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B A test specimen was designed and constructed to
represent a scaled partial model of a precast con-
crete buckling-restrained braced frame. A gusset
plate connection was designed using the uniform
force method (UFM).

B The specimen was tested under representative seis-
mic loads.

B Study objectives were to test a partial system un-
der representative seismic loads and to determine
the applicability of the force distribution assumed
by UFM.
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become a well-established lateral-force-resisting

system for steel construction. Buckling-restrained
braces implemented in steel structures have been shown
to possess enough rigidity to satisfy structural drift limits,
provide significant energy absorption, and reduce forces on
foundations and adjacent members.'™ Testing procedures
for buckling-restrained brace subassemblages and design
procedures for steel structures using buckling-restrained
braces have been codified in the American Institute of
Steel Construction’s Seismic Provisions for Steel Buildings
(AISC 341) since the 2005 edition.>® In contrast, there is an
insufficient amount of laboratory experiments from which
a codified method of design for BRBFs for precast concrete
systems can be developed and, before the study described in
this paper, no U.S. laboratory experiments had been con-
ducted on the seismic performance of these systems.

Buckling—restrained braced frames (BRBFs) have

Presently, the most common types of lateral-force-resisting
system for precast concrete structures are shear walls and
moment frames.” Because both shear walls and moment
frames can include cast-in-place elements, post-tensioned
connections, and grouted connections, some of the inherent
benefits of selecting a precast concrete system—such as
quick erection time, improved quality control, and lower
project costs—are limited.?

Buckling-restrained braces were recently used as the lat-
eral-force-resisting system for a precast concrete structure
in the New Madrid seismic zone of the United States.” The



braces were selected because they eliminated the need for
moment connections and shear walls and provided sufficient
load capacity and seismic drift levels. Prior to approval, local
building authorities required that the project team justify the
use of this novel system. If the use of precast concrete BRBFs
could be codified, it could reduce erection times and project
costs for precast concrete construction in seismic zones.

Precast concrete BRBFs have only been examined via labo-
ratory experiments by Guerrero et al.'” Although the BRBFs
showed promising seismic performance, the detailing of the
system reflected the standards used in Mexico and the results
may not directly translate to structures in the United States.
Numerical studies conducted by Oh et al."" indicated excellent
seismic performance of a precast concrete frame system with
steel buckling-restrained braces but did not explicitly account
for joint failure modes.

The study presented in this paper aimed to fill a knowledge
gap by experimentally evaluating a proposed connection from
a buckling-restrained brace to a precast concrete beam and
column. Design options for buckling-restrained brace connec-
tions and their impact on precast concrete beam and column
designs were first examined. Given concerns about high
gravity loads being transferred from the beam into the gusset
plate, several statically determinate connection types that pre-
vented gravity load transfer were first examined.'> However,
even the most promising of these options, a lug connection
that connected only to the corbel, would have required uncon-
ventional design procedures. Ultimately for these reasons, a
gusset plate connection designed by the uniform force method
(UFM) was selected for physical testing.

The objective of this study was to determine the applicabil-
ity of the force distribution assumed by the UFM to precast
concrete BRBFs via a cyclic test on a gusset plate connection
designed by UFM. Using a test approach adapted from buck-
ling-restrained brace—to—steel frame connection tests executed
by Coy," investigators used two servo-controlled hydraulic
actuators to simulate the behavior of a partial precast concrete
BRBF under load due to a seismic event.

Literature review

The design of gusset-type connections to precast concrete
systems is of interest to researchers because recent exper-
imental and numerical research has indicated promising
performance of precast concrete BRBF systems. Guerrero et.
al."” compared the performance of a one-third-scale precast
concrete BRBF and a precast concrete frame of the same scale
constructed without BRBFs and found that damage in the
beams, columns, and joints was reduced in the BRBF speci-
men. However, as noted previously, this study was performed
in Mexico and the detailing was different from that specified
in U.S. concrete design standards. Numerical research by Oh
et. al.'" demonstrated that a precast concrete frame system
with buckling-restrained braces evaluated by the Federal
Emergency Management Agency’s Quantification of Building

Seismic Performance Factors (FEMA P695)"* methodology
could be given a response modification factor of 8 for seismic
design. This model did not explicitly capture damage within
the joints, but the system behavior of the model was validated
against the experimental results of Guerrero et. al.'” Given the
promising experimental and numerical results for system-level
performance of precast concrete BRBF systems, investigation
of the behavior of connections from steel BRBFs to precast
concrete frame systems is warranted.

The most common design procedure for steel gusset plate
connections is the UFM, which was developed by Thornton's
in conjunction with a joint American Society of Civil
Engineers (ASCE) and AISC task group and first appeared in
the AISC Manual of Steel Construction'® in 1992. The UFM
was created to satisfy static equilibrium and assigns dimen-
sions of the gusset’s connected edges such that no moments
occur on any of the three connection interfaces (gusset-to-
beam, gusset-to-column, and beam-to-column). Because the
load path through the gusset plate depends on the stiffness of
the connections and the members that they attach, the analysis
is indeterminate. This indeterminacy was neglected in the
derivation of the UFM in the interest of creating an easily
usable design method for distribution of interface forces due
to brace action.

When Thornton derived the UFM," he acknowledged that
distortion (referred to as frame action in this paper) causes
additional positive and negative forces on the gusset due to
the opening and closing of the angle between the beam and
the column; however, the UFM recommends that frame action
be ignored for concentric connections. In the AISC manual,'s
this recommendation was justified by the agreement between
the UFM’s predictions and the experimental forces from ide-
alized experimental tests by Gross and Cheok'” and Bjorhovde
and Chakrabarti'® (described later). Figure 1 shows variable
and interface force locations for the UFM.

