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B This paper describes a numerical investigation on
the seismic design and behavior of a novel rein-
forced-concrete buckling-restrained brace compo-
nent for use in precast concrete lateral-load-resisting
frames.

B Nonlinear finite element analyses were conducted to
investigate the following potential undesirable failure
modes of the brace: global buckling of the brace, clo-
sure of the end gaps, and local translational buckling
of the energy-dissipation bars over the end gaps.

B The results indicated that failure through global buck-
ling is unlikely for practical brace designs; however,
axially decoupled shear dowels may be needed to
prevent local buckling of the energy-dissipation bars.

component used primarily for lateral strength and

stiffness of steel building structures in seismic regions.
These braces are typically composed of a high-ductility steel
core plate (also known as the yielding core) that is surrounded
by but axially decoupled from a grout-filled steel tube. Under
compressive axial loading, the grout-filled tube prevents buck-
ling of the yielding core such that the behavior and design of
the brace in compression are dictated primarily by the mate-
rial strength of the steel core rather than its buckling load.'
Subsequently, the hysteretic axial load-deformation behavior
of a buckling-restrained brace is nearly symmetric, with large
energy dissipation across tension and compression cycles.

Buckling-restrajned braces are a type of axial structural

Most commonly, buckling-restrained braces are configured
as diagonal components within a lateral-load-resisting build-
ing frame, similar to other braced-frame building systems,
such as concentrically braced frames. When properly
designed and detailed, buckling-restrained braced frames
perform exceptionally well relative to other braced systems
because they concentrate stable nonlinear behavior within
the yielding regions of the brace while maintaining elastic-
ity in the other frame components.**® These findings have
led to the codification of steel buckling-restrained braced
building frames with the largest seismic response modifica-
tion coefficient R (equal to 8) allowed in the United States,
starting in the 2005 edition of the American Society of Civil
Engineers’ Minimum Design Loads for Buildings and Other
Structures (ASCE 7-05).'° Subsequently, buckling-restrained
braced frames have become the lateral system of choice for
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steel building structures because they have been associated
with reduced costs and improved ductile performance.

Previous research on the use of buckling-restrained braces in
precast concrete construction has investigated nonbuilding
structures (specifically, bridge bents) and retrofit applica-
tions.!""'* Despite their popularity in steel buildings, buck-
ling-restrained braced frame systems have rarely been incor-
porated as the primary lateral-load-resisting system in new
concrete building construction, largely because research on
these systems is limited. Currently, only one precast concrete
building in the United States has implemented steel buck-
ling-restrained braces.'> To continue exploring and developing
the potential advantages of buckling-restrained braced frames
for precast concrete structures, this paper introduces and nu-
merically evaluates a novel reinforced-concrete brace compo-
nent specifically suited for precast concrete construction.

Previous research

One pertinent research study of precast concrete building
structures with buckling-restrained braces was conducted by
Guerrero et al.'s This investigation compared the dynamic
properties and seismic responses of two 4-story frame spec-
imens designed under Mexican building practices by testing
frames with and without steel buckling-restrained braces on a
shake table. The tests demonstrated that buckling-restrained
braces improve the seismic behavior of precast concrete
building frames by reducing damage in the beam and column
components and joints.

A recent numerical study!” evaluated the seismic design of
precast concrete building frames with steel buckling-re-
strained braces based on the methodology set forth in the
Federal Emergency Management Agency’s Quantification of
Building Seismic Performance Factors (FEMA P-695)."* A
set of 32 archetype precast concrete braced frames covering

a wide range of parameters (such as 2- to 9-story buildings
and different brace configurations) were designed using the
equivalent lateral force procedure,'” consistent with current
U.S. building code requirements. Nonlinear static pushover
analyses and incremental dynamic analyses'® of the arche-
type frames were conducted and validated with the available
shake-table test data.'® The results of the FEMA P-695 anal-
yses of the archetypes supported a seismic response modi-
fication coefficient R of 8, the same value currently in use

for buckling-restrained braced frames in steel buildings. The
results from this numerical work indicated the potential bene-
fits of precast concrete buckling-restrained braced frames for
new building construction and the need for further research in
this area of investigation.

In another recent study, Kessler tested the welded gusset plate
connection between a steel buckling-restrained brace (which
was simulated using a hydraulic actuator) and the beam and
column components of a precast concrete building frame.?
The test results showed that the gusset plate forces varied sig-
nificantly from the forces predicted by the American Institute
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of Steel Construction’s (AISC’s) uniform force method for the
seismic design of buckling-restrained braced connections in
steel building frames.?' Practical challenges of incorporating
steel braces in precast concrete construction were also identi-
fied through this research. Specifically, the misalignment of an
embedded plate in the corbel required the welded connection
of the gusset plate to the corbel to be redesigned.

Research goals, contributions,
and scope

The research described in this paper focuses on the develop-
ment of a novel ductile yielding brace that can be produced as
an integrated structural component of an efficient, all-precast
concrete buckling-restrained braced frame unit. This precast
concrete braced-frame unit is intended to be produced flat at

a precast concrete plant, transported to the construction site,
and then stacked upright with grouted seismic dowel splices at
each floor level, similar to the production, transportation, and
erection of a multipanel precast concrete structural wall.

Figure 1 shows a single-story precast concrete frame unit with
two of the proposed reinforced-concrete brace components
used in a chevron configuration. Depending on the frame
dimensions, this concept may also be used in a single-diagonal
brace configuration or in a two-story braced-frame unit.

As described in the “Description and Design of the Novel
Reinforced Concrete Bucking-Restrained Brace” section of
this paper, the proposed brace uses ASTM A706* reinforce-
ment as yielding energy-dissipation steel inside confinement
hoops, including a wrapped (unbonded) stretch length for the
bars to yield in tension without fracture. In addition, a small
gap is located at each end of the brace to allow the bars to
yield in compression without the brace concrete coming into
contact with the beam and column components.

The envisioned advantages of this all-precast concrete buck-
ling-restrained braced frame system are as follows:

* improved cost effectiveness through single-trade (all—
precast concrete) design and construction

* elimination of welded/embedded steel plate connections
to the precast concrete beams and columns

e ability to customize the brace details (such as length and
cross section) at the precast concrete plant together with
the rest of the frame unit

Although commercial steel buckling-restrained braces can
be used in a precast concrete building frame, experimental
research?® and the previous application of steel braces in a
precast concrete building in the New Madrid seismic zone
in the central United States have shown that there may be
practical challenges and increased costs in implementing
steel braces in a precast concrete structure. The higher costs
are associated with the welded and embedded steel plate
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connections for steel braces, the differences in construction
tolerances between steel and precast concrete, and the differ-
ences between the governing building code requirements for
the steel braces and the code requirements for the rest of the
frame. Furthermore, steel braces require custom fabrication in
a facility separate from the precast concrete plant, resulting in
logistical inefficiencies. In comparison, the proposed rein-
forced-concrete braces will be fully integrated into the initial
design, detailing, and production of the precast concrete frame
components.

This paper introduces the structural details and intended
behavior of the proposed brace, provides a procedure for its
design, describes a numerical evaluation of some of its po-
tential failure modes, and makes recommendations for future
numerical and experimental research. Because this investiga-
tion is the first study of this novel brace, the numerical anal-
yses are focused on the isolated behavior of a single diagonal
brace rather than its ultimate use within a frame. This limit in
scope aims to allow the results from the numerical analyses
to be affected only by the brace, without influence from the
surrounding beam and column components, so that the brace
behavior can be more directly studied.

