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ABSTRACT

Buckling-restrained braced frames (BRBFs) are a widely used lateral system comprised of beams, columns, and diagonal buckling restrained
braces (BRBs). The BRBs within these frames are typically oriented concentrically. Current U.S. design provisions limit the eccentricities in
BRBFs to less than the beam depth, which results in less architectural flexibility as compared to eccentrically braced frames (EBFs). The
purpose of the present study is to investigate the design and performance of BRBFs with larger beam eccentricities. BRBFs were designed
with beam eccentricities ranging from 0 (control case) to 2 times the beam depth in the chevron (inverted-V) and single-diagonal configura-
tions. In each case, the beams were designed to remain elastic under the maximum forces that could be delivered by the braces, including
the effects of the brace eccentricity on the beam. Nonlinear response history analysis and pushover analysis were used to quantify the per-
formance of the various frames under design earthquake shaking and to investigate the relationship between BRBF beam eccentricity and
seismic performance for the cases considered. The results of this study are presented in a two-part paper. This paper, constituting Part 1,
describes the design procedures for BRBFs with eccentricity in chevron and single-diagonal configurations. Analysis methods for determin-
ing force demands in braces, beams, and columns are presented. The analysis methods are illustrated through the design of nine case study
buildings. The designs show the impact that eccentricities have on member sizing and overall frame weight. For chevron BRBFs, eccentrici-
ties of 1 to 2 times the beam depth resulted in overall frame weight increase of 1.07 to 1.32 times, due to heavier beams. For single-diagonal
BRBFs, eccentricities of 2 times the beam depth resulted in a slight reduction of overall weight, due to moment frame action associated with
the eccentric beam stub. The accompanying paper, Part 2 (Li et al., 2026), presents the nonlinear analysis studies, including response his-
tory analyses and pushover analysis, for evaluating the seismic performance of these nine case study designs.

Keywords: buckling restrained braced frames, eccentric bracing, eccentric braced frames.

INTRODUCTION

n the late 1970s and through the 1980s, there was a

focused research effort to develop a ductile braced frame
for U.S. practice. Eccentrically braced frames (EBFs) were
viewed as a way to combine the desirable stiffness of braced
frames, with the desirable ductility and architectural flexi-
bility of moment frames. Experimental and analytical stud-
ies at Berkeley investigated isolated EBF yielding links,
subassemblies, and systems (Engelhardt and Popov, 1992;

Hjelmstad and Popov, 1983; Kasai and Popov, 1986; Mal-
ley and Popov, 1984; Roeder and Popov, 1978). Provisions
for EBF design were included in the original AISC Seismic
Provisions for Structural Steel Buildings (1990) and were
updated in subsequent provisions. Since 1993, SEI/ASCE 7,
Minimum Design Loads and Associated Criteria for Build-
ings and Other Structures, has recognized the ductility of
EBFs with a response modification factor, R, of 8§ (ASCE,
1993; Hines and Jacob, 2010).

While EBFs have been in the AISC Seismic Provisions
for three decades, they are rarely used in U.S. practice,
partly because buckling restrained braced frames (BRBFs)
have filled the need for highly ductile braced frames.
BRBFs provide high stiffness and ductility (R = 8), solv-
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ing the main problem that EBFs were developed to address,
with less complicated design and detailing and lower over-
all cost.

However, BRBFs do not have the architectural flexibil-
ity of EBFs. AISC Seismic Provisions currently restrict
the eccentricities that are permitted in BRBFs to be less
than a beam depth (AISC, 2022a), so BRBFs can only
be used in essentially concentric configurations. When
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project architecture requires eccentricity greater than a
beam depth, additional columns can be added to the BRBFs
to make the design compliant with current AISC Seismic
Provisions [see Figure 1(a) for a project example], but these
added columns affect the cost and architecture, making it
desirable to have a better alternative.

While the current AISC Seismic Provisions (2022a) per-
mit eccentricities up to a beam depth in BRBFs, they do not
explicitly define the “eccentricity.” Different engineers may
use different measures to determine the amount of eccen-
tricity. As illustrated in Figure 1(b), some engineers use the
vertical offset—denoted as e,—measured from the beam
centerline to the brace-to-brace or brace-to-column inter-
section. On the other hand, some designers prefer the hori-
zontal offset ¢j, measured from a brace-to-beam intersection
to the adjacent column centerline or to the beam midspan
point. In this paper, e, is utilized to define the bracing eccen-
tricity in a BRBF for the ease of deriving the design equa-
tions for force demands on beams. Additionally, defining
eccentricity horizontally aligns with the approach used for
EBFs, though for EBFs, the clear eccentricity represents the
actual range of the yield zone. In contrast, the centerline-to-
centerline eccentricity is suggested for BRBFs because it is
more practical for calculating force demands in the elas-
tic design of BRBF beams. Furthermore, as shown in Fig-
ure 1(b)-top, the horizontal bracing eccentricities (denoted
as ey, and e for the e, to left and right of the beam mid-
span, respectively) in a chevron (inverted-V) braced frame
can be unequal between the two sides of the beam midspan.
However, this research focuses on the potentially common
case where the bracing eccentricities are equal at both sides
of the beam midspan (i.e., e, = e;p).

This research investigates the design and performance of
BRBFs with greater eccentricities than are currently per-
mitted. BRBFs with eccentricities are not EBFs because

they are designed for different intended plastic mechanisms
as illustrated in Figure 2. In a BRBF with eccentricity, the
braces are designed to yield and to serve as the main struc-
tural fuses, and the other members, including the columns
and all regions of beams, are intended to remain elastic.
The eccentricity is accounted for when designing the BRBF
beam to ensure it remains elastic. By contrast, in an EBF,
the beam is designed to yield at the link portion while other
components remain essentially elastic. For the chevron
BRBFs with eccentricity [Figure 2(a)] investigated in this
study, each beam was assumed to be a pin-ended continu-
ous member. For the single-diagonal BRBFs with eccen-
tricity investigated in this study, each beam was assumed to
be composed of two separate members (or segments): stub
and beam [Figure 2(b)]. The stub is the member accom-
modating the eccentricity and is rigidly connected to the
adjacent column, while the beam member is a pinned beam
element placed between the stub and the column away from
the stub. In this eccentric BRBF configuration, the stubs
and the adjacent columns constitute an elastic half moment
resisting frame (half-MRF), and the half-MRF columns
would partially resist the story shears when the BRBF is
subjected to lateral forces.

While conventional design practice neglects the lateral
stiffness of the half-MRF and assumes the braces take total
story shears for conservative brace sizing, this study incor-
porates the half-MREF stiffness into brace sizing to achieve
a more economical design. Another design issue with the
single-diagonal BRBFs with eccentricities is that the col-
umns in the half-MRF may experience higher moment
demands than the columns in concentric BRBFs. For sim-
plicity, the half-MRF columns are treated as typical BRBF
columns, with seismic moment demand neglected, as per-
mitted by the AISC Seismic Provisions (2022a), in the case
study designs presented in this paper. The effects of seismic
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Fig. 1. BRBF project where additional columns were added to address the architectural constraints.
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moment demand on the design of the half-MRF columns
will be discussed in the companion paper.

It is worth noting that, as shown in Figure 2, this study
chooses the eccentric BRBFs with pin connections at the
beam ends as the subjects to investigate because these
configurations represent the least-stiff cases. In practice,
these pin connections in the beams could be replaced by
the moment connections, which could provide additional
lateral resistance. In Figure 2(b), the nonalternating con-
figuration is used for the single-diagonal BRBFs because
this configuration can accommodate a corridor in the same
location at each of the different floor levels. In addition, the
nonalternating, single-diagonal bracing configuration rep-
resents a more challenging case for design of BRBF beams
as the beams are subjected to higher axial forces as com-
pared to the alternating single-diagonal BRBF. Thus, the
feasibility of the nonalternating case proven by this study
can be extended to the alternating case.

Prinz and Richards (2012) first proposed using
BRBFs with eccentricities and investigated frames in the
single-diagonal bracing configuration, comparing their
design and performance with EBFs. Twelve BRBFs were
designed with different story heights (three, six, and nine),
two bay widths, and two strength levels. Response history
analysis confirmed that frame yielding was confined to
the braces. Maximum drifts were less than 2%, and resid-
ual drifts were less than 0.5% under design-level shak-
ing. However, a comparison of frame weights indicated
the BRBFs with eccentricities were 40% to 100% heavier
than EBFs with comparable strength, largely due to a con-
servative design procedure for the BRBF columns. A sub-
sequent economic analysis of the same frames by Vayda
(2015) found that the savings in detailing and fabrication for
those BRBFs with eccentricities was not sufficient to offset
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the higher material costs. It is noted that the previous stud-
ies assumed a conventional design approach, where braces
in a BRBF are sized for total story shears. This research,
however, accounts for the contribution of the half-MRF in
single-diagonal BRBFs with eccentricities in resisting part
of the story shear, leading to a refined evaluation of brace
force demands and more economical design.

Other studies have investigated more economical
BRBFs with eccentricities that had two-brace-per-bay (i.e.,
chevron-type) configurations. Lejano and Mas (2017) inves-
tigated BRBFs with a range of eccentricities (0.1 to 0.9 of
the beam length) and a variety of brace configurations (one
brace per bay, V, inverted V). The designs and pushover
analyses indicated that eccentricities greater than 0.4 of the
beam length required exceptionally large braces to meet
drift limits. Shakib and Safi (2012) compared BRBFs with
eccentricity and EBF performance from response history
analysis (RHA) and identified cases (story height/ground
shaking intensity) when each had the lower story drift. Hos-
seini and Amiri (2017) compared the collapse potential of
buildings with either EBF or BRBF with eccentricity.

This study investigates the seismic design and per-
formance of BRBFs with eccentricities and is presented
in a two-part paper. This paper, constituting Part 1, first
describes the design procedures for the eccentric BRBFs
in chevron and single-diagonal configurations. Analysis
methods for determining force demands in braces, beam,
and columns are presented. Subsequently, the design con-
siderations and results for nine case study buildings are
described. The designs show the impact that eccentrici-
ties have on member sizing and overall frame weight. The
accompanying paper, Part 2 (Li et al., 2026), presents
the nonlinear analysis studies, including response history
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Fig. 2. Different intended plastic mechanism for BRBFs with eccentricity as compared to EBFs.
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analyses and pushover analysis, for evaluating the seis-
mic performance of these nine case study designs and the
design implications.

