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Abstract: Buckling-restrained braces (BRBs) are intended to protect the primary 14 

structure of buildings by dissipating seismic energy through the plastic deformation of 15 

the steel cores. The worldwide seismic provisions for steel constructions allow the use 16 

of scaled specimens for the seismic performance evaluation and experimental 17 

qualification of large-scale BRBs and neglect the possible size effects on the key 18 

seismic performance properties of BRBs. This study experimentally investigates such 19 

size effects on the cyclic behavior of BRBs through quasistatic cyclic tests on nine 20 

geometrically similar specimens of three different sizes, representing the full-scale, 0.7-21 

scale and 0.5-scale specimens. The results show that, under the strain amplitudes of 1 22 

to 3%, the reduced-scale specimens consistently exhibited approximately 14%-22% 23 

higher compression overstrength and 26%-36% better low-cycle fatigue performance 24 

as compared with their full-scale counterparts. The observed size effects were 25 

pronounced if only the core plates of the reduced scale specimens fell into a different 26 

thickness category as prescribed in the steel design provisions. The Coffin-Manson 27 

relationships of steel coupons of different sizes seemed a useful tool of describing the 28 

observed size effects on the cumulative plastic ductility of BRBs. 29 

Keywords: BRB; steel core; compression overstrength; low-cycle fatigue life; 30 

cumulative plastic deformation. 31 

1 Introduction 32 

The development of buckling-restrained braces (BRBs) commenced in the early 33 

1970s [1]-[3] and saw significant advancements in the 1980s in Japan [4]-[6]. A typical BRB 34 

consists of a steel core sandwiched by restrainers to prevent global buckling of the core. 35 

An unbonding medium is typically placed between the core plate and the restrainers to 36 

minimize the axial load transferred to the restrainers during axial loading, particularly 37 

when the steel core buckles in higher modes. Exhibiting stable and full hysteresis curves 38 

with minimal degradation in strength or stiffness [7], BRBs have been widely used as 39 

energy dissipators in passive-controlled structures for seismic protection [8]. 40 

Researchers and practitioners around the world have proposed various types of BRBs 41 

to address versatile structural requirements [9]. The size of BRBs also varied 42 
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significantly in different scenarios, as is shown in Fig. 1 which summarizes the ranges 43 

of core dimensions and peak forces of BRBs in lab tests [10]-[27] and in real-world 44 

buildings [28]-[38]. Because of the limitations of available test facilities, the BRBs 45 

involved in the lab tests usually had peak forces no greater than 2000 kN, while the core 46 

plate thicknesses varied from 3 mm [10] to 22 mm [23] . The only exception was found in 47 

a Chinese test reported in 2009, where the core plate thickness was 55 mm, the yield 48 

segments had a cruciform cross-section, the design yield strength was 6500 kN, and the 49 

maximum axial force in the test reached 9933 kN [27]. On the other hand, the design 50 

strengths of BRBs implemented in real-world buildings frequently exceeded 2000 kN, 51 

depending on the scale of buildings. As an extreme case, Tianjin 117 Tower, a Chinese 52 

skyscraper of 584 m tall, used the mega BRBs of 37,300 kN design yield strength [38], 53 

whose core plate thickness reached 90 mm. 54 

  55 

Figure 1. Ranges of measured or design strengths of BRBs in lab tests and real-world 56 

buildings. 57 

The seismic provisions in the major earthquake-prone countries such as China, 58 

US and Japan require that BRB specimens are subjected to qualification tests for their 59 

mechanical properties before the same type of BRBs could be installed in a project. For 60 

very large BRBs, reduced-scaled specimens are usually allowed for such tests [39]-[41]. 61 

In the US, for example, AISC 341-16 allows the steel core area of the BRB specimens 62 

to be scaled down by no more than 50%, provided its cross-sectional shape remains 63 

identical to the prototype [40]. In China, for BRBs longer than 8 m or with greater than 64 

10,000 kN strength, it is allowed to use 1/2-scaled specimens for the qualification tests 65 
[42]. But the requirements for the major mechanical properties, including the 66 

compression overstrength and cumulative plastic deformation capacity, remain the 67 

same no matter if the tests are conducted on full-scale or reduced-scale specimens. Such 68 

a compromise suggests the underlying assumption that larger BRBs have equivalent or 69 

even better performance than their reduced-scale counterparts if only they are 70 

geometrically similar. In other words, it is deemed safe to neglect the size effect on the 71 
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seismic performance of BRBs. 72 