A reinforced-concrete finite element analysis (FEA) software?
was used to conduct the numerical analyses, which investigat-
ed selected structural performance limits (failure modes) of the
novel brace. This numerical study did not include all potential
failure modes of the proposed brace. Post-earthquake repair

or replacement was also not within the scope of this research.
Furthermore, the results from the analyses are currently

not validated by experimental data. Ultimately, the analysis
results presented in the paper are intended to provide guidance
for future experimental research, especially with respect to
behaviors and failure modes that are difficult to simulate nu-
merically, as well as for future numerical research, especially
with respect to the behavior of precast concrete braced-frame
subassemblies and multistory structures.

Description and design of the
novel reinforced-concrete
buckling-restrained brace

This section outlines the characteristics of the reinforced-con-
crete buckling-restrained brace, including a proposed pro-
cedure for its design. Where applicable, code requirements
from the American Concrete Institute’s Building Code
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Requirements for Structural Concrete (ACI 318-19) and
Commentary (ACI 318R-19)** are adapted. Where no code
specifications are applicable to the novel brace, some com-
ponents of the design procedure are based on reasonable
assumptions and limitations of the expected brace behavior.

Overview of the brace

The axial stiffness, strength, and ductility of the concrete
brace are intended to be primarily governed by the axial,
cyclic tension-compression behavior of ASTM A706% rein-
forcement (Fig. 1) as yielding energy-dissipation steel. Under
cyclic loads, these energy-dissipation bars are designed to
deform almost uniformly in compression and tension within a
predetermined, unbonded length at each end of the brace (Fig.
1), providing axial stiffness, strength, and ductility for the
brace. The unbonded length at each end of the brace includes
the gap region in addition to a region over which the bars

are wrapped in plastic sheeting to ensure axial separation of
the bars from the concrete; this design has been successfully
applied in precast concrete special moment-resisting frames
and structural walls.>2¢ Under tensile loading of the brace, the
axial deformations of the energy-dissipation bars are nearly
uniformly distributed over the unbonded length at each end,
thus allowing the brace to reach large story drifts without bar
fracture. Under compressive loads, the confined concrete of
the brace prevents the energy-dissipation bars from buckling
over the unbonded length, allowing the bars to reach their full
material strength.

During the production of the braced-frame unit (Fig. 1) at
the precast concrete plant, a small gap with a predetermined
width (a few inches) is formed at each end of the brace.
These gaps allow the energy-dissipation bars to compress
freely when the brace is in compression without the brace
concrete contacting the column and beam corbel zones. This
detail minimizes compression damage to the brace and the
corbels, and it ensures that the axial tension-compression
behavior of the brace is nearly symmetrical, as governed
primarily by the yielding of the energy-dissipation bars.
The gap width at each end of the brace is designed to be
large enough to prevent concrete bearing over the expected
deformation of the brace in compression while also small
enough to prevent the energy-dissipation bars from buckling
within this region (where the bars are not laterally support-
ed). While the brace could feasibly be built with a single
unbonded region and corresponding gap at one end, de-
signing unbonded and gap regions at both ends of the brace
allows the total required gap width to be equally distributed
between the two ends, thereby minimizing the potential for
buckling of the energy-dissipation bars.

The ends of the energy-dissipation bars are embedded and
anchored through the corbel regions and into the column

and beam concrete of the precast concrete frame. The corbel
regions are necessary to ensure direct axial-load transfer from
the brace to the frame and to minimize the possibility of shear
slip at the brace-to-frame interfaces. Headed anchorages are
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designed per ACI 318-19 for the ends of the energy-dissi-
pation bars to reduce the required development lengths and
minimize complexities with the detailing of the reinforce-
ment inside the braced frame. For typical beam, column, and
corbel dimensions, this detail provides adequate anchorage to
develop the ends of the energy-dissipation bars.

The midlength bonded regions of the energy-dissipation

bars (brace length between the two unbonded regions) are
designed to remain linearly elastic during the compressive
and tensile axial deformations of the brace. This behavior is
achieved by bonding the energy-dissipation bars to the sur-
rounding concrete over the midlength of the brace. To ensure
that the bars remain bonded while the brace is in tension, this
region is designed to provide at least twice the development
length for the bars per ACI 318-19 (that is, the full develop-
ment length is provided extending from each unbonded region
to the midlength of the brace).

Furthermore, additional bonded longitudinal reinforcement is
placed over the entire length of the brace from end gap to end
gap to prevent yielding of the energy-dissipation bars over the
bonded midlength region of the brace and to provide addition-
al confinement of the brace concrete, together with transverse
confinement reinforcement. Because the additional bonded
longitudinal reinforcement does not cross the end gaps of the
brace (that is, the additional bars are terminated at each end
of the brace), the axial stiffness, strength, and ductility of the
brace are governed primarily by the energy-dissipation bars
crossing the end gaps. This additional longitudinal reinforce-
ment in the brace is referred to as ferminated longitudinal
reinforcement throughout the remainder of this paper.

As the brace undergoes axial tensile deformations, large
post-yield tensile stresses are expected to develop in the
unbonded regions of the energy-dissipation bars. However,

in the bonded region within the midlength of the brace, the
tension force in the brace is shared between the energy-dis-
sipation bars and the terminated bars. As tensile stresses are
transferred from the energy-dissipation bars to the terminated
bars, concrete cracking develops in the bonded region of the
brace. To limit the width of these cracks so that the largest
tensile deformations occur at the end gaps rather than within
the brace, the terminated reinforcement is designed to remain
essentially linearly elastic. This is also necessary for the en-
ergy-dissipation bars to remain linearly elastic in the bonded
regions. As such, the axial stiffness of the brace within the
bonded midlength region is governed by the elastic stiffness
of the total area of the longitudinal steel (that is, the total
area of the energy-dissipation and terminated bars), while the
stiffness of the unbonded region is governed by the smaller
stiffness of the energy-dissipation bars alone. As yielding
develops in the unbonded regions of the energy-dissipation
bars, the tensile deformations of the brace are further concen-
trated within the end gaps of the brace. Due to the cracking of
the concrete, the brace is expected to be less stiff in tension
compared with the stiffness in compression. Under reversed
cyclic loading, the opening and closing of these cracks result



in slightly asymmetric behavior in tension and compression;
however, the effect of this asymmetry is not significant to the
overall behavior, as demonstrated in the analyses described
later in this paper.

Design procedure

Figure 2 presents the design steps, which are described in
more detail herein. The first design step is to determine the
factored design axial force of the brace N, following the
ASCE 7-22% equivalent lateral force procedure. Because
the scope of this paper is limited to isolated brace behavior,
the design procedure described herein does not include a
full frame design with subsequent calculation of the brace
design forces. However, the procedure for calculating the
design axial forces for the proposed brace is identical to the
procedure used to determine the design axial forces for steel
buckling-restrained braces (Oh et al.'” provides more details
about this calculation).

