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ABSTRACT: 

 
Buckling Restrained Braces (BRBs) are commonly used as ductile bracing elements in seismic zones. A key 

limit state governing the BRB behavior is overall flexural buckling. However, when the wall thickness of the 

steel tube restrainer is relatively small compared to the cross section area of the core plate, the restraint 

conditions against the local buckling of the core plate can be critical for the stability and strength of the BRB. In 

this study, cyclic loading tests and numerical analyses on BRBs are carried out using various tube restrainer 

configurations, and local buckling restraint conditions are discussed using these results. 
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1. INTRODUCTION 

 

Buckling restrained braces (BRB) comprise a steel core plate restrained by a concrete in-filled tube.  

Developed for practice in the 1980’s in Japan, BRBs have been employed in more than three hundred buildings 

as ductile bracing members or hysteretic dampers. The conditions for the BRB to obtain a stable hysteresis can 

be classified as follows.  

(a) When an axial force is applied to the core plate, the steel tube restrainer should have sufficient stiffness for 

preventing overall buckling. 

(b) Since the core plate section expands when it is compressed in the plastic range, a certain amount of 

clearance must be provided between the core plate and the restrainer to prevent the core plate from 

prematurely bearing against the restrainer, thus transferring significant axial force to the restrainer through 

friction and potentially causing overall buckling of the BRB. 

(c) The core plate slightly buckles within the above mentioned clearance, and out-of-plane force components 

are produced at each corner of the buckling wave. The walls of the restrainer should possess sufficient 

stiffness and strength to restrain the core plate. 

(d) The connections at the both ends of the BRB must have sufficient stiffness and strength for the BRB to 

maintain stable performance under expected maximum force and deformation. 

(e) The effective buckling length for designing BRB should be determined including considering the stiffness 

of the connections. 

 The condition of the BRB restrainer for preventing overall buckling (a) was discussed by Fujimoto, Wada et al.
 1)

, 

indicating that the core plate yield force need to be smaller than Euler’s buckling force of the restrainer. The 

appropriate conditions for clearance between the core plate and the restrainer (b) were also discussed by 

Fujimoto, Wada et al.
1)

 for a core plate within the rectangular steel tube, by Takeuchi, Suzuki et al.
 2)

 for a core 

tube with an outer tube restrainer. In their study, the condition of core plate local buckling (c) was discussed by 

using an elastic spring of in-filled mortar, and it was concluded that there are very few possibilities for local 

buckling failure in an ordinary BRB. The effect of the BRB connection stiffness (d) was researched by 
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Takeuchi, Yamada et al.
3)

. K.C.Tsai et al.
4)

, and Roeder et al.
5)

. The effective buckling length of BRBs was 

researched by Inoue et al.
7)

 by considering the stiffness of the connections (e).  

 However, for the conditions (c), it has been reported that there are risks of local buckling failure where the wall 

thickness of the restrainer and mortar thickness at the edge of core plate are relatively small compared to the 

sectional area of the core plate
8)

. In such a case, the core plate buckles locally about the strong axis, the wall of 

the restrainer is not able to prevent it, as shown in Fig. 1, and such a failure can lead to overall buckling. In this 

study, BRBs with rectangular and circular tube restrainers with various thickness ratios are subjected to cyclic 

loading tests, and the behavior of the local buckling failure of the restrainer is investigated in these experiments 

and corroborating finite element method (FEM) analyses. This is followed by a proposal for the criteria 

preventing this failure mode. 
 
 
2. BUCKLING CONDITIONS USING ELASTO-PLASTIC SPRING SUPPORT 

 

When the effect of mortar between the edge of the core plate and the restrainer wall is negligible, the local 

buckling failure as shown in Fig. 1 can be modeled by the core plate being supported by double steel plates at 

the top and bottom in the direction of the strong axis as shown in Fig. 2. 

 The boundary condition at the corner of the restrainer wall is regarded as rigid, because the restrainer is filled 

with mortar. The spring coefficient r along axis is calculated by using eq. (1),  
 

 
3

192 tr r

r

r

E I

B
   (1) 

 
where Etr is the tangent modulus of the restrainer wall, Ir, the moment of inertia per unit restrainer wall; Br, the 

width of the restrainer wall, and the local buckling force of the core plate is evaluated by eq. (2).  
 
 2crl r tc cP E I  (2) 
 
where Etc is the tangent modulus of the core plate, Ic, is the moment of inertia of the core plate. 

 In the elastic range, the buckling force derived from eq. (2) is considerably larger than the yield strength of the 

core plate. However, after the yielding, the tangent modulus of the core plate Etc and the spring stiffness r along 

the cyclic loading are reduced. Subsequently, the local buckling force Pcrl also decreases and local buckling 

failure can occur when Pcrl becomes smaller than the core plate yield force Pcy. For example, the material 

characteristic of the core plate and restrainer wall is depicted as in Fig. 3; the width of the restrainer is taken as 
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150 mm and the thickness of the restrainer tube is taken as 2.3 mm and 20 mm, then the buckling force of the 

core plate can be obtained as shown in Fig. 4. In these conditions, local buckling failure is expected when the 

strain of the core plate exceeds approximately 2.0%, and the spring stiffness of the restrainer wall decreases to 

1/10 or 1/100 of the elastic range. 