From a material viewpoint, the size effect of steel plates is often referred to as the 73 

thickness effect [43]. When steel billets are made into steel plates, the rolling process not 74 

only alters their shape and dimensions but also disrupts the casting structure of the 75 

billets, refines the grain size, and eliminates microstructural defects, thereby enhancing 76 

its mechanical performance. Thinner plates are known to exhibit higher strength, 77 

improved ductility, and impact toughness [44]-[46]. Based on the extensive tests for the 78 

tensile properties of structural steels [47]-[49], the Chinese standards for steels [50][51] 79 

specify the nominal strength of steel plates by four groups of different thicknesses, i.e., 80 

t ≤ 16mm, 16 < t ≤ 40mm, 40 < t ≤ 100mm, and t >100mm. This is also a common 81 

practice shared by the international community, such as the International Organization 82 

for Standardization [52], the US [53], Europe [54], and Japan [55]. While these standards 83 

consistently assign lower nominal strengths to thicker steel plates, the thickness effects 84 

on the ductility and cumulative plastic deformation of steel plates are not mentioned, 85 

which are essential for the seismic performance of BRBs. Thicker plates are more prone 86 

to larger initial cracks under cyclic loading [56][57], and tend to have larger inclusions at 87 

the internal fracture origins [58], leading to inferior low-cycle fatigue performance than 88 

thinner plates. 89 

At the component level, steel structural members have more complex 90 

configurations and/or are subjected to more complicated load conditions than material 91 

coupons. There are very limited studies on the size effect of steel structural members. 92 

Kuwamura et al conducted bending tests of steel box beams with flange plate 93 

thicknesses of 25 mm, 40 mm, and 100 mm, revealing that the ductility of both the 40- 94 

and 100-mm-thick steel boxes was approximately 35% lower than the 25-mm-thick 95 

counterpart [60]. Kishiki et al subjected three specimens of steel beam-to-column 96 

connections with beam flange thicknesses from 12 mm to 40 mm to quasistatic cyclic 97 

loading. The results showed that beams with larger sections were more prone to brittle 98 

fracture and exhibited lower plastic deformation capacities than those of thinner 99 

sections [61][62]. The deteriorated performance was shown to be attributed to not only the 100 

material properties, but also the more significant weld defects in larger steel members 101 
[63]. 102 

As a steel structural member, a BRB subjected to cyclic loading exhibits 103 

complicated behavior, including the local buckling of the steel core and the interaction 104 

between the core and the surrounding restrainers via the unbonding material. Among 105 

the 13 BRB specimens tested by Iwata and Murai [20], the two geometrically 106 

proportional specimens with flat core plates of 132 mm × 12 mm and 176 mm × 16 mm 107 

cross-sections exhibited no significant size effect. In contrast, the experimental tests 108 

conducted by Huang et al [24] demonstrated a significant size effect on the cumulative 109 

plastic ductility of BRBs with cruciform cores welded from two hot-rolled steel angles. 110 

The BRB specimen with a core of 14-mm-thick walls exhibited higher cumulative 111 

plastic deformation before fracture than its geometrically similar counterparts of 16-112 

mm-thick and 18-mm-thick core walls by 55.3% and 19.3%, respectively. To the 113 

authors’ knowledge, these are the only two tests that have investigated the size effect 114 

on the seismic performance of BRBs. The scare but somehow contradictory 115 
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observations highlight the knowledge gap in the state of the art regarding this problem, 116 

which is practically significant for the implementation of large-scale BRBs in the 117 

seismic protection of real-world buildings and bridges. 118 

This paper presents an experimental study on nine geometrically similar BRB 119 

specimens with flat cores of three different sizes to investigate the potential core plate 120 

thickness effects on their key aspects of the seismic performance. The specimens were 121 

subjected to quasistatic uniaxial cyclic loading at three distinct strain amplitudes until 122 

the core plates fractured. In the remainder of this paper, we first outline the experimental 123 

program, detailing the specimen design and fabrication, test setup, loading protocols, 124 

and measurements. The test results are then presented and discussed with special 125 

focuses on the core plate thickness effects on the compression overstrength and fatigue 126 

performance of the BRB specimens. 127 

2 Experimental Program 128 

2.1 Specimens 129 

Each BRB specimen in this paper consists of a core plate that carries most axial 130 

forces and a pair of identical steel restrainers that sandwich the core plate (Fig. 2). The 131 

core plate consists of the yielding, transition, and the enlarged non-yielding segments. 132 