The factored design axial force N is used to determine the
total required area of the energy-dissipation bars following the
area-based approach typically used to determine the yielding
core plate area in steel buckling-restrained braces (AISC’s
Seismic Design Manual®® or Oh et al.'”). In this approach, the
required area of the energy-dissipation bars is found based on
the lowest expected steel yield strength f) i USING @ capac-
ity reduction factor for axial strength ¢ of 0.9, the minimum
required area of the energy-dissipation bars A, is calculated
as N /(¢f,,.)- The capacity reduction factor is intended to
ensure that the brace has sufficient capacity to meet the design
axial force, similar to the strength design of steel buckling-re-
strained braces.?®

Next, the size and number of the energy-dissipation bars

are chosen to meet the minimum area requirement. Per

ACI 318-19 section 25.4.4.1, the size of the energy-dissipa-
tion bars is limited to no. 11 (36M) or smaller for headed bars.
To protect against buckling of the energy-dissipation bars and
also minimize congestion, a smaller number of larger-size
bars (not to exceed no. 11) are chosen rather than a larger
number of smaller-size bars.

In this research, the total area of the terminated longitudinal
reinforcement was designed to be approximately 30% of the
total provided energy-dissipation bar area. As stated previous-
ly, the design intent is to allow the energy-dissipation bars and
the terminated bars to share the total axial force in the bonded
region of the brace such that the reinforcement in the bonded
region does not yield even when the unbonded regions of the
energy-dissipation bars have attained significant post-yield
strains. In other words, the total yield strength of the steel
within the bonded length of the brace is at least equal to the
maximum (ultimate) axial force that is expected in the brace.
The distribution of stresses from the energy-dissipation bars
to the terminated bars within the bonded region of the brace
requires effective development of the bars, which should be
validated in future experimental research.

Find brace design force
from ASCE 7-22 equivalent
lateral force procedure
v
Find minimum energy-
dissipation bar area based
on lowest expected steel
yield strength

Choose number and size of
energy-dissipation bars
v
Design terminated
longitudinal reinforcement
v
Determine appropriate
brace section and size
v
Design spiral
reinforcement
v
Determine width of
end gaps
v
Determine length of
unbonded regions
v
Perform shear and
buckling design checks

4

Finalize brace design

Figure 2. Summary of brace design procedure.

Once the areas of the energy-dissipation bars and terminated
bars are determined, several simplifying assumptions are
made to design the reinforced-concrete brace section. While
a square or rectangular brace cross section can be used, the
brace design in this study initially assumed a circular section,
with the energy-dissipation bars arranged in a circular pattern
(Fig. 1) and spiral reinforcement to provide concrete confine-
ment. At the end of the design process, the circularly designed
section was adjusted into an octagonal shape, thus creating
flat surfaces to simplify the horizontal casting process of the
precast concrete while retaining the benefits of a circular
reinforcement layout.

Because the concrete section of the brace is not used to

develop the brace’s axial strength, the gross sectional area is
determined to minimize the concrete volume without rein-
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forcement congestion, typically targeting a total longitudinal
reinforcement ratio (including both the energy-dissipation
bars and the terminated bars) of no more than 6% of the gross
concrete brace area. This upper limit was chosen based on the
maximum reinforcement ratio allowed for columns of special
reinforced-concrete frames in section 18.7.4 of ACI 318-19.

More efficient (that is, smaller) concrete sections would be
possible if a higher total reinforcement ratio could be used
in the brace design. Specifically, section 10.6 of ACI 318-19
permits a maximum total reinforcement ratio of 8%. The
transverse shear and confinement reinforcement for buck-
ling-restrained braces is expected to be less congested com-
pared with columns in special reinforced-concrete frames
(because of nearly uniaxial loading of the brace concrete
rather than combined large axial, shear, and bending forces
in columns); therefore, simpler reinforcement detailing may
permit this higher maximum reinforcement ratio of 8%. The
numerical parametric study described in later sections of this
paper investigates the effect of the percentage of energy-dis-
sipation bar reinforcement on the brace behavior. However,
future experimental research is necessary in this area.

The terminated bars are placed evenly against the spiral rein-
forcement between the energy-dissipation bars, with a clear
cover of 1.5 in. (38 mm) provided outside the spiral reinforce-
ment (Fig. 1). Given the novel nature of the brace, no current
code requirement is directly applicable to the design of the
spiral reinforcement. As such, the brace designs described in
this paper followed the requirements of ACI 318-19 section
18.7.5 to determine the spiral reinforcement ratio.

The next design steps are to determine the width of the end
gaps of the brace and the length of the unbonded regions of the
energy-dissipation bars. These dimensions are designed based
on a maximum design story drift = A mae UNMeT an extreme
earthquake event that may be anticipated at the building site.

The gap widths at the brace ends are designed to be large
enough to prevent closure in compression at the maximum
design story drift A mar LIS Width is determined by calcu-
lating the change in brace length A, at the maximum design
story drift A, as follows:

A, =1 +(w+4,,,0) ~1,

where

h = work point-to—work point height of the brace,
where the work points are located at the intersec-
tions of the brace centerline with the centerlines of
the beam and column components of the frame

w = work point—to—work point horizontal length of the
brace

t, = work point-to—work point diagonal length of the
brace
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As described by Kersting et al.* and depicted in Fig. 3, the
equation to calculate A, conservatively ignores axial deforma-
tions in the beam and column components, adopting a simpli-
fied shear frame model. Assuming that all axial deformations
in the brace occur equally within the end gaps, the minimum
width of each end gap Wy in is then calculated as 0.54, .

The required minimum unbonded length at each end of the
brace is determined by ensuring that the maximum tensile
strain of the energy-dissipation bars does not exceed the usable
tensile strain limit & to prevent low-cycle fatigue fracture
of the bars under cyélic loading. To determine this length, the
brace axial deformation in tension at the maximum design
story drift A imax 18 taken to be the same as that in compression,
calculated as A, previously. Assuming that all of this brace
elongation occurs equally within the unbonded lengths of the
energy-dissipation bars, the minimum unbonded length at each
end of the brace ¢ »min 18 then calculated as 0.54 /e . In this
approach, the total unbonded length of the energy-dissipation
bars is split evenly between the two ends of the brace, similar to
the even application of the two end gap widths. The unbonded
lengths must be checked to ensure that sufficient development
lengths remain in the middle bonded and end regions of the
energy-dissipation bars.

For the braces analyzed in this research, the gap width and un-
bonded length dimensions were designed based on an assumed
maximum design story drift A, of +4%. Furthermore, based
on the cyclic testing of energy-dissipation bars by Aragon et
al.,’” a maximum tensile strain limit & of 0.06 was taken as
the usable tensile strain limit for the bars under cyclic loading.

Additional design checks are necessary to ensure that global
buckling of the brace and local buckling of the energy-dissi-
pation bars (over the end gaps where the bars are not laterally
supported) do not occur when the brace reaches the maximum
design story drift A max 1N COMpression. Design guidelines to

)

Figure 3. Idealized shear frame model for calculation of brace
deformations. Source: Adapted from Kersting et al. Note: h =
work point-to-work point height of brace; £, = work point-to-

work point diagonal length of brace; w = work point-to-work
point horizontal length of brace; 4, = change in brace length
at maximum design story drift.




prevent these failure modes are described later in this paper.
The brace section should also be checked for shear strength;
however, the maximum shear forces in buckling-restrained
braces are typically small.'” Thus, this design check is not
likely to be critical.

