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SUMMARY

Buckling-restrained braces (BRBs) are widely used as ductile seismic-resistant and energy-dissipating structural
members in seismic regions. Although BRBs are expected to exhibit stable hysteresis under cyclic axial loading,
one of the key limit states is global flexural buckling, which can produce an undesirable response. Many prior
studies have indicated the possibility of global buckling of a BRB before its core yields owing to connection
failure. In this paper, BRB stability concepts are presented, including their bending-moment transfer capacity
at restrainer ends for various connection stiffness values with initial out-of-plane drifts, and a unified simple
equation set for ensuring BRB stability is proposed. Moreover, a series of cyclic loading tests with initial out-
of-plane drifts are conducted, and the results are compared with those of the proposed equations. © 2013 The
Authors. Earthquake Engineering & Structural Dynamics published by John Wiley & Sons Ltd.
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1. INTRODUCTION

Buckling-restrained braces (BRBs) are expected to exhibit stable hysteresis when subjected to in-plane
cyclic axial loading, as described in seismic provisions as AIJ 2009 [1] and AISC 341-10 [2]. As
determined in these provisions, various conditions are required to ensure the stable BRB hysteresis.
Takeuchi et al. investigated the relation between the cumulative deformation capacity and the applied
loading history [3] of a BRB and discussed the influence of local buckling on BRB strength and
ductility [4]. Furthermore, several past studies have highlighted the risk of global BRB buckling
induced by connection failure such as plastic hinges introduced at connection zone prior to core
yielding (Figure 1). For instance, Tsai et al. [5] and Lin et al. [6] reported the phenomenon of global
buckling related to connection failure in BRB frame tests, and Wigle et al. [7] discussed the effect of
connections on BRB performance. Koetaka et al. [8] discussed the conditions leading to instability,
under which bending-moment transfer capacity at the restrainer ends is lost and gusset plates are
designed to be rotationally rigid. Zao et al. [9, 10] investigated the stability conditions of BRBs with
pin-ended connections. Hikino er al. [11] carried out shaking table tests on BRB frames, and Okazaki
et al. [12] suggested stiffness requirements for gusset plates under one-sided buckling considering the
loss of restrainer moment transfer capacity and confirmed the requirements by the test results. In
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Figure 1. Global buckling of buckling-restrained brace including connections
(MRL 1.0S2 in Table IV).

addition, the stiffness and strength requirements at connections have also been investigated through
several other BRB frame tests [13—17].

However, in previous studies, stability concepts including the effects of bending-moment transfer
capacity at the restrainer ends for varying rotational stiffness values of the gusset plates have not yet
been clarified. The effect of story drift in the out-of-plane direction for simulating the transverse
component of ground motion was not considered either. In this paper, the stability requirements for
BRBs including the aforementioned conditions are discussed, and a simple set of equations covering
these conditions is proposed. In addition, cyclic axial loading tests of BRBs with initial out-of-plane
drift are performed, and the accuracy of the proposed equation set is verified.

2. STABILITY CONDITION FOR BRBS INCLUDING CONNECTIONS

In AIJ Recommendations for Stability Design of Steel Structures [1], the implementation of the
following two concepts is presented for preventing global instability as shown in Figure 2.

Concept (1): Although plastic hinges without bending-moment transfer capacity is allowed at the
restrainer ends, the stability conditions are satisfied individually for the restrained zone and the
connection zone [Figure 2(a)].

Concept (2): When bending-moment transfer capacity is provided at the restrainer ends, the composite
stability of the restrained zone and the connection zone are ensured [Figure 2(b)].

For Concept (1), the following equations were proposed by Koetaka et al. [8].
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Figure 2. Buckling-restrained brace stability condition concepts
(ALl Recommendations for Stability Design of Steel Structures, 2009).