SEISMIC DESIGN OF ECCENTRIC BRBFS

Overview and Brace Design

The brace design procedures for BRBFs with eccentricity
are the same as for concentric BRBFs. The braces are sized
to remain elastic under the axial force demands resulting
from the design seismic force effects, which can be deter-
mined from the equivalent lateral force (ELF) procedure or
modal response spectrum analysis (MRSA) (ASCE, 2022).
Additionally, the braces are checked to ensure they provide
enough stiffness to satisfy drift requirements.

Figure 3 illustrates the effect of increasing brace eccen-
tricity on elastic behavior of chevron BRBFs under lateral
forces. Assuming the braces take the entire story shear in
the BRBEF, the brace axial force (P},) increases with eccen-
tricity because of the change in brace angle, leading to an
increase in brace core area. Despite increasing brace core
areas, the BRBF lateral stiffness, K, generally decreases
with eccentricity due to the inefficiency of the braces in pro-
viding lateral stiffness resulting from the steeper angle and
the larger beam flexural deflection. The trend of decreas-
ing BRBF lateral stiffness with eccentricity implies that the
brace design may be governed by drift when the eccentric-
ity is large.

Figure 4 illustrates the effect of increasing brace eccen-
tricity on single-diagonal BRBFs. It is noted that when the
eccentricity exists, the half-MRF, composed of the stubs
and the adjacent columns, resists partial story shear. As
derived in Part 2 (Li et al., 2026), the fraction of story shear

carried by the half-MRF column can be approximated by
the ratio of the eccentricity to the BRBF span width, ¢/L,
while the brace carries approximately (1 — e/L) of the total
story shear. Hence, as the eccentricity increases, the col-
umn shear, V., increases and the story shear taken by the
braces, V,,, decreases, which tends to reduce the brace
axial force, Pj,. However, the steeper brace angle tends to
increase Pj,,.. Combined, the first effect is greater than the
second, and P, tends to decrease with eccentricity. Thus,
the brace core area can be decreased with the brace eccen-
tricity. Although the decreasing core area and steeper brace
angle decrease the lateral stiffness provided by the brace
when the eccentricity increases, the participation of the
half-MRF increases with eccentricity. The analysis results
in this study show that the net effect of these two actions
tends to make the total frame lateral stiffness, Kj, slightly
increase with the eccentricity for the single-diagonal eccen-
tric BRBFs. It is worth noting that the effects of increasing
eccentricity mentioned earlier are based on considering the
contribution of the half-MRF in resisting story shear in the
design of single-diagonal BRBFs, as this research explores
the economy of this BRBF type. In contrast, neglecting the
lateral stiffness of the half-MRF would result in a more
conservative brace design, leading to an increase in brace
core area with eccentricity (due to the steeper brace angle)
in single-diagonal BRBFs.

Capacity Design: General

After the braces are sized using ELF or MRSA methods, the
BRBF beams and columns are sized using capacity design
concepts. This approach considers the maximum possible
forces that could be generated in the braces and ensures
that the beams and columns remain elastic under the force
demands induced by these brace forces.

e1<ey<e; — 0;<6,<6;3 — Py <Ppr <Pyg;usually Ky > K > Ky

Fig. 3. Effects of increasing bracing eccentricity on elastic behavior of chevron BRBFs.
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The maximum possible brace axial forces used in
capacity design are estimated from the code-prescribed
adjusted brace strengths (AISC, 2022a). The equations for
the adjusted brace strengths in tension and compression,
denoted as P, and P,, are:

Br= (DEVSCASC @
Bc= (DBFyscAsc 2

where o is the strain-hardening adjustment factor and f3 is
the compression strength adjustment factor (AISC, 2022a);
Ay is the area of steel core; and Fy, is the actual yield
stress, determined from a coupon test or estimated as R, F,
where R is the ratio of the expected yield stress to the spec-
ified minimum yield stress and F) is the specified mini-
mum Yyield stress.

The beam capacity design accounts for the effects
induced by the adjusted brace strengths of the braces. In
V and chevron (inverted-V) bracing configurations, unbal-
anced forces between the tensile and compressive braces
affect the shear and flexural demands on the beams. For
column capacity design, the cumulative effects of simulta-
neous yielding and development of adjusted strengths for all
braces in a BRBF are considered.

Capacity Design of Beams

This section presents the determination of force demands
for capacity design of beams in eccentric BRBFs. Design
considerations for the chevron and single-diagonal bracing
cases are discussed separately.

Chevron-Type Configurations

Figure 5 shows the determination of capacity-limited seis-
mic effects, E., in beams in chevron eccentric BRBFs

(V configurations similar). As shown in Figure 5(b), each
beam is divided into three regions for determining the force
demands. Regions 1 and 3 refer to the exterior beam regions
connected to columns, where Region 3 is the one attached
to the column that experiences compression from the lat-
eral forces (Figure 5). The interior portion is defined as
Region 2. For clarity, Regions 1, 2, and 3 are abbreviated
as R1, R2, and R3 in the subscripts of the corresponding
symbols.

The chevron configuration in this paper represents
BRBFs with beams that are pin connected at or near the
columns. In such cases, as illustrated in Figure 5(c), the
E,, forces in each beam can be analyzed by using a simple
beam model subjected to a pair of adjusted brace strengths,
P,rand P, ¢, coming from the braces underneath the beam.
The vertical components of brace forces induce the shear
and moment demands in the beam [Figure 5(c)-left]. The
equations for computing E_; shear forces in Regions 1, 2,
and 3 (designated as Vge g1, Veeg2, and Vg g3, respec-
tively) are obtained:

(b+2e)P,rsin®@—bP,csin®

Ve Rl = 3
Feb Rl 2b+ 2e )
b . .
VEeei,r2 =— Shide (P,rsin@+ P,csin0) @)
b+2e)P,csin®—bP,rsin®
VEeLr3 = ( Jhic d ®)

2b+2e

where 6 is the brace inclination angle measured from the
horizontal, e is the horizontal eccentricity between the
beam midspan and brace-to-beam intersection, and b is the
span of exterior beam regions for the case where R1 and
R3 are equal in length. In preliminary design, locations of

Vb=V

V-V _
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Vv Stub
/
——v 8
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= cos6s -
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Fig. 4. Effects of increasing brace eccentricity on elastic behavior of single-diagonal BRBFs.
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pin connections at the beam ends are assumed to be at the
column centerline for simplicity. Note that the positive sign
of a shear indicates that the shear causes clockwise rotation
of beam elements. As demonstrated in the shear diagram
in Figure 5(c)-left, a significant shear force is induced in
the interior beam region and acts in the opposite direction
to the relatively moderate shears developed in the exterior
regions. Due to the imbalance of brace forces P,r and P,
the shear forces in the two exterior regions are unbalanced
as well, and the reactions are opposite directions from each
other. Region 3 takes a higher shear than Region 1.

Figure 5(c)-left also presents the E.; moment diagram in
the beam. The maximum moments in the Regions 1 and 3
(designated as Mg g1 and Mg g3, respectively) can be cal-
culated from:

—_——— - -
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As usual, the positive sign for moment indicates concav-
ity upward. Note that the unbalanced shears between the
Regions 1 and 3 cause the unbalanced moments between
these two regions. Region 3 resists a higher flexural demand.
Further, the moment demands Mg g and Mg g3 are also
the end moments of the Region 2, and the large one, Mg g3,
is taken as the governing moment demand for the Region 2.
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Fig. 5. Estimation of capacity-limited seismic demands in chevron eccentric BRBF beams.
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These procedures capture the shear and moment in a
centerline model of the beam. The local and global force
issue in the concentric chevron braced frame presented in
Fortney and Thornton (2017) may require additional con-
sideration, but it is expected that local effects will be small
compared to the centerline forces when the brace eccentric-
ity exists. The adequacy of the current procedure for the
case study designs can be seen in the FEM analysis pre-
sented in Part 2 (Li et al., 2026).

Figure 5(c)-right illustrates the determination of the E
axial forces. The horizontal components of the adjusted
brace strengths, P, and P, ¢, are applied on a simple beam
model with horizontal reactions, representing the resul-
tant horizontal external forces delivered to each end of the
beam. The external forces include the collector force and
the horizontal component of brace force coming from the
upper story. In real applications, the ratio between the iner-
tial forces delivered to two ends of the beam is dependent
on the collector length and tributary seismic mass on each
side of the beam. In this study, it is simply assumed that
identical reactions, H, act at both ends of the beam model
[Figure 5(c)-right], essentially representing the case where
the tributary seismic mass to each side of the BRBF are
identical. Thus, the E; axial forces in Regions 1, 2, and 3
(designated as P g1, Pecir2, and P g3, respectively) are
estimated as:

@®)

P,; cosO+ P,¢c cos 6)
2

Peyrpi=—H= —(

P, G—Pu 0
Peeiro =H—P,ccosO= _( c C0s . T COS ) ©)
P,r cosO+ P,c cos0

2

Peogp3=H = (10)

As shown in the obtained axial force diagram [Figure 5(c)-
right], the seismic effect would cause Regions 1 and 3 to
resist significant compressive and tensile axial forces,
respectively, while inducing relatively small compressive
force in the Region 2.

As shown in Figure 6, the total force demands [Fig-
ure 6(a)] in the chevron eccentric BRBF beams come
from the superposition of seismic [Figure 6(b)] and grav-
ity [Figure 6(c)] effects. In general, the interior beam region
(Region 2) is subjected to high shear and moment and mod-
erate axial force, while the two exterior regions (Regions 1
and 3) are in significant combined axial and bending. This
indicates that the design of a chevron beam may be gov-
erned by either combined axial and shear (i.e., P-V inter-
action) demands in the interior region, or combined axial
and bending (i.e., P-V interaction) demands in the exterior
regions. For the shear and moment demands, the gravity
effect counteracts the seismic effect in Region 3, whereas
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Fig. 6. Chevron eccentric BRBF beam design forces.
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the two effects are additive in Region 1. As a result, the
presence of gravity loads would make the seismic-induced
unbalance in shear and moments between the two exterior
regions less significant. Considering that seismic effects are
usually much more intensive than gravity effects in typi-
cal buildings, it is expected that Region 3 generally takes
higher total demands in shear and moment compared to
Region 1. However, since Region 1 is subjected to com-
pression while Region 3 is in tension, Region 1 has a lower
axial capacity. It is hard to pre-judge which one of these two
exterior regions represents the more critical case. As such
design checks must be conducted for all three regions.