Finite element analysis and modeling

Finite element analyses were conducted to investigate the
nonlinear behavior of the novel reinforced concrete brace. The
purpose of these analyses was to evaluate the proposed design
procedure and investigate some of the potential failure modes
of the brace. Prototypical braces were designed using the
upper limit of the factored design axial force N, determined
from the range of design forces for the archetype precast
concrete frames with steel buckling-restrained braces reported
in Oh et al.'” This upper-limit design force of approximately
1200 kip (5300 kN) was chosen to ensure that the concrete
braces designed in this research can provide similar maximum
forces as the steel braces investigated in the previous study.

In addition to the analyses of the prototypical braces, analyses
were also conducted on extreme brace configurations that are
outside of the likely range of practicality. These braces were
not meant to represent potential brace designs, but they were
analyzed to gain a greater understanding of brace failure due
to global buckling.

While a brace placed diagonally within a frame would pre-
dominantly undergo axial tension and compression deforma-
tions, it would also experience rotation under lateral interstory

Work point

Energy-dissipation bar

Elastic end block

Work point

drift. Figure 4 shows the isolated brace subassembly model
that was used to investigate this axial-flexural brace behav-
ior. In this model, a single diagonal brace is connected to an
elastic concrete end block at the bottom end and a single-story
elastic concrete column at the top end, while other compo-
nents of the precast concrete frame (that is, beams, multistory
columns, and beam-column joints) are excluded. The top sur-
faces of the bottom end block and column are free, while the
bottom surface of the end block is fixed and the bottom of the
column is pinned. The analyses were conducted by applying
a pseudostatic, monotonic or reversed cyclic, lateral dis-
placement at the work point located at the top of the column,
thereby inducing interstory drift deformations to the brace.

The simplifications (for example, lack of other frame compo-
nents) in this brace subassembly model result in small discrep-
ancies with respect to the end boundary conditions of a brace
within a multistory frame structure. However, these simplifica-
tions are conservative for the purposes of the failure analyses
described in this paper, as almost all of the applied lateral load
is carried by the brace (because the column base is pinned)
while bending effects on the brace due to the rotation of the
column are maximized (because the base of the bottom end
block is fixed). Evidence supporting the conservative nature of
these simplified boundary conditions for the brace is provided
in the Simplifying Assumptions section of this paper.

Failure modes and analysis types

The following brace failure modes were investigated in this
numerical study:

Lateral force and
displacement

— Elastic
column

~—Centerline

Fixed support surface Pinned

support

Figure 4. Brace subassembly modeled in the finite element analysis software.
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e global buckling of the brace
e closure of the end gaps
e translational buckling of the energy-dissipation bars

Three types of lateral load analyses were conducted: mono-
tonic compression analyses to investigate global buckling

of the brace as well as closure of the end gaps; single-cyclic
tension-compression analyses to investigate buckling of the
energy-dissipation bars; and multicyclic tension-compression
analyses to determine the intended full hysteretic behavior of
a well-designed brace up to ductile low-cycle fatigue fracture
of the energy-dissipation bars.

Table 1 presents a summary of these models, which are
described in detail in the following sections. All analyses were
conducted in displacement control by horizontally displacing
the upper work point of the brace (Fig. 4) in increments of
0.04 in. (1 mm). For most of the analyses, this displacement
increment corresponded to less than 0.1% of the unbonded
length of the brace.

Other failure modes can also limit the behavior of the pro-
posed brace. These other failure modes, which were not inves-
tigated in this study, include bond failure of the energy-dis-
sipation bars and the terminated bars, yielding of bars within
the bonded regions of the brace, and torsional buckling of the
energy-dissipation bars crossing the end gaps. Experimental
research is recommended to investigate these failure modes.

Modeling of the energy-dissipation bars
in the bonded regions

Modeling of the energy-dissipation bars was separated into

the unbonded regions at the ends of the brace and the bonded
middle region (Fig. 4). To improve computational efficiency,
the other bonded regions of the energy-dissipation bars within
the elastic end block and column (across from the gap at each
end of the brace) were not modeled explicitly. Instead, the ends
of each energy-dissipation bar were assumed to be fixed to

the elastic end block and column corbel face across from each
gap. Bond slip and debonding of the bars in the bonded regions
were not considered in the models; these undesirable behaviors
require experimental investigation in future research.

The bonded length within the middle region of each energy-
dissipation bar was modeled using discrete one-dimensional
uniaxial truss (line) elements, with each truss element node
“embedded” (constrained) to the surrounding concrete nodes,
assuming perfect bond provided by adequate development
lengths. Each truss element was assigned a bilinear rein-
forcing steel stress-strain g, — & relationship, with modulus
of elasticity E_of 29,000 ksi (200,000 MPa) and postyield
strain-hardening modulus £, of 350 ksi (2400 MPa) for
Grade 60 (414 MPa) steel and 500 ksi (3450 MPa) for Grade
80 (552 MPa) steel (Fig. 5). The cyclic stress-strain behavior
of the bars was simulated using the default parameters for the
Menegotto-Pinto reinforcing steel model in the finite element
modeling software (Fig. 5).%

Modeling of the energy-dissipation bars
in the unbonded regions

The behavior of the energy-dissipation bars in the unbonded
regions governs the brace stiffness, strength, and ductility,
representing the most critical aspects of the brace behavior
and performance. As such, significant attention was given to
the modeling of the bars and brace in these regions. Owing to
limitations in the finite element modeling software, different
methods were used to model the energy-dissipation bars based
on the loading type (monotonic/single-cyclic versus multicy-
clic loading) to better investigate the different potential failure
mechanisms.

For the monotonic compression analyses used to investigate
global brace buckling and end-gap closure, the unbonded
lengths of the energy-dissipation bars were modeled using
three-dimensional 10-node quadratic tetrahedral elements.*
Each energy-dissipation bar was simplified to a regular
hexagonal cross section with area equal to the corresponding
nominal bar area. A bilinear reinforcing steel stress-strain
material was assigned to each element, using Von Mises
plasticity for the yield condition and steel properties match-
ing those for the material used for the one-dimensional bar
elements described previously (Fig. 5). As shown in Figure 6,
the ends of each unbonded region were fixed to the face of
the corbel (corbel at top of pin-based column is shown, with
similar details used for the bottom end-block corbel) and

to the transition surface between the unbonded and bonded
regions of the brace.

Table 1. Numerical models used in investigation of brace failure modes and behavior

Unbonded region
Failure mode and behavior Loading . g
of energy-dissipation bars

Monotonic compression

Global buckling of brace
Closure of brace end gaps
Buckling of energy-dissipation bars Single cyclic

Desired brace behavior up to ductile low-cycle . .
. L Multicyclic
fatigue fracture of energy-dissipation bars
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Figure 5. Stress-strain relationships for one-dimensional truss (line) and three-dimensional steel elements in the finite element

analysis modeling software. Note: 1in. = 25.4 mm; 1 ksi = 6.895 MPa; Grade 60 = 414 MPa; Grade 80 = 552 MPa.

To model the contact between the energy-dissipation bars and
the brace concrete, each bar was encased in zero-thickness
contact elements with interface contact and friction material
properties. This material is based on the Mohr-Coulomb crite-
rion using tension cutoff with user-defined cohesion and fric-
tion.”* Because the energy-dissipation bars in the unbonded
regions of the brace would be wrapped inside plastic sheeting,
cohesion and friction between the bars and the surrounding
concrete were assumed to be small and were neglected. The
interface was assigned a large normal stiffness in compression
but no strength in tension, modeling the contact between the
bars and the concrete while also allowing for potential separa-
tion or splitting of the cover concrete from the bar.