The stability condition of the restrained zone:

+e+ s, )N,
M[?Z (Cl r cu 1
! I = Ne / N fr W
The stability condition of the connection zone:
1 —2&)n?y,El
()—JB New 2)

(2¢Lo)?

where Mf denotes yield bending strength of the restrainer, a denotes maximum imperfection along the
restrainer, e denotes axial force eccentricity, s, denotes the core—restrainer clearance, N, denotes the
maximum axial strength of the core plates, normally estimated as 1.2—1.5 times the yield strength of
the core plates, including hardening, N® denotes the Euler buckling strength of the restrainer, y,Elg
denotes the bending stiffness of the connections, L, denotes the total BRB length, and &L denotes
the connection zone length.

Equation (2) is based on the assumption that the ends of the connection zones are rigidly fixed
against rotation; in practice, however, substantially stiff gusset plates are required to satisfy this
condition (e.g., stiffened gusset plates similar to the one shown in Figure 3(c)). Moreover, rotation
of the beam to which BRBs are connected should be prevented using stiff secondary beams.

For Concept (2), Matsui et al. [17] indicated that the restrainer-end zone can transfer bending
moment as large as the smaller of the bending strength of the restrainer or the neck, if the extension
of the insert zone L;, into the restrainer is more than the width of the core plate (Figure 4). In
Figure 4, the neck represents the portion of the cruciform sectioned core that extends beyond the
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Figure 3. Connection with varying stiffness.
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Figure 4. Bending moment transfer at restrainer ends.

restrainer case. When the rotational stiffness of the gusset plate is relatively low as in Figure 3(a), the core—
restrainer clearance generates an initial imperfection that can be assumed as a,=a + e + 5, + (2s,/L;,)¢ Lo, as
shown in Figure 5. Then, the relationship between the axial force N, and out-of-plane deformations y, at
the end of the restrainer can be approximated by the following equation (Figure 6).

yr B

N= N 3)

Yy +ar
where N% denotes the global elastic buckling strength of BRB, including the effects of the connection
zone’s bending stiffness, and the gusset plates’ rotational stiffness. In Figure 6, the axial force
approaches Nfr asymptotically for increasing values of y,; however, the elastic buckling process is
interrupted when the brace reaches its ultimate strength as computed by collapse mechanisms resulting
from the plasticity at the restrainer ends. The intersection point of the elastic buckling path and the
ultimate strength path is defined as the stability limit. In cases where the maximum axial strength of the
core, N,,, is lower than the stability limit, the brace is considered stable, and the BRB core exhibits

2;: 5Lo # e
A

(a 1s the maximum imperfection.
along the restrainer)

s, +
r

Figure 5. Assumed initial imperfection.
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Figure 6. Buckling-restrained brace stability concepts and limits.

regular hysteretic behavior. However, when N, exceeds the stability limit, the plastic hinges are produced
at the insert zone, and the hysteretic behavior is considered to be interrupted by the global buckling
collapse mechanisms.

The ultimate strength values of the possible collapse mechanisms are estimated using the models
shown in Figure 7. As can be seen in this figure, the BRB is modeled with rotational springs of
stiffness Ky, at both gusset plates. Then, an initial imperfection a, is modeled at restrainer ends.
When the bending moment at the restrainer-end zone exceeds the restrainer moment transfer
capacity M), the load on the BRB exceeds its ultimate strength, eventually resulting in buckling.

Firstly, the gusset plates are assumed to be rigid (Kg, — *), and out-of-plane deformations of the
connection zone during the mechanism phase are assumed to be of sinusoidal shape, as shown in
Figure 7(a) and given in Equation (4).

a,x X
=—+y. |1l —cos|—— 4
e { (2@0” @

N (Eq. 25) N (Eq. 27) N (Eq. 28)

Imperfection
Collapse
mechanism

(a) Symmetrical (b) Asymmetrical (c) One sided.

