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Abstract: Buckling-restrained braces (BRBs) are intended to protect the primary structure of buildings 13 

by absorbing most earthquake input energy through the plastic deformation of the steel cores. The ultra-14 

low-cycle fatigue performance of BRBs is crucial for their seismic performance as energy dissipators. 15 

Despite the plenty of research on the ultra-low-cycle fatigue behavior of steel members, it remains 16 

susceptible if arbitrary loading paths have a major effect on the ultra-low-cycle fatigue life or cumulative 17 

plastic deformation (CPD) capacity of BRBs. This paper introduces an experimental campaign of nine 18 

supposedly identical BRB specimens subjected to three different loading protocols of similar average 19 

strain amplitudes. For each loading protocol, the test was repeated for three times to account for possible 20 

uncertainty. The results show that the effect of loading protocol is trivial given the similar average strain 21 

amplitudes throughout the loading. The Miner’s assumption that the loading sequence has no effect on 22 

the fatigue life of BRBs is supported by the test results, however, the proper choice of the Coffin-Masson 23 

model’s parameters is crucial. The skeleton ratio, which is derived from decomposing the hysteresis curve 24 

into a skeleton part and a Bauschinger part and has been used to account for the loading path effects, is 25 

shown to be insensitive to varied loading protocols by the test results. 26 

Keywords: buckling-restrained braces (BRBs); loading sequence; Miner’s rule; skeleton ratio; Coffin-27 

Masson model; ultra-low-cycle fatigue life. 28 

1 Introduction 29 

The development of buckling-restrained braces (BRBs) began in the early 1970s [1]-[3] and saw 30 

significant advancements in the 1980s in Japan [4]-[6]. A typical BRB consists of a steel core surrounded 31 

by various types of restrainers designed to prevent global buckling of the core. An unbonding medium is 32 

generally placed between the core plate and the restrainers to minimize the axial load transferred to the 33 

restrainers during axial loading, particularly when the steel core buckles in higher modes. Exhibiting 34 

stable and full hysteresis curves with minimal degradation of strength or stiffness [7], BRBs have been 35 

widely used as energy dissipators in passive-controlled structures for seismic protection because of their 36 

excellent ductility, energy dissipation capacity, compatible durability, and cost-effectiveness [8][9]. 37 

BRBs in buildings are intended to protect the primary structure from seismic damage by dissipating 38 

earthquake input energy through plastic deformation of their steel cores. They are supposed to sustain 39 

higher-amplitude and more complicated strain histories than those experienced by the primary structural 40 

components during earthquakes. The failure mechanism induced by large strain amplitudes exceeding 41 

the yield limit of steel members is termed as ultra-low-cycle fatigue failure, typically characterized by a 42 

fatigue life ranging from several to hundreds of cycles [10]. To this end, the ultra-low-cycle fatigue life 43 
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and cumulative plastic deformation (CPD) prior to fracture of BRBs are crucial capacity indicators for 44 

their seismic performance [11]. Like other steel members, these indicators of BRBs strongly depends on 45 

the strain amplitude, as repeatedly shown by constant-amplitude ultra-low-cycle fatigue tests [12]-[14]. The 46 

Coffin-Manson model describes the relationship between the number of load cycles at fracture and the 47 

strain amplitude under constant-amplitude loading tests [15][16]. Building on this, Tong et al (2022) derived 48 

the CPD curve of BRBs under constant-amplitude loading, which describes the relationship between the 49 

plastic strain range and the CPD capacity of BRBs [17][18]. However, the amplitude of the actual seismic 50 

response of a structure is by no means constant.  51 

Assuming that the loading sequence has no effect on the fatigue life and that fatigue damage 52 

accumulates linearly, the Miner’s rule [19] provides a simple method to evaluate the fatigue life of BRBs 53 

subjected to loading cycles of various amplitudes. However, this assumption contradicts the established 54 

conclusions regarding the effect of loading sequence on the mechanical properties of steels and BRB 55 

components. Zhong et al (2022) reported that the effect of strain history on mild steel Q235, a widely 56 

used structural steel in China, varies with loading programs [20]. The cyclic hardening capacity of the steel 57 

in the increasing amplitude tests was independent of the strain history, whereas the cyclic softening 58 

behavior observed in the decreasing amplitude tests was related to both the maximum historical strain 59 

amplitude and the target unloading strain amplitude. The large strains (>4%) in the early stages of a 60 

loading history would significantly improve the cyclic hardening capacity of the steel under subsequent 61 

smaller amplitudes [20]. This phenomenon occurs because the dislocation structure formed under small 62 

strain amplitudes is eliminated or rearranged under larger strain amplitudes, while the dislocation 63 

structure formed under large strain amplitude is more stable and requires more energy for movement [21]. 64 

Encased by restrainers, the steel core of a BRB may exhibit more complex behavior under various strain 65 

amplitudes and loading sequences. 66 

Andrews et al (2009) summarized and analyzed the test results on 76 BRBs to extract potential 67 

predictive parameters for the CPD capacity models [22]. They found that the maximum plastic strain 68 

amplitude had the greatest influence on the CPD capacity of BRBs under variable amplitude loading 69 

histories. Fahnestock et al (2007) observed that BRBs subjected to large maximum strain amplitudes 70 

exhibited lower CPD capacities than similar braces subjected to relatively smaller maximum strain 71 

amplitudes under seemingly random amplitude protocols imposed by earthquake excitation [23]. Under 72 

similar gradually increasing loading sequences, the experimental investigations by Hou et al (2018) [24] 73 

and Zhao et al (2023) [25] showed that the smaller maximum strain amplitudes led to an increase in the 74 