In the UFM, the following equations are used.
To assign the dimensions of the gusset connected edges based

on the beam, column, and brace geometry, the following
equation was used:

a=tanf(B+e,)—e

c

where

o = distance from the face of the column to the centroid
of the gusset-to-column connection

% = angle between the centroid of the column and the
centroid of the brace

p = distance from the face of the beam to the centroid
of the gusset-to-column connection

e, = one-half the depth of the beam
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Figure 1. Variable definitions and location of gusset plate interface forces for the uniform force method. Note: e, = one-half
the depth of the beam; e_ = one-half the depth of the column; H, = required shear force on the gusset-to-beam connection; H_

Vv

= required axial force on the gusset-to-column connection; V,

required shear force on the gusset-to-column connection; W.P. = work point; a = distance from the face of the column to the

= required axial force on the gusset-to-beam connection; V_

centroid of the gusset-to-column connection; B = distance from the face of the beam to the centroid of the gusset-to-column
connection; 6 = angle between the centroid of the column and the centroid of the brace.

e = one-half the depth of the column

c

To derive the distance between the work point and the cen-
troid of the gusset plate, the following equation was used:

r=y(a+e ) +(B+e,)

where

= distance between the work point and the gusset
centroid

To distribute the brace load to the beam and column connect-
ed interfaces as shear and axial forces, the following equa-
tions were used:

H,=2p
r
where

H

, = required shear force on the gusset-to-beam

connection
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P = required brace axial force
e
v,=p
-
where
v, = required axial force on the gusset-to-beam
connection
e
H.=-—<P
r
where
H, = required axial force on the gusset-to-column
connection
v=Lp
-
where
Vv = required shear force on the gusset-to-column

c

connection




The UFM was validated based on two different sets of ideal-
ized steel gusset connection tests. The first set of tests, com-
pleted by Gross and Cheok,'” were executed on subassem-
blages consisting of a stub of a continuous column between
two floors, two stub braces, and one stub beam subjected to
lateral loading. These stub members were all pinned at their
midspans, the theoretical points of zero internal moment,
during the tests. The gusset was connected to the beam using
a fillet weld and to the column using clip angles. The clip
angle was extended along to the beam web to create a pinned
connection between the beam and the column. Although
effort was made to simulate full-frame behavior, the boundary
conditions of these tests were highly idealized. The UFM con-
servatively predicted a lower capacity than the actual tested
capacities for all of the experiments by Gross and Cheok, with
an average difference of 5%.

The second set of tests, completed by Bjorhovde and
Chakrabarti,'® were executed on subassemblages consisting of
a stub continuous column between two floors, one stub brace,
and one stub beam loaded in tension at the free end of the stub
brace. The stub column was pinned at both ends, and the ends
of the stub beam and brace were left to rotate and translate
freely. As in the tests by Gross and Cheok, the gusset was
connected to the beam using a fillet weld and to the column
using clip angles. This clip angle was extended to create the
same type of pinned beam-to-column connection. Although
effort was made to simulate full-frame behavior, the bound-
ary conditions of these tests were highly idealized. The UFM
conservatively predicted a lower capacity than the actual
tested capacities for all of the experiments by Bjorhovde and
Chakrabarti, with an average difference of 52%.

As stated, Thornton proposed that frame action can be ignored
for concentric connections in his initial derivation of the
UFM;'S however, more recent studies investigating the UFM’s
application to full steel frames with fixed connections'**
have shown that frame action can alter the gusset interface
forces significantly. Chou et al."” concluded that the forces
developed by frame action and brace action are similar at low
frame displacements; however, at high frame displacements,
the forces developed by frame action exceed those developed
by brace action. Chou et al. also proposed an equation to
predict the normal and shear forces developed by frame action
based on the geometry of the connection, the stiffness of the
gusset plate, the stiffness of the beam, and the stiffness of

the column. Lin et al.**?! concluded that forces due to frame
action cause the experimental interface force distribution to
deviate significantly from the UFM’s predictions. Lin and
colleagues found that the forces due to frame action were
additive to the interface shear forces and subtractive to the
interface normal forces. Cui et al.** concluded similarly that
gusset connection design should account for both brace action
(force distribution predicted by the UFM or a similar model)
and frame action.

Similarly, limited research has been conducted on braced
frames consisting of cast-in-place concrete members and steel

buckling-restrained braces. Maheri and Yazdani® created
finite element models tuned to the benchmark experimental
tests of Maheri and Hadjipour® on cast-in-place concrete
joints with steel gusset connections. The stub beam and
column ends were allowed to freely translate and rotate,

the beam-to-column joint was pinned, and pure tension

was applied along the stub brace’s longitudinal axis. Once
sufficient agreement between the experimental results and
initial finite element models was achieved, Maheri and
Yazdani undertook a parametric study that varied the gusset
geometry and brace angle. They concluded that the UFM
could be applied conservatively for the design of steel brace
connections to reinforced concrete structures. This work was
highly idealized, much like the tests of Gross and Cheok'”
and Bjorhovde and Chakrabarti.'® Tsai et al.”® investigated the
applicability of the UFM to gusset plates, attaching buckling-
restrained braces to fixed cast-in-place concrete full frames.
They concluded that the generalized UFM, a more general
version of the UFM proposed by Muir,*® was acceptable for
prediction of force distribution at gussets in foundation-col-
umn-brace connections because frame action is minimized by
the rigid foundation. Tsai et al. did not find generalized UFM
alone to be acceptable for beam-column-brace connections.

Experimental test program

The work initiated in the study described in this paper aims to
determine whether a steel gusset plate connection designed by
the UFM would be sufficient for seismic design of a precast
concrete system with buckling-restrained braces. Although
the shortcomings of the UFM have been noted in the studies
with fixed connections, it remains the most common method
for sizing and design of steel gusset plates and distributing the
brace force to the connected components. In addition, precast
concrete systems are much closer to a pinned condition than
the fixed frames investigated by Tsai et al.”> For these reasons,
the UFM was selected as the design method for the gusset
plate in this first experimental test on this system.

Prototype structure and design loads

A four-story parking structure (three elevated levels) was
selected as the prototype structure for the experiment. BRBFs
were a replacement for the shear walls typically used as the
lateral-force-resisting system in parking structures. Two bays
of BRBFs per story were required to replace one shear wall.
The story height was 9 ft 117% in. (3.045 m), and the bay
width was 16 ft 0 in. (4.877 m). These dimensions represent
the average story height and average bay width derived from
three example parking structure projects provided by a local
precast concrete producer. The resulting angle between the
brace and the beam was approximately 32 degrees. Figure 2
illustrates the full-scale prototype bay.

