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Buckling-Restrained Braces (BRBs) are commonly used as ductile bracing elements in seismic zones. Key
limit states governing BRB design include preventing both flexural buckling and local buckling failures. In
this study, the authors propose a strategy for the prevention of in-plane local buckling failure of a BRB
whose restrainer is composed of a mortar in-filled circular or rectangular steel tube with various mortar
thicknesses. Cyclic loading tests on BRBs possessing various mortar restrainers and circular tube thick-
nesses were carried out to investigate the effect of the mortar and the sectional shape of the restraint
tube on the local buckling failure of buckling-restrained braces.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Buckling-Restrained Braces (BRB) and their frames (BRBF) have
been extensively used for seismic applications over the last twenty
years in seismic zones as Japan, US, Taiwan, and China, etc.; how-
ever, their design criteria is not necessarily established yet. In the
Al] recommendation for Stability Design [1], the design criteria
for BRBs are indicated as follows; (1) Restrainer design to prevent
overall buckling, (2) Effective clearance between core and restrai-
ner to achieve stable hysteresis, (3) Core plate local buckling failure
prevention, (4) Connection design to guarantee core yield, (5)
Overall stability design including connections, and (6) Cumulative
deformation capacity until core fracture. However, much of the
past work on BRBs focused on the response characteristics and
seismic performances of BRBFs, while little work on the design cri-
teria for the BRB itself has been reported [2-7].

For criterion (3) above related to the restrainer conditions to
prevent local buckling failure of the core plates, Koetaka et al. [2]
have indicated that the out-of-plane local buckling wave length
are governed by the thickness and plastic modulus of the core
plates, and Chou et al. [6] discussed the criteria of the restrainer
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conditions to prevent out-of-plane local buckling. However, ordin-
ary BRBs with a mortar in-filled steel tube restrainer have risks of
local buckling failure in the in-plane direction as seen in Fig. 1, and
research on this criterion is very limited. Recently, while investi-
gating optimal economic configurations for BRBs, restrainers with
smaller thickness tubes were employed along with thick core
plates, thus increasing the risks of in-plane local buckling failure.

The authors have proposed an evaluation strategy for the pre-
vention of in-plane local buckling failure of rectangular BRBs [5]
based on experimental tests and numerical simulations; however,
this work focused on rectangular tubes where the effect of the
mortar thickness at the edge of the core plate was small. For
designing economical BRBs, not only rectangular but circular re-
straint tubes with various mortar thicknesses may be employed,
and the proposed criteria in the prior study [5] are incomplete
for these configurations.

In this study, cyclic loading tests on BRB specimens are carried
out to confirm the effect of the mortar thickness and the restraint
tube sections for in-plane local buckling failure of BRBs. Based on
these results, the criteria necessary to prevent such local buckling
failure is reconstituted including the effects outlined above.

