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SUMMARY

One of the key limit states of buckling-restrained braces (BRBs) is global flexural buckling including the
effects of the connections. The authors have previously proposed a unified explicit equation set for control-
ling the out-of-plane stability of BRBs based on bending-moment transfer capacity at the restrainer ends.
The proposed equation set is capable of estimating BRB stability for various connection stiffnesses, includ-
ing initial out-of-plane drift effects. However, it is only valid for symmetrical end conditions, limiting appli-
cation to the single diagonal configuration. In the chevron configuration, the out-of-plane stiffness in the two
ends differs because of the rotation of the attached beam. In this study, the equation set is extended to BRBs
with asymmetric end conditions, such as the chevron configuration. Cyclic loading tests of the chevron con-
figuration with initial out-of-plane drifts are conducted, and the results are compared with the proposed
equation set, which is formulated as a function of the normalized stiffness of the attached beam. © 2016
The Authors. Earthquake Engineering & Structural Dynamics published by John Wiley & Sons Ltd.
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1. INTRODUCTION

One key factor that influences the seismic performance of buckling-restrained braces (BRBs) is the
global flexural buckling. In the past 25 years, numerous researchers have conducted experiments and
numerical analysis on BRBs to establish a method of avoiding global flexural buckling and ensuring
stable hysteresis. However, the critical aspect of BRB performance requires inclusion of the
connection effect in the assessment of the buckling failure mode. Takeuchi et al. [1] summarized the
most recent literature related to connection failure, which includes research highlights [2—14] and the
steel structure seismic provisions [15, 16]. Additionally, Lin et al. [17] investigated the connection
stress distribution by means of experimental testing and FEM analysis, proposing several design
recommendations. Zhao et al. [18] proposed a practical design method to ensure the global stability
of the BRBs based on a moment amplification factor in order to simplify the effect of connections.
Bruneau et al. [19] suggested evaluation of BRB connection buckling strength by Euler buckling,
taking the equivalent length as twice the connection length. This is based on the assumption that the
ends are rotationally rigid, idealizing the connection as a cantilever. However, this assumption is
optimistic in actual conditions, as the effect of end rotations is not negligible, especially in chevron
configurations.

Previous studies have treated the restrainer-ends as pin connections and the gusset plates ends as
rotationally fixed. However, the bending-moment transfer capacity at the restrainer ends and gusset
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plate rotational stiffness significantly affects the global stability of BRBs. Additionally, these past
studies have generally not considered the effects of story drift in the out-of-plane direction.
Although Palmer e al. [20] carried out bidirectional tests on pin-ended BRBs, effects on bolted
BRBs were not clarified. These shortcomings were addressed by the author’s previously proposed
method [1], namely, a more rigorous treatment of boundary conditions including bending moment
transfer-capacity at the restrainer ends and initial imperfections due to bidirectional effects. The
authors discussed the stability requirements for BRBs in a one-way configuration, including the
aforementioned conditions, and proposed a simple set of equations. As part of that study, the
authors performed cyclic axial loading tests on BRBs with an initial out-of-plane drift and verified
the accuracy of the proposed equation set. However, the proposed equations are derived under the
condition that the same connections exist at both ends, a condition that is applicable only for certain
one-way configurations (Figure 1(a)). In the present study, the equation set is extended to BRBs in a
chevron configuration (Figure 1(b)) with asymmetrical end conditions, and a general stability
evaluation method for BRBs is proposed. A series of cyclic loading tests on BRBs in a chevron
configuration (Figure 1(c)) were conducted, and the results are compared with those obtained using
the proposed extended equations.

2. STABILITY LIMITS UNDER ASYMMETRICAL CONDITIONS
The authors have proposed the following equations to evaluate the stability limit of BRBs, including

the connection effect. The stability limit axial force, N, is expressed as follows [1], which needs
to be larger than the maximum yield axial force of the core member, N,,,.

(M — ) fa, + N,

(M — ) /(@B ) + 1

Niim1 = > N (D

Here, M}, denotes the moment transfer capacity at the restrainer end and M," denotes the initial bending
moment at the restrainer ends produced by out-of-plane drift (Appendix A). a, denotes the initial
imperfection at the restrainer ends, which can be estimated as a, = a, + e + s, + (2s,/L;,){Lo, and is
shown in Figure 2 in the Notations. N%. denotes the global elastic buckling strength of a BRB,
including the effects of the bending stiffness of the connection zone and the rotational stiffness of
gusset plates (Appendix B). The difference of (M), — M,") is assumed as zero for negative values.