Three-dimensional steel elements were also used in the
single-cyclic tension-compression analyses to investigate
energy-dissipation bar buckling. However, the cyclic stress-
strain behavior of the three-dimensional steel elements in the

finite element modeling software? exhibited an unrealistically
high level of isotropic strain hardening (Fig. 5). Thus, an
intentionally lowered initial yield strength was assigned to the
three-dimensional steel elements in the single-cyclic analyses
such that appropriate bar stresses developed after load reversal
from tension into compression when modeling the buckling of
the bars. This adjustment is discussed in more detail later in
this paper.

It was not possible to take a similar approach to overcome
the excessive isotropic strain hardening of the three-dimen-
sional steel elements when conducting multicyclic analyses.
Thus, in these analyses, each bar was modeled using one-di-
mensional uniaxial truss elements and three-dimensional tet-
rahedral elements in parallel (Fig. 6 multicyclic model). For
each bar, these parallel one-dimensional and three-dimen-
sional components separately simulated the axial and trans-
verse behaviors of the bar, respectively, while ignoring the
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Figure 6. Modeling of energy-dissipation bars in unbonded regions of the brace for monotonic/single-cyclic analyses and multi-

cyclic analyses.

interaction between the axial behavior and the flexural-shear
behavior of the bar. The one-dimensional component with
truss elements extended from the corbel face to the bonded
region inside the brace. This component was assigned zero
bond strength to allow the energy-dissipation bar to freely
slide tangentially over the unbonded length while carrying
axial forces.

Dowel effects from the transverse bending and shear defor-
mations of the bar on the surrounding brace concrete were
simulated by the second component, which had a hexagonal
cross section using three-dimensional tetrahedral elements.
Interface surfaces were modeled between this component

and the surrounding concrete to allow free tangential move-
ment, with no strength in tension but large normal stiffness

in compression to simulate the development of stresses in the
concrete from the transverse deformations of the bars. The
three-dimensional component also extended from the corbel
face to the unbonded region of the brace; however, unlike

the one-dimensional component, it was not connected to the
bonded region, thus developing no axial stress. Within the
end-gap region, each one-dimensional truss element node was
embedded (constrained) within the surrounding steel three-di-
mensional tetrahedral elements, again assuming zero bond
strength, to ensure that the one-dimensional line elements did
not buckle during the multicyclic analyses.

Modeling of other brace reinforcement

The terminated longitudinal bars in the brace were modeled
using one-dimensional truss elements with the same bilin-
ear steel stress-strain relationship for the energy-dissipation
bar elements (Fig. 5) and cyclic characteristics based on the
Menegotto-Pinto model.” Each one-dimensional element
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extended between the ends of the brace (without crossing the
end gaps) using nodes embedded to the surrounding concrete
to represent fully bonded conditions for the bars. As stated
previously, design and modeling assumptions related to the
effectiveness of bond in the brace should be evaluated experi-
mentally in future research.

Transverse confinement reinforcement was modeled explicitly
with the same one-dimensional truss elements used for the
terminated longitudinal reinforcement. To reduce numerical
complexity, the spirals were simplified into octagonal discrete
hoops with identical spacing as the spirals, and the nodes of
each hoop were embedded in the concrete.

Modeling of concrete

Concrete was modeled using three-dimensional 10-node quadrat-
ic tetrahedral elements. In all analyses, the end block and column
regions (Fig. 4) were modeled using linear-elastic concrete
material properties with a modulus of elasticity E_ of 4415 ksi
(30,440 MPa) and a Poisson’s ratio of 0.2. The modulus of elas-
ticity was calculated based on ACI 318-19* for a design concrete
compressive strength f” of 6 ksi (41 MPa).

To investigate the global buckling and multicyclic behavior

of the brace, the brace concrete was modeled using a nonlin-
ear fracture-plastic constitutive material model.” Figure 7
shows the compression stress-strain law used for this concrete
model, with the compressive strength f” of 6 ksi (41 MPa).
The concrete behavior up to the peak stress was based on the
default stress-strain curve® formulated from fib’s (International
Federation for Structural Concrete’s) Model Code for Concrete
Structures (CEB-FIP Model Code 90)*' with peak strength
reached at a strain of 0.002. The concrete modulus of elasticity



E_was calculated as 4415 ksi (30,440 MPa). After the peak
stress, the softening law of the model has a linearly descend-
ing stress-strain relationship based on a Van Mier fictitious
compression plane model, where the slope of the relationship
depends on the size of the mesh element to minimize sensitivity
of the analysis results to mesh size.

The tension behavior of the brace concrete before cracking
was modeled as linearly elastic, with a tension strength f;
of 0.581 ksi (4.01 MPa), which was calculated based on

ACI 318-19 using f; ” of 6 ksi (41 MPa). The tension behav-
ior after cracking was modeled using an exponential crack
opening law in combination with the “crack band” theory.
This law models the cracking behavior based on a user-de-
fined concrete fracture energy G, and critical crack opening
width at complete release of stress w_(Fig. 7). For the analy-
ses described in this paper, Gfand w_were taken as the default
values® of 0.33 Ib/in. (58 N/m) and 0.0197 in. (0.500 mm),
respectively. Fully rotated cracks were assumed, allowing the
cracks to change direction depending on varying principal
stress directions under cyclic loading.

Simplifying assumptions

To justify the simplified boundary conditions of the iso-
lated brace subassembly model in Fig. 4, the monotonic
compression behavior of one brace was analyzed under
different boundary conditions. These analyses investigated
the brace behavior with and without additional beam and
column elements and under different restraint conditions for
the columns. To model the brace within a frame, beam and
column components were connected to the existing end block
and column (Fig. 8), thus creating a single-story model. The
beam and column dimensions were modeled as 36 X 20 in.
(910 X 510 mm) and 36 X 36 in. sections, respectively, with
the centroid of each beam and column placed in line with the
work-point nodes of the brace. All beams and columns were
modeled using elastic three-dimensional 10-node quadratic
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tetrahedral elements with a concrete modulus of elasticity £
of 4415 ksi (30,440 MPa).

The results for brace axial force versus story drift in Fig. 8
show that, compared with the story model, the isolated brace
subassembly model (without the added beam and column
components) reached global buckling at a lower force and
drift, indicating that the simplified model provides conserva-
tive results. This difference can be explained by the rotation
of the story model allowing increased rotation of the bottom
work-point node of the brace, which also increases the
buckling load and delays failure of the brace. Based on these
results, the analyses conducted in this study using the isolat-
ed brace subassembly model in Fig. 4 are considered to be
conservative.

Another conservative simplification was made in modeling
the local buckling of the energy-dissipation bars. Except for
the analyses investigating closure of the brace end gaps, the
end-gap regions were modeled with the assumption that the
cover concrete on either side of the gap was ineffective in
providing lateral support to the bars. This assumption was
modeled by increasing the width of each end gap by the
distance to the centerline of the first hoop in both the corbel
and the brace. Effectively, this consideration increased the
gap width by an amount equal to twice the concrete cover
and a full hoop bar diameter. The analysis results described
in the next section show that this conservative modeling as-
sumption greatly influenced the buckling of the energy-dis-
sipation bars in the end-gap regions. Future experimental
work is necessary to determine whether this assumption
should be adjusted.

Analysis results
This section provides the results from the analyses investigating

brace behavior and selected failure modes. Figure 9 shows an
example of each undesirable failure mode discussed herein.