CPD capacity of BRBs by 10.9% and from 82.5% to 172.9%, respectively. When the average strain 75 

amplitude was the same but the loading sequence differed, Carden et al (2006) found that the CPD of 76 

BRBs was 48.8% greater in the decreasing amplitude test compared to the increasing amplitude test [26]. 77 

Similar conclusions were drawn by Lin et al (2016), who found that the damage accumulation of 78 

restrainer’s mortar was slower when the thin-profile BRB specimens were subjected to decreasing stain 79 

cycles, resulting in the CPDs that were 24.6% to 94.9% greater in the decreasing amplitude tests 80 

compared to the increasing amplitude tests under the same cyclic strain amplitude combination [27]. It 81 

should be noted that, unlike the steel core fracture failure observed by Carden et al (2006) [26], the BRBs 82 

in the tests of Lin et al (2016) [27] experienced local bulging failures due to the weak restrainer, causing 83 

the BRB steel cores lost their compressive capacity. Given the significant influence of loading sequence 84 

on the fatigue life of BRBs, the accuracy of the Miner’s rule has been shown to be poor and the damage 85 

index at fracture based on this rule and rain flow counting could vary from 0.29 to 1.68 [11]. 86 

Back to the 1990s, Akiyama et al (1995) proposed a method of decomposing the hysteresis curve 87 



3 

 

into the skeleton and the Bauschinger parts and assumed that only the skeleton part contributes to the 88 

fracture of steel members [28]. On this basis, Takeuchi et al (2008) introduced a skeleton ratio to establish 89 

a uniform model for estimating the CPD capacity of BRBs under various loadings [11]. It has been 90 

successfully applied to not only the test results they gathered, but also third-party tests that followed [29]. 91 

However, it remains unclear whether the skeleton ratio can reflect the effect of loading sequence on the 92 

fatigue life of BRBs and the use of the skeleton ratio in estimating the CPD capacity introduces new 93 

complexities. Additionally, considering the limited number of available tests, it remains susceptible if the 94 

apparent success is attributed to the use of skeleton ratio or other factors such as the good choice of the 95 

Coffin-Manson parameters. 96 

Existing codes, provisions, and standards relevant to BRBs in various regions specify loading 97 

protocols for the seismic performance assessment and experimental qualification of BRBs, along with 98 

the corresponding ultra-low-cycle fatigue life and/or CPD demands [30]-[33]. These standardized loading 99 

protocols generally involve increasing-amplitude loadings, but their cyclic strain amplitude combinations, 100 

such as the maximum strain amplitude, strain range, and number of cycles, vary for each loading 101 

sequence. The differences in these standardized loading protocols complicate the establishment of global 102 

applicability [34]. 103 

The all-steel assembled BRBs have gained popularity due to their light-weight, fast installation with 104 

controllable quality and convenient repair/replacement by separating the restraining members after 105 

hazards [35]-[39]. The all-steel assembled BRBs can also mitigate the risk of local buckling because of the 106 

crushing of the mortar of conventional BRBs with mortar-filled steel tubes as the restrainer [40]-[42]. There 107 

are few experimental and theoretical studies on the effect of loading sequence on the ultra-low-cycle 108 

fatigue performance of all-steel assembled BRBs. Such a knowledge gap necessitates the research on this 109 

effect of all-steel assembled BRBs. This paper presents an experimental study on nine supposedly 110 

identical all-steel assembled BRBs subjected to cyclic loading of three different paths until the steel cores 111 

fracture to fill the knowledge gap about the effect of loading sequence on the ultra-low-cycle fatigue 112 

performance of all-steel assembled BRBs. The loading protocols are intended to exhibit similar average 113 

strain amplitudes in hope of minimizing their effect on the ultra-low-cycle fatigue capacity. For each 114 

loading protocol, the test was repeated for three times to account for possible uncertainty in the BRB 115 

performance. The results are used to examine the efficacy of different existing methods of predicting the 116 

ultra-low-cycle fatigue capacity of BRBs, including the Miner’s rule and the skeleton ratio method. In 117 

the remainder of this paper, we firstly introduce the experimental program, including the specimen design 118 

and fabrication, test setup, loading, and measurement. The experimental results and observations are then 119 

presented and discussed, with a focus on the effect of loading sequences on the ultra-low-cycle fatigue 120 

performance of BRBs. 121 

2 Experimental Program 122 

2.1 Specimens 123 

Each BRB specimen consists of a core plate that carries most axial forces and a pair of identical 124 

steel restrainers that sandwich the core plate (Fig. 1(a)). The core plate consists of the yielding, transition, 125 

and the enlarged non-yielding segments. They were flame cut from 20-mm-thick plates of Q235B mild 126 

steel (235MPa nominal yield strength) commonly used in the Chinese construction industry. The 127 

transition and non-yielding segments were enhanced by orthogonal stiffeners to form a cruciform cross 128 

section (Fig. 1(d)). The chemical composition from manufacturer’s mill sheet and the average 129 
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mechanical properties of the Q235B steel plate material coupon tests conducted according to the Chinese 130 

standard for tensile testing GB/T228.1 [43] are listed in Table 1.  131 

Table 1 Chemical composition and mechanical properties of Q235B and Q355B steel 132 