Symmenric / Beam Secondary
condition 5 Rotation 2 o

Asymmenric
condition

(a) One-way configuration (b) Chevron configuration

chevron configuration

Figure 1. Chevron buckling-restrained braces configuration.
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Figure 2. Initial imperfection.

N, is the buckling strength of connections, where the bending-moment transfer capacity at the
restrainer ends is not considered. In the elastic range with fixed end rotations, this value is
estimated as N Z,=7r2y JEIB/(ZfLO)Z. In the elasto-plastic range with end rotational springs, N ., can
be evaluated by substituting the equivalent slenderness ratio, given in Equation (2), into the various
elasto-plastic design column curves.

%Ly [ercrg + 24/ 72

Ar :
i (1- Zf)gkRg

(@)

Here, £L is the connection length, i, is the radius of gyration in the connection zone, sk, is the
normalized rotational stiffness at the outer ends of the connections given by sxge— (KgolLo)(y:ElR),
and Kp, is the rotational stiffness of the gusset plate. When the moment transfer capacity M, =0 and
#Kgg 1s infinity, Equations (1) and (2) give the same criteria as Bruneau et al. [19]. However, as
reported in Ida et al. [21], sxg, is distributed between 0.2 and 1.0 in actual connections, and the
effective buckling length becomes larger than twice the connection length.

Similar to Equation (1), under the assumption that plastic hinges are created at the gusset plates, the
expected limit axial force, N, is proposed as follows [1]:

{0 —20mg — My} + (M7~ m5) | fa,
H(l —2M; — MS} + (M,’, - Mg)]/(a,zvg) 1

Nijmy = Ncm (3)

where M% is the plastic bending strength of the gusset plate including the axial force effect.
[(1-28)M35-M,, "] or [M},—M,"] should be taken as zero if the difference is negative.

The smaller of the two limit forces obtained from Equations (1) and (3) becomes the stability limit
axial force, Ny, and the BRB is considered to be stable where N, is larger than the maximum
yielding force of the core, N.,. These equations have been derived from the intersection of the
elastic buckling path and ultimate strength curve as shown in Figure 3. The elastic buckling path
can be defined as follows:

y r B
N = N.., 4
yt+a &
where y, denotes out-of-plane deformation at restrainer ends and Nfr denotes the global elastic BRB
buckling strength, including the effects of the connection zone’s bending stiffness and the gusset
plates’ rotational stiffness. This can be evaluated by the method in Appendix B.
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Figure 3. Stability concepts and limits.

The aforementioned equations are applicable under the condition that the connection length ratio, &,
and the normalized rotational stiffness, s, are the same at both ends. However, this condition is not
satisfied in the chevron configuration because the upper beam cannot be assumed as rigid (Figure 4(a)).
In this configuration, the equivalent connection length ratio becomes larger and the rotational stiffness
becomes smaller because of the rotation of the connected beam. The length of the upper connection,
&L, is measured from the cross-sectional center of the beam, while the rotational stiffness is
expressed by the following Equation (5) and shown in Figure 4(b).

1
Kger = - (5)
(1/Kn) + (1/Kre2)
Kra1&1Lo KrgéoLo
= e — 6
éKRgl yJEIB ) g:KRgZ yJEIB ( )

Here, Ky, is the rotational stiffness of the beam about the brace major axis with the brace bending in
the out-of-plane direction, and K’g,, is the rotational stiffness of the upper gusset plate. When the
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Figure 4. Collapse model for chevron configuration.
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rotational stiffness of the lower gusset plate at the column-beam joint is defined as Kg,, the
normalized rotational stiffness at both ends can be defined as Equation (6).

The ultimate strength, which is based on the asymmetrical conditions shown in Figure 5, is
calculated based on an approach similar to that of the previous study [1]. First, in the symmetric
collapse mode in Figure 5(a), the gusset plates are assumed to be rigid (Kg,1, Kge> — ) and out-of-
plane deformation of the connection zones is idealized as a sinusoidal shape, as shown in the figure
and given in Equations (7) and (8):

X T ox
— a2ty 41 —cos( 2 7)
. "L, yl{ <2§1L0)}

X T ox
=Gy ——~+y,91 —cos| =—— 8
2 250 yz{ (zszO)} ®

where y,; and y,, denote the out-of-plane deformation at the lower and upper restrainer ends,
respectively. Similarly, a,; and a,, denote the imperfections at the lower and upper restrainer ends.
The flexural strain energy stored in each connection zone is then given as follows:

) 2 4 2
yJEIB &1Ly d2 ( Ary > T VJEIByl

U, = ==y, — =) |dx= =250 )
T (a’x2 L 64(&\Lo)’
2 4 2
y,Elp &0, d? ( am > 7y, Elgy7,

U, =28 —yy— =) |dx =" 10)
2T (dx2 T 5L, 64(&5L0)°

Including the reduction due to the rotational springs at each gusset plate, the total flexural strain
energy from the connection zones can be assumed as follows:

Upper
Connection

SLo g,

hinge i |
MrP : |
0 Restrainer ||

(l'él‘éz)Lo

Lower,
&1 Lo
Y

(a) symmetric, (b) asymmetric, (c) one-sided
Figure 5. Collapse mechanism modes with rotational springs.
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Note that in Equation (11), the bending deformations of the connection zone become equal to
rotational deformation of the end spring when :xg,=3 [1]. The rotation angle of the lower and
upper plastic hinges at the restrainer ends is expressed as follows:

fo, = P R ya 3 (s +6) (12)
261Lo kg1 3 Cilogkra 3 0 1 (éKRgl+3>
Vo (ﬂgvKRgz +6)
40, = ——F— 13)
286,10 <éKRg2+3)
Then, the plastic strain energy stored in the plastic hinges is calculated as follows:
Mr yrl <”§KRg1+6) yrz (EéKRg2+6)
Up = MyA0:1 + M40, = 5= + (14)
O < (éKRgl+3) & (gKRg2+3)

The lower gusset plate spring rotation, A#,, the upper gusset plate spring rotation, Af,,, and their
strain energy, Uy, can be expressed as follows:

Yrl 3 o Y2 3

A0, = A0, = (15)
'L ¢Krg1+3 R cKRg2+3
1 2 1 2
Us = iKRglAavl + EKRgZAQXZ
2 2 16
_ WEIg kRt [y 3 LN (10)
2 | &iLo \SiLogkra+3 Lo \ SoLogkrgrt3

The axial deformation, Au,, is then calculated from Equation (17) using the approximation /8~ 1.

1 3 72 eKRel
Aug~ —— (y,,2 + 2a, =8 17
Ug 25][[() (yrl + 2a lyrl) (EKRgl‘i’s + 3 éKRg1+3> (17)

1 5 3 KRy
+a5 Yy + 2ar2yr + =
2, U 2 <ngg2+3 8 reat+3

Assuming a,,=a,, a, =7, G, 2=y, and y, =r, y,, the external work T is estimated from
Equation (18).
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With the balance of energy differential o(U,+ Us+ U, — T)/0y, =0,

2 2
o(Uy;+Up+ U, —T) yElgz’y, r_fl £KRgl 1 e (19)
oy, 32Ly° ) &7 \ ckrgr 3 & \ kR t3
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Ly \<i eKRg1 13 & KRg2 13

From Equation (19), we obtain the formula of N as a function of M, sgei, ckgreo, <1, and &5, By
reducing the moment transfer-capacity, Mj,, by the out-of-plane drift-induced moment, My, as same
in the previous study [1], the ultimate strength of the BRBs can be expressed as follows:

. . ro ngg]+6/7T 1 éKRgZ+6/7E
N ppte Moy 4 S T TG e 20)

- ler y, +a, ’ - n r_gékkg1+24/7rz Likkg2+24/7r2

C1 gKrg1 13 S2 ke t3

T2 cKRgl KRe2
- 7[2)}JEIB &l (éKRgl+3) & (éKRg2+3) @1
[ (2L0)2 r_ﬁ ‘:KRX]+24/7T2 1 éng2+24/77:2
$1 Krg 3 &2 ke t3

By a similar process, in the asymmetrical collapse mode in Figure 5(b), Equation (21) becomes

, 7[2))JEIB C2 riéKRgl §KR82
or = T N2 2 = ?
(2L0) Cl 613(§KRg1+3) 523 (;;KRg2+3)

(e +24/72) (2 + 1y = 1262) (ema+24/7) (1 o = €1)
= +

. (22)
&(1=¢ _52)(§KRg1+3) H(1=¢ —fz)(gkRgz-H)
For the one-sided collapse mode shown in Figure 5(c), Equation (21) becomes
, m(1-¢& — &)l g2
cr T 2 (23)
(2&,L) (1-¢&) (éng2+24 /;ﬂ)

Comparing Equations (21), (22), and (23), the minimum N, is determined by the asymmetrical or
one-sided mode. As a result, the stability limit—determined by the cross point of Equations (4) and
(20)—can be expressed as Equation (1).
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(M — M) fa, + N,

Niim1 =
(M — M)/ (@B) +1

> Ne, (D

N, can be obtained using the equivalent slenderness ratio, given as follows:

_ 2Ly C

="
le C2

(asymmetrical mode) (24)

2&,L (1 —fl)(ékggg—f—zél/n’z)
e (1 =<1 — &a)ekren
C, and C, in Equation (24) are defined in Equation (22).