The test specimen was scaled to one-third for area, 0.577 for
length, and one-third for force. This ensured equivalent stress-
es between the test and prototype structures. The maximum
90 kip (400 kN) brace force in the test structure corresponded
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Figure 2. Full-scale prototype bay diagram, including partial frame constructed for the test program. Note: 1” = 1in. = 25.4 mm;

T =1ft=0.305m.

to a 270 kip (1200 kN) brace force in the full-scale prototype.
This 270 kip load was greater than the required brace loads
of all floors of a six-story seismic design category B example
parking structure and all five stories of a seismic design cate-
gory C example parking structure.

The buckling-restrained brace manufacturer, CoreBrace, used
a frame model designed using structural analysis software to
determine a full-scale prototype brace size and overstrength
factors that would induce a maximum adjusted brace strength
of 270 kip (1200 kN) in compression at the elongation
caused by 2% story drift, Ah,,,. The maximum adjusted brace
strength, overstrength factors, and frame displacements were
scaled appropriately for design of the test specimen. All test
specimen brace connections and members adjoining the brace
were designed to resist this maximum adjusted brace strength
per AISC 341-16 section F4.%” Gravity and live loads were
determined in accordance with ASCE 7-16, Minimum Design
Loads and Associated Criteria for Buildings and Other
Structures.”®

Test specimen design and construction

Because the test frame was designed as pinned, a partial frame
could be tested in lieu of the whole frame. The members of
the partial frame were scaled but were of complete scaled
length; this design meant that a realistic pinned column base
connection could be tested and realistic beam and column
curvature could be monitored. The prototype precast concrete
specimen in context of the full frame is shown within the
dashed outline in Fig. 2.

The gusset plate dimensions were sized using the test loads
(neglecting gravity loads) and the UFM as it is outlined in
chapter 13 of the 15th edition of the AISC Steel Construction
Manual ® The randomly oriented fiber bearing pad at the
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beam-to-column bearing and a difference between the pre-
scribed and as-built conditions caused a % in. (19 mm) gap
between the bottom of the beam and the top of the embedded
plate at the corbel. This gap was accounted for by assigning
load to the beam and column using the full length of the
gusset (assuming no gap) at the beam and column interfaces
but applying the column vertical and horizontal force com-
ponents at the center of the connected interface (accounting
for the gap) at the column. To maintain equilibrium, a small
moment was developed at the column interface. The design
of the gusset plate and its connections accounted for this
moment, which is described by the following equation and
shown in Fig. 3.

L, l.—1,
M, =Ve +V, ec+5 -Hye,—H, e+ + 2

where

M, = required moment on the gusset-to-column interface

L, = length of gusset interface connected to beam

lg = length of gap between bottom of beam and top of
corbel

[ = length of gusset interface connected to column

All relevant gusset, bolt, and weld failure modes were
checked in accordance with the corresponding sections J2
and J3 of ANSI/AISC 360-16, Specification for Structural
Steel Buildings® using directions from AISC’s Design Guide
29: Vertical Bracing Connections—Analysis and Design.*'
Although %6 in. (4.8 mm) fillet welds using 80 ksi (552 MPa)
electrodes were specified along the gusset’s connected edges,
¥s in. (9.5 mm) fillet welds using 70 ksi (483 MPa) electrodes
were fabricated. This difference in the as-built condition
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Figure 3. Interface force distribution adjusted for gap between the beam and corbel. Note: e, = one-half the depth of the beam;
e_= one-half the depth of the column; H, = required shear force on the gusset-to-beam connection; H_= required axial force on

the gusset-to-column connection; /, = length of gusset interface connected to beam; /_ = length of gusset interface connected to
column; lg = length of gap between bottom of beam and top of corbel; M_= required moment on the gusset-to-column interface;

V, = required axial force on the gusset-to-beam connection; V_ = required shear force on the gusset-to-column connection.

added additional conservatism to the design. Yield of em-
bedded plates at the beam and column were checked using
finite element models.'? Bars welded to embedded plates were
designed to resist combined shear and tensile forces in accor-
dance with chapter 22 of the American Concrete Institute’s
Building Code Requirements for Structural Concrete (ACI
318-19) and Commentary (ACI 318R-19).*

The jumper plate connection was modified from a typical
precast concrete beam-to-column connection provided by

a local precast concrete producer. Typical connections use
headed studs that do not transfer uplift. Because the connec-
tion for the test specimen was required to transfer uplift at
this location, deformed bar anchors with headed terminators
were necessary. Shear and flexure of the jumper plates were
checked in accordance with ANSI/AISC 360-16 sections

F11 and G4.%° Although 7 in. (22.2 mm) fillet welds using

80 ksi (552 MPa) electrodes were specified along the jumper
plate edges, fillet welds with a %16 in. (7.9 mm) root that used
110 ksi (758 MPa) electrodes had to be fabricated due to
warping of the embedded plates. The strength of the as-built
condition was sufficient when rechecked in accordance with
ANSI/AISC 360-16 section J2. The reinforcing bars welded to
the embedded plates of the jumper connection were designed
in the same manner as those incorporated into the gusset plate
connection. Figure 4 shows the jumper plate and gusset plate
connections.

Although this test frame should have, in theory, been
pinned—meaning it should not have been required to transmit
large moments—the beam and column were detailed to resist
moment because it provided the most ductility and conserva-
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=13M; no. 5 =16M; no. 6 =19M; 1” = 1in. = 25.4 mm; 1 ksi =

tism for this precast concrete BRBF design. The beam was
designed to meet the requirements of ACI 318-19% section
18.6, “Beams of Special Moment Frames,” and detailed in
accordance with ACI 318-19 chapter 25. The column was
designed to meet the requirements of ACI 318-19 section
18.7, “Columns of Special Moment Frames,” and detailed
in accordance with ACI 318-19 chapter 25. The resulting
scaled beam design used Grade 60 (414 MPa) reinforcing bars
and 6000 psi (41 MPa) concrete. The full beam reinforcing
schedule is shown in Fig. 5, and the full column reinforcing
schedule is shown in Fig. 6.