 

3. SIMPLE COMPRESSION TESTS 

3．Simple Compression Experiments for Thin Restrainer BRB 

 3．1．Loading Condition 

 To clarify the assumption of chapter 2, we conduct experimentals against specimens whose thickness and 

figure are various. At this time, the specimen Hereat, symbol of the specimen is described as Fig.6, respectively 

first character is figure of the restrainer tube, second character is system of the loading, and third number show 

thickness ratio of the restrainer steel tube. Scale of the specimen is assumed as a half of real model,  the figures 

of the restrainer tube are rectangular and circular and the details are listed in Table.1. Thickness ratios of the 

restrainer steel tube are 25 and  65. To clarify the local deformation influence of mortar thickness in the 

direction of strong axis, figures of the coreplate are 16x130 and 22x94. Both edge of the specimen are fixed in 

3. UNIAXIAL CYCLIC LOADING TEST 

 

3.1. Loading Conditions 

To confirm the possibility of local buckling failure, cyclic loading tests on BRB were carried out at the 

University of Illinois at Urbana-Champaign. The setup of the uniaxial cyclic loading test is shown in Fig. 5. 

Both ends of the BRB are rigidly supported and a cyclic axial force is applied along its axis. The characteristic 

of the specimens are listed in Table 1 and Fig. 6. The core plate is 16x130, and a cushion piece is added only in 
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RY65G at the edge of the core plate to increase the clearance and to clarify the effect of the clearance on local 

buckling failure. The loading program of the tests is shown in Fig. 7. The force applied to the BRB is measured 

by a load cell in the test machine, and axial displacement of the BRB is measured by extensometers installed 

between both end steel plates. The displacement of the plastic zone of the core plate is defined as cp and is 

estimated by using eq. (3): 

 
0

c

cp g e

e c

P
L

A E
    (3) 

 
where gis the initial extensometer displacement in Lg; the extensometer distance is shown in Fig. 5, Pc is the 

core plate axial force, Ae is the cross section of the core plate at connections, Ec0 is the elastic modulus of the 

core plate, and Le is the initial length of elastic zone in the connections. From these, the strain of the plastic zone 

of the core plate cpis calculated by eq. (4), where Lp is the initial length of plastic zone: 
 

 cp

cp

pL


   (4) 

 
3.2. Result of Cyclic Loading 

The surface strain of the buckling restrainer of RY65 along the loading is shown in Fig. 8, and the hysteretic 

curves obtained from the test are shown in Fig. 9. RY25 with a thick restrainer wall and CY83 with a circular 

restrainer showed no local buckling failure, and displayed stable stress strain curves until the fatigue fracture of 

the core plates. On the other hand, RY65 and RY65G with a thin restrainer showed local buckling failure at 2% 

strain amplitude (Photo 1). The local deformation of the restrainer wall grew significantly during the cyclic 

loading, and the test was stopped when the connection of the BRB became unstable due to the influence of the 

eccentric deformation. As shown in Fig. 8, the initial strain of the restrainer wall was not significant in early 

stage; however, it increased dramatically along the cyclic loading at amplitude of the strain greater than 2%. As 

in Fig. 9, the stiffness reduction occurred earlier in RY65G than in RY65. This means that the additional 

clearance besides the core plates influences local buckling failure. The distribution of strain along the restrainer 

wall is shown in Fig. 10; the figure indicates that the strain increases considerably where the out-of-plane 
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deformation of the restrainer is observed. 

The restrainers were disassembled after the tests and the core plate of RY25 and CY83 showed no local 

buckling. On the other hand, the core plate of RY65 and RY65G showed significant wave deformation about 

strong axis with the mode in Fig. 10. 
 
 

4. FEM ANALYSIS OF LOCAL BUCKLING FAILURE 

 

To clarify the local deformation behavior of the restrainer, FEM analyses were carried out. ABAQUS Ver. 6.5-6 

was used for analysis, and various models following previous tests are analyzed as follows. Because the mortar 

was observed to have very limited contribution to the restraint, the core plates are modeled as directly touching 

the restrainer walls in the analyses, as in Fig. 11. The deformation of the weak axis and the rotation of the core 

plate are restrained, and the initial irregularities are introduced to the core plate within the clearance between the 

core plate and the mortar. A shell element is used for modeling the core plate and restrainer walls, and each 

Fig. 17 Restrainer Contour tr=2.3mm 
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element is divided into an approximately regular hexahedron. The material characteristics are modeled as shown 

in Fig. 12 following coupon test results. In Fig. 13, the hysteretic curves obtained from an analysis are compared 

with that of the cyclic loading experiment. Both results generally agree, and these analyses are simulating well 

the behavior of the local buckling failure of the restrainer. Various models changing the thickness of the 

restrainer wall, the clearance between the core plates and the length of the plastic zone of the core plate were 

prepared, and a constant cyclic load as shown in Fig. 14 was applied.  