0.8

0.6

0.4

0.2

0.002
Crack width, in.

0.004

Concrete tension (after cracking)

Figure 7. Stress-strain relationships for concrete in the finite element analysis modeling software. Note: E_= concrete modulus

of elasticity; f/ = concrete compressive strength; f/ = concrete tension strength; G

- = fracture energy of concrete; w_ = critical

crack-opening width of concrete at complete release of stress. 1in. = 25.4 mm; 1 ksi = 6.895 MPa.
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Global buckling of the brace

Failure of a brace through global buckling can occur if the entire
brace component buckles in compression (Fig. 9). Analyses of
this failure mode aimed to determine the brace axial forces cor-
responding to global buckling under different brace conditions
and to develop a design prediction for these axial forces.

Single-cyclic analyses of brace subassembly models were
initially used to investigate global buckling. In these anal-
yses, the brace model was first pulled (that is, the top work
point of the brace in Fig. 4 was laterally loaded to the right),
placing the brace in tension; then the load was reversed,
placing the brace in compression.

Global buckling

of brace \ £

Exaggerated
deformed shape

Cracking

Global buckling

Brace contact
with corbel

Gap closure

This procedure allowed buckling to be evaluated after the
brace had elongated and the energy-dissipation bars had
yielded in tension, as compared with a monotonic compres-
sion analysis of the brace loaded from its original undeformed
length. It was found that the lengthening of the brace and the
widening of the gap regions in tension have an insignificant
effect on the global buckling load of the brace. Consequently,
all subsequent analyses of global buckling were conducted
under monotonic compression loading for simplicity (that is,
pushover analysis of the model toward the left in Fig. 4).

Three sets of brace configurations were evaluated under mono-
tonic compression loading. The first set was designed using the
aforementioned procedure (design set), whereas designs for the

Local buckling
of energy-\
dissipation bars
p?

Energy-dissipation bar buckling

Figure 9. Simulated undesirable failure modes for braces in compression: global buckling of the brace, bearing of the brace on

the adjacent corbel (gap closure), and translational buckling of the energy-dissipation bars across the gap region.
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second and third sets were based on extreme brace configurations
that deliberately induced global buckling, but are outside the
likely range of practicality. Specifically, the second set (extreme
set) investigated extreme brace conditions, such as long length
and small section, and the third set (unbonded length set) focused
on the unbonded length of the energy-dissipation bars with all
other variables remaining constant. Table 2 summarizes the
characteristics of each brace configuration as well as the analysis
results, namely, the brace axial force at global buckling P,

Table 2. Summary of global buckling analyses

Brace ) ) Energy-dissipation bars

designation

Figure 10 presents the results for brace axial force versus
story drift from the three sets of analyses. The results from the
first set (braces designated A1 through AS in Table 2) showed
that braces within typical ranges of design are not susceptible
to global buckling. This is because the maximum axial force
that can be developed through the ultimate strength of the
energy-dissipation bars remains less than the buckling force
of a brace with a realistic length and energy-dissipation steel
reinforcement ratio.

Unbonded
length, in.

Al* 331 8758 3.8 240 98
A2* 212 3587 5.9 240 98
A3 331 8758 12.5 3.8 240 98 No buckling No buckling
A4*t 306 7816 4.1 240 98
A5* 331 8758 3.8 420 160

Bl 212 3587 12.5 5.9 420 160 919 0.98
B2 162 2103 12.5 7.7 400 148 786 0.85
B3t 210 3684 12.5 5.9 400 148 985 1.01
B4 212 3587 12.5 5.9 400 148 975 1.00
B5t 212 3587 12.5 5.9 400 148 936 1.02
B6 212 3587 9.4 4.4 400 148 926 1.03
B7 212 3587 6.2 2.9 400 148 888 1.05
Cl 0 1377 0.84
Cc2 49 1173 0.91
C3 89 1077 0.95
C4 212 3587 12.5 5.9 400 111 1025 0.98
C5 148 966 1.01
C6 222 903 1.04
Cc7 400 893 1.05

Note: Ag = gross cross-sectional area of brace; /57 = gross cross-sectional moment of inertia of brace; K = effective length factor of brace (based on Euler

elastic critical buckling load equation, calculated using concrete modulus of elasticity £_ of 4415 ksi, /g, L,and Pgb); L = diagonal length of brace from corbel

face to corbel face; Pgb = simulated brace axial force at global buckling. 1Tin. = 25.4 mm; 1kip = 4.448 kN; 1 ksi = 6.89 MPa.

*Grade 60 (414 MPa) steel was assumed in these cases. Grade 80 (552 MPa) steel was assumed in all other cases.

tSquare section was used in these cases. Octagon section was used in all other cases.

tEnergy-dissipation bars in this case were arranged closer to the center of the brace section rather than against the spiral confinement as was assumed

in every other case.
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All configurations in the second set (braces B1 through B7
in Fig. 10) buckled globally into a similar shape (Fig. 9)
with the largest brace deformations eventually concentrating
at the ends of the bonded region. These analyses showed ex-
tensive cracking in the end regions of the brace, which was
likely due to the buckling of the brace and lateral expansion
of the energy-dissipation bars under compression. A similar
buckled shape was also observed for all configurations in
the third set (braces C1 through C7 in Fig. 10) except for
the all-bonded (C1) and all-unbonded (C7) cases. Because
these cases did not have transitions between the bonded and
unbonded regions of the brace, the global buckling deforma-
tions were distributed over the entire brace without concen-
trating in any specific region. The results from the second
and third analysis sets showed that the buckling force is
influenced by a variety of parameters, including the place-
ment of the energy-dissipation bars within the brace section,
the size of the end gaps, and the ratio of unbonded to bonded
lengths of the brace. However, the section size and length

of the brace were found to have the greatest effect on the
buckling force; thus, the subsequent discussion is focused on
these variables.

For design predictions, the results from the second and third
sets of analyses indicated that the equation for the Euler
elastic critical buckling load P _ can provide a reasonable
estimate of the buckling force of the brace:

T’E.l
P =—F
cr ( KL)Z
where
I, = gross cross-sectional moment of inertia of the brace
K = effective length factor of the brace
L = diagonal length of the brace from corbel face to

corbel face

The global buckling failure demonstrated by the analyses
was not elastic. Thus, the use of the Euler elastic buckling
equation is only intended to be a simple design estimate
rather than an accurate representation of the actual inelastic
buckling of a brace. Similarly, the terms of the P_ equation
(such as the moment of inertia) and the reported values in
Table 2 are based on the gross brace cross section (rather
than the transformed section) and do not account for differ-
ences in the unbonded versus bonded regions of the brace.

A theoretical effective length factor K was calculated using
the Euler elastic buckling equation together with the sim-
ulated buckling force P, of each brace (in the second and
third sets of configurations) and the corresponding E , 1, and
L (Table 2 and Fig. 11). While some of the models resulted

in a K value slightly greater than 1, no brace exceeded 5%

of this value. Thus, a K value of 1 (corresponding to pin-pin
boundary conditions) is recommended to provide a reasonable
estimate of the brace buckling force for design.
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Figure 10. Brace axial force-versus-story drift behavior inves-

tigating global buckling (compression positive). Note: 1in. =
25.4 mm; 1 kip = 4.448 kN.