2. Uniaxial cyclic loading tests on BRBs for various mortar and
circular restraint tube thickness

The experimental test setup and associated specimens are
shown in Table 1 and Fig. 2. Hereafter, specimen labels are defined
as RY65M25; the first character represents the shape of the restrai-
ner; R is a rectangular shape; C is a circular shape. The second
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Nomenclature
Ac cross-section area of core plate plastic zone S clearance between core plate and restrainer
Ae cross-section area of core plate elastic zone tc thickness of core plate
B width of core plate tm thickness of mortar
B, width of restrainer wall t thickness of restraint tube
Cm contribution factor of mortar o hardening ratio of strength after yielding
E elastic modulus of core plate S displacement of core plate
E¢. tangent modulus of core plate Og extensometer displacement
L. elastic zone length in the range of initial gage length & strain of plastic zone of core plate
Ly initial gage length & maximum tensile strain of core plate
L, length of plastic zone of core plate & strain of restrainer wall
I length of local buckling wave of core plate Y local buckling failure index
M, plastic hinge moment of restrainer wall Vp plastic Poisson’s ratio
P, core plate axial force 0 angle between application point of perpendicular force
P, yield axial force of core plate component and strong centroid axis of core plate
Py, local buckling failure force of core plate Ogy yield stress of core plate
P, perpendicular force of core plate Ory yield stress of restrainer wall
P ultimate perpendicular force of core plate
Py, plane yielding force of restraint tube
Restraint tube Local buckling failure
Cyclic
loading
direction
Core plate
(a) Local buckling failure of BRB
Restraint tube
B.
Mortar at the
edge of the
core plate
(B-B-25)/2-1;
(b) Section at failure position
Fig. 1. Local buckling failure of core plate in BRB.
Table 1
Specimen parameters.
Specimen  Lg L, B, t, Ory B, te Oy Eic. Mortar thickness at the s & a P Pap Y
(mm) (mm) (mm) (mm) (N/mm?) (mm) (mm) (N/mm) (N/mm?) edge of core plate (mm) (mm) (mm) (kN) (kN) (Ref. [5])
RY65M7" 23 350 130 16 261 4100 6.7 4673 10 003 14 64 37 06
RY65M25 150 24.7 69 29 04
RYZ6M37 1550 1999 175 273 94 22 245 37.2 34 05
CY83M15 20 231 261 146 64 20 03
CY110M15 1652 15 280 130 16 257 15.1 63 13 02
CY138M15 12 136 15.4 04 006

* Experimental results shown here are reported in prior work.
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Fig. 2. Specimens for uniaxial cyclic loading tests.
Table 2
Rectangular restraint tube BRB cyclic loading test results and revised failure index.
Specimen  Cycle & o B, t, Ory B te Oy E. Mortar thickness I, s P Py, 7y Local
(mm) (mm) (N/mm) (mm) (mm) (N/mm) (N/mm) at the edge of core (mm) (mm) (kN) (kN) (Revised) Buckling
plate t,, (mm) Failure
0.50% 0.006 1.14 150 23 273 94 22 245 4100 24.7 3488 1.0 38 65 174 None
RY65M25 1.00% 0.011 1.36 4.9 1.33
2.00% 0.021 1.5 7.0 0.93
3.00% 0.031 1.75 8.7 0.75 Occur
RY76M37  0.50% 0.006 1.13 175 23 273 94 22 245 4100 37.2 3488 1.0 3.7 84 227 None
1.00% 0.011 1.34 49 1.73
2.00% 0.021 1.5 7.0 1.20
3.00% 0.030 1.8 9.0 0.93 Occur
0.50% 0.005 1.14 150 23 273 130 16 245 4100 6.7 4824 1.0 28 37 1.31 None
RY65M7 1.00% 0.010 1.36 3.8 0.97
(Ref[5])
2.00% 0.020 14 5.7 0.65 Occur
3.00% 0.032 1.8 8.1 0.46
Table 3
Circular restraint tube BRB cyclic loading test results and revised failure index.
Specimen  Cycle & o B, t, Oy B te Ooy E Mortar thickness Ip s P, Py vy Local
(mm) (mm) (N/mm) (mm) (mm) (N/mm) (N/mm) atthe edge of core (mm) (mm) (kN) (kN) (Revised) buckling
plate t,, (mm) failure
CY110M15 0.50% 0.006 1.08 165.2 1.5 280 130 16 257 4100 15.1 4709 1.0 29 724 250 None
1.00% 0.011 1.27 3.9 18.7
2.00% 0.021 1.53 58 12.5
3.00% 0.031 1.80 8.1 89
CY138M15 0.50% 0.006 1.08 165.2 1.2 280 130 16 257 4100 15.4 4709 1.0 29 585 202 None
1.00% 0.011 1.28 3.9 15.0
2.00% 0.020 1.54 5.8 10.1
3.00% 0.031 1.8 8.2 7.2
0.50% 0.005 1.09 165.2 2.0 280 130 16 257 4100 14.6 4709 1.0 29 947 325 None
CY83M16 1.00% 0.010 1.31 4.0 23.7
(Ref.[5])  2.00% 0.020 1.57 59 15.9
3.00% 0.030 1.8 8.3 114
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Fig. 3. Specimen and setup for uniaxial cyclic loading tests.