Figure 7. Collapse mechanisms with rotational springs at gusset plates.
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Then, the strain energy stored in both connection zones is given as follows:

2

1, y,Elg ( d® a z'y, Ely;

U :2ng0)’1 (( - r)) dx — T BBy, )
SR V7R G 32(EL)

The rotation angle of the plastic hinges is expressed as follows:

dy a, T
Ao, =2 o Ty ©)
|, Lo 2¢Ly”
Then, the plastic strain energy stored in the plastic hinges is as follows:
r _ ﬂ'-yr r
U, = 2MPAH, = Q‘LOMP (7)

The axial deformation is as follows:

1<k | 7dy 2 a \* .2 2a,y,
AMg = 25 E[) l(&) — (§L0> dx = SfLQ + fLo (8)

The work carried out is given as follows:
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with the following balance of energy differential
ou,+U,-T 4y EI 2 8a,/n*
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Approximating 8/ ~ 1, the following is obtained:
2y,El 4 M,
~ Ty el Y, P (12)

(26Lo)2 Y, +ar Ty, +a,

Similar calculations can be carried out for the asymmetrical buckling mode shown in Figure 7(b), as
follows.

v, T —2né+4¢

P, -2 M 13
N N 2 5
~8E(1 = 29)Ls (v; + 16a,y,/7°) (14)
201 s B ‘

(2¢L)* v, +8a /7 w(y, +8a,/n?) P

When ¢=0.25, N can be approximated as follows:
N T L= 28),Elp M,
(26Ly)’  Yyetar veta

(16)

When M 1’, =0 and a, < y,, Equation (16) turns into Equation (2). As indicated by Equations (12) and
(16), the global buckling strength is generally determined by the asymmetrical mode when the ends of
the connections are fixed rigidly.
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Secondly, considering the normalized rotational stiffness of the gusset plates, sk, can be defined as
follows:

Kp — KRgézLO
Re =
¢hRg y]EIB

a7

Additional displacement due to the rotation of the gusset plate (represented by the end spring shown
in the detail of Figure 7(a)) is defined as y,,. Given that the deformation because of the connection zone
bending, y,., becomes equivalent to y,, when s, =3, the strain energy stored in a specific spring can
be approximated as follows:

4y Elgy,® [ ¢ :
U, =" ( ke ) (18)
32(CLo)° \ekrg 13

The gusset plate spring rotation, Af,, plastic hinge rotation, Ag,, and axial deformation, Au, can be
expressed as follows:

y 3
A0s = ————— (19)
SLo ¢kpg + 3
AH, — Ty, EKRg Yr 3 — Yr TEKRg + 6 (20)
2ELy EKRg + 3 ¢l KRy + 3 2ELy KRy T 3
Ao — v: +2a.y, 3 T eKrg \ _ Vi +2ary, m kg + 24/7° on
§ ELy eKRg + 3 8 eKRg + 3 ELy 8 EKRg + 3

Then, the energy stored in the springs, Uy, energy stored in the hinges, U, and the total work done,
T, can be evaluated respectively as follows:

2
U, = uEIYicrRg ( & ) (22)
Z(Q‘ZLO)3 cKrg +3

yr ”ﬁKRg +6 T
—Zr e T 23
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24
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With the balance of energy differential o(U,+ U+ U, — T)/0y, =0,
_m*y,Elg ) ¢KRg L 4 M ckrg +6/7 25)
(2ELo)* ckrg +24/7% y, +ar 7w y, +a, cxgg + 2477

Equation (25) may be expressed as Equation (26) when the rotational stiffness of the gusset plates is
negligible (zxz, =~ 0).
M,

= 26
Yy t+ar 20

Conversely, if szxg, — ©, Equation (25) is restored to match Equation (12). Hence, Equation (25)
covers the symmetrical buckling strength for rotational stiffness values ranging from those of pinned
ends to those of rigid ends.

The asymmetrical collapse mechanism strength can be derived following a similar process (Figure 7(b))
to obtain Equation (27).
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N T =28, Ely  crr Yr M,
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Accordingly, one-sided buckling mode strength, shown in Figure 7(c), can be determined using the
following expression.