Furthermore, the stability limit with plastic hinges at the gusset plates, Ny;,,», can be expressed as
follows:

Ar (one-sided mode) (25)

(M; - M+ G5 ) /a ME - My M2 - My
Niim2 = ,C3 = +
(M — M5+ C5) /(@B ) +1 < &
1
asymmetrical mode 26
/& + 1/& + 4/(10 = & — 52)( Y ) (20
(0= a - &M - M)/ - &) + My — M;)/a, |
N = (one-sided mode)

(0= & - (M2 — M;)/(1 = &) +My—Mg|/(aNB) +1
27)

It can easily be confirmed that Equations (24) and (26) become Equations (2) and (3), respectively,
when &= & 5, ckge1 = e, and 7,=1.

3. CYCLIC BUCKLING-RESTRAINED BRACES LOADING TESTS WITH CHEVRON
CONFIGURATION

To validate the proposed stability equations, cyclic loading tests were performed on BRBs in a chevron
configuration, including initial out-of-plane drifts. The test program simulated the worst-case scenario,
in which the maximum in-plane story drift occurs at the same time as the 1% out-of-plane story drift.
The test configuration with the specimen is shown in Figures 69, and the test matrix is summarized in
Table I. The core plate material was JIS-SN400B (average yield strength =293 MPa), and the core
cross-section size A, was 12 x 90 mm. The restrainer is either a mortar-filled square box section with
a width of 125mm and thickness of 4.5mm or a circular tube with an external diameter of
165.2 mm and tube wall thickness of 4.5 mm. Three connection types of upper secondary beams as
shown in Figure 7, combined with the gusset plates as shown in Figure 8, were used in the tests: the
high-stiffness connection (¢ kge>=2.73), the medium-stiffness connection (¢ xger=1.46), and the
low-stiffness connection (¢ xge>=0.19). The specimens were labeled in which H, M, or L is
stiffness at the upper connection; R is rectangular restrainer; C is circular restrainer; N is no
reinforcement; F are ribs; C are collars; and-2 is the ratio of the insert zone length to the core plate
width. Rotational stiffness of each combination was measured experimentally using the test frame
(Appendix C). For the low-stiffness type, restrainer end reinforcements were attached to RF2 with

© 2016 The Authors. Earthquake Engineering & Structural Dynamics Earthquake Engng Struct. Dyn. (2016)
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Figure 6. Test setup and loading protocol.

ribs and CC2 with collars as in Figure 9(iv) and (v). The fabrications of BRBs and gusset plates were
carried out under AIJ/JASS6 specifications, and the initial imperfection of the specimen was confirmed
less than 1/2000 of the length. This value was counted in the stability assessment. Prior to each test, an
out-of-plane displacement equivalent to 1% radian story drift was applied to each specimen. For cyclic
loading, up to 3% normalized axial deformation (g, =0/L,) was applied, according to the loading
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Figure 7. Types of secondary beams.
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protocol shown in Figure 6. Here, the normalized axial deformation, which is approximately equivalent
to the story drift angle, is the ratio of the axial deformation to the plastic length, L,, of the core plate.
After g,=3.0%, the same amplitude was used until fracture.