character denotes the loading pattern; Y represents cyclic loading.
The third number indicates the width-to-thickness or diameter-
to-thickness ratio of the restrainer steel tube. M25 represents the
mortar thickness t,;, between the edge of the core plate and the re-
strainer as seen in Fig. 2b, which is a newly introduced parameter
in this paper. Unbonding material is used to create a gap between
the core and the mortar; however, the stiffness and strength of this
material are very small and are considered to be negligible for
restraining the core plates (see Tables 2 and 3).
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The index 7y in Table 1 is the safety factor proposed by the
authors [5], where the effect of the mortar was neglected. For in-
stance, the index y for RY65M25 was 0.4, which indicates the
strength of RY65M25 was weaker than that of RY65M7, whose 7y
was 0.6. The width-to-thickness ratios of the rectangular restrainer
varied between 65 and 76, and the diameter-to-thickness ratio of
the circular restrainer ranged from 110 to 138. Strain gauges were
attached on the surface of the restrainer along its length, oriented
transversely to measure bulging due to local buckling, as shown in
Fig. 2a (A-A view); s is the clearance between the core plate and
the restrainer. To investigate the effect of mortar thickness, the size
of the core plates were 16 mm x 130 mm and 22 mm x 94 mm
(these have the same cross-sectional areas), comparable to the
monotonic compression tests in [5], and cyclic loading was applied
as in Fig. 3. The axial force was measured by a load cell in the test-
ing machine, and the axial displacement of the BRB is measured by
extensometers between both end plates over length L, as shown in
Table 1 and Fig. 3. The displacement of the plastic zone of the core
plate is defined as J. and is estimated by Eq. (1):

P
CAE
where J, is the extensometer displacement; P, is the core plate axial
force; A is the initial cross-section area of the core plate elastic
zone; E (=205,000 N/mm?) is the elastic modulus of the core plate;
and L, is the elastic zone length in the range of initial gage length.
From this equation, the strain of the plastic zone of the core plate
& may be calculated by Eq. (2):

dc
=L @)

Oc = 0g L. (1)

&c

where L, is the length of the plastic zone of the core plate. The core
plate stress o, is calculated by Eq. (3):
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Fig. 4. Stress-strain curves for uniaxial cyclic loading tests.



308 T. Takeuchi et al./ Engineering Structures 44 (2012) 304-311

S S
-3 FO|
2 Corg plgte train jge=3.0% _1_2_th Cycle 2 Core pld‘te strdin 'c=3.0%
E 225 : / , g 075
215 je=310% 3rd- Cyeld) LS 2 05
£ Ny I\ £ a=p00 | |\ el 0%
= 075 + it <= 0.25
£ ] . £ L/
Z AN = [
~ &=1.0% | &=2.0% ~
Restraint tube deformation Restraipt tube deformation
Peak 34.2mm Peak 10.5rhm
i A
R 2 = ¢ € 9 & &
4 & et /jy o s 9 4 & /'V & @
Péak 32.1mhm| Pedk 10.0mi
g &=R.0% &c=1.0% @
& 0 =< N \ = A :J: 0 A ==
s - Y ,\/ k= —
‘g 075 N \ / e g 025 ga=1: ”’\ / c=2:0%
s 15 ; : s 05
= y \ iec=310% 3rd Cycle e \
= 225 e = 075
ks 3 Core|plate §tralin £&53.0% {12th Cycle 2 . Cofre plate strajn £&=3.0%
5 9]
=4
& (2) RY65M25 (b) RY76M37
S <
& 1 ; Q\T 2
c ] < Cdre plate §train £=3.0%
B 0.75 Cdre plate $train &-=3.0% :_55 1.5
= &£c=2.0% = S &=2.0%
o 05 =10 o | H
E =1-Vre S ee=1.0%
S 025 2 05
No'local buckling! failure deformation No'local buckling! failure deformation
o o & & b [
4 @ ¢ ¢ ¢ @ ¢ ¢
T 0 — o _ 5 0
E 0.25 ks 0.5 =10 7
2 &=1.0% \ @ =2.0% /
o 05 =000k o 1 &= 0 A
P L \/
2 075 = 15
§ | Corejpldte btrainec+3.0% g, Core pldte $trdin £e=3.0%
Z 5
& (©)CY110 & (d) CY138
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P. local buckling failure at 2% strain amplitude of the core plate in the
Ge == 3) : ;ate In
Ac previous study [5], thus the occurrence of the local buckling failure