In accordance with strength design load combinations
6 and 7 from SEI/ASCE 7, Section 2.3 (ASCE, 2022), the
governing total moment demand, M,, which accounts for
combined seismic and gravity effects and is used for the
P-M interaction check for each beam region, will be the
greater of the following two:

M, =Bi[(1.2+0.2Sps)Mp + fi M|+ Mg (11)
M, =B,[(0.9-0.28ps)Mp |+ Mgy (12)

where Mp and M; are the moments due to dead load and
live load, respectively. Mg, is the moment demand due to
the E; effect. Sps is the design spectral response acceler-
ation parameter at short periods. The load factor for live
load, f;, defaults to 1.0 but is permitted to be reduced to
0.5 when the unreduced live load does not exceed 100 psf.
B is the multiplier factor, as stipulated in AISC Specifica-
tion Appendix 8 (2022b), to account for the P-§ effect for
the beam regions in compression (i.e., Regions 1 and 2). For
Region 3, which is in tension, By = 1.0. Similarly, the gov-
erning total shear demand, V,, used for the P-V interaction
check for each beam region will be the greater of the fol-
lowing two:

V.= (1 2+ O.ZSDs)VD + fLVL + Vo (13)

V, =(0.9-0.28ps5)Vp + Vi (14)

Nonalternating Single-Diagonal Configuration

Due to the asymmetry of the braced frames in
single-diagonal bracing configurations, the brace frame
behavior varies with the direction of seismic forces. Two
analysis cases must be considered separately in the capacity
design of single-diagonal BRBFs regardless of concentric or
eccentric frame. As shown in Figure 7(a), Analysis Case 1
is defined as the case where the seismic loading causes the
braces to be in tension. Figure 8(a) shows Analysis Case 2,
where the seismic forces cause the braces to be in com-
pression. Figures 7(b) and 8(b) illustrate the brace forces
considered for determining the E; effects on the beam in a
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typical floor for Analysis Cases 1 and 2, respectively. The
characters U and L used in the symbols P,7.y, Pur.r, Puc.vs
and P, represent the brace forces with adjusted strength
(P,r or P,c) coming from the upper and lower stories of
the beam, respectively. For the beam at the top level of a
BRBEF, there is no brace force (P,ry or P,¢ ) coming from
the upper story, and similarly at the lowest level of a BRBF
(at the base plate), there is no brace force (P,z or Py,c.r)
coming from the lower story.

Figures 7(c) and 8(c) illustrate the beam analyses and
resulting beam actions for Analysis Cases 1 and 2, respec-
tively. Note each BRBF beam is composed of two members:
stub and beam. A beam model having one end simply sup-
ported and the other end fixed is used. An inner hinge is
placed in the beam model to represent the pin connection
between the beam and stub. In the preliminary design, the
hinge can simply be set at the brace-to-beam intersection
point. Likewise, the beam member length b can be taken
as the distance measured from the column centerline to the
brace-to-beam intersection point.

For Analysis Case 1 [Figure 7(c)-left], the vertical com-
ponent of tensile brace force from the lower-story subjects
the cantilever beam-like stub member to negative bending,
while the beam member (beyond the stub) does not resist
any shear and moment due to the seismic effect. The seis-
mic shear and moment at the stub’s fixed end, denoted as
Vet sy and Mge sup, respectively, can be estimated as:

Vet sub =—Fyr,1 5in0 15)
Mg, sup = —€(Pur, 1 5in0) (16)

Note that the subscript Ecll represents the capacity-limited
seismic effect, E., in Analysis Case 1. As shown in Fig-
ure 7(c)-right, to analyze the seismic axial demand in the
beams in single-diagonal BRBFs, the horizontal compo-
nents of the braces forces coming from both upper and
lower stories are considered. For simplicity, an identi-
cal reaction force, H, is assumed at both ends of the beam
model to represent the case that the collector forces deliv-
ered to each side of the beam are identical. The E ., axial
forces induced in stub and beam (denoted as Pg s and
PEeit peam» Tespectively) can be estimated as:

(P, c0sO— Pz 1y cos6)
2

Peent, sup = an

(P, cosO+ P,r.y cos0)
2

PEcll,Beam =- (18)

For Analysis Case 2 [Figure 8(c)], brace forces are com-
pressive, subjecting the stub to positive bending and mod-
erate compressive force, while significant tensile force is
induced in the beam member. The equations for estimating
the critical member forces in the beam are as follows:



Veei2,sub = Puc, 1. 5in0 19)
MEer2,sup = €(Puc,1 sin®) (20)
P,c. cos®— P,cycosO
Pours s = — LG ycost) @1
2
P,c.. cosO+ P,cycosO
PEcl2,Beam = ( ) (22)

2

where the subscript Ec/2 used in the symbols represents the
E effects in Analysis Case 2.

Figures 9 and 10 illustrate the superposition of the seis-
mic and gravity effects on the beams in single-diagonal
eccentric BRBFs for Analysis Cases 1 and 2, respectively.
As shown in the diagrams of the total force demands [Fig-
ures 9(a) and 10(a)], in general, the stub is subjected to

4

1

Column 1 (C1) Column 2 (C2) :

[away from stub] [next to stub] |

1

k b L e l :

1 1 1 H

— o 5 .

// T
4
--------- Vs
- 1«
—p —p>
—_— —
b
Analysis Case 1
(a) Frame under seismic loads

k b L € b
1 T
PuT,USIne£ Beam Stub

v Purising TRe
PuT'USin9=R1 urt .

-
!_l VEcIl,Stub

] <
\I M Ecl1,Stub

high shear and moment demands alongside moderate axial
load, while the beam member resists significant axial load
accompanied with relatively low flexural demand. For a
complete design, both stub and beam need to be checked
with P-V and P-M interaction demands developed in Anal-
ysis Cases 1 and 2. The general equations for computing
the total moment demand (Egs. 11 and 12) and total shear
demands (Egs. 13 and 14) are applied to both beam and stub
members. Note that the beam member is in compression in
Analysis Case 1 while resisting tensile force in Analysis
Case 2. The flexural demand in the beam member, which
is due to the gravity effect only, remains the same in both
scenarios. Thus, the design of the beam member would
be generally governed by the P-M interaction demands in
Analysis Case 1.

On the other hand, it is hard to prejudge which analysis
case would govern the design of stub. In Analysis Case 1,
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Fig. 7. Estimation of capacity-limited seismic demands on beams in single-diagonal eccentric BRBFs in Analysis Case 1.
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the seismic [Figure 9(b)] and gravity [Figure 9(c)] effects are
additive for both shear and moment demands in the stub,
whereas these two effects in Analysis Case 2 [Figures 10(b)
and 10(c)] counteract with each other. Thus, the magnitudes
of the total shear and moment demands induced in the stub
in Analysis Case 1 [Figure 9(a)] would be higher than those
developed in Analysis Case 2 [Figure 10(a)]. However, the
stub is in tension in Analysis Case 1, but in compression in
Analysis Case 2. Design checks for the stub must be con-
ducted for both analysis cases.

Capacity Design of Columns

This section presents the determination of force demands
for column capacity design in eccentric BRBFs. Design
considerations for the chevron and single-diagonal bracing
cases are discussed separately.

Column 1 (C1)
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Chevron-Type Configurations

Figure 11 shows the determination of column axial forces
due to the E; effect for chevron eccentric BRBFs. To esti-
mate the maximum possible axial forces that can be devel-
oped in the columns, as shown in Figure 11(a), the plastic
mechanism in which all the braces in a multistory braced
frame simultaneously yield and develop their adjusted
strengths (P,r or P,c¢) is considered. The resulting column
axial forces can be obtained by taking the free-body dia-
grams [Figure 11(b)] for each side of columns in the braced
frame with all the vertical forces, coming from the brace
forces and beam end shears, applied on the columns. The
sizing of the columns is governed by the axial demand in
the overturning (OT)-compressed columns (i.e., the com-
pressed columns under the OT action of the frame) because
the seismic and gravity effects are additive. The general
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(b) Beam and stub
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Fig. 8. Estimation of capacity-limited seismic demands on beams in single-diagonal eccentric BRBFs in Analysis Case 2.
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Fig. 9. Single-diagonal eccentric BRBF beam design forces in Analysis Case 1.
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Fig. 10. Single-diagonal eccentric BRBF beam design forces in Analysis Case 2.
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equation for computing the E. compressive force in the
nth-story column, Pg.c,, of a N-story chevron eccentric
BRBF is:

N N
Peeicn= 2 (Puicsin®), — X Ve g (23)

i=n+l i=n

where (P,csin®); = P,¢; sinB; estimates the vertical com-
ponent of brace force from the ith story; P,c; and 6; are
the compressive adjusted strength and inclination angle,
respectively, for the ith-story braces; and Vg g3; is the
shear in the beam Region 3 (R3) at the ith level, which is
computed from Equation 5.

Finally, the total compressive axial force demand P,,
which accounts for the combined gravity and seismic
effects is computed from:

P, = (12+ O.ZSDS)PD + fLPL + Pry (24)

where Pp and P, are the axial force due to dead load and
live load, respectively.

Nonalternating Single-Diagonal Configuration

Due to the asymmetry of single-diagonal BRBFs, regard-
less of whether the braces are concentrically or eccentri-
cally oriented, the maximum seismic demands in the two
sides of columns are different. In addition, two analysis
cases must be considered in column design as shown in Fig-
ures 12(a) and 13(a). For discussion purposes, as shown in
Figure 12(a), Column 1 is away from the stub, whereas Col-
umn 2 is near the stub (connected to it).