The hysteresis loops obtained from the cyclic loading tests for each specimen are shown in
Figure 10. The axial stress is defined as the axial force divided by the initial core section area.
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Figure 9. Buckling-restrained braces specimens with various restrainer ends (millimeter).
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Each figure also shows the cumulative plastic deformation, XAe,=XAd,/L,, and the normalized
cumulative absorbed energy, x, =E,o0,A., until instability. Specimen H-RN2 (Figure 10(a)), with
the high-stiffness connection, showed stable hysteretic behavior until the core plate fractured after
the 18th cycle of 3% normalized axial deformation. Similarly, specimen M-CN2 (Figure 10(b)),
with a medium-stiffness connection, showed stable hysteresis until the 18th cycle of 3% normalized
axial deformation. This performance would easily satisfy the requirement for energy-dissipating
braces. Specimen L-RN’2 (Figure 10(c)), which has a low-stiffness connection with weaker
restrainer-ends, showed stable hysteresis until the second cycle at 3% normalized axial deformation,
after which out-of-plane instability occurred. The specimen started buckling in the asymmetrical
mode as shown in Figure 10(g), agreeing with the predicted failure mechanism. Even under the
same low stiffness beam conditions, the specimens with restrainer-end reinforcements (L-RF2 and
L-CC2) showed stable hysteresis of 3% normalized axial deformation until the core plate fractured
at the 18th and 15th cycles, respectively, as shown in Figure 10(d) and (e). This means that the
restrainer-end reinforcements are effective in enhancing the stability limits. In L-CC2, friction
between the collar and the restrainer caused slight strength increase at 3% compression. Specimen
L-RNO (Figure 10 (f)), which has a low-stiffness gusset plates without an insert zone length, showed
a stable hysteresis loop until only the first cycle of 0.5% normalized axial deformation, after which
it experienced out-of-plane instability associated with hinging at the neck in a similar mode as L-
RN’2. These test results indicate that the stability of a BRB with a chevron configuration is
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Figure 11. Relationship between axial force and out-of-plane displacement.

significantly affected by the rotational stiffness of the attached beams and the strength of the restrainer
ends, as the proposed equations predicted. Figure 10(h) shows the out-of-plane displacement
transitions at the upper and the lower restrainer ends in the collapsed specimens of L-RN’2 and L-
RNO. Both show larger amplitudes at the upper restrainer ends prior to instability, which indicates
that these specimens collapsed in an asymmetric mode with larger displacements at the upper
connections as shown in Figure 5(b).

In order to confirm the validity of the proposed equations, each specimen was evaluated using
Equations (4), (20), and (24-27). The restrainer moment transfer capacity, M, of each specimen
was estimated using the same equations as those in the previous study [1]. In Table II, the estimated
values of the stability limit, N;,, are compared with the maximum axial loads obtained from the
tests. It is observed that the expected stability limits of collapsed specimens L-RN’2 and L-RNO
were 371 and 256 kN, respectively, which were lower than the expected BRB design axial force
Ney=15%xA.X0,,=4T5kN. The Ny, values of all other specimens exceeded the design axial force
N, of 475kN, which satisfactorily demonstrated stable hysteresis. Figure 11 shows a comparison
between the measured axial force—displacement relationships of the collapsed specimens and those
obtained using Equations (4) and (20). Although the test results that exceeded the stability limit had
larger force—displacement relationships than those obtained using the proposed equations, the
stiffness degradation points generally agreed with the predicted strength, and their force-
displacement paths after the collapse tended to fall in parallel to the estimated collapse path.

Yr
) tn N N. N
(a) Double-spring model, (b) Model-1, (c) Model-2, (d) Model-3

Yr

Figure 12. Mechanical model at upper connection.
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4. STABILITY DESIGN OF BUCKLING-RESTRAINED BRACES WITH CHEVRON
CONFIGURATION

Although the proposed equations can be used to evaluate the stability of BRBs in chevron
configurations, the equations are too conservative in cases where the rotational stiffness of the upper
beam Kp, is high. This is because of the simplification in taking a single spring at the beam center
instead of two springs as shown in Figure 4(a). Where rotational stiffness of the beam is relatively
high, the rotation of the connection is observed to start near the bottom of the beam. Here, an
additional approach using simplified models for evaluating these effects is proposed. When the
moment transfer capacity at the restrainer-ends is negligible, the precise stability limit of the
symmetrical collapse mode is determined by using the double-spring model of the beam rotation
and upper connection flexure as shown in Figure 12(a). Further simplifications representing special
conditions are shown in Figure 12(b)—(d).

When the rotational stiffness of the upper beam is low (Kg;, < aK’g»), the spring should be placed at
the beam center as in Model-1 (Figure 12(b)). The rotational stiffness of the upper connections should
be evaluated using Equation (5), the connection length should be evaluated as &,L,, and Equations (1)
and (24-27) should be used for stability evaluation. However, when the rotational stiffness of the upper
beam is considerably higher (aK’gq < Kgp < bK’ggr), Model-2 (Figure 12(c)) can be used, with the
spring placed at the bottom of the beam. The beam rotation may be neglected and Model-3 (
Figure 12(d)) used when the rotational stiffness of the upper beam is extremely high (bK’gg» < Kgp)
due to stiff perpendicular secondary beams, floor slabs, and other elements. The stability limits of
the models in Figure 12(a)—(d) are expressed in the following equations.

Note that from Equation (1), Ny, (symmetric) becomes the same as N, when M;,=0.