These plates were flame-cut from Q235B mild steel (with a nominal yield strength of 133 

235 MPa) of varying thicknesses (10mm, 14mm and 20mm), commonly used in the 134 

Chinese construction industry. The transition and non-yielding segments were enhanced 135 

by orthogonal stiffeners to form a cruciform cross section (Fig. 2(d)).  136 

 137 

Figure 2. Configuration of the BRB specimen: (a) BRB assembly, (b) round spacer, 138 

(c) positioning spacer, (d) core plate, (e) restrainer. 139 

Despite the different thicknesses and dimensions, the yield segments of the core 140 
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plates of all the specimens have the same width-to-thickness ratio of W/T = 10, and 141 

approximately the same length-to-thickness ratio of Ly/T = 70 (Fig. 3). The specimens 142 

of 20-mm-thick core plates, denoted as T20, are considered as the full-scale specimen 143 

(Fig. 3(a)), while the other specimens of 14-mm-thick and 10-mm-thick core plates, 144 

denoted as T14 and T10, respectively, represent the 0.7-scaled and 0.5-scaled specimens. 145 

They approximately correspond to the minimum allowable scaled specimens by the US 146 

and the Chinese provisions [40][42]. The symbol values used for the three different sizes 147 

of BRB specimen in Fig. 2 are listed in Table 1. 148 

 149 

Figure 3. Core plates of BRB specimens in different dimension categories of (a) T20, 150 

(b) T14 and (c) T10. 151 

Table 1 The symbol values used in Fig. 2 152 

Symbol 
Value (mm) 

Symbol 
Value (mm) 

T20 T14 T10 T20 T14 T10 

T 20 14 10 Tr 20 14 10 

W 200 140 100 Wr 356 254 214 

Ly 1400 980 686 Lr 1800 1200 880 

L 2200 1540 1086 Hr 70 50 35 

Lt 126 88 59 Ws1 40 30 20 

Lny 274 192 141 Ls1 160 100 80 

Te 30 20 14 Ws2 50 40 30 

We 400 280 200 Trr 8 6 6 

He 400 280 200 Sh2 180 120 88 

Hs1 190 133 95 Tps 24 17 12 

Hs2 80 56 40 Wps 72 54 54 

Sh 66 46 33 Lps 144 108 108 

Rs 20 14 10 Lps1 48 32 24 

Dh 24 18 18 Lps2 26 20 14 

Dh2 72 54 54 Wps2 19 14 10 

Trs 24 17 12 Sps 36 27 27 

Ly=1400 mm

L=2200 mm

Ly=980 mm

L=1540 mm

Ly=686 mm

L=1086 mm

A=20×200 mm2

A=14×140 mm2

A=10×100 mm2

(a) T20

(b) T14

(c) T10

W/T=10

Ly/T=70

W/T=10

Ly/T=70

W/T=10

Ly/T=68.6
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The core plates are sandwiched by a pair of all-steel restrainers. Unlike 153 

conventional BRBs that use mortar-filled steel tubes as restrainers, the core of the BRB 154 

specimen in this study was restrained by a pair of all-steel restrainers, which were 155 

fastened by high-strength bolts at appropriate intervals on both sides of the core to 156 

provide sufficient out-of-plane constraints for the core when it buckles in higher modes. 157 

The restrainers were constructed from a contact plate stiffened by two-way ribs for 158 

sufficient out-of-plane stiffness (Fig. 2(e)). All parts were made of the Chinese Q355B 159 

steel with a nominal yield strength of 355 MPa. It makes the BRBs easy to dissemble 160 

after the test for visual inspection of the post-buckling profile of the cores. Such all-161 

steel assembled BRBs have also gained popularity in recent years because of their light-162 

weight design, ease of installation, quality control, and convenient post-hazard 163 

repairability by separating the restrainers [64]-[68]. The stiffness demand for the 164 

restrainers is predominated by the restraining ratio ξ in Eq. 1, which is the ratio between 165 

the Euler critical load Ncr of the restrainers and the ultimate axial strength Nu of the core. 166 

In the BRB specimen, the pair of restrainers on both sides of the core plate were fastened 167 

by multiple sets of high-strength bolts, and can hardly bend as a whole section. For a 168 

conservative estimate, the moment of inertia of the pair of restrainers was evaluated by 169 

assuming the two restrainers bend separately and neglecting the contribution of the 170 

high-strength bolts in transferring shear. Under this assumption, the restraining ratio of 171 

the BRB specimen is ξ = 2.1, satisfying the minimum requirement of 1.2 specified in 172 

the Chinese provisions DBJ/CT105 (2011) [69]. 173 

𝜉 =
𝑁cr
𝑁u

=
𝜋2(2𝐸r𝐼r)