where A, is the cross-section area of the core plate plastic zone. The
cyclic loading was applied with amplitudes of e =+0.5%, +1.0%,
+2.0%, and +3.0%, with three cycles each. The hysteresis curves of
the core plate as obtained from the tests are shown in Fig. 4, and
strain transitions at the surface of the restrainer wall as measured
by the strain gauges are shown in Fig. 5. Specimens RY65M25 and
RY65M37, having thicker mortar between the edge of the core plate
and the restrainer, exhibited a local buckling failure at 3% strain
amplitude of the core plate (Fig. 5a, b, and Fig. 6). RY65M7 exhibited

of RY65M25 and RY76M37 is later than RY65M7. Therefore, the
mortar thickness between the edge of the core plate and the restrai-
ner prevents the local buckling failure. The circular restraint tube
strain in Fig. 5¢ and d increased to approximately 0.8% when 3%
strain amplitude of the core plate was achieved. However, speci-
mens CY110M15 and CY138M15, with a thinner circular restrainer
wall than specimen CY83M16 in the previous study [5], showed no
local buckling failure even with high D/t ratio and displayed stable
stress-strain curves until the low-cycle fatigue fracture of their core
plates, which was similar to specimen CY83M16.
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Fig. 6. Local buckling failure of RY65M25 (after testing).

3. Re-evaluation of local buckling failure criteria for
rectangular restraint tube

From the previous work, the perpendicular force of the core
plate may be calculated as Eq. (4), as shown in Fig. 7a.

P, — 25+ vp&B. Py =

“Bctooygy (4)

where s is the clearance between the core and the restrainer, v, is
the plastic Poisson’s ratio v,=0.5, ¢ is the maximum tensile
strain of the core plate, P, is the yield axial force of the core
plate, g, is the yield stress of the core plate, t. is the thickness
of the core plate, « is the ratio representing the increase in mate-
rial strength after yielding (o= 1.1-1.8), and I, is the length of the
local buckling wave of the core plate estimated by Eq. (5), which
generally is approximately 4 times the core plate width B.. This
evaluation is similar to out-of-plane local buckling indicated in
prior studies [2,6].

_ mB. | Eq
b= 2 \[304 ()

where E is the tangent modulus of the core plate. The shaded area
in Fig. 7b shows the bulging of the restrainer tube skin plate, which
indicates a collapse of the restrainer tube. After estimating the col-
lapse mechanism considering the effect of mortar as shown in Fig. 8,
the perpendicular force component can be calculated by Egs. (6)
and (7):
B,t?

