
that the in-plane rotation demands on the BRBs are reduced as
they are connected to locations that remain approximately parallel
in the deformed configuration. To achieve a similar behavior at
the first story, the BRB could be connected to the foundation or a
grade beam rather than the column.

Fig. 19 shows the moment at the west and east ends of the
beams projected to the column faces, normalized by the beam
plastic moment, versus the story drift. With the BRBs in this
configuration, story drift may not correspond to connection rota-
tion in the same way it does for a moment resisting frame. Con-
siderable inelastic deformation of the first- and second-story
beam-to-column connections is evident; however, the third-story
connections had significantly less yielding. As noted, the west end
of the first-story beam failed and that failure is apparent in the
figures. Interestingly, it appears that a secondary load resisting
mechanism must have developed after the failure since the mo-
ment at the east first-story beam-to-column connection continued
to grow and the total base shear force was not immediately af-
fected. Beam-to-column connection failure was the expected fail-
ure mode for the specimen and nonlinear static analysis results
had indicated the first-floor connections were likely to fail first.

Fig. 20 compares a backbone curve of base shear force versus
frame drift from the experimental results with those from nonlin-
ear static analysis using SAP2000 (Computers and Structures Inc.
2004) which was described above. The analysis was repeated for
both positive and negative loadings but the BRB properties were
assumed to be equal for both compression and tension. Recall, the
model assumptions included 5 and 1% strain hardening for the
BRBs and frame member respectively. The model also included
rigid offsets to represent the geometry, including the gussets, as
shown in Fig. 10(b). From Fig. 20 it is clear the analysis results
agree well with the experimental results. Thus relatively simple
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nonlinear analysis static may be used to determine frame element
forces for BRBF with the novel gusset connection developed
here.

Conclusions and Recommendations

A new gusset plate connection for BRBs where they are con-
nected only to the beam and not the column was designed and
tested. The connection eliminates some of the problems that have
been observed with BRB gusset connections in previous research
including: the stiffening of the beam-to-column connection (re-
sulting in larger frame stiffness and larger base shear forces),
transfer of in-plane moment to the BRBs, out-of-plane buckling
of the gusset, and gusset weld fracture due to the “opening” and
“closing” of the beam-to-column connection during frame sway.
As a trade off, it requires the use of a moment resisting beam-to-
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column connection that will likely be the limiting factor in the
system’s ductility.

The three-story quasi-static BRBF test specimen with the
novel gusset connection described here showed excellent ductil-
ity. BRB yielding occurred at 0.2% roof drift and reached an
element ductility of almost 5 prior to the initiation of frame yield-
ing at 1% roof drift. The system performed well throughout the
required testing protocol of Appendix T of the AISC 341, meeting
those performance goals. Additional testing to larger drifts fol-
lowed the successful completion of the protocol. Ultimately the
specimen reached a roof drift of 3.75% and a cumulative BRB
inelastic deformation of over 1,5008y when failure of the first-
floor beam-to-column connection occurred and the testing was
stopped. The system had been designed using the structural fuse
methodology developed by others, where the design objective is
to limit the maximum roof drift for design ground motions to less
than the drift where yielding of the moment resisting frame oc-
curs. This is done by ensuring the BRBs yield at a significantly
lower drift levels and provide energy dissipation that controls
peak frame drift. It was shown that the BRBs contributed signifi-
cantly to the overall strength, stiffness, and energy dissipation
capacity of the system and that the system performed as intended.

The BRBF specimen tested showed excellent ductility and
proved the novel gusset connection to be a possible alternative to
traditional BRB gusset plate configurations. However, the test
was performed at 1/3 scale. Full scale testing should be performed
to verify the performance of this type of connection prior to
implementation. Of particular importance is the maximum ductil-
ity capacity, which is limited by the beam-to-column connection
which in turn may be sensitive to modifications necessary for
scaling. Further research would allow investigation of whether the
peak roof drift of 3.75% can be achieved for a full-scale speci-
men, although that was well beyond the maximum allowed design
roof drift of 0.86% necessary to satisfy the objectives of the struc-
tural fuse design methodology. If an alternative approach to the
structural fuse design methodology is used in which yielding is
expected at the beam-to-column connections, then ductility de-
mands at the connections may approach the available ductility
capacity.
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