𝐿r
2 ∙ 𝜔𝑁y

≥ 1.2 (1) 

where Er = 208GPa and Ir are the Young’s modulus and the weak-axis moment of inertia 174 

of a single restrainer of Q355B steel, respectively. Lr is the length of the restrainer. ω = 175 

1.5 is the strain hardening adjustment factor as per [69], Ny is the nominal yield strength 176 

of the core plate estimated by Eq. 2 according to DBJ/CT105 [69].  177 

𝑁y = 𝜂y𝑓y𝐴 = 𝜂y𝑓y𝑊𝑇 (2) 

where A, W, and T are the nominal cross-section area, width, and thickness of the 178 

yielding segment of the core, respectively, fy = 235MPa is the nominal yield stress of 179 

the core, ηy = 1.15 is the material overstrength factor. 180 

When the BRB is under compression, the core plate is supposed to sustain higher-181 

mode buckling within the clearance to the restrainers on both sides. The clearance sw 182 

must be adequate to accommodate the expansion of the core cross-section due to the 183 

Poisson effect under compression. In this study, the clearance sw was 2 mm, 1.5 mm, 184 

and 1 mm for the T20, T14, and T10 specimens, respectively, so that the clearance-to-185 

core thickness ratio sw/T was approximately 0.1 for all specimens [70][71]. Styrene 186 

butadiene styrene (SBS) modified bituminous sheets were attached to the contact plates 187 

of the restrainers to fill the clearance as the unbonding medium. 188 

The buckled core plate is restrained by the reaction force P generated in the 189 

restrainers at the wave crests. The minimum wavelength of the buckled core plate, Lw,min, 190 

can be solved by assuming that the Euler’s load of the yielded core equals the ultimate 191 
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axial strength Nu of the BRB (Eq. 3). Given Lw,min and considering the maximum 192 

possible distance of the space between the core surface and the restrainers, the 193 

maximum restraining force Pmax can be found by the force equilibrium of the free-body 194 

of a half-wavelength of the buckled core plate (Eq. 4) [68]. For the T20 specimens, Lw,min 195 

= 180.4mm and Pmax = 290.2 kN. They provide the basis for proportioning the high-196 

strength bolts that fasten the two restrainers. To ensure effective restraint, the two 197 

restrainers were fastened by pairs of high-strength bolts of 22-mm-diameter at a 198 

maximum of 180mm interval along the axis of the BRB specimen T20. For specimens 199 

T14 and T10, the bolt diameters were adjusted to 16 mm, with corresponding intervals 200 

of 120 mm and 88 mm, respectively. 201 

𝑁u =
𝜋2(0.05𝐸c𝐼c)

(0.5𝐿w,min)
2  (3) 

where Ec = 200.6 GPa and Ic are the Young’s modulus and the weak-axis moment of 202 

inertia of the core made from Q235B steel respectively. The coefficient of 0.05 203 

considers the stiffness degradation of the core plate in the plastic regime, while the 204 

coefficient of 0.5 is the factor for the critical length assuming that a full wavelength of 205 

the buckled core is fixed at both ends. 206 

𝑃max =
4𝑁u(2𝑠w + 𝜐 ∙ 𝑇𝜀max)

𝐿w,min
 (4) 

where υ is the Poisson ratio (for steel υ = 0.3), and εmax = 3% is the maximum expected 207 

strain in this study.  208 

2.2 Test setup, measurements, and loading control 209 

The BRB specimens were loaded by the uniaxial testing machine at the Beijing 210 

University of Technology (Fig. 4). The BRB specimen was bolted to the connection jigs 211 

on both ends, with one end attached to the loading jig and the other to the reaction stub. 212 

A 3000kN hydraulic actuator drove the loading jig to impose a uniaxial deformation 213 

history on the BRB specimens. 214 

 215 

Figure 4. Test setup. 216 

A pair of wire-type displacement sensors were installed on both sides of the BRB 217 
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to measure the axial deformation of the yielding segments of the core plate (Fig. 5). For 218 

the ease of installation, the wire sensors also spanned over some transition segments. 219 