For column design, Figure 12(a) shows the consid-
ered plastic mechanism for Analysis Case 1, in which
all the braces are assumed to yield and develop their

OT-Tensioned OT-Compressed
Column b 2e b Column
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N .
74D
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(a) Frame under seismic loads

[
»

Level 2 ------ e /

tensile adjusted strength, P,7. In this case, C1 members are
OT-tensioned (i.e., tensioned under the overturning action
of the frame), while C2 members are OT-compressed. By
contrast, Figure 13(a) shows the case under Analysis Case 2
loading, where all the braces are assumed to reach the
compressive adjusted strength, P,¢, and Columns 1 and 2
are OT-compressed and OT-tensioned, respectively. Fig-
ures 12(b) and 13(b) illustrate the analyses of the E,; axial
forces in the columns for Analysis Cases 1 and 2, respec-
tively. Note that the member sizing of each side of columns
is governed by the analysis case where that side of column
is OT-compressed because the seismic and gravity effects
are additive in producing compressive column forces.

The design of Column 1 is governed by Analysis Case 2
[Figure 13(b)], and the general equation for the E. com-
pressive force in the nth-story C1 member, Pg.p c1p, Of a
N-story single-diagonal BRBF is:

N
Peencin= 2 (Pucsin®), (25)

i=n+1

On the other hand, the design of Column 2 is governed
by Analysis Case 1 [Figure 12(b)], and the general equation
for the E.; compressive force in the nth-story C2 member,

Preii,con is:

N N
Peeiicon = 2 |Veesupi|= X (Pur sin®), (26)

i=n i=n

where Ve sup.i 1s the shear in the stub at the ith level under
Analysis Case 1. Its magnitude (absolute value) equals
to the vertical component of brace force in the ith story,
(P,rsin®); = P,r;sin6; where P,r; is the tensile adjusted
strength of ith-story braces.
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(b) Force diagrams for analysis

Fig. 11. Estimation of capacity-limited seismic column axial forces in chevron eccentric BRBFs.
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By comparing the governing force diagram for determin-
ing seismic axial forces in C1 [Figure 13(b)-left] and that for
C2 [Figure 12(b)-left], it can be found that, in any story, the
C2 member resists one more vertical brace force above that
story than the C1 member. This is reflected in the equation
for Pgci1.c2., (Equation 26) which has a summation starting
from the nth story, while the equation for Pg.p c1., (Equa-
tion 25) is a summation starting from the (n + 1)th story.
As a result, the C2 members resist higher seismic axial
demand than Cl members. Hence, the two sides of col-
umns in a nonalternating, single-diagonal BRBF may be
sized separately to pursue an economical design. Finally,
the total compressive axial force, P,, for sizing the columns
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L L e )
1 1 1
Level 3 -« cmm—) O ‘/", P
Pat3
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Analysis Case 1

(a) Frame under seismic loads

is determined per Equation 24, considering the combined
gravity and seismic effects.

Furthermore, as shown in Figures 12(b) and 13(b), the
stubs would deliver bending moments to the adjacent C2
members because the stubs are moment connected to the
C2 members in a single-diagonal BRBF. This moment
demand can be significant, especially with large eccentric-
ity. Although the AISC Seismic Provisions (2016a) permits
neglecting seismic-induced moments in conventional BRBF
column design, it is unclear if this relaxation is proper for
the single-diagonal BRBFs with eccentricities. For simplic-
ity, the C2 members in the design cases presented later in
this Part 1 paper were sized based on axial force demand
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Fig. 12. Estimation of capacity-limited seismic column axial forces in single-diagonal eccentric BRBFs in Analysis Case 1.
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Fig. 13. Estimation of capacity-limited seismic column axial forces in single-diagonal eccentric BRBF's in Analysis Case 2.
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only, without considering seismic moment demands and
with sufficiency verified by the analytical study presented
in Part 2 (Li et al., 2026). Further discussion on the perfor-
mance of BRBFs with C2 members sized with and without
consideration of seismic moment demand is also presented
in Part 2.

CASE STUDY DESIGNS

Example Buildings Description

Nine BRBF designs representing two building heights
(12- and 3-story), two bracing configurations (chevron and
single-diagonal), and various eccentricities were developed
to investigate the impact of eccentricity on BRBF weight
and performance. The buildings were adapted from NIST
GCR 10-917-8 (2010). Figures 14(a) and 14(b) show the floor
plans for the 12- and 3-story buildings, respectively. The
single-bay perimeter BRBF in the longitudinal direction of
each building was used for the study, and Figure 15 shows
the frame elevations of the nine designs. The designs com-
ply with the 2016 editions of SEI/ASCE 7 (2016), the AISC
Seismic Provisions (2016a), and the AISC Specification
(2016b), which were in effect during this study. The build-
ings were designed for a site with seismic design spectral
parameters Sps = 1.0g and Sp; = 0.6g and using an impor-
tance factor /, = 1.0 and a deflection amplification factor
C;=15. The redundancy factor p = 1.0 was used, as permit-
ted by SEI/ASCE 7-16 based on the floor plans considered,
to avoid oversizing. The buildings, per the NIST report, had
a roof dead load of 67 psf, floor dead load of 85 psf, roof
live load of 20 psf, and floor live load of 50 psf. The curtain
wall weight on the building perimeter was 15 psf.
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Based on the number of stories and bracing configura-
tions, as shown in Figure 15, the design cases were divided
into four groups: 12S-CH, 12S-SD, 3S-CH, and 3S-SD.
The prefixes 12S and 3S mean 12-story and 3-story, respec-
tively, while the suffixes CH and SD represent the chevron
and single-diagonal bracing configurations in the BRBFs.
In each group, there is one design case with a concentric
configuration (Case C) and another design case with braces
oriented at an eccentricity, e, equal to 2 times the nomi-
nal beam depth (Case E2d). For all design cases, the nomi-
nal beam depth (d;, = 21 in.) of W21 beams was used to
determine the eccentricity. The E2d cases in each group
represent BRBFs with a brace eccentricity that exceeds
the code-permitted upper limit (AISC, 2016a). Moreover,
in Group 12S-CH, an additional case Eld with e equal to
1 times nominal beam depth was developed. For discus-
sion purposes, each design case is named as its group name
added with a suffix representing the eccentricity situation.
For example, Design 12S-CH-C represents 12-story chev-
ron BRBFs with concentric braces, while Design 3S-SD-
E2d means 3-story single-diagonal BRBFs with e of 2 times
beam depth.

Design Considerations and Results

Brace Design

The overall frame design results are summarized in Table 1.
For brace design, three-dimensional frame models repre-
senting the example buildings with various design cases of
BRBFs were developed in the structural analysis software
ETABS (CSI, 2019). Each ETABS model was analyzed for
both equivalent lateral force (ELF) and the modal response
spectrum analysis (MRSA) to estimate the brace design

, 6 @ 30' =180’ ,

- [T H H H

I
I

I
I
I
I

—H
I
|

I
I
L

4@ 30 = 120"

- = ~
—-— I H H—<_H—> H H I

" BRBF Considered
(b) 3-story design cases

Fig. 14. Floor plans for case study designs.
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forces and story drifts. For most of the design cases con-
sidered in this study, the MRSA led to a more economi-
cal brace design than the ELF method did. Thus, the brace
sizes determined from the MRSA are employed for all the
design cases with an attempt to pursue the most economical
code-permitted BRBF design.

The brace core areas, A,., rounded up to the nearest
0.5 in.? precision, were sized based on the minimum yield
stress of steel core, Fyg.min, Of 38 ksi and a strength reduc-
tion factor ¢ = 0.9. Tables 2 and 3 summarize the brace
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(b) 3S-CH

design results alongside the axial demand-to-capacity
ratios (DCRs). The DCR for axial force is given by
DCRp = Pu/(q)AscFysc.,mm). These values are based on the
brace force demand, P,, estimated from the MRSA. The
table also presents the design earthquake (DE) story-drift
ratios (SDRs), SDR g, which were determined by amplify-
ing the story drift ratios obtained from MRSA by a factor
of (C4/I,). As shown in both Tables 2 and 3, all the DCRp
values are less than 1 and most of them are higher than
0.85, indicating an economical design of the braces. All the
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Fig. 15. Elevations for BRBF designs.
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Table 1. Member Sizes for 3- and 12-Story Frames

3-Story (3S) BRBF Design Cases 12-Story (12S) Design Cases
Member Member

CH-C CH-E2d SD-C SD-E2d CH-C CH-E1d | CH-E2d SD-C SD-E2d
BRB3 3.0 3.5 45 3.5 BRB12 15 15 2.0 2.5 2.0
BRB2 5.0 6.0 8.0 7.0 BRB11 25 25 3.0 4.0 3.5
BRB1 6.0 7.0 10.0 9.0 BRB10 25 3.0 35 45 4.0
Bm3 W21x44 W21x68 W21x44 W21x44 BRB9 3.0 35 4.0 5.0 4.5
Bm1-Bm2 | W21x57 | W21x132 | W21x83 W21x68 BRBS 3.0 35 4.0 5.5 5.0
Stub3 - - —* W21x55 BRB7 35 4.0 45 6.0 55
Stub1-Stub2 — —* — W21x111 BRB6 3.5 4.0 45 6.5 6.0
RC1-RC3T | W14x68 W14x74 W12x79 | W14x109 BRB5 4.0 45 5.0 7.0 6.5
LC1-Lcat - —* W14x68 W14x61 BRB4 45 45 5.0 75 7.0
BRB3 5.0 5.0 55 8.0 7.5
BRB2 5.5 5.5 6.0 8.5 8.0
BRB1 5.5 6.0 6.5 9.0 8.5

Bm9-Bm12 | W21x44 W21x62 W21x83 W21x55 W21x55

Bm5-Bm8 | W21x44 W21x68 | W21x101 W21x68 W21x62

Bm1-Bm4 | W21x50 W21x83 | W21x122 | Ww21x73 W21x68

ST i E e B R

Stub5-Stub8 — — —* — W21x93

Stub1-Stub4 —* —* —* —* W21x111

R W14x43 | W14x38 | W14x34 | W14x43 | W14x48

RC9-RC10T | W14x68 W14x68 W14x68 W14x82 W14x82

RC7-RC8™ | W14x109 | W14x109 | W14x109 | W14x109 | W14x120

RC5-RC6T | W14x132 | W14x132 | W14x145 | W14x145 | W14x159

RC3-RC4T | W14x176 | W14x176 | W14x193 | W14x193 | W14x211

RC1-RC2" | W14x233 | W14x233 | W14x233 | W14x257 | W14x257

LCt1-LC12t —* —* —* — W14x38

LCo-Lc10t —* —* —* =5 W14x68

Lc7-Lcs! —# —t 4 -8 W14x109

LC5-LCe' —* —* —* -8 W14x145

LC3-LC4T —F —F —F -8 W14x193

LC1-Lc2t —* —* —* =$ W14x257

* Stubs are not used

Tin single-diagonal BRBFs, the left column (LC) and right column (RC) represent Column 1 (C1) and Column 2 (C2), respectively.
* The same shape is used for RC and LC as the force demands in both sides of columns are identical in chevron BRBFs.
§ The demands in LC (C1) and RC (C2) are different, but the same shape is used for both sides as the demand difference is not large.