 The strain transition in each case is shown in Fig. 15. The local deformation increases earlier when the 

restrainer was thinner, and the clearance between the core plate and the restrainer is larger. On the other hand, 

the length of the plastic zone of the core plate does not affect on the local deformation behavior. The half length 

of the local buckling wave of core plate was kept around 3.5Bc~5Bc even when the plastic zone length of the 

core plate changed, as shown in Fig. 16. The strains of the restrainer walls are compared in Fig. 17 and Fig. 18, 

where local buckling failure is observed when the thickness of the restrainer walls is smaller and the clearance 

between the core plate and the restrainer is larger. 
 
 
5. DISCUSSION ON LOCAL BUCKLING FAILURE CRITERIA 

 

From the results of the experiments and analyses, the length of the local buckling waves of the core plate varies 

approximately between 3.5Bc and 5Bc. The reason for this behavior is explained as follows. When the core plate 

buckles within the restrainer as shown in Fig. 19, the number of buckling waves increases with the additional 

axial force, however they stop increasing at the point where Euler buckling forces resulting from the tangent 

modulus of the core plate reaches the yield strength of the core plate scy, as described by Eq. (5): 
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cy tc

cy cr
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P E
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where Ac is sectional area of core plate, Etc is tangent modulus of core plate, and  =lp/ic where ic is radius of 

moment of inertia of the core plate. The length of local buckling wave is then determined as eq. (6): 
 

 
2 3

c tc

p c
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B E
l i




s
   (6) 

 
The length of local buckling wave lp is determined by the width of core plate and the tangent modulus in the 

plastic range. Where E /scy=832 and the tangent modulus Etc=0.02E, the length of the local buckling wave 

becomes approximately lp = 4Bc. In the tensile stage, the section of the core plate decreases by ptBc, with the 

plastic Poisson’s ratio p=0.5. The clearance between the core plate and the restrainer increases by the half of 

this value. The perpendicular force components working on the restrainer wall can then be calculated by 

employing eq. (7): 
 

 
2 2p t c p t c

r cy c c cy

p p

s B s B
P P B t

l l

   
s

 
   (7) 

 
From the FEM analyses, the length of the zones of the restrainer resisting against this force component is 

estimated to be approximately equal to the width of the restrainer as shown in Fig. 20. By estimating the 

collapse mechanism of the restrainer walls as shown in Fig. 21, the ultimate strength resisting the perpendicular 

force component can be calculated by using eqs. (8) and (9). 

Br 

Fig. 19 Local Buckling Failure Model 
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Here sry is the yield stress of the restrainer wall. The ratio  is then defined by eq. (10) as the ultimate strength 

of the restrainer wall Prlb divided by the perpendicular force component of the core plate Pr:  

 
22

2

p ryrlb r

r c c p t c cy

lP t

P B t s B

s


   s
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
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Here t is the maximum tensile strain of the core plate, and  is strength increasing ratio after yielding 

(=1.2~1.4). The ratio  represents the safety factor against local buckling failure, and the axial force Plb 

causing the local buckling failure can be calculated from eqs. (11) and (12) as follows: 
 

 22
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The  indexes estimated from the specimens of previous tests are shown in Fig. 22 together with occurrence of 

local buckling failure. From this figure, it is observed that all specimens with < 1.0 caused local buckling 

failure, and the criteria for the restrainer wall can be explained well by this index. 
  
 
6. CONCLUSIONS 

 

In this study, experiments and numerical analyses were carried out using BRB members with various restrainers, 

and the phenomenon of local buckling failure in these specimens was investigated. As a result, the following 

conclusions were obtained: 

1) When the restrainer steel tube of the BRB is assumed to be an elastic spring, no local buckling failure of 

restrainer tube is expected. However, when the tangent modulus of the core plate and the restrainer wall are 

decreased in the plastic range, the possibility of local buckling failure increases. 

2) Cyclic loading tests were carried out on BRB specimens with various restrainer thicknesses with thin 

mortar at the edge of the core plate, and local buckling failures were observed in specimens possessing 

rectangular tubes with a diameter-to-thickness ratio of 65. A significant increase in the strain on the 

restrainer wall was observed during cyclic loading. On the other hand, specimens containing a rectangular 
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tube with a diameter-to-thickness ratio of 25 and a circular tube with a diameter-to-thickness ratio of 83 did 

not cause local buckling failure.  

3) From the FEM analyses, the increase of restrainer wall is confirmed to become more significant with a 

thinner restrainer wall and a larger clearance between the edge of the core plate and the restrainer. On the 

other hand, the length of the core plate does not affect on the local buckling behavior, and local buckling 

wave lengths are restricted to approximately 4.0 times of the core plate width. 

4) The local buckling wave length of the core plate can be well explained by the generalized slenderness ratio 

calculated by using the tangent modulus. Considering the restrainer wall and the maximum tensile strain of 

the core plate, the criterion for local buckling restraint failure is provided. The proposed condition agrees 

well with the results of the experiments, and it is considered to be valid for the practical design of BRBs. 
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