N~ 77,'2(1 — 2§)yJEIB ¢KRg Vr n M;) (28)
(2§L0)2 (1-¢) (gchg + 24/712) y.+a y.+a,

Similar to Equation (25), Equations (27) and (28) cover asymmetrical or one-sided buckling strength
for varying gusset plate rotational stiffness values. Equation (28) yields results similar to those of
Okazaki et al. [12] for relatively small a, and y, values. Equation (27) yields lower values than do
Equation (25) or Equation (28), thus implying that the asymmetrical mode governs stability.

Here, if a, < y,, Equation (27) can be approximated as follows:

N 7*(1 = 28)yEly — cKgg M, N+ M,

+—7r (29)
(2¢L0)° KRy +24/7% ¥, +a, y, +ar

where N, is the global elastic buckling strength of the connection zone with pinned conditions at the
restrainer ends.

Equation (29), which describes the ultimate strength path shown in Figure 6, indicates that the axial
force decreases for increasing values of the out-of-plane displacement y,. As shown in Figure 6, when
the elastic axial force and the out-of-plane displacement relationship considering initial imperfections
expressed by Equation (3) exceed the limits of the aforementioned possible mechanisms, it is
considered that the BRB is expected to start undergoing global buckling. Substituting y, =
a;N/ (N B_N ) from Equation (3) into Equation (29), the required restrainer moment transfer capacity,
M, can be approximated as follows:

a,
M =—""
P 1_N/Nfr

A 60)

When the brace is subjected to an axial force along with an out-of-plane drift, a bending moment is
generated as shown in Figure 8. The restrainer moment transfer capacity is considered to be reduced by
this secondary moment Mj,. From Figure 8, this value can be estimated as follows:

W KRg(p
Ly
Lin
— N <Lo Kre®o
ELyp, 5 [(po + ZLS ](1— 28)I,

Figure 8. Additional bending moment under out-of-plane drift.
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do  2s.(1 —2

2 _ M} >0 (31)
l@ Lin

where Jy denotes the assumed maximum story out-of-plane drift, and L,, denotes the insert zone
length. Including Mj in Equation (29), the following equation for defining the ultimate strength is
obtained:

My = (1 = 26)Kg

M’ — M
N=N + ”T (32)
Yr T ar

When the aforementioned N is substituted for the axial force in Equation (30), the stability condition
can be expressed as follows:

Ay

M —-—M>
r 0 I_Ncu/Nfr

(Ncu - N;r) (33)
where M}, — Mj, should be taken as zero if the difference is negative.

In Equation (33), N fr can be estimated by eigenvalue analysis; however, when y; = 1, the lowest value
decided by the elastic symmetrical mode can be approximated as N2 using the following expression:

47T2EIB LK12Qg + 1OLKRg + 16
L02 Lk%g + 14LKRg + 64
Ly

LKre = K ReET

NB =
34)

where ;xg, is the rotational stiffness of the gusset plate normalized by total length. For satisfying
Equation (33), two approaches can be followed.

(1) When ¢k, is sufficiently large, the left part of Equation (33) tends to be small or zero. In order to
satisfy Equation (33) N/, should be larger than N,,. This approach corresponds to Equation (2),
which allows for hinges at the restrainer ends (Figure 2(a)).

(2) Decrease My" and Ny, by decreasing skg, and providing sufficient bending strength M), to satisfy
Equation (33). This approach corresponds to transferring the bending moment at the restrainer-
end zone (Figure 2(b)).

With the use of these two approaches, Equation (33) covers the two design concepts discussed in
Figure 2.

The proposed stability condition in Equation (33) is based on the condition that the gusset plates
remain elastic. When plastic hinges are produced at the gusset plates, a different global buckling
mode as shown in Figure 9 comes into play. The stability condition for this collapse mode can be
expressed as follows.

a,

(1 =20 pm5 — )| + (M - may ) > T Ve

(35)
where M3 is the plastic bending strength of the gusset plate including the axial force effect, and
(1 —25)M§ — M, or My, — M should be taken as zero if the difference is negative.