Closure of the end gaps

Monotonic compression analyses were conducted to investigate
brace failure through the closure of end gaps (Fig. 9). These
analyses were done on models using the design width of the
end gaps, without removing the concrete cover on the corbel
and brace ends. The results indicated that braces designed using
the aforementioned procedure were not susceptible to failure
through gap closure. In these analyses, the brace deformations
were near evenly distributed between the two end-gap regions.



In a real structure with asymmetries/imperfections, closure
may occur at only one of the end gaps, while the other gap
remains open. In this scenario, significant concrete damage is
not expected because the forces that can be transferred through
the closed end would be limited by the compression force of
only the energy-dissipation bars (not the full brace section) at
the open gap. In other words, both end gaps would need to be
closed for larger compression forces to develop in the brace,
which is prevented by designing a minimum total width for the
two end gaps. Future experimental work should be conducted
to investigate effects of asymmetries and imperfections on the
brace behavior.

Translational buckling
of the energy-dissipation bars

Failure of a brace can occur if the energy-dissipation bars
buckle locally over their laterally unsupported length across
the end-gap regions (Fig. 9). This buckling can occur through
translational (lateral) as well as torsional deformations of

the energy-dissipation bars; however, the study described
herein did not include torsional buckling. In general, future
experimental research is needed in this area because accurate
numerical simulation of bar buckling is difficult.

Single-cyclic analyses using three-dimensional steel elements
modeling the energy-dissipation bars were used to investi-
gate this failure mode. As described previously, the end-gap
regions were modeled with the conservative assumption that
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04

0.2

the cover concrete on either side of the gap is ineffective in
providing lateral support to the bars. Brown and Kunnath?
have shown that buckling of reinforcing bars under uniaxial
loading is not expected to occur unless the unsupported length
of the bar exceeds six times the bar diameter d,. Initial results
of the brace analyses conducted in this research showed that
buckling of the energy-dissipation bars crossing the end gaps
in a brace could occur even when the unsupported length is
significantly shorter than 6d,.

To better understand the buckling of the energy-dissipation
bars, axial compression analyses on groups of isolated bars
with different lengths and boundary conditions were conduct-
ed (Fig. 12). The results indicated that this mode of failure

is primarily driven by the inelastic buckling of the bars in
combination with the specific boundary conditions of the bars
across the gap regions in a brace. Because each end of the
brace can translate laterally (that is, in a direction transverse to
the bar axis) with respect to the adjacent corbel, the boundary
conditions of the bars in the isolated analyses were represented
as fixed at one end while free to translate but not rotate at the
other end (fixed—transverse free configuration) (Fig. 12). These
conditions differ from previous studies of bar buckling, where
the bars were generally tested under assumed uniaxial loading
conditions with no lateral translation allowed (fixed-fixed
configuration). If the bars undergo lateral translation due to the
lateral displacements of the brace with respect to the corbel,
they can buckle over unsupported lengths much shorter than
those for bars that are prevented from translation.
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The isolated bar-buckling analyses were conducted with in-
creasing bar lengths until buckling occurred under both fixed—
transverse free and fixed-fixed boundary conditions. The bars
with the fixed-fixed configuration began to develop buckling

at lengths around 6d,, matching the results reported by Brown
and Kunnath.*> When relative lateral translation of the bars was
allowed, buckling began to develop at unsupported lengths of
approximately 3d,. This result is consistent with the idea that
the fixed—tansverse free configuration is theoretically equivalent
to one-half of the corresponding fixed-fixed configuration (with
length double that of the fixed—transverse free configuration).

The maximum unsupported length of 3d, to prevent buck-
ling of the energy-dissipation bars may be too small to
prevent potential failure of the brace through end-gap
closure, especially if the cover concrete on either side of
the gap in a brace is assumed to be ineffective in providing
lateral support to the bars. Therefore, a potential method
for preventing lateral translation of the bars using an axially
decoupled steel shear dowel across each end gap was inves-
tigated. These shear dowels were embedded and bonded to
the beam and column corbel regions and extended into the
brace section but were axially debonded from the surround-
ing concrete by wrapping the length of the dowel inside the
brace, with an open pocket allowing axial movement at one
end of the dowel (Fig. 13). In this arrangement, the dowels
are intended to prevent the energy-dissipation bars from lat-
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erally translating, without contributing to the axial behavior
of the brace.

Several braces were modeled with different dowel variations.
Finite element models with appropriately sized shear dowels
to prevent lateral translation across the end gaps no longer
exhibited translational buckling of the energy-dissipation bars.
Based on these findings, a simple procedure was developed to
design the shear dowels.

The shear force demand across the end gaps was found to
vary widely and was difficult to predict accurately without
a numerical model in a practical design scenario. Therefore,
the dowel was sized to provide a percentage of the total
shear stiffness of the energy-dissipation bars instead of
being based on the shear force demand. Specifically,

the models indicated that steel dowels providing a shear
stiffness equal to about 50% of the shear stiffness from the
energy-dissipation bars may be sufficient in preventing the
translational buckling of bars with unsupported lengths up to
about six times the bar diameter d,. Because shear stiffness
is proportional to the shear area, the steel dowel must there-
fore have an area equal to about 50% of the total area of the
energy-dissipation bars crossing the end gap.

Importantly, the finite element analyses showed that the
simulation of bar buckling is particularly sensitive to numer-
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Figure 12. Isolated energy-dissipation bar buckling simulated with lateral translation.
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Dowel schematic
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Figure 13. Axially decoupled shear dowel and simulated effect.

ical model details such as the mesh size. Future experimental
research should evaluate the effects of the dowel, different
dowel sectional areas and shapes, and the number of dowels
needed across each end gap. The dowel shape and number
of dowels across each end gap may be dictated by torsional
buckling of the energy-dissipation bars, which could not be
modeled numerically within the scope of this research.

Desired behavior up to ductile
low-cycle fatigue fracture
of the energy-dissipation bars

The desired failure mode for the proposed reinforced-concrete
brace is ductile low-cycle fatigue fracture of the energy-dissi-
pation bars within the unbonded regions, without buckling or
end-gap closure. The behavior of such a ductile brace was in-
vestigated through multicyclic analyses. Because the analyses
in this research could not explicitly model low-cycle fatigue
fracture, a limit for & of 0.06 was taken as the maximum
usable tensile strain for the energy-dissipation bars based on
experimental results from Aragon et al.*

Two loading sequences were used for the multicyclic analyses.
The first sequence began with the first cycle at 0.1% story drift,
with the story drift of each subsequent cycle increased by a
factor of 1.5. The top graph in Figure 14 shows the axial force—
versus—story drift behavior of a ductile brace under this loading
sequence, with the last point of the hysteretic plot representing
when the energy-dissipation bars reach the maximum strain
limit of 0.06. Cracking in the brace occurred in the middle
bonded region, with stable behavior of the brace during load
reversals in tension and compression. Cracking of the concrete
led to a slightly smaller stiffness of the brace in tension versus

in compression. As targeted in design, the cyclic analyses under
this sequence indicated that properly designed braces will fail
due to ductile low-cycle fatigue fracture of the energy-dissi-
pation bars around the maximum design story drift (4% drift
for the braces discussed in this paper). However, because these
results are based on the assumption that the energy-dissipation
bars are viable up to 0.06 strain in tension, future experimental
work is needed to determine the maximum strain limit of the
bars under the specific deformation demands within a brace.