Steel 

grade 

C 

(%) 

SI 

(%) 

Mn 

(%) 

P 

(%) 

S 

(%) 

Young’s modulus 

(GPa) 

Yield strength 

(MPa) 

Ultimate strength 

(MPa) 

Elongation 

(%) 

Q235B 0.18 0.20 0.44 0.029 0.009 200.6 275 420 40.0 

Q355B 0.17 0.19 1.36 0.024 0.009 209.7 365 545 36.9 

Each restrainer is made from a contact plate stiffened by two-way ribs for sufficient out-of-plane 133 

stiffness (Fig. 1(e)). They were made of the Chinese Q355B steel of a nominal yield strength of 355 MPa. 134 

The pair of restrainers on both sides of the core are fastened by high-strength bolts at appropriate intervals 135 

to provide sufficient out-of-plane constraints for the core when it buckles in higher modes. It makes the 136 

BRBs easy to dissemble after the test for visual inspection of the post-buckling profile of the cores. 137 

Styrene butadiene styrene (SBS) modified bituminous sheets are attached to the contact plates of the 138 

restrainers as the unbonding medium. 139 

  140 

Figure 1. Configuration of the BRB specimens: (a) BRB assembly, (b) round spacer, (c) positioning 141 

spacer, (d) core plate, (e) restrainer (unit: mm). 142 

The BRB specimens were designed conforming to a Chinese provision for BRBs (DBJ/CT105, 143 

2011) [44]. The nominal yield strength (Ny) calculated by Eq. 1 is 1081.0 kN, which is in the range of full-144 

scale BRBs in the Chinese construction practice. 145 

𝑁y = 𝜂y𝑓y𝐴c = 𝜂y𝑓y𝑤c𝑡c (1) 

where Ac=4000mm2, wc=200 mm, tc=20mm are the nominal cross-section area, width, and thickness of 146 

the yielding segment of the core, respectively, fy=235MPa is the nominal yield stress of the core, ηy=1.15 147 

is the material overstrength factor. 148 

The stiffness demand for the restrainers is predominated by the restraining ratio ξ in Eq. 2, which is 149 

the ratio between the Euler critical load Ncr of the restrainer and the ultimate strength Nu of the core plate. 150 
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In each BRB specimen, the two restrainers on both sides of the core plate were fastened by multiple sets 151 

of high-strength bolts, and can hardly bend as a whole section. As a conservative estimate, the moment 152 

of inertia of the pair of restrainers is evaluated by assuming the two restrainers bend separately and the 153 

contribution of the high-strength bolts in shear transfer is neglected. Under this assumption, the 154 

restraining ratio of the BRB specimen is ξ =2.1, satisfying the minimum requirement of 1.2 in 155 

DBJ/CT105 (2011) [44]. 156 

𝜉 =
𝑁cr

𝑁u

=
𝜋2(2𝐸r𝐼r)

𝐿r
2 ∙ 𝜔𝑁y

≥ 1.2 (2) 

where Er=208GPa and Ir are the Young’s modulus and the weak-axis moment of inertia of a single 157 

restrainer of Q355B steel, respectively, Lr is the length of the restrainer. ω=1.5 is the strain hardening 158 

adjustment factor as per [44]. 159 

When the BRB is under compression, the core plate is supposed to sustain higher-mode buckling 160 

within the clearance to the restrainers on both sides (Fig. 2(a)). The clearance sw must be adequate to 161 

accommodate the expansion of the core cross-section because of the Poisson effect when it is compressed. 162 

It was taken as 3mm for the BRB specimens in this study [45][46]. The buckled core plate squeezes the 163 

unbonding medium and contacts with the restrainers at the wave crests. It is restrained by the reaction 164 

force P generated in the restrainers (Fig. 2). The minimum wavelength of the buckled core plate, Lw,min, 165 

can be solved by assuming that the Euler’s load of the yielded core equals the ultimate strength Nu of the 166 

BRB (Eq. 3). 167 

𝑁u =
𝜋2(0.05𝐸c𝐼c)

(0.5𝐿w,min)
2  (3) 

where Ec=200.6GPa and Ic are the Young’s modulus and the weak-axis moment of inertia of the core of 168 