3. CYCLIC BRB LOADING TESTS WITH OUT-OF-PLANE DRIFT

For confirming the proposed stability conditions, cyclic loading tests were performed on BRBs with
out-of-plane drifts. This test program simulated the worst-case scenario in which the maximum in-
plane story drift occurs at the same as the 1% out-of-plane story drift. The test configuration with
the specimen is shown in Figures 10 and 11, and the test matrix is summarized in Table 1. The core
plate material was JIS-SN400B (average yield strength: 270 MPa), and the core cross section size,
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Figure 10. The cyclic loading test setup.

A.=12 mmx 90 mm. The restrainer is either a mortar filled square box section with a side length of
125 mm and thickness of 2.3 mm, or a circular tube with an external diameter of 139.8 mm and tube
wall thickness of 3.2 mm. Two types of gusset plates are used in the tests, namely, the regular type
(¢ Kre=0.04) and the stiffened type (¢ xg,=0.3). The insert length of the stiffened part of the core
plate into the restrainer, L;,, is chosen to be 90 mm and 180 mm, which are equal to 1.0 and 2.0
times the core plate width, respectively. In addition, the core plate-restrainer clearance varies from
1.0mm to 2.0mm. The specimens are labeled as M (R: rectangular, C: circular), L (insert zone
length to core plate width ratio), S (clearance), and H (stiffened type gusset plate).

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 (J/L,) was applied,
according to the loading protocol shown in Figure 12. Here, the normalized axial deformation,
which is approximately equivalent to the story drift angle, is the ratio of the axial deformation to the
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published by John Wiley & Sons Ltd. DOI: 10.1002/eqe



STABILITY OF BRBS INCLUDING MOMENT TRANSFER CAPACITY 861

Side stiffener
PL-12x300

12(SS400) l—ﬁﬂ—[ 2-M10 Long nut
GPL-12(SS400)

vy L

2-M10 Long nut \ Side stiffener

PL-12x300
Lower gusset plate Upper gusset plate
(a) Stiffened gusset plate
4926 GPL-12(SS400) 1_215_1 2-M10 Long nut
25 4-918 GPL-12(SS400)
g 4-926
X 2-918
= X -
2-M10 Long nut ‘ 400 T
Lower gusset plate Upper gusset plate
(b) Regular gusset plate
2000

1220 L £ 5
Restrainer ol25x1b50.3 (STK)R400) ﬁuo
; /Core plate:PL-90x12 (SN400B "
FMT\. / Cl;(;a.[ance < s I9-QT (MRLI.OH)
L r | ;
[+ 4 A R+ + a ﬁgt
I L \Mortar | r— X ortar

Plastic Length Lp Section a-
[Rectangular Tube Type|

20

0
Restrainer : ©139.8%3.5 (STK400)
/ Core plate:PL-90x32 (SN400B)
:ﬂ]:\ / Clearance sr —

3

M . — +:+ g—a::
+ + /1 R+ + L=
T L \Mortar [ T ©139.8x3.5 ortar
Plastic Length Lp
Circular Tube Type

(c) Specimen

Figure 11. The loading protocol.

plastic length of the core plate L,. The expected values of the initial imperfection angles for each
specimen are summarized in Table II.