’ ’ 2 ’
(&2L0K o + EoloKs) \/ (E2LoK o + EeloKns) = 4(EeLo) (E1L0)K ro Ko

Nijm = Ncrr =
2(&4Lo) (EpLo)
(double-spring model : Figure 11(a)) (28)
KRg2 1 1 .
Nimi =N = == , Model 1: Figure 11(b (29)
liml ézLO K1322'+KLRI)¢2LO ( g ( ))
K 1 1
Njw1 = N = ,Rzz = = (Model 2 Figure 11(c)) (30)
ég 0 m+K—Még 0
”
Niimi = No” = —%2 (Model 3 : Figure 11(d)) 31)
¢eLlo

The stability limits derived from Equations (28-31) are compared in Figure 13(a) and (b) for
different ¢»/¢, ratios. The values obtained by Equation (28) are close to those obtained from
Equation (29) in a range of relatively low Kg,/K ke, ratios. However, these values reach those
obtained from Equation (30) at medium Kpg,/K g, ratios, and both sets of values approach those
obtained from Equation (31) at high Kg,/K’ g, ratios. In this study, we propose the following limit
values for Kg,/K’g,> to determine the applicable range for the simplified Models 1-3:

a=¢&6/¢ — 1, (32)

b=10 (33)

These limits are indicated in Figure 13.

Evaluation using numerical models consisting of beam elements as shown in Figure 14 was
performed, including the effects of moment transfer capacity at the restrainer ends. The
configuration of the models is based on the specimen L-RN’2, and elasto-plastic springs are
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Figure 13. Stability limit for connection model.

introduced at the restrainer-ends. Asymmetrical imperfections based on experimental measurements
noted in Table I were applied, and stability limits were evaluated by push-over analysis for each
Kgri/K’gg> tatio, including geometrical nonlinearity. The evaluation results are illustrated in
Figure 15, where they are compared with the results of the proposed method. In the proposed
equations, one-sided and asymmetrical modes of Model 1 evaluations provide one of the smallest
stability limits, asymmetrical modes of Model 3 evaluations have the highest limits, and the limits of
Model 2 evaluations fall in between. In this case, the numerical analysis results are close to Model 1
where Kgy/ K'pgr <a=¢:/E, —1=0.6, close to Model 2 where 0.6 < Kgy/ K'gg> < 10, and close to
Model 3 where 10 < Kgy/K’gq>. This implies the evaluated borders a and b appropriately assess the
stability limit of BRBs in the chevron configuration.

The Kgy/K’ge> value in the specimens L-RN’2 and L-RNO was 1.70 in Table I, which is larger than
a=¢5/E, —1=0.6 and less than 10. This indicates that these specimens can be evaluated with Model 2,
instead of Model 1. Figure 16 shows a comparison of the estimated stability limit N;;,, using Models 1
(me) and 2 (09), with the peak axial force obtained from the experimental tests and also from the results
of the previous study (o) [1]. By using Model 2, calculation accuracy is slightly improved over Model
1. In general, the results obtained using the proposed equations are consistent with the experimental
results, and the method of selecting the connection models by the stiffness ratios of attached beams
is considered valid.
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Figure 15. Simplified models versus accurate model.

The following process can be applied in practice to ensure BRB stability.

1. The simplified BRB Models1-3 are selected from the condition of Equations (32) and (33).

2. N, is determined by applying the larger equivalent slenderness ratio from Equation (24) and (25)
into design column curves. Then Ny, is calculated by Equation (1).

3. N2 is calculated from the smaller of Equations (26) and (27). Then the stability limit, N, is
evaluated as the smaller of Ny;,,; and Ny,,».

4. If Ny, is larger than expected yield axial force of the core, N,,, BRB stability is secured. If not,
increase Kgp,, K’g,, or Mj, and repeat steps 1 to 4.

5. CONCLUSIONS

In this study, the authors’ previously proposed method for stability evaluation of BRBs, including
bending-moment transfer capacity at restrainer ends, was extended to the use of BRBs under
asymmetrical conditions in chevron configurations. A compact equation set was established to
evaluate global BRB stability under asymmetrical conditions. A series of cyclic loading tests were
conducted on BRBs in a chevron configuration, and the results were compared with those obtained

using the extended method of stability evaluation. The resulting conclusions are summarized as
follows:

1. In the cyclic loading tests of BRBs in a chevron configuration, specimens with low upper-beam
stiffness experienced out-of-plane instability before achieving stable hysteresis until core frac-
ture, whereas specimens with restrainer-end reinforcements under the same conditions showed
stable hysteresis. This may be attributed to the fact that the stiffness of the upper connection
and the restrainer moment transfer capacity both significantly influence BRB stability.