Q235B steel, respectively; The coefficient of 0.05 considers the stiffness degradation of the core plate in 169 

the plastic regime; the coefficient 0.5 is the factor for the critical length assuming that a full wave length 170 

of the buckled core is fixed at both ends. 171 

 172 

Figure 2. Restrained high-mode buckling of core plate: (a) forces on the core plate, and (b) force 173 

equilibrium of core plate segment in a half-wavelength. 174 

Given Lw,min and considering the maximum possible distance of the space between the core surface 175 

and the restrainers, the maximum restraining force Pmax can be found by the force equilibrium of the free-176 

body of a half-wavelength of the buckled core plate (Fig. 2(b), Eq. 4) [45]. For the BRB specimens in this 177 

study, Lw,min=180.4mm and Pmax=290.2kN. They provide the basis for proportioning the high-strength 178 

bolts that fasten the two restrainers. To provide effective restraint, the two restrainers were fastened by 179 

pairs of 10.9 grade high-strength friction-type bolts of 22-mm-diameter at a maximum of 180mm interval 180 

along the axis of the BRB according to the Chinese standard for design of steel structures GB 50017-181 

2017 [47]. 182 

𝑃max =
4𝑁u(2𝑠w + 𝜐 ∙ 𝑡c𝜀max)

𝐿w,min

 (4) 

where υ is the Poisson ratio (for steel υ=0.3), and εmax=3% is the maximum expected tensile strain in this 183 

study.  184 

Lw,min

Nu

Nu

0.5Pmax

0.5Pmax

0.5Lw,min

2sw+υtcεmax 

(a) (b)

Pmax Pmax

Pmax Pmax

Nu Nu

sw

sw

tc

Restrainer

Restrainer



6 

 

2.2 Test setup, measurements, and loading control 185 

The BRB specimens were loaded by the dynamic uniaxial testing machine at the Beijing University 186 

of Technology (Fig. 3). The BRB was bolted to the connection jigs on both ends, which were connected 187 

to the loading jig at one end and the reaction stub at the other end. A 3000kN hydraulic actuator drives 188 

the loading jig to impose a uniaxial deformation history on the BRB specimen. 189 

 190 

Figure 3. Test setup. 191 

A pair of wire-type displacement sensors were installed on both sides of the BRB to measure the 192 

axial deformation of the yielding segments of the core plate (Fig. 4). For the ease of installation, the wire 193 

sensors also spanned over some transition segments. Considering the significant difference in the axial 194 

stiffnesses of the yielding and the transition segments, most deformation should concentrate in the 195 

yielding segment. The ratios of the transition segment deformation to the total deformation are less than 196 

1.8% during the loading process, so the transition segment deformation is negligible. Therefore, the 197 

average reading of the two sensors is taken as the axial deformation of the yielding core. The axial 198 

deformation divided by the length of the yielding segment gives the average axial strain of the core. 199 

 200 

Figure 4. Measurement setup. 201 

This study focuses on the effects of loading sequences on the ultra-low-cycle fatigue capacity of 202 

BRBs under similar average strain amplitudes. To this end, three different quasistatic loading protocols, 203 
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namely increasing-amplitude, decreasing-amplitude, and alternating-amplitude as shown in Fig. 5, were 204 

applied to the nine specimens. Displacement-controlled loading schemes were employed in all tests. 205 

During each test, the specimen was subjected to cyclic loading in two phases. In the first phase, each 206 

BRB specimen was loaded with varying-amplitude standard cycles. Subsequently, each BRB underwent 207 

constant-amplitude fatigue cycles until the steel core fractured. In the varying-amplitude phase, the 208 

displacement amplitude was increased or decreased from a minimum nominal core strain of 0.5% to a 209 

maximum of 3% in different sequences as shown in Fig. 5. The strain amplitude and frequency of the 210 

standard cycles are shown in Fig. 5(d), with an average strain amplitude of 1.75% for the three different 211 

loading protocols in this phase. The strain amplitudes of the fatigue phase are kept constant at 2%. Before 212 

the cyclic loading, all BRBs were subjected to three cycles, each with a yield strain amplitude assumed 213 

to be 0.14% based on the material coupon tests in Fig. 6(a). For each loading protocol, three specimens 214 

were tested to address possible scattering of the test results. 215 

  216 

Figure 5. Loading protocol. 217 

3 Hysteretic Behavior 218 

3.1 Hysteresis loops 219 

Fig. 6(b) compares the stress-strain curves around the yield points of the BRB specimens at the 220 

onset of the first phase of loading with those obtained from the material coupon tests of the core steel. 221 

The axial stress is taken as the axial force divided by the nominal cross-sectional area of the core. All 222 

BRB specimens exhibited similar equivalent yield points. The average yield strength and yield strain are 223 

229.4 MPa and 0.11%, respectively. Although the initial stiffnesses coincide well with the Young’s 224 

modulus in the coupon tests, the average stress-strain curves of the BRB specimens deviate from those 225 

of the coupon tests in two ways. Firstly, the BRB curves exhibit premature softening and the average 226 

strain at the beginning of the yielding plateau is smaller than the material yield strain of 0.14%. Secondly, 227 

the stress at the equivalent yield point is substantially smaller than the material yield strength of 275 MPa 228 
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of the steel coupons. The differences in axial stress between the coupon tests and the BRB tests could 229 

have been attributed to their different cross-sectional dimensions. Larger cross sections are less likely to 230 

sustain a uniform stress distribution during the loading process, thus exhibiting a lower apparent yield 231 

strength. In addition, past tensile tests on steel coupons of different sizes also demonstrated that the 232 

strength of structural steel decreases with larger coupons [48]. 233 

  234 

Figure 6. (a) Material coupon test, (b) zoom-in curves around yield points of BRB specimens.  235 