SDR pg ratios are lower than the code-allowable limit of 2%,
and most of them are less than 2% by a considerable mar-
gin, reflecting the fact that the brace design is governed by
strength for majority of the braces in these design cases.
From the variations in Ay, and SDRpp values among
the design cases in each chevron BRBF Group [Groups
12S-CH (Table 2) or 3S-CH (Table 3)], it can be found that,
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in the chevron BRBFs, both brace sizes and story drifts
increase with the eccentricity. As the eccentricity increases,
the brace inclination angle gets steeper, which makes the
braces less efficient in providing the lateral stiffness and
resistance to the frame. It is noted that the design of the
braces in the top three stories of Design 12S-CH-E2d is
governed by story-drift check rather than strength design.



Table 2. BRB Axial DCRs (DCRp) and Design
Story-Drift Ratios (SDRpg) for 12-Story BRBFs
Group 12S-CH (12-Story Chevron BRBFs)
Story 12S-CH-C 12S-CH-E1d 12S-CH-E2d
BRB SDRpe BRB SDRpe BRB SDRpe

Asc (in.2) DCRp (%) Agc (in.2) DCRp (%) Asc (in.2) DCRp (%)
12 15 0.84 1.53 1.5 0.92 1.64 2.0 0.75 1.67
11 2.5 0.83 1.63 2.5 0.89 1.78 3.0* 0.81 1.85
10 2.5 0.98 1.73 3.0 0.89 1.81 3.5* 0.84 1.93
9 3.0 0.91 1.62 3.5 0.86 1.74 4.0 0.83 1.88
8 3.0 0.95 1.58 3.5 0.91 1.70 4.0 0.91 1.82
7 3.5 0.91 1.44 4.0 0.89 1.56 4.5 0.89 1.74
6 3.5 0.95 1.35 4.0 0.94 1.48 4.5 0.94 1.70
5 4.0 0.94 1.17 4.5 0.92 1.36 5.0 0.92 1.58
4 4.5 0.91 1.04 4.5 0.98 1.25 5.0 0.99 1.46
3 5.0 0.90 0.90 5.0 0.98 1.11 5.5 0.98 1.33
2 5.5 0.91 0.77 5.5 0.96 0.99 6.0 0.97 1.22
1 5.5 0.97 0.71 6.0 0.96 0.87 6.5 0.97 1.12

Group 12S-SD (12-Story Single-Diagonal BRBFs)
12S-SD-C 12S-SD-E2d
Story
BRB SDRpe BRB SDRpe

Asc (in2) DCRp (%) Agc (in.2) DCRp (%)
12 25 0.82 1.85 2.0 0.85 1.84
11 4.0 0.83 1.87 3.5 0.86 1.89
10 4.5 0.88 1.92 4.0 0.88 1.85
9 5.0 0.87 1.87 4.5 0.87 1.80
8 5.5 0.86 1.77 5.0 0.85 1.68
7 6.0 0.85 1.64 5.5 0.84 1.56
6 6.5 0.85 1.52 6.0 0.83 1.42
5 7.0 0.85 1.39 6.5 0.83 1.30
4 7.5 0.87 1.26 7.0 0.84 1.17
3 8.0 0.90 1.14 7.5 0.86 1.06
2 8.5 0.93 1.03 8.0 0.89 0.94
1 9.0 0.93 0.98 8.5 0.95 0.94

* Sizing of BRBs is governed by story drift check: SDRpe < 2%

On the other hand, the tabulated A,. and SDRpg values
in the single-diagonal BRBF groups [i.e., Groups 12S-SD
(Table 2) and 3S-SD (Table 3)] show that both brace sizes
and story drifts generally get reduced when the eccentricity
is introduced in the single-diagonal BRBFs. This is attrib-
uted to the fact that the moment connections between the
stubs and Column 2 (C2) members make the C2 members
resist moments as well as shears under the seismic loading.

Hence, in the single-diagonal eccentric BRBFs, the C2
members participate in providing the lateral-force-resisting
stiffness and strength, leading to less force demands in the
braces. Further, the design cases in this study show that,
for the single-diagonal BRBFs, the BRBF with eccentric-
ity tend to have higher lateral stiffness than the concentric
BRBF.

ENGINEERING JOURNAL / FIRST QUARTER / 2026 / 65




Table 3. BRB Axial DCRs (DCRp) and Design Story-Drift Ratios (SDRpg) for 3-Story BRBFs
Group 3S-CH (3-Story Chevron BRBFs) Group 3S-SD (3-Story Single-Diagonal BRBFs)
3S-CH-C 3S-CH-E2d 3S-SD-C 3S-SD-E2d
Story BRB SDRpe BRB SDRpe BRB SDRpe BRB SDRpe
ASC ASC ASC ASC

(in2) | DCRp (%) (in2) | DCRs (%) (in.2) | DCRp (%) (in.2) | DCRp (%)

3 3.0 0.89 0.92 3.5 0.88 1.06 4.5 0.92 1.07 3.5 0.95 1.02

2 5.0 0.93 0.88 6.0 0.94 1.00 8.0 0.92 1.00 7.0 0.93 0.92

1 6.0 0.98 0.77 7.0 0.97 0.97 10.0 0.92 0.94 9.0 0.97 1.02

Table 4. BRB Properties for 12-Story Chevron BRBFs
12S-CH-C 12S-CH-E1d 12S-CH-E2d
Story | Ay | Lysc €BRB Asc | Lysc €BRB Asc | Lysc €BRB

(in2) | (in) | (in/in) | KF o op | (in? | (in) | (in/in) | KF ® op | (in3 | (in) | (in/in) | KF o op
12 15 | 130 | 0.0197 | 1.58 | 1.37 | 1.59 | 1.5 | 119 | 0.0202 | 1.61 | 1.38 | 1.60 | 2.0 | 148 | 0.0150 | 1.38 | 1.29 | 1.44
11 25 | 171 | 0.0150 | 1.33 | 129 | 1.44 | 25 | 159 | 0.0151 | 1.35 | 1.30 | 1.46 | 3.0 | 146 | 0.0151 | 1.36 | 1.30 | 1.46
10 25 | 171 | 0.0150 | 1.33 | 1.29 | 1.44 | 3.0 | 157 | 0.0152 | 1.35 | 1.30 | 1.46 | 3.5 | 144 | 0.0153 | 1.37 | 1.30 | 1.46
9 3.0 | 170 | 0.0151 | 1.33 | 1.30 | 1.46 | 3.5 | 156 | 0.0154 | 1.35 | 1.30 | 1.47 | 4.0 | 137 | 0.0162 | 1.44 | 1.32 | 1.49
8 3.0 | 170 | 0.0151 | 1.33 | 1.30 | 1.46 | 3.5 | 156 | 0.0154 | 1.35 | 1.30 | 1.47 | 4.0 | 137 | 0.0162 | 1.44 | 1.32 | 1.49
7 3.5 | 168 | 0.0152 | 1.34 | 1.30 | 1.46 | 4.0 | 148 | 0.0162 | 1.42 | 1.32 | 1.49 | 45 | 138 | 0.0160 | 1.41 | 1.31 | 1.48
6 35 | 168 | 0.0152 | 1.34 | 1.30 | 1.46 | 4.0 | 148 | 0.0162 | 1.42 | 1.32 | 1.49 | 45 | 138 | 0.0160 | 1.41 | 1.31 | 1.48
5 40 | 161 | 0.0159 | 1.40 | 1.31 | 1.48 | 45 | 150 | 0.0160 | 1.38 | 1.31 | 1.48 | 5.0 | 137 | 0.0161 | 1.42 | 1.31 | 1.48
4 45 | 163 | 0.0157 | 1.37 | 1.31 | 1.48 | 4.5 | 150 | 0.0160 | 1.39 | 1.31 | 1.48 | 5.0 | 137 | 0.0161 | 1.42 | 1.31 | 1.48
3 50 | 162 | 0.0157 | 1.37 | 1.31 | 1.48 | 5.0 | 149 | 0.0161 | 1.40 | 1.31 | 1.48 | 55 | 134 | 0.0165 | 1.46 | 1.32 | 1.49
2 55 | 159 | 0.0160 | 1.40 | 1.31 | 1.48 | 5.5 | 146 | 0.0163 | 1.43 | 1.32 | 1.49 | 6.0 | 129 | 0.0171 | 1.49 | 1.33 | 1.52
1 55 | 163 | 0.0157 | 1.38 | 1.31 | 1.48 | 6.0 | 143 | 0.0167 | 1.45 | 1.33 | 1.50 | 6.5 | 128 | 0.0172 | 1.50 | 1.33 | 1.52

Table 5. BRB Properties for 12-Story Single-Diagonal BRBFs
12S-SD-C 12S-SD-E2d
Asc Lysc €BRB Asc Lysc €BRB
Story | (in.?) (in) | (in/in) | KF o op (in.2) (in) | (in/in)| KF o) op