600 .
> e
Z 500 © 2
£ 400
5 > ~-° O
= 0°
= 300 o
Q ,'
E .27 | @ L-RN°2 (Model-1)
g 200 | M L-RNO (Model-1)
5 <> L-RN2 (Model-2)
1oy - O L-RNO (Model-2)
O Takeuchi (2011)
0 :
0 100 200 300 400 500 600
Proposed N, (kN)

Figure 16. Accuracy of proposed method.
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2. The extended method of the stability evaluation is applicable to the direct estimation of the sta-
bility limit strength of BRBs regardless of the configuration. The obtained results demonstrate
that the evaluated stability limit strengths align well with the experimental results of collapsed
specimens, thus validating the proposed equations.

3. In order to facilitate the stability evaluation of BRBs, three simple evaluation models were pro-
posed for upper connections, applicable for specific ranges of stiffness ratio between the upper
beam and the upper gusset plate.

APPENDIX A: Estimation of the Bending Moment Produced by Out-of-plane Drift

The initial bending moment M,," at the restrainer ends produced by out-of-plane drift can be estimated
from numerical analyses using the model as shown in Figure 17 or by using the following equation,
which takes s g, =max[skge1, Krgo], and &=min[&,, &)

S0 25, EI 6

M= (1 —zf>{L—0‘?<1 —2§>}'KB' 2 e ()
o Lin 25’(3—65 +4¢ )+w(1—25)‘+%ig+w,T
(A1)
where
KRg‘}:L() KgrLy L,

_ - ooy e A2
¢KRg S Ely s LKR El ¢ f‘f'Lo (A2)

K, is the rotational spring at the gusset plates and Kk, is the rotational spring at the restrainer ends.
When Ky, and Elg/L, become infinity, y =1, and &’ =<, this equation approaches the simpler formu-
las from the previous study (Equation (31) in Reference [1]) as follows.

oo 2s, ‘
My = (=29 =21 2 b0 (A3)

M, becomes zero when 2—25% (1 —2¢&), from Equations (A1) and (A3).
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Figure 17. Bending moment produced by out-of-plane drift.
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APPENDIX B: Estimation of Global Elastic Buckling Strength of a BRB

The global elastic buckling strength of a BRB, N5, including the effects of the connection zone’s bend-
ing stiffness and the gusset plates’ rotational stiffness, can be estimated from numerical analysis, using
the model shown in Figure 18, or by using the following equations, which take Kz, =min[Kg,, Kg,2],
and & =max[}, &)

N = @’Ely (B1)

where a is the value satisfying the following equations.

Kgrg + Kgr

(13 (EIB)2L051S4 = azEIBLO (KRr51C4 + 7
J

C1S4>+2aEIBKRgS1S4

1 1 1
+GKRgKR,-L() (-\/—y_]C|C4 —ES]SA‘) (= 2KRgKRr (S]C4 +- ﬁClS4) =0 (B2)

a o 1 1
S1 = sin—¢Lg, Cy = cos—=CLy, S4 = sinaly <— - f> ,C4 = cosaLg (— - g’)
Vi V7 2 2

When Kpg, is infinity and y; = 1, the solution approaches the simpler approximate formula in the pre-
vious study [1].

p _ 4rElp L¥Rg + 10 KRg+16
T Lo* kg + 14 xR +64

(B3)
where ; kg,= K—ER’# NE. becomes 7°El/LE when 1k, =0, and N5, =4x°Elp/L5 when kg, =

APPENDIX C: Estimation of Rotational Stiffness of the Upper Beam

The rotational spring stiffnesses of the gusset plate, Kg,,’, and upper beam, Ky, in Table I were ob-
tained directly by experiments prior to specimen loading as shown in Figure 19. This includes the

Figure 18. Buckling mode including springs.
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Figure 19. Experimental evaluation of rotational spring stiffness.
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gusset plate deformation, the torsional stiffness of the main beam, the torsional stiffness given by rig-
idly connected secondary beams perpendicular to the main beam, the bending stiffness of the other
BRB in tension, and the bending deformation of the main beam section along a weak axis.

For practical design, an easy evaluation method for calculation of the gusset plate stiffness, K’g,, is
proposed in Reference [22]. Also, an evaluation method for calculation of torsional stiffness of the
main beam is proposed as follows in Reference [23], whose validity is confirmed by FEM analyses.