Fig. 7 compares the stress-strain relationships (hysteresis curves) obtained from the cyclic loading 236 

under different loading protocols. Fracture is defined as the point at which the measured load begins to 237 

decrease while the specimen’s deformation continues to increase. All BRB specimens exhibited full and 238 

stable hysteresis curves throughout the loading until the steel cores suddenly fractured in tension.  239 

Extensometer

Tensile-testing machine

Steel coupon

Coupon test(a) 

0 0.2 0.3 0.4
0

160

240

320

Average strain (%)

80

(b) 

A
xi

al
 s

tr
es

s 
(M

P
a)

Coupon test

BRB test

Equivalent bilinear

0.1
60

20

8
0

1
2

0
1
2

0
1
2

0
3
6

0

20×20



9 

 

 240 

Figure 7. Hysteresis curves of BRB specimens. 241 

Compression overstrength is a unique component-level behavior of BRBs that is not significant at 242 

the material-level of structural steel [49]. The increased compressive strength is the result of the frictional 243 

interaction between the core plate and restrainers [50]. The extent of compression overstrength is usually 244 

quantified by the compression strength adjustment factor β in Eq. 5, which is the ratio of the maximum 245 

compression force Pcmax to the maximum tension force Ptmax in a hysteresis loop. As shown in Fig. 8, 246 

there is almost no difference in the results of the three repeated tests under the same loading sequence, 247 

so the mean values of the three repeated tests under different loading sequences are compared. Fig. 9 248 

depicts the variation of β for BRB specimens of different loading sequences during the standard cycles 249 

phase. Larger strain amplitudes lead to larger β-factors. The β-factors for all specimens remained less 250 

than the upper bound of 1.3 specified by the design standards in China [30] and US [31] (Fig. 8), justifying 251 

the design and detailing of the all-steel assembled BRBs as effective energy dissipating members. 252 
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  253 

Figure 8. Variation in compression strength adjustment factor β during the loading process: (a) 254 

increasing, (b) increasing and (c) alternating. 255 

  256 

Figure 9. Variation in compression strength adjustment factor β during the standard cycles phase: (a) 257 

increasing, (b) increasing vs decreasing and (c) increasing vs alternating. 258 

3.2 Strength deterioration 259 

The mean peak forces Pcmax of the three repeated tests in the standard cycles phase are normalized 260 

by the yield force Py identified in Fig. 6(b) to highlight their variation during the loading process. Fig. 261 

10 shows that there is almost no difference in the peak forces of the three repeated tests under the same 262 

loading sequence, so the mean values of the three repeated tests are compared in the following Fig. 11. 263 

As illustrated by the evolution and comparison of the normalized peak force Pcmax/Py in each cycle in Fig. 264 

11, BRB specimens under different loading sequences experienced significant strain hardening during 265 

the loading process. For the specimens subjected to increasing-amplitude, decreasing-amplitude, and 266 

alternating-amplitude loading, the peak forces increased by up to 89%, 83% and 88% respectively, 267 
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larger amplitudes in the early stages significantly improved the hardening capacity of the decreasing-270 

amplitude and alternating-amplitude specimens under subsequent smaller amplitudes. This effect of 271 

loading sequence on the peak forces of BRBs is consistent with the known strain history effect on the 272 

steel’s strength [20]. 273 

No. Cycle

0.9

1.0

1.1

1.3

No. Cycle No. Cycle

(a) Increasing (b) Decreasing (c) Alternating

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40

Rep.3

Rep.2

Rep.1

Rep.3

Rep.2

Rep.1

Rep.3

Rep.2

Rep.1

C
o
m

p
re

ss
io

n
 s

tr
en

g
th

 

ad
ju

st
m

en
t f

ac
to

r 
β 1.2

0.9

1.0

1.1

1.3

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

1.2

εcmax (%) εcma x (%) εcmax (%)

C
o
m

p
re

ss
io

n
 s

tr
en

g
th

 

a
d
ju

s
tm

e
n
t f

a
ct

o
r 
β

Decreasing
Increasing

Alternating
Increasing

Increasing

(a) Increasing (b) Increasing vs decreasing (c) Increasing vs alternating



11 

 

      274 

Figure 10. Variation in peak forces during the loading process: (a) increasing, (b) increasing and (c) 275 

alternating. 276 

    277 

Figure 11. Variation in peak forces during the standard cycles phase: (a) increasing, (b) increasing vs 278 

decreasing and (c) increasing vs alternating. 279 

3.3 Cumulative plastic strain 280 

Given the strength of a BRB, the cumulative plastic strain, Σεp, before fracture is a commonly used 281 

measure for evaluating its CPD capacity. By definition, plastic strain εp is the unrecoverable strain when 282 

the BRB is unloaded to zero force (hollow circles in Fig. 12). It accumulates during the loading process, 283 

as demonstrated in Fig. 12(b), until the BRB fractures. 284 

 285 

Figure 12. Accumulation of plastic strain during cyclic loading. 286 

Fig. 13 illustrates the evolution of the cumulative plastic strain Σεp and its value at fracture during 287 

cyclic under for different loading protocols. The varying amplitudes in the loading protocols did have a 288 
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significant effect on the growing path of the cumulative plastic strain Σεp. It grew much faster in the 289 

decreasing-amplitude loading, in which the specimens experienced large strain amplitude earlier (Fig. 290 