Considering the significant difference in the axial stiffnesses between the yielding and 220 

the transition segments, most deformation is expected to concentrate in the yielding 221 

segment. Therefore, the average reading of the two sensors was taken as the axial 222 

deformation of the yielding core. 223 

 224 

Figure 5. Measurement setup. 225 

The actuator was displacement-controlled to impose the cyclic loading protocol 226 

shown in Fig. 6. All specimens were subjected to quasistatic constant-amplitude 227 

uniaxial cyclic loading until the core fractured. There were three identical specimens in 228 

each category. They were tested at three distinct strain amplitudes of 1%, 2%, and 3%, 229 

corresponding to the lower value, medium amplitude and maximum qualification strain 230 

as specified in the BRB certification specification issued by the Building Center of 231 

Japan [8][72], respectively. 232 

 233 

Figure 6. Loading protocol. 234 

2.3 Materials 235 

The steel properties were tested on flat coupons made of the same Q235B mild 236 

steel as the core plates of the BRB specimens. The coupons were prepared according to 237 

the dimensions specified in the Chinese standard for tensile testing GB/T228.1 [73], 238 

featuring a gauge length of 80 mm (Fig. 7). The chemical composition from 239 

manufacturer’s mill sheet and the average mechanical properties obtained from the 240 

material coupon tests are listed in Table 2. 241 
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 242 

Figure 7. Q235B steel coupon test (unit: mm). 243 

Table 2 Chemical composition and mechanical properties of Q235B steel 244 

tc 

(mm) 

lc 

(mm) 

C 

(%) 

SI 

(%) 

Mn 

(%) 

P 

(%) 

S 

(%) 

E 

(GPa) 

σy 

(MPa) 

σu 

(MPa) 

Elongation 

(%) 

10 110 0.13 0.15 0.48 0.031 0.016 206.0 325 450 34.0 

14 120 0.18 0.20 0.44 0.029 0.009 202.0 287 425 39.4 

20 120 0.18 0.20 0.44 0.029 0.009 200.6 287 420 40.0 

3 Performance before fracture 245 

Fig. 8 compares the stress-strain curves around the yield points of the BRB 246 

specimens at the beginning of loading, compared with those obtained from the material 247 

coupon tests. The axial stress is taken as the axial force divided by the nominal cross-248 

sectional area of the core. The axial deformation divided by the length of the yielding 249 

segment gives the average axial strain of the core. The yield strength values of the steel 250 

coupons and BRB specimens, including the mean and coefficient of variation (CV) for 251 

each size category are listed in Table 3. CV is a standardized measure defined as the 252 

ratio of the standard deviation to the mean. The results indicate that the dispersion in 253 

yield strength is minimal, with CV values below 4% for both steel coupons and BRB 254 

specimens. Although the initial stiffnesses match well with the Young’s modulus in the 255 

coupon tests, the average stress-strain curves of the BRB specimens deviate from those 256 

of the coupon tests in two ways. Firstly, the BRB curves exhibit premature softening, 257 

with the average strain at the beginning of the yielding plateau being smaller than the 258 

material yield strain. Secondly, the stress at the equivalent yield point is substantially 259 

lower than the yield strength of the steel coupons (Fig. 8). The deviation of average 260 

stress-strain curves of the BRB specimens from those of the coupon tests could have 261 

been attributed to their different cross-sectional dimensions. Larger cross sections are 262 

less likely to sustain a uniform stress distribution during the loading process, thus 263 

exhibiting a lower apparent yield strength. Nonetheless, the equivalent yield strengths 264 

of the BRB specimens still exceed the nominal yield strength specified by the Chinese 265 

standard for steel construction GB 50017-2017 [50] (Fig. 8(d)). Another observation in 266 

Fig. 8(d) is that the tests on both BRB specimens and steel coupons consistently 267 

demonstrate that the yield strength decreases for thicker plates, demonstrating the well-268 

known effect of plate thickness on steel strength [45][46].  269 
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Table 3 Yield strengths of steel coupons and BRB specimens 270 

tc Yield strengths of steel coupons Yield strengths of BRB specimens 

(mm) Coupon 1 Coupon 2 Coupon 3 Mean CV (%) BRB 1 BRB 2 BRB 3 Mean CV (%) 

10 330 330 315 325 2.7 280 275 270 275 1.8 

14 295 285 280 287 2.7 270 265 260 265 1.9 

20 295 290 275 287 3.6 235 230 230 232 1.2 

 271 

 272 

Figure 8. Stress-strain curves at the beginning of loading of BRB specimens and steel 273 

coupons for: (a) T10, (b) T14, (c) T20 specimens, and (d) summary of yield strengths. 274 