The second loading sequence followed the procedure pre-
scribed for the cyclic qualification testing of steel buckling-
restrained braces (AISC 341-16%). This loading sequence
does not necessarily reach the maximum strain limit of the
bars; rather, it focuses on testing the cumulative ductility

of the brace at lower story drift values. The sequence was
used in this investigation to demonstrate that well-designed
concrete buckling-restrained braces can meet the deformation
requirements currently prescribed for steel braces. The bottom
graph in Figure 14 shows the axial force—versus—story drift
behavior of the same concrete brace under the second loading
sequence. Similar to the first sequence, cracking in the middle
bonded region of the brace was stable throughout the analysis,
with a slightly smaller stiffness of the brace in tension than in
compression.

While the results of this analysis demonstrated that the concrete
brace is viable under the requirements for steel braces, the current
models do not explicitly account for the cumulative strain ca-
pacity of the energy-dissipation bars. Based on the experimental
results from Aragon et al.,** the cumulative strain capacity of the
bars is not expected to be reached before the maximum useable
strain limit &, of 0.06. However, further experimental work is
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Figure 14. Simulated cyclic behavior of a well-designed brace with story drift increasing at 1.5 times the previous drift and under

the AISC 341-16 cyclic qualification testing protocol for steel braces (tension positive, compression negative). Note: g, = de-
sign usable tensile strain limit of energy-dissipation bars. 1in. = 25.4 mm; 1 kip = 4.448 kN.

needed to determine the cumulative strain capacity of these bars
under the specific deformation demands within a brace.

Conclusion

This study introduced a novel reinforced concrete buck-
ling-restrained brace component and numerically evaluated its
seismic design and behavior. A design procedure was devel-
oped to achieve ductile behavior of the brace under reversed
cyclic loading. Nonlinear finite element analyses were con-
ducted to investigate some of the potential failure modes, in-
cluding global buckling of the brace, closure of end gaps, and
translational buckling of the energy-dissipation bars, as well
as the desired behavior of a well-designed brace up to ductile
low-cycle fatigue fracture of the energy-dissipation bars.
These analyses included monotonic compression, single-cy-
clic, and multicyclic loading of isolated brace subassemblies
within a diagonal orientation.
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The conclusions from the study may be limited to the brace
configurations analyzed, assumptions made, and limitations of
the finite element modeling software.

*  Failure of the brace through global buckling is unlikely
for practical brace designs. Susceptibility to this failure
mode can be determined through the calculation of the
Euler elastic critical buckling load with an effective
length factor K of 1, gross cross-sectional moment of
inertia of the brace, length of the brace from corbel face
to corbel face, and concrete modulus of elasticity.

e Closure of the end gaps at the maximum design story
drift can be prevented using the design procedure de-
scribed in this paper.

e Local buckling of the energy-dissipation bars across the
end gaps is a critical failure mode that can limit the duc-



tility capacity of the brace in compression. If the bars are
allowed to undergo lateral translation due to transverse
displacements of the brace with respect to the corbels,
they can buckle at unsupported lengths of approximately
three times the bar diameter.

e Although the end-gap width can be reduced to prevent
buckling of the energy-dissipation bars, this can lead
to closure of the end gaps, triggering other undesirable
damage and failure modes prior to the maximum design
story drift of the brace in compression.

e Alternatively, an axially decoupled steel shear dowel with
an area equal to about 50% of the total area of the energy-
dissipation bars can be used across each end gap to
prevent lateral translation of the bars and allow longer un-
supported lengths up to about six times the bar diameter.

The results from the analyses presented herein have not yet
been validated with experimental data. Experimental research
is needed to investigate the assumptions used in these analy-
ses, validate the design and behavior of the brace, and provide
further research basis for the use of the proposed brace.

The specific topics recommended for experimental research
include the following:

e development of longitudinal reinforcement within the
bonded regions of the brace

e design and detailing of the corbels and other regions of
beams and columns adjacent to the brace

e translational and torsional buckling of the energy-dissi-
pation bars across the end gaps, including the need and
design of dowels to prevent this buckling

* low-cycle fatigue and cumulative strain capacity of the
energy-dissipation bars

e design of confinement reinforcement

e brace cross section and maximum longitudinal reinforce-
ment ratio

e area of terminated reinforcement

e effects of construction asymmetries and imperfections on
brace behavior

*  post-earthquake repair or replacement of the brace

In addition to experiments involving isolated braces and
braced-frame subassemblies, experiments on multistory
frames and braced-frame buildings are necessary before the
proposed brace can be used in practice. Tests should inves-
tigate different brace configurations, such as chevron and
single-diagonal arrangements. The numerical study described
in this paper focused on the behavior of isolated single-brace

subassemblies. Future numerical work should consider the
behavior, seismic performance, and resilience of the brace
within its intended precast concrete frame story unit as well
as in complete multistory braced-frame structures. Ultimately,
this additional research will provide a more complete under-
standing of this novel brace and may provide justification for
its use within a seismic-resisting building frame.
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Notation -
pmin = Minimum required area of energy-dissipation bars e

Ag = gross cross-sectional area of brace o,

d, = diameter of single energy-dissipation bar ¢

E, = concrete modulus of elasticity

E, = energy-dissipation bar modulus of elasticity

E, = energy-dissipation bar postyield strain-hardening

modulus

f = concrete compressive strength

/7 = concrete tension strength

fv) i = lowest expected yield strength of energy-dissipation bar

Gf = concrete fracture energy

h = work point-to—work point height of brace

I = gross cross-sectional moment of inertia of brace

= effective length factor of brace

= diagonal length of brace measured from corbel face
to corbel face

= work point-to—work point diagonal length of brace
= minimum unbonded length at each end of brace

= factored design axial force of brace

= Euler elastic critical buckling load

= simulated brace axial force at global buckling

= seismic response modification coefficient per ASCE
7-22

= work point—to—work point horizontal length of brace

= critical crack-opening width of concrete at complete
release of stress

= minimum width of each end gap

= change in brace length at maximum design story
drift

= maximum design story drift
= steel strain

= design usable tensile strain limit of energy-dissipa-
tion bars

= steel stress

= capacity reduction factor for axial strength design
of brace (taken as 0.9)
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Abstract

This paper describes a numerical investigation on the
seismic design and behavior of a novel reinforced-con-
crete buckling-restrained brace component for use

in precast concrete lateral-load-resisting frames. The
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design procedure aimed to develop a brace with ductile
behavior under reversed cyclic loading. Nonlinear
finite element analyses were conducted to investigate
the following potential undesirable failure modes of
the brace: global buckling of the brace, closure of the
end gaps, and local translational buckling of the ener-
gy-dissipation bars. The results indicated that failure
through global buckling is unlikely for practical brace
designs. Closure of the end gaps can be prevented by
designing a wide-enough gap at each end of the brace,
but design must also ensure that local buckling of

the energy-dissipation bars does not occur over their
unsupported length across the end gaps. An axially
decoupled steel shear dowel can be used to permit a
wider end gap without triggering translational buckling
of the energy-dissipation bars. Braces that are designed
to prevent undesirable failure modes can provide stable
behavior up to ductile low-cycle fatigue fracture of the
energy-dissipation bars.

Keywords

Buckling-restrained braced frame, FEA, nonlinear
finite element analysis, precast concrete frame lateral
system, reinforced-concrete buckling-restrained brace,
seismic design, seismic failure.
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