The corbel was designed to meet the requirements of ACI
318-19% section 16.5, “Brackets and Corbels,” and detailed in
accordance with ACI 318-19 chapter 25. The factored normal
load on the corbel was greater than the factored shear load, in
violation of the requirement in ACI 318-19 section 16.5.1.1
for the use of the cantilever beam method of corbel design.
The section 16.5.1.1 requirement is stipulated because the
cantilever beam method has only been validated for cases
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where factored normal load is less than factored shear load.
The cantilever beam method (ACI 318-19 section 16.5) was
selected for this frame because it is more commonly used
than the strut-and-tie method (ACI 318-19 chapter 23) and
because it can provide a potential data point on the perfor-
mance of corbels designed by the cantilever beam method for
cases where the factored normal load is less than the factored
shear load. The resulting scaled corbel design used Grade 60
(414 MPa) reinforcing bars and 6000 psi (41 MPa) concrete.
The corbel reinforcing schedule is shown in Fig. 6.

A widely used pinned precast concrete column base connec-
tion was chosen for this frame. This connection consisted of a
base plate that was embedded in the column base using rein-
forcing bars welded to the plate. The base plate was flush with
the outside dimensions of the column, so the four anchor bolts
were inset in pockets at the plate corners. The base plate was
designed according to section 6.11 of the eighth edition of the
PCI Design Handbook.” The lapped splices between the rein-
forcing bars welded to the base plate and the longitudinal bars
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that were terminated above the bolt pockets were designed

to meet the requirements of ACI 318-19 section 25.5.2.%

The base plate used ASTM A572% Grade 50 (345 MPa) steel
and was 1.25 in. (31.8 mm) thick, the reinforcing bars were
Grade 60 (414 MPa), and 1.25 in. diameter Grade A490 bolts
were used. The same connection was used to attach the beam
to its actuator. These connections can be viewed in section
C-C of Fig. 5 and section C-C of Fig. 6.

Typically, bolt pockets would be grouted solid after the
column is installed and the bolts or threaded rods have been
tightened sufficiently; however, in this study, the column base
was designed to provide sufficient shear capacity without
grouting the bolt pockets so that the test specimen could be
easily removed from the frame.

Several challenges were encountered during the design
process. First, it was difficult to find space to place the large
amounts of reinforcing that were required both physically and
by the special moment frame detailing requirements inside
the beam and column. Second, there were several tolerance
issues due to warping of the steel embedded plates prior to
testing. Warping occurred at the jumper embedded plates

and at the column base plate. The modification of the jumper
plate welded connection to adjust for warping was discussed

previously. The warping of the base plate at the column
caused the two bolts farthest from the strong floor to not be in
contact with the reaction frame. Washers were added between
the base plate and reaction frame at these locations for better
contact.

Reaction frame and loading protocol

A reaction frame with a typical section size of HP18x135 was
used for testing this specimen horizontally on the floor of the
testing facility (Fig. 7-8). Three out-of-plane restraints—a
corner brace against the precast concrete specimen itself, a
brace on the beam actuator, and a brace on the brace actu-
ator—were provided to ensure that the specimen could not
move more than 0.05 in. (1.3 mm) in the vertical direction
during testing. These restraints were in contact with the
component they were restraining, but the component could
slide using plastic sheets with low coefficients of friction and
grease. The precast concrete specimen itself was supported
using greased steel rollers.

Gravity load was neglected on the beam and column in the ex-
perimental setup. It was assumed that the buckling-restrained
braces and gusset plates would be installed in the prototype
structure after the floor topping had been poured and cured,
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preventing as much gravity load transfer as possible. The the corbel (20.8 kip [92.5 kN]). Although column gravity
gravity load that would pass through the corbel was 1.15 kip loads would have been present in the prototype structure, the
(5.12 kN), which was less than 6% of the UFM estimate of primary focus of the experimental work was to characterize
the highest vertical portion of the brace load to pass through load path in the connection, which would be largely unaffect-
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ed by gravity load in the column. Only test loads were used to
design the gusset plate connection.

The behavior of a buckling-restrained brace was simulated
with a servo-controlled hydraulic actuator. The hysteresis of a
representative buckling-restrained brace with a peak com-
pression force of 270 kip (1200 kN) was generated using the
backbone of hysteresis provided by CoreBrace and a re-cre-
ated version of the hysteresis generation procedure proposed
by Coy." This process involved the derivation of multiple
stress-strain relationships (consisting of portions of linear and
nonlinear behavior) for several strain levels. These stress-
strain relationships were validated with existing experimental
data and comparison between the experimental hysteresis and
the hysteresis predicted using the derived stress-strain rela-
tionships yielded a satisfactory level of accuracy.'?

The hysteresis was then scaled appropriately for the one-
third-length scale specimen shown in white in Fig. 7. The full
hysteresis was derived for the simulated brace at the following
fractions of the strain, strain levels, in the brace at 2% story
drift: ¥, Y4, Y2, 34, and 1. In addition, this full hysteresis includ-
ed strain levels corresponding to one-half yield strain and yield
strain. Each strain level, hereafter referred to as procedure, of
this full hysteresis was broken into multiple discrete steps for
testing. Each procedure was planned to have two cycles, that
is, each procedure was planned to be executed twice. The full

80

40

20

Brace actuator force, kip
ro
[an]

prescribed and unadjusted experimental hysteresis divided into
the seven procedures executed are shown in Fig. 9.

Instrumentation

The instrumentation plan is shown in Fig. 8. Rectangular
rosette strain gauges were applied along the connected edges
to validate the force distribution predicted by the UFM.
These rectangular rosette gauges allowed for the deter-
mination of normal and shear strains along the connected
interfaces in a manner similar to that used in other gusset
plate tests in the literature.'”'®22 The strain gauges were
applied to the underside of the gusset plate (Fig. 8). Linear
strain gauges were applied to each of the eight corbel bars at
the critical section of the corbel (Fig. 8) because the corbel
primary tension reinforcing bars were determined to be

the weakest link if the assumed UFM load distribution was
correct. The gauges on the corbel bars were applied at the
theoretical point of highest stress.