Fig. 9 depicts the full hysteresis curves of the BRB specimens under cyclic 275 

loading. Fracture is defined as the point at which the measured load begins to decrease 276 

while the specimen’s deformation continues to increase. All the BRB specimens 277 

exhibited full and stable hysteresis loops before the cores suddenly fractured in tension. 278 

Fig. 10 compares the variation of the peak tension stress σtmax and peak compression 279 

stress σcmax of the specimens with the same strain amplitudes as the loading proceeds, 280 

where the horizontal axis is the number of load cycles N normalized by the fatigue life 281 

Nf of the specimen. Higher strain amplitudes resulted in greater peak forces. For all 282 

BRB specimens, the peak forces increased rapidly in the first several cycles and then 283 

became stable in the rest of the loading until the sudden fracture occurred.  284 

The peak stresses, σtmax and σcmax, averaged over the loading cycles from 0.2Nf to 285 

0.8Nf, are compared in Figs. 10(d) and (h). The equivalent yield strengths of the BRBs 286 

are also depicted in Fig. 10(d) to show that the thickness effect on the yield strength in 287 

tension, as observed in Fig. 8(d), diminishes in the subsequent cyclic loading. On the 288 

other hand, the core thickness had a more pronounced effect on the peak compression 289 
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stress σcmax. Compared to the full-scale specimen T20, the mean peak compressive 290 

stress σcmax, of the smaller specimen T14, was increased by 7.4%, 7.8% and 4.4% at 1%, 291 

2% and 3% strain amplitudes, respectively. For the smallest specimen T10, the peak 292 

compressive stress σcmax was further increased by 8.7%, 8.7%, and 6.6% at 1%, 2%, 293 

and 3% strain amplitudes, respectively (Fig. 10(h)). 294 

 295 

Figure 9. Hysteresis loops of BRB specimens. 296 

Compression overstrength is a unique component-level behavior of BRBs that is 297 

not significant at the material-level of structural steels [74]. The increased compressive 298 

strength is the result of the frictional interaction between the core plate and restrainers 299 
[75]. The extent of compression overstrength is usually quantified by the compression 300 

strength adjustment factor β as defined in Eq. 5, which is the ratio of the maximum 301 

compression force Pcmax to the maximum tension force Ptmax in a hysteresis loop. 302 

𝛽 = 𝑃cmax/𝑃tmax (5) 

Figs. 10(i) to (k) depict the variation of β for the BRB specimens with different 303 

core thicknesses during the loading. Fig. 10(l) summarizes the compression strength 304 

adjustment factor β averaged over the loading cycles from 0.2Nf to 0.8Nf. The β-factors 305 

increase with larger strain amplitudes, and are larger for BRBs with thinner core plates. 306 

Compared to the full-scale specimen T20, the β-factors of the smallest specimen T10, 307 

were increased by 22.2%, 19.7% and 14.0% at 1%, 2% and 3% strain amplitudes, 308 
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respectively. The β-factors for the T10 specimens were very close to the upper limit of 309 

1.3 specified by the design standards in China [39] and US [40], indicating that using 310 

reduced-scale specimens in the qualification test may overestimate the compressive 311 

overstrength of a full scale BRB, thus imposing a stricter requirement in terms of the 312 

compression strength adjustment factor, even if the dimensionless geometric ratios W/T, 313 

Ly/T, and sw/T are kept the same. 314 

 315 

Figure 10. Variation of peak forces and compression strength adjustment factors of 316 

BRBs during cyclic loading. 317 

The BRB specimens were disassembled after the tests to examine the deformed 318 

shapes of and the damage to the core plates by simply loosening the bolts of the 319 

restrainers. Taking the three specimens loaded at 2% strain amplitude for example, Fig. 320 

11 illustrates the photos and the measured lateral deflection of the core plates along the 321 

weak-axis of the cross section. The peak-to-peak lateral deflection was approximately 322 

capped by two times the clearance sw. All the core plates exhibited a higher-mode 323 

buckling profile with uniformly distributed waveforms. It is inconsistent with the 324 

observations by Qu et al [14] on small-scale specimens that exhibited concentrated local 325 

buckling. This difference may be attributed to the type of restrainers. The restrainers of 326 

the BRB specimens tested by Qu et al [14] were made of steel tubes filled with mortar 327 

and the core plate would buckle locally where the mortar was crushed. This 328 

phenomenon of concentrated local buckling of the core plate was also reported by Cao 329 

et al [13] and Iwata and Murai [20]. In this regard, all-steel restrainers are preferable over 330 

the mortar-filled steel tubes. 331 
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 332 

