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The cumulative plastic deformation demand for 1 

buckling restrained braces imposed by the 2 

strong motions in the 2023 Turkey earthquake 3 

sequence 4 

Abstract: The Turkey earthquake sequence on February 6, 2023, was featured by the closely 5 

located earthquake doublet of Mw7.8 and Mw7.5. The consequent strong ground motions are 6 

supposed to be able to impose high demands on the ultra-low-cycle fatigue performance of 7 

metallic dampers in buildings, including the widely used buckling restrained braces. This study 8 

evaluates the cumulative plastic deformation (CPD) demands on buckling-restrained braces 9 

(BRBs) in multi-story buildings imposed by the strong ground motions in the 2023 Turkey 10 

earthquake doublet. Thirty-two records of the highest peak ground accelerations were selected 11 

from the strong motion database. Among them, eight captured the ground motions during both 12 

the events, and the rest only captured the shaking of either of the events. The CPD demands on 13 

the BRBs in reinforced concrete frames with various fundamental periods, brace-to-frame 14 

stiffness ratios, and BRB ductility ratio are calculated by nonlinear time history analyses, and 15 

are summarized in the form of enveloped spectra of CPD ratios at constant ductility. The results 16 

show that the CPD demands on BRBs increase with smaller brace-to-frame stiffness ratios and 17 

larger BRB ductility ratio. The enveloped CPD demands are several hundreds of times the 18 

nominal yield deformation of the BRB, which are much higher than the CPD demands for the 19 

calibration tests of BRBs stipulated by AISC 341 in the US. 20 

Keywords: Turkey earthquakes; long duration ground motion; cumulative plastic strain; 21 

constant ductility; low-cycle fatigue 22 

1. Introduction 23 

Energy dissipation technology has been well recognized and developed in the past decades 24 

for the seismic protection of building structures. Its principle is to dissipate earthquake input 25 

energy by installing supplementary damping devices in building structures, such as metallic 26 

(Zhang et al 2018, Javanmardi et al 2020), viscous (De Domenico et al 2019, Moradpour and 27 

Jo
urn

al 
Pre-

pro
of



2 

 

Dehestani 2021), friction (Latour et al 2018, Jaisee et al 2021), and magnetorheological 28 

dampers (Zhao et al 2020, Yanik 2020). Structures with such supplementary damping devices 29 

are also referred to a damage-tolerant structure (Takeuchi and Wada 2017), which consists of a 30 

primary structure and an energy-dissipating substructure in parallel [Figure 1(a)]. Seismic 31 

damage is supposed to take place only in the energy-dissipating substructure so that the primary 32 

structure can remain free of damage during major earthquakes. Among the various types of 33 

dampers, buckling-restrained braces (BRBs) as shown in Figure 1(b) are among the most 34 

widely used because of its excellent hysteresis energy dissipation capacity, low-cost, and good 35 

durability. While many existing studies have paid much attention on the seismic performance 36 

(or in other words, the capacity) of BRBs (Qu et al 2017), this study focuses on the energy-37 

dissipating demands for BRBs. Such demands lay the foundation for the experimental 38 

qualification of BRBs before they are installed in buildings. The BRB specimens under tests 39 

are usually required to sustain a minimum cumulative plastic deformation (CPD) before they 40 

fracture under cyclic loading that follows a certain protocol. Table 1 summarizes the 41 

requirements by the seismic provisions in the major earthquake-prone countries. The CPD 42 

demands are usually defined as a multiple of the yield deformation y,BRB of BRBs. Only two 43 

scholars from Canada have specifically examined how local seismicity affects CPD demands 44 

(Dehghani and Tremblay 2012). To avoid determining y,BRB, the major provisions in China 45 

required the BRBs to sustain a minimum of 30 cycles of constant-amplitude loading before 46 

fracture. In the Standard for Building Energy Dissipation and Isolation Design (DG/TJ08-47 

2326-2020) in Shanghai, the requirement of 30 cycles corresponds to a CPD of 720 y,BRB, 48 

which is much higher than that of the requirements outside China. 49 
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 50 

Figure 1. (a) Conceptual configuration of damage-tolerant structure, and (b) Composition of a 51 

BRB. 52 

Jo
urn

al 
Pre-

pro
of



3 

 

Table 1. Min requirements for cumulative plastic behavior of BRBs for qualification tests. 53 

Countries References CPD demands Required No. of cycles 

US 

FEMA 4501 140 y,BRB - 

AISC341-162Error! 