The hysteresis loops obtained by cyclic loading tests for each specimen are shown in Figure 13. The
normalized cumulative plastic deformation XAe,, = XAd,/L,,, and normalized cumulative absorbed energy
Xw=Ej/o,A. until instability are also noted in each figure. Specimen MRL1.0S1H (Figure 12(a)) with
stiffened gusset plates showed stable hysteretic behavior until core plate fracture after 6 cycles of over
3.5% (48.3 mm) normalized axial deformation. Similarly, MRL2.0S1 (Figure 12(b)) with regular
gusset plates showed stable hysteresis until 12 cycles of 3% (36 mm) normalized axial deformation.
This performance is considered satisfactory for energy-dissipating braces. MRL2.0S2 (Figure 12 (c)),
which has slightly larger initial imperfection compared with that ofMRL2.0S1, showed stable
hysteresis until the second cycle at 3% (36 mm) normalized axial deformation, after which out-of-
plane instability occurred. MCL2.0S2 (Figure 12(d)), using a mortar filled circular steel tube, showed
stable hysteresis until the second cycle at 2% (27.6 mm) normalized axial deformation, at which time
out-of-plane instability occurred. MRL1.0S1 (Figure 12(e)) reached the yield strength of the core plate
and showed stable hysteresis up to the second cycle of 1.0% (13.8 mm) normalized axial deformation,
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Table II. Initial imperfection angle.
Specimen L;, (mm) s, (mm) 0o =2s,/L;, (rad)
MRLI1.0S1H 90 1 0.02
MRL2.0S1 180 1 0.01
MRL2.0S2 180 2 0.02
MCL2.0S2 180 2 0.02
MRL1.0S1 90 1 0.02
MRL1.0S2 90 2 0.04
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Figure 13. Axial force-deformation relationship.

after which it experienced global buckling associated with hinging at the neck. MRL1.0S2 (Figure 12(f))
showed stable a hysteresis loop for only one cycle of 0.5% (6.9 mm) normalized axial deformation, then
experienced global buckling associated with hinging at the neck.
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These test results indicate that BRB stability is significantly affected by the length of the insert zone
and the clearance, as is expected from the proposed Equations (33) and (35). In order to confirm the
validity of the proposed equations, each specimen is evaluated using Equations (33) and (35). To
this end, restrainer moment transfer capacity M), , of each specimen was estimated using the

following equation proposed by Matsui et al. [17]:

M, = min{M;_”“", M,’;’“"} (36)

where M[’,’"“k represents the restrainer moment transfer capacity determined by the cruciform core
plate at the neck as follows:

2

New — N€

M;—neck —!1= <N‘——way> ZepOey 37)
u wy

where Ny, denotes the yield axial force of the cruciform core plate at the web zone, N;, denotes the
ultimate strength of the cruciform core plate at the neck, Z, denotes the plastic section modulus at
the neck, and o, denotes the yield stress of the core plate. In Equation (36), M]’,”“’ represents the
restrainer moment transfer capacity determined by the restrainer section at rib end as follows:

min{Z,po',y7 o, [KR,Ile >+ Kpo (9),2 — 0y ’)] }(RectangularTube)

r—rest

min{Z,ery, o, Krri Qy} (Circular Tube) (38)

of =45~ 1.5(Lyy/B.)  (0.5<L;,/B. < 2)

where Z,,, denotes the plastic section modulus of the restrainer tube, o, denotes restrainer yield stress,
K, denotes the restrainer elastic rotational stiffness about the rib end, 0,,” denotes the pseudo initial
yield angle of the rectangular restraint tube, Kz,, denotes the post-yielding rotational stiffness of the
restrainer about the rib end, 6, denotes the angle at which the plastic hinge occurs, 6, denotes the
yield angle of the circular restraint tube, and B, denotes the core plate width.

In most cases, M, is determined by the bending strength of the neck section, M;’”“k, given by
Equation (37) when the insert zone length is more than 2.0 times the core plate width. The obtained
values of M) for each specimen are summarized in Table IIl. The expected failure axial force
assuming elastic springs for gusset plates Ny, is obtained by solving Equation (39), which is
derived from Equation (33) and summarized in Table. IV.

(M — ;) fa, + N,

(M — )/ (@NB) +1

Niim1 = > Ney (39)

Table III. Bending capacities at restrainer ends.