12 2.5 291 0.0111 1.28 1.23 1.35 2.0 260 0.0121 1.30 1.23 1.35

11 4.0 281 0.0115 1.32 1.23 1.35 3.5 257 0.0122 1.29 1.24 1.36

10 4.5 282 0.0114 1.29 1.23 1.35 4.0 250 0.0126 1.34 1.25 1.39

9 5.0 282 0.0114 1.30 1.23 1.35 4.5 251 0.0125 1.31 1.24 1.38

8 5.5 279 0.0116 1.32 1.23 1.35 5.0 250 0.0125 1.32 1.24 1.38

7 6.0 274 0.0118 1.34 1.23 1.35 5.5 247 0.0127 1.34 1.25 1.39

6 6.5 273 0.0118 1.34 1.23 1.35 6.0 243 0.0129 1.36 1.25 1.39

5 7.0 271 0.0119 1.34 1.23 1.35 6.5 242 0.0130 1.36 1.25 1.39

4 7.5 270 0.0119 1.34 1.23 1.35 7.0 240 0.0131 1.36 1.26 1.40

3 8.0 263 0.0123 1.37 1.24 1.36 7.5 239 0.0131 1.36 1.26 1.40

2 8.5 262 0.0123 1.37 1.24 1.36 8.0 232 0.0135 1.39 1.27 1.41

1 9.0 283 0.0114 1.29 1.23 1.35 8.5 249 0.0126 1.31 1.25 1.39
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Table 6. BRB Properties for 3-Story Chevron BRBFs
3S-CH-C 3S-CH-E2d
Story Asc Lysc €BRB Asc Lysc €BRB
(in.2) (in) | (in./in) | KF o op (in.2) (in) | (in/in) | KF ® op
3 3.0 169 0.0151 1.34 1.30 1.46 3.5 144 0.0153 1.37 1.30 1.46
2 5.0 161 0.0159 1.38 1.31 1.48 6.0 131 0.0169 1.48 1.33 1.52
6.0 159 0.0160 1.40 1.31 1.48 7.0 125 0.0177 1.50 1.34 1.53
Table 7. BRB Properties for 3-Story Single-Diagonal BRBFs
3S-SD-C 3S-SD-E2d
Story Asc Lysc €BRB Asc Lysc €BRB
(in.2) (in.) (in./in.) KF (0] of (in.2) (in.) (in./in.) KF 0] op
4.5 282 0.0114 1.30 1.23 1.35 3.5 258 0.0121 1.29 1.24 1.36
2 8.0 262 0.0123 1.37 1.24 1.36 7.0 241 0.0130 1.35 1.25 1.39
10.0 279 0.0116 1.31 1.23 1.35 9.0 250 0.0125 1.31 1.24 1.38
Capacity Design region or member must be checked to remain essentially

The BRB design parameters, including the stiffness modi-
fication factor (KF) and strength adjustment factors, ® and
B, are listed in Tables 4 through 7. These tabulated ® and 3
values are based on the tabulated core strain, €ggpg, which is
corresponding to an assumed 2% controlling story drift, the
minimum allowed by the AISC Seismic Provisions (2016a)
for calculating the expected BRB deformations. The BRBF
beams and columns were assumed to be ASTM A992
(2022) steel W-shape members and sized for the capacity
design considering the adjusted brace strengths in tension
and compression, P,r and P,c. These strengths were com-
puted using Equations 1 and 2, with the maximum yield
stress, Fygmax = 46 ksi as an estimate of the actual yield
stress of steel core, Fy,, and the values of @ and B factors
tabulated in Tables 4 through 7. Detailed descriptions of
capacity designs for beams and columns follow.

Beam Design

Beam sizing in this study is based on two main criteria:
capacity design and sectional compactness satisfying mod-
erately ductile requirements, with the former governing all
the cases. As shown in Figures 6, 9, and 10, the capacity
design of BRBF beams considers the force demands from
the superposition of gravity and capacity-limited seismic
effects. For BRBFs with eccentricities, the beam at each
floor is divided into multiple regions or members by the
brace-to-beam intersection points, such as the three beam
regions in the chevron bracing case and the stub and beam
members in the single-diagonal bracing case. Each beam

elastic for both P-M and P-V interaction demands.

The DCR for the P-M interaction, DCRpy, is calculated
in accordance with AISC Specification Chapter H (2016b)
as follows:

i-i-§&,f0r f >0.2
q)Pn 9 ¢an ¢Pn
DCRPM = (28)
1L + M. , for Fi <0.2
2|0P,| |0pM, 0P,

where the design axial strength, P, is taken as the tensile
yielding strength, ¢,P,, if the axial demand, P,, is in ten-
sion, while the compressive strength ¢.P, is used when P,
is compressive. Also, ¢,M,, is the design flexural strength.
Note that for the BRBF beams, the compressive strength,
0.P,, was determined considering several possible buckling
modes, including strong-axis flexural buckling, torsional
buckling, and constrained-axis torsional buckling (Timosh-
enko and Gere, 1961).

To quantify the DCR for the P-V interaction in the BRBF
beams, DCRpy, the formula for determining the shear
strength of the shear-yielding links in the EBF stipulated in
the AISC Seismic Provisions is adopted herein. DCRpy is
computed from:

Vu

*

vep

DCRpy = 29

where ¢, = 0.9 and V; is the reduced plastic shear strength
of W-shape member considering the presence of axial force
demand P,. The equation for Vp* is as follows:
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Table 8. Beam Design DCRs for 12-Story BRBFs
Group 12S-CH (12-Story Chevron BRBFs)
Level 12S-CH-C 12S-CH-E1d 12S-CH-E2d
Beam Beam Beam
DCR DCR DCR
Shape Shape Shape
P-M | Chev* P-M P-v P-M P-v
12 0.51 0.33 0.46 0.32 0.56 0.28
11 0.85 0.51 0.73 0.49 0.83 0.43
W21x44 W21x62 W21x83
10 0.85 0.51 0.82 0.59 0.91 0.50
9 0.85 0.62 0.87 0.69 0.99 0.58
8 0.85 0.62 0.78 0.65 0.76 0.59
7 0.85 0.72 0.85 0.75 0.82 0.66
W21x44 W21x68 W21x101
6 0.85 0.72 0.85 0.75 0.82 0.66
5 0.85 0.76 0.90 0.84 0.88 0.73
4 0.74 0.78 0.73 0.70 0.72 0.61
3 0.74 0.87 0.78 0.78 0.78 0.68
W21x50 W21x83 Ww21x122
2 0.80 0.96 0.83 0.86 0.87 0.75
1 0.80 0.95 0.88 0.95 0.96 0.81
Group 12S-SD (12-Story Single-Diagonal BRBFs)
Level 12S-SD-C 12S-SD-E2d
Beam Beam Stub
DCR DCR DCR
Shape Shape Shape
P-M P-v P-M P-v P-M P-v
12 0.43 0.09 0.37 0.10 0.47 0.33
11 0.82 0.13 0.69 0.15 0.76 0.56
W21x55 W21x55 W21x68
10 0.94 0.14 0.80 0.15 0.84 0.62
9 0.99 0.14 0.85 0.15 0.91 0.68
8 0.80 0.12 0.77 0.14 0.72 0.55
7 0.84 0.12 0.82 0.14 0.79 0.60
W21x68 W21x62 W21x93
6 0.88 0.12 0.87 0.14 0.85 0.65
5 0.92 0.12 0.91 0.14 0.91 0.69
4 0.88 0.12 0.85 0.13 0.77 0.78
3 0.92 0.12 0.90 0.13 0.82 0.83
W21x73 W21x68 W21x111
2 0.96 0.12 0.94 0.14 0.87 0.89
1 1.00 0.12 0.98 0.14 0.91 0.92
* Design for chevron effect (Sabelli and Arber, 2017)

0.6F, Ay,

0.6F, A1 -(P,/P,)’ , for

P,
, for|—
f P,

y

u

P
P,

<0.15

>0.15

(30)
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where A;,, = (d — 2tpt,, estimates the shear area of beam
web considering the clear distance between the flanges and
P,=FA, is the nominal axial yielding strength of the gross
beam section.

Tables 8 and 9 summarize the beam design results,
including the selected W-shapes and the calculated DCRs
(DCRpy and DCRpy) for all design cases. For the 12-story
design cases (Table 8), identical beam sections were



Table 9. Beam Design DCRs for 3-Story BRBFs

Group 3S-CH (3-Story Chevron BRBFs) Group 3S-SD (3-Story Single-Diagonal BRBFs)
Level 3S-CH-C 3S-CH-E2d 3S-SD-C 3S-SD-E2d
Beam Beam Beam Beam Stub
DCR DCR DCR DCR DCR
Shape Shape Shape Shape Shape

P-M | Chev* P-M P-v P-M P-v P-M P-v P-M P-v
W21x44 | 0.57 | 0.62 | W21x68 | 0.99 | 0.59 | W21x44 | 0.81 0.10 | W21x44 | 0.65 | 0.11 | W21x55 | 0.94 | 0.60
W21x57 | 0.63 | 0.73 | W21x132 | 0.80 | 0.69 | W21x83 | 0.71 | 0.10 | W21x68 | 0.73 | 0.13 | W21x111| 0.79 | 0.78
W21x57 | 0.75 | 0.83 | W21x132| 0.97 | 0.81 | W21x83 | 0.89 | 0.10 | W21x68 | 0.95 | 0.14 |W21x111| 0.96 | 0.96

* Design for chevron effect (Sabelli and Arber, 2017)

selected for every four floors. For 3-story cases (Table 9),
different beam sections were used between the roof level
and the other two floors. For the beams in chevron eccen-
tric BRBFs, the governing (i.e., maximum) DCRpy values
occur in the interior segment, while the governing DCRpy,
values come from the exterior segments. For the chev-
ron BRBFs with eccentricity at one beam depth (CH-Eld
cases), DCRpy is higher than DCR py; only in the bottom two
stories of 12S-CH-E1d and in the first story of 3S-CH-E1d,
whereas DCRpy; is greater than DCR py in all remaining sto-
ries of the two frames. When the eccentricity increases to
twice beam depth (CH-E2d cases), DCRpy, is higher than
DCRpy over the entire building height in both 12S-CH-
E2d and 3S-CH-E2d. It seems to suggest that, in multistory
eccentrically chevron BRBFs, the design of the beams at
intermediate through upper floors tend to be governed by
the P-M interaction, whereas the beam design may be gov-
erned the P-V interaction at lower floors, where the brace
forces acting on the beams are higher. Further, as the eccen-
tricity increases, the beam design would lean more toward
being governed by the P-M interaction.