Reference source not found. 

200 y,BRB - 

Japan Japanese practice3 0.66(1) - 

Canada Dehghani and Tremblay4 

76 y,BRB  

to 

130 y,BRB
 (2) 

- 

China 

JGJ 297-20135 - 30 

DBJ/CT 105-20116 - 30 

DGTJ08-2326-20207 720 y,BRB 30 

DBJ 53/T-141-20238 1200Δeqy,BRB
(3) 60 

(1) Cumulative plastic strain (CPS) is used instead. 

(2) The whole territory is divided by the seismicity into three regions of different CPD demands. 

(3) An equivalent yield strainΔeqy,BRB is derived from the hysteresis curves to serve as the basis of 

defining the CPD demands, which is usually larger than the initial yield strain y,BRB. 

As a key design parameter, the required CPD demand need to trade off performance 54 

against cost. An unnecessarily high demand may greatly increase the cost of metallic dampers 55 

and therefore discourage their application. Strong and long-duration earthquake motions 56 

imposes the major concern for the low-cycle fatigue performance of BRBs or other metallic 57 

dampers alike. Main-aftershock earthquake sequences are also believed to have a high CPD 58 

demand (Hatzigeorgiou and Liolios 2010, Li and Ellingwood 2007). The Turkey earthquake 59 

sequence on February 6, 2023, presents a unique event to see how high a CPD demand the 60 

metallic dampers in a building may possibly be exposed. It contains two strong earthquakes 61 

                                                        
1 FEMA 450, 2003. NEHRP recommended provisions for seismic regulations for new buildings and other 

structures. 
2 AISC 341-16, 2016. Seismic provisions for structural steel buildings. 
3 Takeuchi, T., Wada, A. eds., 2017. Buckling-restrained braces and applications. Tokyo: Japan Society of 

Seismic Isolation. 
4 Dehghani, M., Tremblay, R., 2012. Standard dynamic loading protocols for seismic qualification of BRBFs in 

eastern and western Canada. In 15th World Conference on Earthquake Engineering, Lisbon, Portugal. 
5 JGJ 297-2013, 2013. Technical specification for seismic energy dissipation of buildings. (in Chinese) 
6 DBJ/CT 105-2011, 2011. Technical specification for TJ buckling restrained braces, Shanghai building products 

recommended application standard. (in Chinese) 
7 DG/TJ08-2326-2020, 2020. Code for Engineering Construction of Shanghai. (in Chinese) 
8 DBJ 53/T-141-2023, 2023. Code for Engineering Construction of Yunnan. (in Chinese) 
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taking place one after another within 9 hours in the same region. The first quake of Mw 7.8 62 

struck the southern part of Turkey near the border with Syria at 4:17 AM with a focal depth of 63 

10.0 kilometers. About 9 hours later, at 1:24 PM the second quake of Mw 7.5 struck the northern 64 

Kahramanmaraş Province. The epicenters of the two quakes were only approximately 100km 65 

away from each other (Figure 2). As a region of known seismic risk, the fault ruptures were 66 

densely monitored. Nearly 300 strong motion stations were triggered in the event and recorded 67 

valuable ground motions to understand how strong the shaking was. 68 

Taking advantage of these ground motion records in the unique event, this study evaluates 69 

the CPD demands on the BRB in multi-story buildings. 32 strong ground motion records were 70 

selected from the 2023 Turkish earthquake database. Equivalent single-degree-of-freedom 71 

(SDOF) systems of various fundamental period and hysteresis behavior were subjected to the 72 

selected ground motions to calculate the CPD of the BRBs. The obtained CPDs were 73 

summarized in the form of constant-ductility spectra of CPD ratios. We conclude the paper by 74 

converting the CPDs to the equivalent number of constant-amplitude load cycles to compare 75 

with the Chinese practice. 76 

Epicenter

Fault rupture

Single-event record

Double-event record

0 20 40km

Mw 7.8

Mw 7.5

 77 
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Figure 2. The epicenters of earthquake double and the locations of the strong motion stations. 78 