M, = 3 v (6)
8M,

B
e B Vo R S 7
M= B "t — Cmtm & )

P, o
VB, — te — Cmtm

In these equations, o, is the yield stress of the restrainer wall, B is
the width of the restrainer tube, t,, is the mortar thickness, t, is the
restrainer wall thickness, ¢, is the contribution factor of the mortar.
Here, c,,, of the rectangular restrainer is configured as 2.5 from cur-
rent experimental results. In Eq. (7), the proposed equation in ear-

Before deformation

| L[) |
1 L
. P, T % lwea B2
Po—= b, T Po
P, ; - lweBd2

Ip

Tension side Compression side

(a) Core plate buckling in restrainer

Local buckling failure

A half length of local buckling /»

Restraint tube

(b) Bulging of the skin plate

Fig. 7. Collapse model of restrainer wall at local buckling failure.

lier work [5] is obtained by neglecting the effect of t,, and t.. The
ratio y is then defined by Eq. (8) as the ultimate strength of the re-
strainer wall Py, divided by the perpendicular force component of
the core plate P;:

B Py B 2[’% lp Oy B,

~ P, Bcte 25+ vy&B. 00y By — te — Cinti

)

The ratio y represents the local buckling failure index; y > 1.0 means
that the restrainer is sufficient to prevent local buckling failure. The
axial force Py, causing the local buckling failure can be calculated by
Egs. (9) and (10) as follows:

I, B,

_ 2
Pip = 2t; 25 + Vp&Be Ory B, — t; — Ctm ®)
_ Py
Y= P, (10)

The y indices estimated from the test specimens of the rectangular
restraint tube are shown in Fig. 10a together with the occurrence of
local buckling failure. From this figure, it is observed that all speci-
mens that caused local buckling failure had a y value less than 1.0,
and the criterion for the restrainer wall is substantiated well by this
index.

4. Discussion of local buckling failure criteria for circular
restraint tube

When the restraint tube is circular, the restraint tube is as-
sumed to resist the perpendicular force from the core plate by
in-plane stress. An estimated collapse mechanism with a circular
restrainer is shown Fig. 9. From this estimation, the ultimate per-
pendicular force component P, is calculated as shown in
Eq. (11):

Py = 2P,y €S 0 = TGyt B, cos 0 (11)
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Fig. 10. Safety factor evaluation.
where P, is the in-plane yield strength of the restraint tube skin, and perpendicular force component and the strong centroid axis of the

0 indicates the angle between the application point of the core plate as Fig. 9b. The cosine of the angle is calculated as Eq. (12).
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Cintm + Lc
B, — 2t,

Here c,,, of the circular restrainer is estimated as 2.5 from current
experimental results, and is the same as for the rectangular
restrainers. Similarly to Eqs.(8), (9), the failure index 7y for the circu-
lar restraint tube is calculated to Eq. (13), and the local buckling
failure force Py, of the core plate for the circular restraint tube is
estimated as Eq. (14).

cosf = (12)

y 7%771_& by Oy p Cmlm + L (13)
P, Bcto 25+ vpeBe aoy | By — 2t
Py — ity Cmtm + L (14)

o
2s+vpeB. V" B -2t

where B, is the diameter of the circular restrainer tube, and all other
variables are the same as those for the rectangular restraint tube.
Fig. 10b shows the indices estimated from test specimens of the cir-
cular restraint tube. The index y of the circular restraint tube repre-
sents a much higher value than 1.0, which explains the reason why
no circular restraint tube showed a local buckling failure in spite of
the high D/t ratios.

5. Conclusions

In this study, experiments were carried out using buckling-
restrained braces composed of steel core plates and mortar-filled
steel tube restrainers. The work focused on exploring the local
buckling failure strength of buckling-restrained braces, focusing
on the effect of the mortar thickness and the sectional shape of
the restrainer. As a result, the following conclusions were
obtained:

(1) Local buckling failures were observed in specimens possess-
ing rectangular tubes with a width-to-thickness ratio of 65
and 76. The initiation of local buckling failure started later
as the mortar thickness increased, and the effect of the mor-
tar thickness was observed.

(2) The criteria for the local buckling failure of BRBs can be mod-
ified by the mortar thickness and the restraint tube shape.
The revised criteria improve the ability to predict local buck-
ling failure in BRBs.

(3) With a circular restraint tube, local buckling failure did not
occur until the core plate plastic strain amplitude was 3%,
even for large diameter-to-thickness ratios of the tube.
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