13(a)). However, as shown in Fig. 13(b), the different loading paths had little conclusive effect on the 291 

cumulative plastic strain capacity at fracture, denoted as Σεp* hereinafter, of the BRBs in this test. Except 292 

for one outlier in alternating-amplitude loading, the other eight BRBs fractured at Σεp* from 2.24 to 2.45 293 

regardless their loading paths (Fig. 13). Their mean Σεp* capacity is 2.34 and the coefficient of variance 294 

(COV) is only 0.03, smaller than the COV of 0.05 of the three repeated tests of increasing-amplitude 295 

loading. The observation in this test that the loading sequence has no significant effect on the CPD 296 

capacity of BRBs is inconsistent with the known strain history effect on the steel’s fatigue life [20]. This 297 

finding also contrasts with the observations from BRB tests conducted by Carden et al (2006) [26] and Lin 298 

et al (2016) [27]. This discrepancy may be attributed to the type of restrainers used. The restrainers of the 299 

BRB specimens tested by Carden et al (2006) [26] and Lin et al (2016) [27] consisted of steel tubes filled 300 

with mortar. The core plate would buckle locally where the mortar was crushed, leading to the BRB steel 301 

cores more susceptible to fracture failure in the tests of Carden et al (2006) [26]. Similar phenomenon of 302 

concentrated local buckling of the core plate were also reported by Qu et al. (2020) [29], Cao et al. (2020) 303 

[51]
 and Iwata and Murai (2006) [52]. The BRBs tested by Lin et al (2016) [27] experienced local bulging 304 

failure due to the weak steel tube of the restrainer, differing from the failure mode of the steel core fracture 305 

failure of the all-steel BRB with undamaged restrainers in this study. Notably, the all-steel restrainers in 306 

this study remained intact and could be reused after loading. In this regard, all-steel restrainers are 307 

preferable over the mortar-filled steel tubes. 308 

   309 

Figure 13. (a) Accumulation of plastic strain, (b) Σεp at fracture. 310 

3.4 Skeleton ratio 311 

To estimate the cumulative plastic strain (CPS) capacity of steel members subjected to arbitrary 312 

loading paths, Akiyama et al (1995) proposed an idea of decomposing the hysteresis curve into a skeleton 313 

part (ΣεpS) and a Bauschinger part (ΣεpB), and assumed that fracture is attributed only to the skeleton part 314 

rather than the Bauschinger part [28]. Fig. 14 illustrates such decomposition of a hysteresis curve, where 315 

the skeleton part is the first occurrence of a specific stress level, and the Bauschinger part include the 316 

other parts except the elastic unloading part. The decomposition is performed by sequentially connecting 317 

these parts in either the positive or negative loading direction.  318 
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 319 

Figure 14. Decomposition of a hysteresis curve. (Adapted from Takeuchi et al (2008) [11]). 320 

Following this method, the nine hysteresis curves in Fig. 7 are decomposed into the skeleton parts 321 

and the Bauschinger parts (Fig. 15). The skeleton part ΣεpS appears to be insensitive to the varying-322 

amplitude loading paths. Despite differences in the evolution of the skeleton parts and the Bauschinger 323 

parts throughout the loading process, there was no significant difference in their final values at BRB 324 

fracture. ΣεpS ranged from 0.16 to 0.19 and ΣεpB ranged from 2.1 to 2.3 for all experiments. 325 

 326 

Figure 15. Skeleton parts and Bauschinger parts of hysteresis curves. 327 

The evolution of the skeleton parts and the Bauschinger parts during the standard cycles phase, 328 

averaged cross the three repeated tests, is strongly correlated with the strain amplitude εcmax, as depicted 329 

in Fig. 16. The skeleton part ΣεpS exhibited rapid growth initially but stopped increasing when the strain 330 

amplitudes decreased, as denoted in Fig. 16(a). The Bauschinger part ΣεpB increased gradually with the 331 

variable strain amplitudes and accelerated when the strain amplitude was larger (Fig. 16(b)). Upon 332 

completion of the standard cycles phase, both the skeleton parts and the Bauschinger parts from different 333 

loading sequences converged to similar values. In all tests, ΣεpS remained stable during the subsequent 334 

fatigue cycles phase. The later growth of Σεp was mainly attributed to the ever-growing Bauschinger part 335 

ΣεpB. The observation is in direct contrast to the idealistic assumption by Akiyama et al (1995) [28] that 336 

fracture is only attributed to the skeleton part but has nothing to do with the Bauschinger part. 337 
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   338 

Figure 16. Variation in (a) skeleton parts, (b) Bauschinger parts, and (c) skeleton ratios during the 339 

standard cycles phase. 340 

4 Estimation of BRB fracture 341 

4.1 Skeleton ratio method 342 

In the same spirit of Akiyama’s decomposition of hysteresis curves [28], Takeuchi et al (2008) [11] 343 

introduced a skeleton ratio, that is, the ratio of ΣεpS to Σεp*, and proposed a method of estimating the Σεp* 344 

capacity of BRBs as shown in Eq. 6. It has been successfully applied to not only the test data they 345 

collected, but also third-party tests that followed (e.g., Qu et al [29]). 346 

∑𝜀p ∗ =
1

𝛼S
35

+ (1 − 𝛼S) (
Δ𝜀a

0.41

417.14
)