2. Selected strong ground motions in the 2023 Turkey earthquakes 79 

During the earthquake doublet, most stations only recorded the ground motion induced by 80 

either one of the quakes. They are referred to as “single-event record” hereinafter. Only a 81 

limited number of stations, primarily located between the two epicenters, managed to record 82 

the ground motions for both the quakes. They are referred to as “double-event record” 83 

hereinafter. A total of 32 records were preliminarily selected by the simple criterion of a 84 

minimum of 100cm/s2 peak ground acceleration (PGA) in the horizontal directions. In case the 85 

PGAs in both horizontal directions exceeded 100 cm/s2, the component with the higher PGA 86 

was selected. The locations of strong motion stations for the 32 selected records are shown in 87 

Figure 2. Most of the stations were along the fault rupture of the first quake. Among the selected 88 

records, there are 24 single-event records and 8 double-event records. They are distinguished 89 

by hollow and solid triangles in Figure 2. 90 

The acceleration time histories of the selected records are depicted in Figure 3. The record 91 

of 4614 station exhibits the largest PGA of 2.12g. The station was location in between the 92 

epicenters of the two quakes. It is 39.9km from the epicenter of the first quake, and is 69.5km 93 

from that of the second quake. Although a double-event record, the ground motion in the second 94 

quake was much less significant than that in the first one, with a PGA of only 0.20g. Unlike 95 

4614, the stations of 4406 and 4612 to the northeast of the epicenters recorded stronger ground 96 

motions in the second quake, because they were much farther away from the epicenter of the 97 

first one. Among the single-event records, the record of 3138 station to the southwest of the 98 

epicenters exhibited the largest PGA of 1.31g. 99 

 100 
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Figure 3. The acceleration time histories of the selected ground motion records.  102 

Figures 4(a) and 4(b) plots the PGAs, PGVs, and significant durations of the selected 103 

records. For the double-event records, the significant duration is the sum of the durations of 104 

the two quakes. For most records, the PGA and PGV follow a similar correlation except for the 105 

4614 record, which exhibited an extraordinarily high PGA but only a moderate PGV. The 106 

double-event records had longer durations than the single-event ones. The 3138 record 107 

exhibited the largest PGA among the single-event records, but its significant duration was only 108 

5.61s, the smallest among all the selected records. 109 
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Figure 4. Characteristics of selected ground motion records: (a) PGA-PGV relationship, (b) 111 

PGA-duration relationship, and (c) spectra acceleration at 5% damping. 112 

The acceleration response spectra of the selected ground motion records are compared 113 

with the local design spectrum by the Turkish seismic code (TBEC, 2018) in Figure 4(c). Since 114 

the Turkish code stipulated the design spectrum parameters for each specific location, for 115 

reference, the parameters for the location of the 4614 station are used in Figure 4(c). In a wide 116 

range of period, the response spectra of the selected records well exceed the maximum 117 

considered earthquake of 2% probability of exceedance in 50 years.  118 

3. Method for Assessing the CPD Demands 119 

3.1 Nonlinear SDOF system for BRB-RC frame structures 120 

In Turkey, more than 90% of the buildings adopted reinforced concrete (RC) structures. 121 

Figure 5 (a) depicts a typical multi-story BRB-RC frame structure. Neglecting the higher-mode 122 

effect, its dynamic responses to earthquakes can be approximately simulated by an equivalent 123 

single-degree-of-freedom (SDOF) system that incorporates two parallel springs representing 124 

the RC frame and BRBs separately. For the BRB spring, the hysteresis can be simply assumed 125 

to an elastic-perfectly-plastic (EPP) model as in most analysis procedures for practical design. 126 

It neglects the strain hardening and the Bauschinger effect and can be uniquely defined by only 127 

two parameters, i.e., the initial stiffness KBRB and the yield strength Fy,BRB The yield 128 

deformation Δy,BRB can be obtained by dividing Fy,BRB by KBRB (Eq. 1). Otherwise, a more 129 

advance model, such as the Giuffre-Menegotto-Pinto (GMP) model (Filippou et al 1983) with 130 

curved skeletons can be assumed [Figure 5(b)]. The strain-hardening ratio is set to 0.0125, and 131 

the parameters that control the transition from elastic to plastic branches R0 is set to 26 132 
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according to (Qu et al 2017). All other optional parameters necessary to define this model were 133 

set to the default values whenever possible and kept unchanged in the analysis. 134 