Both of the servo-controlled hydraulic actuators were
equipped with integrated load cells and linear variable dis-
placement transducers (LVDTs). These allowed for monitor-
ing of internal force and displacement in the precast concrete
beam and the simulated brace. Curvature of the beam and
column were monitored using string potentiometers and dial
gauges. String potentiometers 1 and 10 were placed along

P7 Experimental
= = = = P7 Prescribed
P& Experimental
P6 Prescribed
P5 Experimental
= = = = P5 Prescribed
P4 Experimental
- = = = P4 Prescribed
P3 Experimental
P3 Prescribed
P2 Experimental
= === P2 Prescribed
P1 Experimental
— — —P1 Prescribed

-100 : ‘
-1.5 -1 -0.5 0

0.5 1 1.5

Beam actuator displacement, in

Figure 9. Prescribed and experimental hysteresis for procedures 1through 7 (P1-P7). Note: 1in. = 25.4 mm; 1 kip = 4.448 kN.
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the longitudinal axes of the beam and column and monitored
axial deformation (Fig. 8). String potentiometers 6 through 9
were placed perpendicular to the column longitudinal axis at
quarter points along the column height to measure curvature.
String potentiometers 2 and 3 were placed perpendicular to
the beam longitudinal axis at the first two quarter points along
the beam length to measure curvature.

One dial gauge was placed at the column base to monitor the
slip of the column base. Another dial gauge was placed at the
five-eighths point of the column (measured from its base) to
monitor the out-of-plane movement of the precast concrete
specimen. The in-plane movement of the reaction frame was
also monitored through use of dial gauges. These gauges were
placed at the free corners of the reaction frame and at the
actuator-to-frame attachment points.

Digital image correlation was used along with the physical
strain gauges to provide a complementary set of measure-
ments. Digital image correlation was used to measure the
deformations on the top of the plate in the areas not covered
by the lug connector. A two-camera setup in a stereo system
was used to capture the full three-dimensional (3-D) defor-
mation of the plate to understand bending and out-of-plane
deformation of the plate occurring during loading. The plate
was painted white and stamped black with a random speckle
pattern. Images were captured with Flir Grasshopper3 digital
cameras and Schneider Kreuznach Xenoplan 1.9/35 lenses.
The stereo setup was 70 in. (1778 mm) above the specimen,
with the cameras spaced 16 in. (406 mm) apart. Strain calcu-
lations were performed in Vic 3D from Correlated Solutions
Inc., with Gaussian weights, a step size of 5 pixels, a strain
window of 5 subsets, and a subset of 55 pixels to create a
virtual strain gauge of 21 pixels and a spatial resolution of
75 pixels. The maximum sigma, a measure of uncertainty

in the digital image correlation procedure, was 0.075 mil
(0.002 mm).

Test procedure

The servo-controlled hydraulic actuator that simulated the
buckling-restrained brace is referred to as the brace actuator.
The second actuator, referred to as the beam actuator, induced
frame horizontal displacement. A fraction of the maximum
displacement of a given procedure was applied with the beam
actuator first, and then the brace actuator was adjusted to the
corresponding brace force of each procedure. These steps
were repeated until two stair-stepped versions of each of the
seven procedures had been completed (Fig. 9). The specimen
was brought back to its zero displacement and force position
at the end of each cycle of each procedure.

The test data collected were a mixture of continuous and
discrete measurements. Continuous measurements were
taken at a rate of 1 Hz for all strain gauges and string poten-
tiometers 6 through 10. Continuous digital image correla-
tion measurements were taken at a rate of 1 Hz (procedures
1, 3,5, and 6) and 0.25 Hz (procedure 4); digital image

correlation measurements were not taken for procedure 7.
Manual measurements for string potentiometers 1, 2, and

3 and all dial gauges were taken at points where the proce-
dure changed slope. The precast concrete beam and column
were whitewashed to improve the visibility of cracks that
formed during testing. After each cycle was completed,

the accessible sides of the beam and column were visually
inspected with the aid of a flashlight. The length and width
of any cracks found during this inspection were measured.
After the cracks were measured, the cracks were traced with
marker and the procedure and cycle number were written
next to the crack.

After all measurements were taken and cracks were inspected
for a given cycle, the next cycle was completed in the same
fashion. This process continued until two cycles of each
procedure had been completed consecutively for procedures

1 through 6. Procedure 7 was terminated early because the
beam actuator capacity was reached.

Results and discussion

Frame force versus displacement
behavior

Figure 10 shows a comparison of the prescribed hystere-

sis and the load and frame displacement at the cycle peaks
adjusted to account for slip at the column base. The slip was
accounted for by subtracting the slip at each peak from the
prescribed displacement at each peak. Note that procedure 7
could not be completed in full because the beam actuator hit
the safety limit of 98 kip (436 kN) on its tension capacity.

The column base bolt holes were 0.125 in (3.175 mm) over-
sized, so some slip occurred at the column base. Because con-
tinuous measurements could not be taken at the column base
during the test, it was not possible to actively compensate

for the slip. Thus, only procedures 5, 6, and 7, which had the
least error due to slip, were used for the posttest analysis. The
maximum slips as a percentage of the beam LVDT readings in
tension were 13% for procedure 5, 10% for procedure 6, and
9% for procedure 7. In addition, the entire hysteresis could
not be adjusted for the column base slip because slip mea-
surements were taken only at the peaks with a mechanical dial
gauge. For this reason, Fig. 10 shows the prescribed hysteresis
and the peak points adjusted for the maximum slip observed
at the column base at these peak hold points.