Yield bending strength of Yield bending strength
Specimen cruciform zone (kNm) of restrainer (kNm) M,, (kNm)
MRLI1.0S1H 2.46 2.97 2.46
MRL2.0S1 5.50 8.38 5.50
MRL2.0S2 6.56 8.56 6.56
MCL2.0S2 6.50 35.68 6.50
MRL1.0S1 6.78 4.28 4.28
MRL1.0S2 6.78 4.28 4.28
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Here, N, is estimated as the elasto-plastic buckling strength obtained by substituting the equivalent
slenderness ratio of Equation (40) into the column curves. In Equation (40), &’ from Figure 4 instead of
¢ should be used for assuming whether plastic hinges can be produced at the rib ends.

EKRg + 24/71'2
(1- 25,):’%;

(40)

where i. is the radius of gyration at the connection zone.
Similarly, the expected failure axial force that assumes plastic hinges at the gusset plates, Ny, 1S
determined by solving Equation (41), which is derived from Equation (35).

[(1 — 2E)MS + M, — ZMG} /a,

Niim2 = > Ny (41)

{(1 — 2E)ME + M7, — 2M5} /(@:NB) +1

The least of the two failure forces obtained from Equations (39) and (41) is considered the failure axial
force of the specimen. In Table IV, the estimated N;;,,; and N;,,» values are compared with the maximum
axial loads in the experiments. It is shown that the stability limit of specimens MRL1.0S1H and
MRL2.0S1 exceed the expected N, (assumed as N.,=1.5xA.Xao.,). The other specimens were
designed such that the stability limit failed to exceed the N,,, thus indicating that their global stability
is not guaranteed. Figure 14 shows a comparison of the measured axial force—displacement
relationships with those obtained using Equations (3) and (32). In the figure, the ultimate strength
paths for the collapse mechanisms are given by R1, C1, R2, and C2. Here R stands for rib end, C
stands for the neck cruciform section; 1 and 2 stand for Ny, or Ny, failure axial forces, respectively.
Although the test results that exceeded the stability limit have better force—displacement relationships
compared with those obtained using the proposed equations, their paths tend to be parallel to the
estimated collapse path.

/ \ ! ] Eq.G3)
1000 % —
1000 v/ C2Eq.(2) —»\ 1000 ',". / Eq. 3) A
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Figure 14. Axial force versus out-of-plane displacement relationship.
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Figure 15. Distribution of proposed/experimental accuracy by specimen type.

A comparison of the estimated failure axial forces N,;,,, which is the smaller of N;;,,,; and N;,,,», with
the peak axial force from experimental results, is shown in Figure 15. It can be seen that the results of
the proposed equations are consistent with the experimental results with some variation. In general, the
given safety condition successfully estimates the performance of each test specimen and is therefore
considered valid.

4. CONCLUSIONS

When BRBs exhibit global buckling behavior, a certain amount of bending moment is transferred
between the core section and restrainer tube end, which is defined as restrainer moment transfer
capacity in this study. The restrainer moment transfer capacity depends on the internal structure of
the BRB, as explained throughout the paper, and significantly influences BRB stability. This study
proposes a compact set of equations for evaluating global BRB stability considering restrainer
moment transfer capacity. The proposed equations cover a wide range of BRB connections from
rigid end to pinned end.

Cyclic loading tests were performed on full-scale BRBs with initial out-of-plane drifts and varying
connection stiffness values to confirm the proposed stability conditions and validating the proposed
equations. The conclusions of this study are as follows:

(1) The BRB stability conditions were expressed by a set of simple equations as functions of
restrainer moment transfer capacity, rotational stiffness at gusset plate ends, initial imperfections
governed by core-plate clearances, and expected out-of-plane story drifts. This equation set
covers the stability conditions of all BRB types regardless of the gusset plate rigidity or
restrainer moment transfer capacity.

(2) In the cyclic loading tests with initial out-of-plane drifts, specimens with shorter insert zones and
larger clearances experienced global buckling before achieving stable hysteresis, whereas
specimens with longer insert zones and smaller clearances showed more stable hysteresis, which
may be attributed to the fact that the restrainer moment transfer capacity significantly influences
BRB stability.