𝛥y,BRB =
𝐹y,BRB

𝐾BRB
(1) 135 

For the RC frame spring, it can be assumed to retain the initial stiffness Kf and remain 136 

linear elastic during the earthquake excitation, since the primary structure is expected to remain 137 

intact in a damage-tolerant structure, or otherwise, it can exhibit a nonlinear hysteresis, such as 138 

the widely-used Takeda model for RC frames (Takeda et al 1970). The Takeda model consists 139 

of a trilinear skeleton curve and a set of hysteresis rules. The yield strength Fyf is assumed to 140 

be 1.1 times Fy,BRB in all cases so that the RC frame will always yield after the BRB. The 141 

strength of the RC frame continues to increase after yielding because of overstrength of various 142 

source until the ultimate strength Fpf =pFyf is reached, where the overstrength factor p is 143 

assumed to be 3.0 as recommended for moment-resisting RC frames (FEMA, 2012a). The 144 

secant stiffness at the ultimate point of Fpf is assumed to be half the initial stiffness Kf. The 145 

deformation pf corresponding to the ultimate strength can then be determined by Eq. 2. After 146 

Fpf is reached, the skeleton curve is assumed to exhibit a perfectly plastic behavior. The power 147 

used to determine the degraded unloading stiffness is set to 0.4 as recommended (Takeda et al 148 

1970). Pinching factor for strain or stress were all taken 0.5. Damage due to ductility was set 149 

to 0, and damage due to energy was 0.2 (Li, 2021). When in the negative direction, parameters 150 

are taken as the negative of the corresponding parameters in the positive direction. All 151 

parameters for different models were shown in Table 2. 152 

𝛥pf =
𝐹pf

0.5𝐾f
(2) 153 

(a) 
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Δ 
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Figure 5. Numerical model of BRB-RC frame structure: (a) equivalent SDOF system 155 

simplification and (b) hysteresis models. 156 

Table 2. Parameters for different model. 157 

                  Model 

Parameter 
Takeda EPP GMP 

K0 Kf κKf κKf 

Fy 1.1Fy,BRB Fy,BRB Fy,BRB 

Fp 3.3Fy,BRB - - 

Fu 3.3Fy,BRB - - 

Δy 1.1Fy,BRB/Kf Fy,BRB/κKf Fy,BRB/κKf 

Δp 3.3Fy,BRB/0.5Kf - - 

Δu 100Δyf - - 

τx 0.5 - - 

τy 0.5 - - 

d1 0 - - 

d2 0.2 - - 

ρ 0.4 - - 

b - 0 0.0125 

R0 - - 26 

cR1 - - 0.925 

cR2 - - 0.15 

Focusing on the behavior of the BRBs, we use the combination of a linear primary RC 158 

frame structure and BRBs with the nonlinear GMP model (uniaxial material Steel02 in 159 

OpenSees) as the basis model (i.e., Model 1 in Table 3). Another two models are constructed 160 

for comparison purpose. Model 2 replaces the linear primary structure with a nonlinear RC 161 

frame of Taketa model. In Model 3, the BRB model is replaced by the simplified EPP model. 162 

In all cases, the equivalent SDOF system was assumed to have 2% damping ratio to ensure a 163 

conservative estimate of the CPD demands on the BRBs. 164 

Table 3. Models of springs using different materials. 165 

Model RC-frame BRB 

1 Linear elastic model Giuffré-Menegotto-Pinto model (Steel02) 
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2 Takeda model Giuffré-Menegotto-Pinto model (Steel02) 

3 Linear elastic model Elastic-perfectly-plastic model (Steel01) 

In this study, the equivalent SDOF system for a BRB-RC frame structure is defined by the 166 

following three parameters.  167 

(1) the fundamental period T as defined in Eq. 3. For a parametric study, T takes values 168 

from 0.05s to 5s to cover a wide range of periods. 169 

𝑇 = 2𝜋√
𝑀

𝐾BRB + 𝐾f
(3) 170 

(2) the stiffness ratio between the BRB and the RC frame springs κ as defined in Eq. 4. 171 