The displacements at the beam were also calculated from
interpolations of the column curvature from the string poten-
tiometer readings for procedures 4, 5, 6, and 7. The displace-
ments measured during procedures 1, 2, and 3 were close to
or below the minimum increment that could be measured by
the string potentiometers and could not be reliably used for
calculating slip compensation during the test. The displace-
ments interpolated from the string potentiometer readings
had an average 12% error (compared with the beam actuator
LVDT measurements for cycles 5, 6, and 7) and a maximum
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Figure 10. Prescribed hysteresis compared with the load and adjusted frame displacement at the cycle peaks during procedures

1through 7 (P1-P7). Note: 1in. = 25.4 mm; 1 kip = 4.448 kN.

of 15% error. Because procedures 5, 6, and 7 were the most
relevant cycles, they were used to examine the gusset plate

strains and force distributions.

Out-of-plane motion

Data from the string potentiometers and dial gauges helped
quantify the incidental out-of-plane motion and were com-
pared with the out-of-plane motion detected by the digital
image correlation at the gusset plate. The maximum out-of-
plane motions in compression recorded by dial gauge 8 (DGS)
on the column and by digital image correlation on the gusset
plate were 0.011 and 0.031 in. (0.279 and 0.787 mm), respec-
tively. The maximum out-of-plane motions in tension record-
ed by DG8 on the column and by digital image correlation on
the gusset plate were both 0.022 in. (0.559 mm).

Forces in the beam actuator

Although the precast concrete BRBF was assumed to be fully
pinned for design purposes, the experimental results did not
match this assumption. The difference between the measured
beam force and the theoretical (fully pinned) force in-
creased as the magnitude of prescribed brace force increased
(Fig. 11). This deviation begins to be particularly significant
in procedure 5 (maximum brace load of 70.4 kip [313 kN]),
with a frame displacement corresponding to 0.544,,,. Except
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for procedure 7, two cycles of each procedure were executed
and achieved behavior near the desired hysteresis unadjusted
for slip (Fig. 9). Because the distribution of force between
the members did not follow the pinned design assumption,
the beam actuator hit the safety limit on its tension capacity
(098 kip [436 kN]), which was just a bit lower than peak load
and displacement in tension for procedure 7.

Gusset plate strains and interface forces

Virtual extensometers were added in the post-processed
digital image correlation data at 16 locations along the beam
interface and 16 locations along the column interface, for a
total of 96 virtual extensometers. The virtual extensometers
were placed approximately 1 in. (25.4 mm) from the beam or
column face to allow for direct comparison with the values
measured by the physical strain gauges. The virtual extensom-
eters were 0.4 in. (10.2 mm) long and measured the engineer-
ing strain along the gauge. Because the strains measured on
the gusset plate remained elastic throughout the duration of
the test, the experimental stresses were determined along the
gusset’s connected edges using the elastic and shear moduli
(E and G, respectively) of the plate and Hooke’s law. Out-of-
plane effects were neglected when calculating plate stresses
because the magnitude of out-of-plane motion of the speci-
men was small in general and similar between the tension and

compression cycles.
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Figure 11. Brace internal force versus beam internal force, both theoretical (fully pinned) and experimental. Note: 1 kip = 4.448 kN.

The strains measured by digital image correlation for pro-
cedures 1 through 4 were near the noise floor of the digital
image correlation system and not used in the posttest analy-
sis. The strains measured by the digital image correlation for
procedures 5 and 6 were sufficiently greater than the experi-
mental noise level and were therefore more meaningful. In ad-
dition, procedures 5, 6, and 7 had significantly less influence
from the slip at the base of the column. The five virtual ex-
tensometers along the beam interface that were closest to the
free edge of the gusset plate were in an area of heavy shadow,
which caused higher values of sigma, a measure uncertainty,
in that region.* Results from these five virtual extensometers
were discarded in the analysis. Figure 12 shows the location
of these five virtual extensometers and a map of sigma across
the entire gusset plate for procedure 5 cycle 1, which are also
representative of procedures 5 and 6.

As a second source of data for the gusset plate strains and
interface forces, data from the strain gauges on the backside
of the gusset plate were compared with the results of the
digital image correlation. Figure 13 shows the strain gauge
and virtual extensometer normal and shear stresses along

the column connected interface for procedure 5 cycle 1.
Figure 14 shows the strain gauge and virtual extensometer
normal and shear stresses along the beam connected interface
for procedure 5 cycle 1.

Trends are included in Fig. 13 and 14. A linear trend was
chosen for the normal stresses, and a second-order polynomial
trend was selected for the shear stresses. The average root
mean square deviations between the trends fit to the strain
gauge data and the virtual extensometer data were 3.40 and
2.83, respectively, for the normal stress trends and the shear
stress trends.

Contrary to what would be expected from the UFM, the
experimental normal stress trends were not constant along
the beam- and column-connected edges. This finding indi-
cates that some moment developed along both the beam and
column interfaces. The assumption that only the column-con-
nected interface would see a moment because of the gap at
the beam-corbel bearing is likely incorrect, as shown by the
linear but not constant normal stress trends in Fig. 13 and 14.
Although this gap likely contributes to the development of
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Figure 12. Map of sigma, a representation of uncertainty, across the gusset plate for procedure 5 cycle 1and the location of the

five virtual extensometers that were discarded for analysis.

moments along these interfaces, it cannot be isolated as the
only cause.

Experimental interface forces for procedure 5 cycle 1 and
procedure 6 cycle 1 were determined using the trends of the
strain gauge and virtual extensometer data while the brace
was in tension. The integral under each of these trends over
the length of the connected edge was taken and multiplied
by the thickness of the gusset plate to determine the experi-
mental interface forces. This process is described in Eq. (1)
through (4).

V, =1 b0, (x)dx (1
where
!, = thickness of the gusset plate
o,(x) = experimental normal stress distribution along
beam-connected interface
H,=1[ b7, (x)dx 2
where
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r,(x) = experimental normal stress distribution along beam
connected interface
V=1, bz (v)dy 3)
H =t,[o.(y)dy @)
where
o(y) = experimental normal stress distribution along col-

umn connected interface

The resulting experimental interface forces as determined
from strain gauge and virtual extensometer data and their
percentage differences for procedures 5 and 6 are presented
in Table 1. There was less than 20% difference between the
values determined for H, and V_and less than 100% differ-
ence for V, and H . The experimental values of H , as calcu-
lated from the strain gauge data, were consistently positive
and increased throughout the cycles, as would be expected,
whereas the sign of these same values as calculated from the
virtual extensometer data flipped sign between procedure 5
and procedure 6. Because of the agreement between the strain
gauge and virtual extensometer trends and the expected signs
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Figure 13. Stress along the column connected interface. Note: SG = strain gauge; VX = virtual extensometer; o, = experimental
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25.4 mm; 1 ksi = 6.895 MPa.

and increase of the strain gauge data, it was deemed accept-
able to determine the experimental interface forces for all
procedures using only this data set and the same process from
Eq. (1) through (4).