 
(6) 

where αS = ΣεpS / Σεp* is the skeleton ratio, ∆εa is the average strain amplitude experienced by BRBs at 347 

fracture. The constant 35 (%) is the minimum fracture elongation value in the tensile test. The other two 348 

constants 0.41 and 417.14 are derived from the Coffin-Manson relationship [15][16] as shown in Eq. 7. 349 

Δ𝜀 = 𝐶 × 𝑁𝑓
𝑚 (7) 

where Δε is the constant strain amplitude. C and m are empirical coefficients that depend on the properties 350 

of the material. The two constants 0.41 and 417.14 in Eq. 6 correspond to the Coffin-Manson relationship 351 

with C = 27 and m = −0.71. 352 

In realistic application of Eq. 6, it is necessary to estimate αS without knowing the test results. To 353 

this end, Takeuchi et al (2008) proposed to estimate αS by Eq. 8 based on the assumption of an elastic-354 

perfectly-plastic (EPP) hysteresis curve [11]. 355 

𝛼S =
3

4𝑁fa

 (8) 

where Nfa is the equivalent low-cycle fatigue life at ∆εa (Eq. 7). In this paper, the true skeleton ratios 356 

obtained by decomposing the experimental hysteresis curves is denoted αS,Exp, and those estimated by Eq. 357 

8 is denoted αS,EPP. Fig. 16(c) compares the true skeleton ratios αS,Exp averaged across the three repeated 358 

tests under different loading sequences. The BRB specimens with decreasing-amplitude loading 359 

exhibited the highest skeleton ratios at the beginning of loading because of the early commencement of 360 

loading with the largest strain amplitude. By the end of the standard cycles phase, the αS,Exp values for 361 

different loading sequences converged to similar values. It means that the skeleton ratio method fails to 362 

account for the effect of loading sequence on the ultra-low-cycle fatigue performance of BRBs when the 363 

strain amplitude and frequency distribution are the same. 364 
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4.2 Miner’s rule 365 

The unaltered Σεp* in Fig. 13(b) is in favour of the classic Miner’s rule [19], which assumes that the 366 

order of loading sequence has no effect on the fatigue life of steel members and that fatigue damage 367 

accumulates linearly. In this spirit, the Miner’s rule evaluates the extent of damage to steel members by 368 

a normalized damage index D as shown in Eq. 9. Fatigue failure is expected when D reaches unity. 369 

𝐷 =∑
𝑛𝑖
𝑁𝑓𝑖

𝑛

𝑖=1

 (9) 

where ni is the number of load cycles at the strain amplitude Δεi, Nfi is low-cycle fatigue life at Δεi, i.e., 370 

the number of successful load cycles at Δεi before fracture. 371 

Rather than Σεp*, the damage index in the Miner’s rule relies on low-cycle fatigue life Nf, which is 372 

commonly determined by the Coffin-Manson relationship [15][16] as shown in Eq. 7. The performance of 373 

the damage index D in the Miner’s rule is inevitable to highly depend on the proper selection of the 374 

Coffin-Manson relationship. There are three such relationships in the literature for BRBs of similar steel 375 

to the present test. They were proposed by Takeuchi et al (2008, Eq. 10) [11] and Matsui and Takeuchi 376 

(2012, Eq. 11) [53] for the Japanese steel LY225, and most recently by Tong et al (2022, Eq. 12) [17] for the 377 

Chinese steel Q235B. 378 

Δ𝜀 = 27 × 𝑁𝑓
−0.71 (10) 

Δ𝜀 = 0.44 × 𝑁𝑓
−0.14 + 36 × 𝑁𝑓

−0.55 (11) 

Δ𝜀 = 38.7 × 𝑁𝑓
−0.713 (12) 

The damage index Ds for all specimens are calculated as per the Miner’s rule using the above Coffin-379 

Manson relationships separately. Fig. 17 clearly shows the fundamental importance of the selection of 380 

proper Coffin-Manson parameters. Among the three equations, Eq. 10 by Takeuchi et al (2008) 381 

outperforms the others by yielding a damage index D at fracture closest to unity. On the contrary, the 382 

average D at fracture is only 0.1516 if Eq. 11 by Matsui and Takeuchi (2012) is used. Note that Eq. 11 383 

was intended to estimate the preliminary bulging failure of the restrainers rather than core fracture. In 384 

contrast to the significant effect of the Coffin-Manson parameters, the effect of the loading path is trivial. 385 

For the eight specimens except the outlier, the Miner’s rule gives similar estimates of D, either accurate 386 

or inaccurate, despite their loading paths, as shown by the similar average D of the three (or two for 387 

alternating-amplitude loading) repetitions for each loading path (Fig. 17). 388 
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   389 

Figure 17. Damage index D for different loading protocols. 390 

Fig. 18 shows the relationship between damage index D and cumulative plastic strain Σεp under Eq. 391 