For the concentrically chevron BRBFs (12S-CH-C and
3S-CH-C), the shear strength check for the beams was
based on the design method proposed by Sabelli and Arber
(2017) that considers the chevron effect, inducing the local-
ized force demands in a beam within the in-span gusset
plate region. The associated DCR, DCRcp,,, is defined
as the ratio of the minimum required gusset plate length
to the actual gusset plate length provided. A value of
DCRcp,y less than 1.0 means that the original section of
a beam is strong enough to handle the local force demand
with no need for strengthening the beam web with doubler
plates. For Case 12S-CH-C (see Table 8), the beam design
is governed by the chevron effect, as evidenced by the
fact DCRcpey > DCRpyy, in the bottom four levels, while
the design of remaining beams is governed by P-M inter-
action. In 3S-CH-C (Table 9), the chevron effect governs
the design for all the beams. Moreover, by comparing the
beam sizes among the design cases in each chevron BRBF

group [Groups 12S-CH (Table 8) or 3S-CH (Table 9)], it is
apparent that the beam sizes are increased with the bracing
eccentricity in the chevron BRBFs.

For both concentrical and eccentric single-diagonal
BRBFs, it is apparent from Tables 8 and 9 that DCRpy,
values are much higher than DCRpy values for the beam
members, indicating that the design of these pinned-end
beam members is governed by the P-M interaction, where
the moment demand is due to the gravity effects only. By
comparing the concentric and eccentric cases, it can be
seen that the sizes of the pinned beam members could be
slightly reduced as the bracing eccentricity is introduced to
single-diagonal BRBFs. This is primarily due to the shorter
beam lengths and smaller horizontal brace forces (due to
the smaller braces and steeper brace angle) in the eccen-
tric bracing configuration. In the single-diagonal BRBFs
with eccentricity [12S-SD-E2d (Table 8) and 3S-SD-E2d
(Table 9)], the sizes of the stubs are notably larger than
the pinned beams because of the high seismic shear and
moment demands in the stubs. The stub design is governed
by P-V interaction for the bottom floors in 12S-SD-E2d,
while P-M interaction governs the design for the stubs at
the remaining floors. Although the design of all the stubs in
3S-SD-E2d is governed by P-M interaction, the DCR val-
ues for the P-V interaction are also very high for stubs at
the bottom two floors. These seem to suggest that the stub
design in the lower floors have a higher chance to be gov-
erned by the P-V interaction.

Column Design

The column sizing is based on capacity design and com-
pactness requirements for moderately ductile members.
As permitted by the AISC Seismic Provisions (2016a), the
capacity design of BRBF columns for the all design cases
presented in this Part 1 paper considered the axial force
demand (P,) only, where P, was calculated by superimpos-
ing gravity effects with capacity-limited seismic effects (as
illustrated in Figures 11-13), assuming all braces simulta-
neously develop their adjusted strength in compression or
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Table 10. Column Compressive Axial DCR (DCRp) for 12-Story BRBFs

Story 12S-CH-C 12S-CH-E1d 12S-CH-E2d 12S-SD-C 12S-SD-E2d
Column Column Column Column 1 (C1) | Column 2 (C2) | Column 1 (C1) | Column 2 (C2)
Shape |[DCRp| Shape |DCRp| Shape |DCRp| Shape |DCRp| Shape |DCRp| Shape |DCRp| Shape |DCRp
12 W14x43 | 0.16 | W14x38 | 0.20 | W14x34 | 0.14 | W14x43 | 0.18 | W14x43 | 0.39 | W14x38 | 0.26 | W14x48 | 0.33
11 | W14x43 | 0.66 | W14x38 | 0.92 | W14x34 | 0.97 | W14x43 | 0.67 | W14x43 | 0.99 | W14x38 | 0.97 | W14xx48 | 0.86
10 | W14x68 | 0.62 | W14x68 | 0.57 | W14x68 | 0.56 | W14x82 | 0.52 | W14x82 | 0.65 | W14x68 | 0.59 | W14x82 | 0.65
9 W14x68 | 0.92 | W14x68 | 0.89 | W14x68 | 0.89 | W14x82 | 0.79 | W14x82 | 0.92 | W14x68 | 0.92 | W14x82 | 0.93
8 | W14x109* | 0.63 | W14x109* | 0.63 | W14x109* | 0.64 | W14x109* | 0.65 | W14x109 | 0.73 | W14x109* | 0.63 | W14x120 | 0.67
7 | W14x109* | 0.80 | W14x109* | 0.81 | W14x109* | 0.82 | W14x109* | 0.84 | W14x109 | 0.92 | W14x109* | 0.82 | W14x120 | 0.84
6 W14x132 | 0.82 | W14x132 | 0.83 | W14x145 | 0.75 | W14xx145 | 0.76 | W14x145 | 0.82 | W14x145 | Q.75 | W14x159 | Q.76
5 W14x132 | 0.97 | W14x132 | 1.00 | W14x145 | 0.90 | W14x145 | 0.92 | W14x145 | 0.97 | W14x145 | 0.91 | W14x159 | 0.91
4 W14x176 | 0.84 | W14x176 | 0.86 | W14x193 | 0.80 | W14x193 | 0.81 | W14x193 | 0.85 | W14x193 | 0.80 | W14x211 | 0.79
3 W14x176 | 0.98 | W14x176 | 0.99 | W14x193 | 0.91 | W14x193 | 0.94 | W14x193 | 0.97 | W14x193 | 0.93 | W14x211 | 0.91
2 W14x233 | 0.85 | W14x233 | 0.85 | W14x233 | 0.86 | W14x257 | 0.80 | W14x257 | 0.82 | W14x257 | 0.80 | W14x257 | 0.85
1 W14x233 | 0.97 | W14x233 | 0.96 | W14x233 | 0.97 | W14x257 | 0.91 | W14x257 | 0.93 | W14x257 | 0.91 | W14x257 | 0.96
* Column design is governed by sectional compactness requirement of moderately ductile members
Table 11. Column Compressive Axial DCR (DCRp) for 3-Story BRBFs
Story 3S-CH-C 3S-CH-E2d 3S-SD-C 3S-SD-E2d
Column Column Column 1 (C1) Column 2 (C2) Column 1 (C1) Column 2 (C2)
Shape DCRp Shape DCRp Shape DCRp Shape DCRp Shape DCRp Shape DCRp
12 W14x68 0.07 W14x74 0.06 W14x68 0.08 W12x79 0.20 W14x61 0.09 W14x109* 0.13
11 W14x68 0.40 W14x74 0.42 W14x68 0.41 W12x79 0.55 W14x61 0.42 W14x109* 0.35
10 W14x68 0.90 W14x74 0.99 W14x68 0.90 W12x79 0.95 W14x61 0.96 W14x109* 0.62
* Column design is governed by sectional compactness requirement of moderately ductile members

tension. Moderately ductile member requirements, rather
than highly ductile ones, were applied to the columns in the
case study BRBFs to achieve a more efficient design and
enable clearer observation of eccentricity effects on column
sizes. This approach followed design requirements out-
lined in the 2016 AISC Seismic Provisions (2016a), which
required columns to only be moderately ductile. Tables 10
and 11 summarize the column design results alongside the
values of axial DCRs, DCRp = P,,/(¢.P,), where 0P, is the
design compressive strength. W14 sections were chosen to
be the default size for all columns. For the 12-story cases,
identical column sizes were selected for every two stories.
For the 3-story cases, the same column sizes were used for
all three stories. The asterisk (*) in these two tables marks
the columns that were sized based on the compactness
requirement instead of capacity design.
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In the chevron BRBF cases, it appears that column sizes
increase with eccentricity in a “slow” manner. In compar-
ing 12S-CH-C and 12S-CH-E1d (Table 10), all the columns
except for the top two stories are the same. Comparing
12S-CH-Eld and -E2d, the column sizes are heavier only in
some levels (the 3rd to 6th stories) of 12S-CH-E2d. Also, as
shown in Table 11, the column size in 3S-CH-E2d is slightly
heavier than that in 3S-CH-C. It has been shown in Tables 2,
3, 8, and 9 that a notable increase in both brace and beam
sizes with the bracing eccentricity is observed in all lev-
els of chevron BRBFs. By contrast, the rate of increase in
column sizes with the bracing eccentricity is much slower.
This is attributed to the fact that the beam-end shears and
the vertical brace forces delivered to the columns are act-
ing in the opposite direction [Equation 11(b)] in the chevron
BRBEFs. Although the column axial force demands are gen-
erally increased with the bracing eccentricity because of



the increased vertical brace force, the increased beam end
shears essentially offset the increase in the column axial
force demand with the eccentricity.

For single-diagonal BRBF cases, the two sides of col-
umns (i.e., C1 and C2 members, to which the bottom and
top ends of braces are adjacent, respectively) in each frame
were designed separately. In any story, the C2 member is
designed for higher capacity-limited axial forces than the
Cl member in the same story because the C2 member
resists the vertical forces from one more brace than the C1
member does. The discrepancy of axial demand between
two sides of column is notable for low-rise BRBFs but may
become insignificant for high-rise BRBFs, especially on
the columns in the lower stories. Take, for example, the
concentric design cases: The design of 3S-SD-C (Table 11)
ended up with different column sizes between C1 and C2
members, while the same column sizes were selected for
the two sides of 12S-SD-C (Table 10). It can be found that
in 12S-SD-C, the DCRp values of C1 members are smaller
than those of C2 members over the entire building height,
and discrepancy in DCRp between the two sides of columns
is diminishing as it goes from top to bottom of the building.
The low DCRp values for the C1 members in the top part
(9th to 12th stories) of 12S-SD-C indicates a potential for
using lighter columns. However, no commercially available
lighter sections can be selected for these columns.

For the single-diagonal eccentric BRBF design cases, the
discrepancy in the axial force demand between C1 and C2
members becomes more significant than that in the con-
centric design cases because the moment connections used
between the stubs and C2 members is much stiffer than
the pin connections between the beam and C1 members,
causing C2 members to carry more gravity loads than C1
members. Therefore, for both 12S-SD-E2d (Table 10) and
3SD-SD-E2d (Table 11), except for the bottom two stories
of 12-SD-E2d, the C2 members are heavier than C1 mem-
bers over the building height.