The rotational springs of upper beams K, can be derived as follows.

Kry = Kror + Kros (CDhH

where Kz, 7 is the torsional stiffness of the main beam the BRB is attached on and Kg;,g3 is the torsional
stiffness provided by the rigidly connected secondary beams perpendicular to the main beam. Equation
(C1) neglects the bending stiffness of the other BRB in tension and the floor slab and assumes that the
main beam rotates in torsion as a rigid body. Kg,r can be estimated by the following equation.

2GJv GJ
KRbT = {( (Cz)

2 ’ v - ET
(eoshvic=1)" _ ginhylg + vlc} =

sinhvi;

where [ is the half-length of attached main beam as shown in Figure 20 and GJ and EI" are Saint-
Venant’s torsional stiffness and bending torsional stiffness of the main beam, respectively.
Krpsp can be estimated by the following equation.

EI 2
Krysp = Elss (L (C3)
Isg \hsp

where [z is the length of secondary beam, Elgp is bending stiffness of secondary beam, and &g is the
vertical distance from the restrainer end to the center of the secondary beam as shown in Figure 21. /.. is
the connection length along the brace from the center of the main beam as in Figure 20.

The aforementioned estimation formula can be used where the BRB connection point is placed at
the center of the main beam and is detailed with stiffeners and the vertical deflection of the other
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Figure 21. Effect of out-of-plane secondary beam.
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end of the secondary beam is restrained. When a concrete floor slab is attached on the main beam, the
aforementioned method gives conservative values. The method is also valid for situations requiring a
large void adjacent to the main beam.

The practical evaluation methods for the rotational stiffness of the main beam including the effects
of the other brace in tension will be studied further in the near future.
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NOTATIONS

a, b: border constant for the beam stiffness

a,: total initial imperfection: a,=a,+e+s,+ (2s,/L;,){Lo, a,; maximum imperfection along the
restrainer, e: axial force eccentricity, s,: clearance between core and restrainer

Vi out-of-plane deformation at column-side restrainer end

V2! out-of-plane deformation at beam-side restrainer end

Vrel: additional out-of-plane deformation due to bending of connection zone at the column-side
end

Vyeo! additional out-of-plane deformation due to bending of connection zone at the beam-side
end

Vrslt additional deformation due to the column-side end spring rotation

Vys2t additional deformation due to the beam-side end spring rotation

Az core plate cross-section

B.: core plate width

Ely: bending stiffness of restrainer

E; absorbed hysteretic energy until instability or fracture

Kgy: rotational spring stiffness of attached beam

Kgqr: rotational spring stiffness at column-side gusset plate

K’ g rotational spring stiffness at beam-side gusset plate

Krgo: rotational spring stiffness at beam-side gusset plate, including stiffness of the attached beam

L;,: insert zone length

Ly: plastic zone length of core plate

Mq: additional bending moment derived from story out-of-plane drift

Mf: bending strength of restrainer

Ms: plastic bending strength of gusset plate including axial force effect

M bending-moment transfer capacity at restrainer end

N: axial force

Ney: maximum axial strength of core plate

NB: global elastic buckling strength of BRB including effect of gusset plate rotational stiffness

N..: global elastic buckling strength with pin conditions at restrainer ends

Niin: expected stability limit axial force

Niim1: expected stability limit axial force assuming elastic gusset plates

Niimo: expected stability limit axial force assuming plastic hinges at gusset plates

T: external work

Up: plastic strain energy stored in plastic hinges

Us: energy stored in springs

U, strain energy stored in both connection zones

ysElg: bending stiffness of connection zone

do: story out-of-plane drift

o axial deformation

Op: axial plastic deformation
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&L connection zone length at column-side
Elg: connection zone length at beam-side
Ab,: rotational angle of plastic hinge at column-side restrainer end
AB,5: rotational angle of plastic hinge at beam-side restrainer end
Al rotation at column-side gusset plate
ABy: rotation at beam-side gusset plate
Aug: axial deformation due to collapse mechanism
EKRgl: normalized rotational stiffness for column-side gusset plate (=Kgq1&1Lo/y,Elp)
FKRg2: normalized rotational stiffness for beam-side gusset plate (=Kgq>EoLo/y /Elp)
A equivalent slenderness ratio for global elastic buckling strength, with pin conditions at re-
strainer ends
2Ae),: normalized cumulative plastic deformation (=E,/o,A.)
Ocy: yield stress of core plate material
Oy yield stress of restrainer tube material
o, normalized stress of BRB (= N/A,)
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