Figure 11. Out-of-plane buckling profile of the core plate after loading (εmax=2%). 333 

Fig. 12(a) shows the Fourier transforms of the out-of-plane deflection profiles of 334 

the core plates to identify the dominant wavelength Lw,d that corresponds to the 335 

maximum Fourier amplitudes. Fig. 12(b) shows the relationship between Lw,d and εmax 336 

of the buckled core plates for all specimens. Larger strain amplitudes generally resulted 337 

in smaller dominant wavelengths. Fig. 12(c) shows that the minimum wavelengths 338 

Lw,min estimated by solving Eq. 3 with the measured maximum forces Nu are smaller 339 

than the observed dominant wavelengths Lw,d of all specimens, validating Eq. 3 for BRB 340 

design. 341 

 342 

Figure 12. (a) Fourier amplitude spectra of out-of-plane deflection profile, (b) 343 

Relationship of dominant wavelength Lw,d and εmax, (c) Relationship of ratio of 344 

dominant to minimum wavelengths and εmax. 345 

Fig. 13 shows the in-plane buckling profiles of the core plates after loading for the 346 

εmax = 2% cases. The core plates of the BRB specimens exhibited a primary-mode in-347 

plane waveform. For the full-scale T20 specimens, the fractures took place at the cross-348 

section where the yielding segment meets the transition segment, as well as near the 349 

loading end, indicating a possible stress concentration. The reduced-scale BRBs T14 350 
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and T10 generally fractured near the middle of the yielding segment. The middle photo 351 

in Fig. 13 shows the only scaled BRB specimen that fractured at the cross-section where 352 

the yielding segment meets the transition segment. 353 

 354 

Figure 13. In-plane buckling profile of the core plate after loading (εmax=2%). 355 

Fig. 14 compares the disassembled restrainers before and after loading. The 356 

restrainers remained undamaged and could be reused after loading, which implied that 357 

the restrainers achieved the purpose for convenient repair/replacement of assembled 358 

BRBs. The SBS modified bituminous sheets experienced wear due to the pressure 359 

exerted by the buckled core plates and the restrainers. 360 

 361 

Figure 14. Restrainers and unbonding medium after loading (εmax=2%). 362 

4 Low-cycle fatigue performance 363 

Given the seismic performance of a BRB, the cumulative plastic strain, Σεp, before 364 

fracture is a commonly used measure for evaluating its energy-dissipating capacity. By 365 

definition, the plastic strain εp is the unrecoverable strain when the BRB is unloaded to 366 

zero force (hollow circles in Fig. 15). It accumulates progressively during the loading 367 

process until the BRB fractures. The cumulative plastic strain capacity at fracture is 368 

denoted as Σεp* hereinafter. 369 
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 370 

Figure 15. Accumulation of plastic strain during cyclic loading. 371 

Cumulative plastic ductility (CPD) is a convenient dimensionless parameter for 372 

evaluating the low-cycle fatigue performance of BRBs, which is obtained by 373 

normalizing Σεp* with the yield strain εy identified in Fig. 8, as shown in Eq. 6. The 374 

CPDs of the BRB specimens of three different sizes at varying strain amplitudes are 375 

summarized in Table 4. 376 

𝐶𝑃𝐷 =∑𝜀p
∗ /𝜀y (6) 

Table 4 Cumulative plastic ductility of BRBs 377 

εmax 1% 2% 3% 

T20 3043.7 1596.4 947.7 

T14 3986.8 2167.1 1198.1 

T10 4034.7 2001.3 1078.2 

Fig. 16 depicts the CPDs of the BRB specimens against the strain amplitudes εmax 378 

and the core thicknesses T. The smallest CPD of the BRB specimens was observed in 379 

the T20 specimen at εmax=3%, which was 947.7, still well exceeding the minimum 380 

requirement of 200 specified in AISC 341-16 [40]. This demonstrates excellent energy 381 

dissipation capacities for all BRB specimens. Under the same strain amplitude, the 382 

reduced-scale BRBs generally exhibited larger CPDs than their full-scale counterparts, 383 

showing better low-cycle fatigue performance. In particular, the 0.5-scale and 0.7-scale 384 

specimens, T10 and T14, exhibited similar CPDs at the same strain amplitudes. The 385 

CPDs of the 0.7-scale specimens T14 were larger than those of the full-scale specimens 386 