Moreover, by comparing the column sizes between
the concentric (-C) and eccentric (-E2d) cases in each
single-diagonal BRBF group [Groups 12S-SD (Table 10) or
3S-SD (Table 11)], it can be seen that eccentricity can make
Cl members lighter while C2 members get heavier. This
would be mainly attributed to the fact that uneven grav-
ity loads are distributed to the C1 and C2 members in the
eccentric cases. Another factor varying the column axial
demands with the eccentricity is the change of the verti-
cal component of brace forces delivered to the columns,
which is related to the changes in size and inclination angle
for the braces. However, this factor is shown to be insig-
nificant from the design cases in this study. Although the
brace sizes as well as the brace adjusted strengths become
smaller when the eccentricity increases, the steeper brace
angle would lead to greater vertical components of the

brace forces. These two effects are counteractive, making
the resulting vertical components of brace forces delivered
to the columns similar, regardless of eccentricity.

Weight Comparison

Tables 12 and 13 respectively, present the steel weights for
the 12-story and 3-story case study designs. For the group
of chevron BRBF design cases, the brace steel weights
(including casing but excluding the infill grout) were sim-
ilar among the three 12-story design cases (12S-CH-C,
12S-CH-E1d, and 12S-CH-E2d). Likewise, the brace steel
weights of the two 3-story chevron cases (3S-CH-C and
3S-CH-E2d) were close. These results indicate that the
increase in core area with eccentricity was offset by the
shorter brace lengths and casing weight. Furthermore, in
each chevron group (Groups 12S-CH or 3S-CH), the col-
umn weights were similar between the cases, reflecting
that the column sizes slowly increase with the eccentric-
ity for chevron BRBFs. However, for both Groups 12S-CH
and 3S-CH, the beams were substantially heavier for the
BRBFs with eccentricities. Case 12S-CH-E2d is more than
double the beam weight as compared to the concentric case
(12S-CH-C). Similarly, the beam weight in Case 3S-CH-
E2d is about twice that in 3S-CH-C. Overall, it is apparent
that the total steel weight increases with the eccentricity for
the chevron BRBFs. For Group 12S-CH, Case 12S-CH-Eld
was 1.10 times heavier than the concentric Case 12S-CH-
C, and 12S-CH-E2d was 1.27 times heavier. For Group
3S-CH, Case 3S-CH-E2d was 1.32 times heavier than the
concentric Case 3S-CH-C.

For the single-diagonal BRBF design cases, the brace
steel weight in the frames with eccentricities were nota-
bly less than their benchmark concentric frames. The brace
steel weight in eccentric Case 12S-SD-E2d was about 18%
lighter than that in the concentric Case 12S-SD-C. Like-
wise, the brace steel weight in 3S-SD-E2d was about 24%
lighter than that in 3S-SD-C. This is attributed to the fact
that C2 members in the eccentric BRBF take partial story
shears so that the braces in the eccentric case carry less
story shears than those in the concentric case, resulting in
the decrease in the steel core area in the eccentric BRBFs.
In addition, the brace length was shortened in the eccentric
case because of the steeper brace angle. The reduction in
brace length and core area results in the notable decrease
in the brace steel weight with the eccentricity in the
single-diagonal BRBFs. For the column weight, the eccen-
tric Case 125-SD-E2d was slightly higher than the con-
centric Case 12S-SD-C. Similarly, for Group 3S-SD, the
column weight in Case 3S-SD-E2d was moderately heavier
than that in 3S-SD-C. These suggest that, as the eccentric-
ity is introduced into a single-diagonal BRBF, the weight
increase in C2 members would be somewhat offset by the
weight decrease in the C1 members, resulting in a slight
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Table 12. Steel Weights for 12-Story Case Study Designs
BRB Column Beam Frame Frame + BRB Increase
Group Design (kips) (kips) (kips) (kips) (kips) (%)
12S-CH-C 16.7 45.7 16.6 62.2 78.9 —
12S-CH 12S-CH-E1d 16.2 45.4 25.6 70.9 87.2 +10.4%
12S-CH-E2d 16.4 46.9 36.7 83.6 100 +26.8%
12S-SD-C 21.2 49.7 23.5 73.3 94.5 —
12S-SD 12S-SD-E2d 17.4 50.6 23.4 74.0 91.4 -3.27%
12S-SD-E2d* 19.3 56.0 24.9 80.9 100 +5.99%
Table 13. Steel Weights for 3-Story Case Study Designs
BRB Column Beam Frame Frame + BRB Increase
Group Design (kips) (kips) (kips) (kips) (kips) (%)
3S-CH-C 4.83 6.12 4.74 10.9 15.7 —
85-CH 3S-CH-E2d 4.74 6.66 9.36 16.0 20.8 +32.3%
3S-SD-C 6.22 6.62 6.30 12.9 19.1 —
3S-SD 3S-SD-E2d 4.74 7.65 5.74 13.4 18.1 -5.24%
3S-SD-E2d* 5.32 8.46 6.11 14.6 19.9 +3.91%

increase in the total column weight. For the beam weight,
Case 12S-SD-E2d was slightly less than Case 12S-SD-C.
Similarly, for Group 3S-SD, the beam weight in 3S-SD-E2d
was moderately lighter than that in 3S-SD-C. Compared to
the beam sections employed in the concentric frame, lighter
sections were used for the beam members (which occupy
a large portion of the span width) in the eccentric frame,
despite heavier sections required for the short stub mem-
bers. This results in slightly lighter beam weight in the
eccentric frame. Overall, the total weight of Case 12S-SD-
E2d was about 3% lighter than 12S-SD-C, while 3S-SD-
E2d was about 5% lighter than 3S-SD-C.

Alternative designs were generated neglecting the effects
of the half-SMF in resisting story shear. Using this con-
servative assumption, larger brace sizes were required,
and heavier beams and columns were needed to match
the capacity of the larger braces. The steel weights for the
“re-design” results (denoted as 12S-SD-E2d* and 3S-SD-
E2d*) are listed in Tables 12 and 13. The total weight of
Case 12S-SD-E2d* was 6% higher than Case 12S-SD-C,
while 3S-SD-E2d* was 4% higher than 3S-SD-C. This
indicates that neglecting the half-MRF action when design-
ing single-diagonal BRBF with eccentricity would lead to
somewhat increased total steel weight

The weight economy for single-diagonal frames in
these case study designs is much better than what has been
reported in previous studies on BRBFs with eccentric-
ity because of differences in the design approach. In the
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single-diagonal frames reported by Prinz and Richards
(2012), and others that have followed their approach, the
stub and beam were selected to be the same size, the col-
umns were designed for the seismic moments, and the ben-
eficial effects of the half-MRF were neglected. Part 2 of
this paper (Li et al., 2026) demonstrates that these design
assumptions from past studies are overly conservative.

Beam Weight Parameter Study

An additional parameter study was conducted to investigate
the beam weight increase when the beam depth is not fixed,
as it was for the case-study designs. Allowing the beam
depth to increase may result in a more economical beam
design. Seven eccentricities (including zero) were investi-
gated in combination with four reference brace areas and
two frame configurations (single-diagonal, chevron). The
reference brace area established the story shear strength for
the concentric case that was matched for all eccentric cases.
Beam weights were normalized by the beam weight with
zero eccentricity, other things being equal.

Figure 16 shows results from the parameter study. The
vertical axis shows total beam weights normalized by the
weight of the concentric case. As with the case study designs
(Tables 12 and 13), the beam weights increased with eccen-
tricity for the chevron frames. However, for chevron frames
with an eccentricity of 48 in., the beam weight increase was
less than 2 times, since the beam depth was allowed to vary
(Figure 16). For single-diagonal frames, the beam weight



slightly decreased for eccentricities up to around 72 in.
(Figure 16). However, the parameter study showed that
for eccentricities greater than 72 in. with single-diagonal
frames, beam weight increases (Figure 16).

CONCLUSIONS

This paper discussed the formulation of design equations
for BRBFs with eccentricity. The analysis methods for
determining the shear, axial force, and bending moment
demands for capacity design of beams and columns were
presented. Then, nine BRBF designs representing two
building heights (3 and 12 stories), two bracing configura-
tions (chevron and single-diagonal), and various eccentrici-
ties were shown to demonstrate the impact of eccentricity
on BRBF member sizing and weights.
The study supports the following conclusions:

e For BRBFs with chevron configuration, brace steel
weights (steel cores, lugs, and outer casings) were similar
regardless of eccentricity. The heavier brace cores for
the chevron BRBF with eccentricity were offset by the
reduced brace lengths.

e For BRBFs with a chevron configuration, the beam
weight increases significantly with eccentricity, while
the column weight increases more slowly. This slower
increase in column weight is due to the offset effect of
the beam-end shears, which increase with eccentricity
but partially counteract the rise in vertical brace forces
transmitted to the columns due to eccentricity.

e For chevron BRBFs, the 12-story design cases with
eccentricities were 1.10 to 1.27 times heavier than the
concentric case for eccentricities of 1 to 2 times the
beam depth. The 3-story design case with eccentricity of
2 times the beam depth was 1.32 times heavier than the

4 -
— Chevron

| — — - Single Diagonal

Reference Brace Area (in2)

concentric frame. The difference in weight was almost
entirely due to heavier beams in the chevron BRBF with
eccentricity.

e For nonalternating, single-diagonal BRBFs with
eccentricities, the columns with the stubs help resist the
story shear, leading to decreasing story shear resisted by
the braces. Thus, both the required brace sizes and brace
length decreased for an eccentricity of 2 times the beam
depth, resulting in lower brace weight.

e For nonalternating, single-diagonal BRBFs with
eccentricities of 2 times the beam depth, the beam weight
slightly decreased with the brace eccentricity, while the
column weight slightly increased with the eccentricity.
The total steel weights of single-diagonal cases with
eccentricity of 2 times the beam depth were less than the
concentric cases by about 3% to 5%.

e For nonalternating, single-diagonal BRBFs with
eccentricities, designed by sizing the braces for the entire
story shears (neglecting moment frame action), the total
frame weights for cases with eccentricity of 2 times the
beam depth were greater than the concentric cases by
about 4% to 6%.
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