10. If the horizontal axis of the number of cycles in Fig. 17 is replaced by the cumulative plastic strain 392 

Σεp, the difference between the curves for different loading path is almost eliminated (Fig. 18(a)). At 393 

fracture, all eight remaining tests exhibit a strongly linear relationship between D and Σεp* of D = 0.3764 394 

Σεp* (Fig. 18(b)). It can be inferred that the estimated Σεp* at fracture is 2.66 by the assumption of the 395 

Miner’s rule that BRB fractures when D=1. Taking Σεp* = 2.66 as the CPS capacity estimated by the 396 

Miner’s rule for all the specimens, the mean errors of estimated Σεp* for the repeated tests under the 397 

increasing-amplitude, decreasing-amplitude and alternating-amplitude loading protocols are 14.3%, 13.3% 398 

and 12.3%, respectively. 399 
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 400 

Figure 18. The relationship between D and Σεp under Eq. 10. 401 

Fig. 19 compares the experimental Σεp* capacities of the BRBs in this test with those estimated by 402 

the Miner’s rule in Fig. 18(b) and the skeleton ratio method in Eq. 6. For all specimens, the skeleton ratio 403 

method overestimates the Σεp* capacity with relative errors ranging from 19.5% to 30.8% when it is blind 404 

to the test results (i.e., with αS,EPP). The relative errors are greatly reduced to from −8.9% to −17.7% when 405 

the method gets access to the true skeleton ratio αS,Exp. In the former case, the mean relative errors are 406 

25.2% for increasing-amplitude, 24.4% for decreasing-amplitude and 23.5% for alternating-amplitude 407 

loading. In the latter case, the mean relative errors for repeated tests under three loading protocols are 408 

−11.2%, −12.5% and −15.9%, respectively. In both cases, the loading paths are deemed to have little 409 

influence on the model’s accuracy. 410 

Also superimposed in Fig. 19(a) are the estimates by the Miner’s rule. It is worth noting that the 411 

simple Miner’s rule yields relative errors even smaller than those of the skeleton ratio method when both 412 

are blind to the test results and are based on the same Coffin-Mason model in Eq. 10. The skeleton ratio 413 

method, using the true skeleton ratio αS,Exp, can achieve better estimations and reduce errors (as 414 

demonstrated by Qu et al [29]), but it introduces new complexities by decomposing the experimental 415 

hysteresis curves. It suggests that the introduction of skeleton ratio in skeleton ratio method may not be 416 

a crucial improvement to better account for the effect of arbitrary loading sequence in estimating BRB 417 

fracture. Instead, the success (or failure) of both methods is highly dependent on the proper selection of 418 

the empirical coefficients C and m in the Coffin-Manson relationship. 419 

 420 

Figure 19. (a) Estimated Σεp* by both models, (b) Errors. 421 
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Nine supposedly identical all-steel assembled BRBs were subjected to cyclic loading of three 423 
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different paths until core fracture. The loading paths consisted of almost the same set of symmetric 424 

loading cycles of various amplitudes, but were only different in the sequences of loading. The 425 

experimental results were analyzed to investigate the effect of loading sequence on the seismic 426 

performance of BRBs and to examine the efficacy of different existing methods for estimating the CPD 427 

capacity of BRBs. The following conclusions can be drawn from the test results. 428 

1. The variation in loading sequences demonstrated no discernible effect on the cumulative plastic 429 

strain capacity of the all-steel BRB specimens, with an average CPS capacity (Σεp*) of 2.34 and a 430 

coefficient of variation (COV) of only 0.03. 431 

2. The Miner’s rule that assumes linear fatigue damage accumulation could successfully estimate 432 

the CPS capacity on average if the empirical parameters in the Coffin-Manson relationship are 433 

appropriately determined. The mean error in the estimated Σεp* by the Miner’s rule for the specimens 434 

was 13.6%. 435 

3. The distinctions among different standardized loading protocols for experimental assessment and 436 

qualification of the ultra-low-cycle fatigue capacities of all-steel BRBs appear negligible when their 437 

average strain amplitudes are equivalent. 438 

4. The skeleton part of the hysteresis curve did not singularly dictate the fracture of the BRBs. 439 

Instead, the Bauschinger part also played an important role. The skeleton ratio method fails to account 440 

for the effect of loading sequence on the ultra-low-cycle fatigue performance of BRBs when the strain 441 

amplitude and frequency distribution are the same. 442 

5. The mean errors in the estimated Σεp* for the specimens based on αS,EPP and αS,Exp are 24.4% and 443 

−13.2%, respectively. Using the skeleton ratio to estimate the CPS capacity did not improve the accuracy, 444 

but introduced additional complexity to the model. 445 

Although meticulously designed, the experimental campaign was still subjected to some limitations. 446 

Firstly, a large portion of the pre-determined loading histories was consisted of the constant-amplitude 447 

fatigue cycles rather than the varying amplitude standard cycles. It may have weakened the effect of the 448 

loading sequence on the overall ultra-low-cycle-fatigue performance. Secondly, the potential influences 449 

of BRB parameters, including but not limited to the core geometry, cross-section dimensions, thicknesses 450 

of unbonding medium, and strain rate, remain unknown. Further experimental investigations are needed 451 

to render a more compressive understanding. 452 
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