Table 2 displays the theoretical interface forces (as derived
from the UFM), experimental interface forces determined

by integrating under the strain gauge trend, the percent error
between the two, and the sign of this error for procedures 5,
6, and 7 at the brace’s peak tension load. For procedures 5
and 6, the values from the procedure’s first and second cycles
were averaged. An average for procedure 7 was not necessary
because only one cycle was completed. The error in proce-
dures 1 through 4 was not included because it was established
that the slip at the column base affected the results of these
procedures more substantially.

The percent error between the theoretical predictions of the
UFM and experimental values for all interface forces was
generally high (>51%) in all procedures. Generally, the
percent error increased in magnitude as the procedure number
increased (that is, as a larger brace force was applied to the
system). Through all cycles, the beam had higher forces along
its longitudinal axis (shear) than the column (H, versus V).
The beam initially had larger normal interface forces than

the column, but by the latter procedures, the column had
larger normal forces than the beam (V, versus H ). The most
important observation is that V, and H , the normal interface

forces, generally had a negative percent error, and H, and V,
the shear interface forces, generally had a positive percent
error. This finding suggests that, like similar fixed-frame tests
from the literature®'*>* where force due to frame action was
subtractive to interface normal force and additive to interface
shear force, this system was significantly affected by frame
action, although its connections were not fully fixed.

The theoretical ratios of VC/ v, and HC/H , were 0.77 and 2.43,
respectively, for all procedures. The average experimental
ratios (taken over procedures 5, 6, and 7) of V /V, and H /H,
were 4.69 and -0.39, respectively. The minimum experimental
ratio of VC/ V., 3.01, occurred in procedure 5 and the minimum
experimental ratio of H /H,, -0.48, occurred in procedure 7.
The maximum experimental ratio of VC/ V., 7.29, occurred in
procedure 6 and the maximum experimental ratio of H /H,,
-0.29, occurred in procedure 5. According to the UFM, V_and
V, should act in the same direction and H_and H, should act
in the same direction. In the experiment, negative ratios of H /
H, occurred when this was not the case. Generally, the magni-
tude of the ratios of V/V, and H /H, increased with increasing
brace load and frame displacement; this finding implies that
the column saw more load than the beam increasingly as the
procedure number increased.

Strains in the reinforcement

Of the eight linear gauges attached to the corbel primary
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Figure 14. Stress along the beam connected interface. Note:
SG = strain gauge; VX = virtual extensometer; o, = experi-

mental normal stress on column-connected interface; T, =
experimental shear stress on beam- and column-connected
interfaces. 1in. = 25.4 mm; 1 ksi = 6.895 MPa

reinforcing, two gauges on the top row of reinforcing and two

gauges on the bottom row of reinforcing were responsive.

All measured strains on the corbel reinforcing remained in
the elastic range, with the largest strain recorded at any bar
equal to 6% of yield strain (0.00207). Strains in the gauged

corbel reinforcing bars were significantly lower than what was
expected. There are two likely causes for these very low strain

gauge readings:

»  First, eight no. 6 (19M) corbel primary tension reinforc-
ing bars and six no. 5 (16M) supplemental bars were
provided to prevent undesirable plate bending at the

corbel embedded plate. Although it was assumed only the

eight no. 6 bars would carry interface force to the corbel
in design, it is likely that the supplemental six no. 5 bars
also carried some of the interface forces.

* Second, the strain gauges were adhered along the longi-
tudinal axis of the bars, and the gauges would therefore
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Table 1. Experimental interface forces as determined
from strain gauge and virtual extensometer data and
their percent difference for procedures 5 and 6

Interface force
Procedure Parameter

SG trend,
. -10.23 -46.61 -30.78 13.38
kip

5 VX trend,
. -5.71 -38.80 -29.08 -10.42
kip
% difference -57 -18 -6 n/a
SG trend,
: -5.22 -62.84 -38.04 25.11
kip

6 VX trend,
. -1.85 -69.43 -33.64 15.67
kip
% difference -95 -10 -12 46

Note: H, = required shear force on the gusset-to-beam connection; H_
= required axial force on the gusset-to-column connection; n/a = not
applicable (this percent difference was not calculated due to the unex-
pected sign difference between the strain gauge and virtual extensom-
eter data); SG = strain guage; V, = required axial force on the gusset-
to-beam connection; V_ = required shear force on the gusset-to-column
connection; VX = virtual extensometer. 1kip = 4.448 kN.

only effectively measured tension or compression in this
direction. As discussed previously, the corbel interface
axial loads were generally lower than expected from

the UFM force distribution, which would reduce bar
longitudinal strains. Larger shear interface forces than
predicted from the UFM were observed on the corbel, but
these forces are primarily carried in the noninstrumented
stirrups or through dowel action in the longitudinal bars,
which would have been difficult to observe using the
strain gauges as oriented in this test.

Variation of force distribution
with increasing brace load

One possible cause of the increase in percent error between
the theoretical and experimental beam force and the increase
in magnitude of V/V, and H /H, ratios would be an increase
in column base fixity with increasing brace load. A change in
column fixity is a reasonable explanation, given the column
connection was not an idealized true pin, but reflective of
typical “pinned” precast concrete connections.

Another possibility is that the interface force distribution
changed with the change in relative damage between the beam
and column. However, the relative amount of cracking ob-
served in the beam compared with the column did not follow
a consistent trend through the procedures. The damage was
initially similar, then occurred more on the beam, and finally
approached more similar crack spacings and locations.