T20 by 31.0%, 35.7% and 26.4% at εmax=1%, 2% and 3%, respectively. Recall that the 387 

Chinese standard for steel construction GB 50017-2017 [50] specifies the mechanical 388 

properties of Q235 steel plates by different thickness categories of tc ≤ 16mm, 16mm < 389 

tc ≤ 40mm and so on. The core plates of the T10 and T14 specimens fall within the same 390 

thickness category. This also corresponds to the observation that the two geometrically 391 

similar BRBs of 12mm-thick and 16mm-thick cores in Iwata and Murai [20]’s test 392 

exhibited similar CPDs (Fig. 16(b), the CPDs of BRBs with varying sizes are 393 

normalized by the CPD of the smallest specimen). In addition, the results in Huang et 394 

al [24]’s test also demonstrate a general trend of lower CPDs for thicker plates, but the 395 

results were very scattered. 396 
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 397 

Figure 16. (a) Effect of core plate thickness on CPDs of BRBs, (b) Relationship of 398 

normalized CPDs and core plate thickness. 399 

Fig. 17(a) compares the low-cycle fatigue lives Nf against the strain amplitudes 400 

εmax for the BRB specimens of varying sizes, which are fitted into the commonly-used 401 

Coffin-Manson relationships [76][77] and compared with those for Q235 steel coupons 402 

with diameters of 8mm [78], 14mm [79], and 20mm [80] reported in the literature. The 403 

fatigue lives of the steel coupons are generally much higher than those of the BRB 404 

specimens. Consistent with the observed thickness effect on the BRBs’ CPDs, the low-405 

cycle fatigue lives of the ϕ8 and ϕ14 steel coupons are similar to each other, while those 406 

of the ϕ20 coupons are much lower. Fig. 17(b) illustrates the relationship between the 407 

CPDs of BRBs in the present test and the estimated material fatigue lives Nf,m from 408 

Coffin-Manson relationships for the steel coupons in the literature [78][79][80]. The well-409 

fitted relationship between the two suggests that the latter could serve as a good 410 

indicator to estimate the former, which considers the effects of both the core plate 411 

thicknesses and the strain amplitudes on the CPDs. On the other hand, as shown in Fig. 412 

18, the commonly used material properties in steel structural design, such as the yield 413 

strength and elongation of steel coupons, do not show any conclusive correlation with 414 

the CPDs of the BRB specimens. 415 

 416 

Figure 17. (a) Relationship between Nf and εmax, (b) Relationship between CPDs of 417 

BRB tests and material fatigue life Nf,m of coupon tests. 418 
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  419 

Figure 18. Relationship between CPDs of BRBs and (a) yield strengths of steel, (b) 420 

material elongations of steel. 421 

5 Conclusions 422 

Nine geometrically similar BRBs of three different sizes were subjected to 423 

quasistatic cyclic loading at three different strain amplitudes until the core plates 424 

fractured in this study. The test results were analyzed to investigate the core plate 425 

thickness effects on the seismic performance of BRBs. The following conclusions can 426 

be drawn. 427 

1. The lower equivalent yield strength in tension of the larger BRBs was observed, 428 

which is consistent with the known size effect on the tensile strength of steels, but such 429 

an effect gradually diminished as the cyclic reversals proceeded in the plastic regime.  430 

2. The reduced-scale BRB specimens exhibited more pronounced compressive 431 

overstrength. The β-factors of the 0.5-scaled specimens approached or even exceeded 432 

the upper limit of 1.3 specified by the design standards, while those of the full-scale 433 

specimens were only approximately 1.1. The use of reduced-scale specimens in 434 

qualification tests of BRBs may therefore impose a stricter demand on controlling the 435 

compressive overstrength. 436 

3. The reduced-scale BRB specimens exhibited enhanced low-cycle fatigue 437 

performance than their full-scale counterparts, as was demonstrated by the 438 

approximately 26.4%-35.7% higher cumulative plastic ductility (CPD). Such a size 439 

effect is pronounced if only the core plate thicknesses of the reduced and full-scale 440 

specimens fell into different plate thickness categories in the design provisions for steel 441 

construction. 442 

4. The commonly used steel properties such as the yield strength and elongation 443 

could hardly represent the size effect on the CPDs of the BRBs. Instead, an empirical 444 

relationship was derived between the low-cycle fatigue life of steel coupons and the 445 

CPDs of the BRBs, which can address the effects of both the core plate thicknesses and 446 

the strain amplitudes. 447 
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