In addition, the specimens with stiffened gusset plates exhibited greater stable hysteresis and
higher axial capacity even with shorter insert zones. These results agree with the stability con-
ditions anticipated using the proposed stability equations.

(3) The proposed equation set can be applied for directly evaluating the stability limit strength of
BRBs. The results have shown that the evaluated stability limit strengths agree well with the
experimental results of buckled specimens, thus validating the proposed equations.

Stability conditions for different types of BRBs such as pin-connected BRBs or ones with alternative

restrainer shapes will be discussed in future papers, the studies corresponding to which are in progress.

© 2013 The Authors. Earthquake Engineering & Structural Dynamics — Earthquake Engng Struct. Dyn. 2014; 43:851-869
published by John Wiley & Sons Ltd. DOI: 10.1002/eqe



868 T. TAKEUCHI ET AL.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the support of Nippon Steel and Sumikin Engineering Co. Ltd for
this study.

NOTATIONS
a maximum imperfection along the restrainer
a,: total initial imperfection
e axial force eccentricity
i radius of gyration at connection zone
Ip: restrained zone length
S, clearance between core and restrainer
v out-of-plane deformation at restrainer end
Vye' additional out-of-plane deformation due to connection zone bending
Vst additional deformation due to end spring rotation
Az core plate cross section
B core plate width
Elg: bending stiffness of restrainer
E; absorbed hysteretic energy until instability or fracture
Kgy: rotational spring stiffness at gusset plate
Kpii: elastic rotational stiffness of restrainer about rib end
Kgo: post-yielding rotational stiffness of restrainer about rib end
L;,: insert zone length
L, plastic zone length of core plate
Mj: additional bending moment derived from story out-of-plane drift
M f: bending strength of restrainer
M3: plastic bending strength of gusset plate including axial force effect
M restrainer moment transfer capacity
M ;_”e"k: restrainer moment transfer capacity determined by cruciform core plate at neck
M 1’,_’“’: restrainer moment transfer capacity determined by restrainer section at rib end
N: axial force
N, maximum axial strength of core plate
Nfr: global elastic buckling strength of BRB including effect of gusset plate
rotational stiffness
N..: global elastic buckling strength with pin conditions at restrainer ends
Nfr: Euler buckling strength of restrainer
Niim1: expected failure force assuming elastic gusset plates
Niimo: expected failure force assuming plastic hinges at gusset plates
N: ultimate axial strength of cruciform core plate at neck
N, yield axial force of cruciform core plate at web zone
Ny: yield axial force of core plate
T: external work
Up: plastic strain energy stored in plastic hinges
Us: energy stored in springs
U.: strain energy stored in both connection zones
Zep: plastic section modulus at neck
2y plastic section modulus of restrainer tube
v, Elg: bending stiffness of connection zone
do: story out-of-plane drift
o axial deformation of BRB
Op: axial plastic deformation of BRB
ELy: connection zone length
E’Ly: length between gusset plate end and rib end ( = Lo+ L;, )
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Ab,: rotational angle of plastic hinge at restrainer end

Ab,: rotation at gusset plate

Auy: axial deformation caused by global buckling

' normalized cumulative absorbed energy (=XAd,/L,,)

bo: rotational angle at gusset plate due to out-of-plane drift

EKRg: normalized rotational stiffness for gusset plate

KRy normalized rotational stiffness for gusset plate by total length

An equivalent slenderness ratio for global elastic buckling strength with pin conditions at
restrainer ends

Oo: initial imperfection angle of connection zone

0, yield angle for circular restrainer tube

0’ i pseudo initial yield angle for rectangular restrainer tube

Oyo: angle at which plastic hinge occurs at restrainer end

ZAe,: normalized cumulative plastic deformation (=E,/c,A,.)

Oy yield stress of core plate material

Oy yield stress of restrainer tube material

10.

11.

12.

13.

14.
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