Table 2. Theoretical interface forces, experimental interface forces, percent errors, and error signs for proce-

dures 5, 6, and 7 at the brace’s peak tension load

Procedure Parameter

Theoretical, kip -21.16
Experimental, kip -10.23
° % error -51.6
Error sign =
Theoretical, kip -22.21
Experimental, kip -5.22
° % error -76.5
Error sign =
Theoretical, kip -22.74
Experimental, kip -11.11
’ % error -51.1
Error sign =

Interface force

-17.38 -16.24 -42.31
-46.61 -30.78 13.38
168.2 89.5 -131.6
+ + -
-18.25 -17.06 -44.42
-62.84 -38.04 25.11
244.4 123.0 -156.5
+ + -
-18.68 -17.46 -45.47
-68.21 -41.79 33.01
265.2 139.4 -172.6
+ + -

Note: The values from the first and second cycles for procedures 5 and 6 were averaged; values for procedure 7 are from the one cycle completed. H, =

required shear force on the gusset-to-beam connection; H_ = required axial force on the gusset-to-column connection; V, = required axial force on the

gusset-to-beam connection; V. = required shear force on the gusset-to-column connection. 1kip = 4.448 kN.

Conclusion

From the results presented, it is concluded that the partial
precast concrete BRBF tested was not similar enough to the
idealized pinned connections from Bjorhovde and Chakrabarti'®
and Gross and Cheok'” that were used to verify the UFM

to assume this force distribution. During the test, a positive
percent error was observed between the theoretical UFM and
experimental shear interface forces and a negative percent
error between the theoretical UFM and experimental normal
interface forces. These findings align with Lin’s conclusions?
from tests on fixed frames that shear force induced by frame
action is additive to interface brace force and normal force
induced by frame action is subtractive. This research implies
that frame action significantly affects the distribution of forces
at the gusset interfaces, even though the tested frame has more
flexibility than the fixed frames from the literature.?*>>

Despite the force distribution varying from the UFM assumed
for design, the connection was robust enough to prevent
failure. At the maximum brace force tested, the beam and
column saw 265% and 139% more shear load than was pre-
dicted by the UFM, respectively. It is important to note that

a failure may have occurred at the beam interface if sources
of conservatism had not been present in the as-built speci-
men. It seems that typical design practices, such as using the
minimum recommended fillet weld size in the AISC’s Steel
Construction Manual® and limiting the embedded bar ca-
pacity by the shear friction factor, u, from ACI 318-19°* may
permit enough robustness in the design; however, designing to

the capacity required by the UFM alone would likely not have
resulted in a sufficient design.

Although the experiment described in this paper is a first step
toward codifying the use of precast concrete BRBFs, a robust
design methodology must be informed by more than the
findings from a singular specimen. Based on the results of this
research, two possibilities are proposed for future work.

First, the most promising statically determinate but unconven-
tional connection, the lug connected only to the corbel, could
be revisited. Preliminary analyses'? showed that this connec-
tion is viable, but deeper assessment regarding strength and
constructibility is needed before a connection can be designed
and validated through testing. If such a connection is feasi-
ble, this would likely be the quickest and lowest-risk path to
the adoption of precast concrete BRBFs into building codes
because it would require less testing than the second proposed
option to fully validate.

Second, a more complex testing program on precast concrete
frames using steel buckling-resistaned braces could be execut-

ed to understand how forces distribute through this system and
develop an entirely new design procedure. This path would have
two objectives: first, to determine a methodology for distribution
of forces to the precast concrete member according to member
and connection stiffnesses and second, to quantify the effects of
frame action on gusset plate interface force distribution in precast
concrete BRBFs. If this path is taken, designs that leverage stan-
dard cross sections, member sizes, and connections could be cod-
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ified. This path would likely require more experimental tests and
time than development of the lug connection, but it would allow
the use of common construction methods and material grades.
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Notation

e, = one-half the depth of the beam

e, = one-half the depth of the column

E = elastic modulus

G = shear modulus

H, = required shear force on the gusset-to-beam connec-
tion

H, = required axial force on the gusset-to-column con-
nection

L, = length of gusset interface connected to beam

[ = length of gusset interface connected to column

lg = length of gap between bottom of beam and top of
corbel

M, = required moment on the gusset-to-column interface

P = required axial force

P = beam actuator force

beam

= brace actuator force

brace

r = distance between the work point and the gusset
centroid

, = thickness of the gusset plate

v, = required axial force on the gusset-to-beam connec-
tion

V. = required shear force on the gusset-to-column con-
nection

o = distance from the face of the column to the centroid

of the gusset-to-column connection
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S = distance from the face of the beam to the centroid
of the gusset-to-column connection

Ah = 2% story drift

2%

% = angle between the centroid of the column and the
centroid of the brace

u = shear friction factor from ACI 318

o,(x) = experimental normal stress distribution along
beam-connected interface

o(y) = experimental normal stress distribution along col-
umn-connected interface

g, = experimental normal stress on beam-connected
interface

g, = experimental normal stress on column-connected
interface

t(x)  =experimental shear stress distribution along

beam-connected interface

t(y) = experimental shear stress distribution along col-
umn-connected interface

T = experimental shear stress on beam- and col-

Xy

umn-connected interfaces
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Abstract

A design method for precast concrete buckling-re-
strained braced frames with traditional gusset plate
connections has not yet been codified. In addition,
experimental data for this novel system are lacking.
The primary objectives of this research were to do the
following:

e Design and experimentally test a partial system
under representative seismic loads.

e Determine the applicability of the uniform force
method (UFM) for connection interface force
distribution.

A quasi-static cyclic test was performed on a scaled,
partial system. Experimental results showed that the
UFM alone does not accurately predict interface forces
for this system because the method does not account
for frame action. Results also showed that there is
some change in column base fixity as the frame un-
dergoes larger horizontal displacements. This was the
first U.S. laboratory test on a scaled, partial version of
this system. Development of a codified design method
would require further testing to determine an appropri-
ate interface force distribution and quantify the change
in column base fixity.

Keywords

Buckling-restrained brace, connection, uniform force
method.
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