As per the Chinese practice, the appropriate range of κ is from 1 to 9. Therefore, the κ in the 172 

following parametric study takes the values of 1, 3, 5, and 7. 173 

𝜅 =
𝐾BRB
𝐾f

(4) 174 

(3) the ductility ratio of the BRB spring μ as defined in Eq. 5. When =1, the BRB remain 175 

elastic. Some research recommended that the ductility ratio of BRBs should be greater than 8 176 

to take full advantage of their energy dissipation capacity (Kong et al 2022). In the Chinese 177 

practice, the ductility ratio can be up to 20 in extreme cases. In this study, the value of μ was 178 

taken as 4, 8, 12, and 16 to cover the range of common practice. 179 

𝜇 =
𝛥max

𝛥y,BRB
(5) 180 

where Δmax and Δy,BRB are the maximum and the yield deformation of the BRB, respectively. 181 

Given the above three parameters, T, κ, and μ, the hysteretic response of the BRB spring 182 

in the equivalent SDOF system to a specific ground motion record is calculated by the 183 

following procedure. 184 

(1) Select an arbitrary M, solve for the stiffnesses KBRB and Kf from Eqs. 3 and 4. 185 

(2) Perform a linear time history analysis of the SDOF system to get the maximum elastic 186 

force Fe of the BRB spring under the given ground motion record.  187 

(3) Assume the yield strength of the BRB spring Fy,BRB to be a fraction of Fe as shown in 188 

Eq. 6, where R is the strength reduction factor that is always greater than unity. 189 

𝐹y,BRB =
𝐹e
𝑅

(6) 190 
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(4) Perform a nonlinear time history analysis of the SDOF system to get the maximum 191 

deformation Δmax of the system. 192 

(5) Calculate the ductility ratio μ according to Eq. 5, where the yield deformation Δy,BRB 193 

is dependent on the assumed Fy,BRB in Step (3) and is calculated by Eq. 1.  194 

(6) Repeat Step (3) to (5) until the relative error between the calculated μ and the target μ 195 

is smaller than 0.01. Output the hysteretic response of the BRB spring. 196 

3.2 CPD ratio and its spectrum 197 

Once the hysteretic response of the BRB spring at the given parameters is obtained, the 198 

CPD can be readily calculated by summing up the plastic deformation in each load cycles 199 

during the earthquake excitation. By definition, plastic deformation is the un-recovered 200 

deformation when unloaded. In the ith half load cycle, the plastic deformation can be calculated 201 

by subtracting the deformation at zero force at the beginning and the end of the half load cycle, 202 

Δi and Δi+1 (Figure 6). Then the CPD is simply the sum of the plastic strain in each half load 203 

cycles (Eq. 7).  204 

 

Δ

F

Δp
i

Δp
i+1

Δi

Δi+1

 205 

Figure 6. Plastic deformation of BRB. 206 

𝐶𝑃𝐷 =∑|𝛥i+1 − 𝛥i|

𝑛

𝑖=1

(7) 207 

To compare with the general requirement for CPDs in the seismic provisions, the 208 

calculated CPD is normalized by the yield deformation y,BRB to give the CPD ratio (or CPDR) 209 

in Eq. 8. 210 
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𝐶𝑃𝐷𝑅 =
𝐶𝑃𝐷

𝛥y,BRB
(8) 211 

Taking κ=3 and μ=10 for example, Figure 7 depicts the calculated y,BRB, CPD and CPDR 212 

for the record of the 4632 station at various T from 0.05 to 5s. Extremely small yield 213 

deformation y,BRB is present for very short-period systems. The Chinese seismic code requires 214 

that the elastic inter-story drift ratio (θe) should not exceed 1/550 for RC frames in the elastic 215 

state (GB 50011-2010, 2016). It corresponds a story drift of 5.6mm if assuming a minimum 216 

story height of 3.1m for residential buildings as per the Chinese practice. A yield deformation 217 

smaller than 5.6mm would represent an impractical design. Therefore, the results with yield 218 

deformation of y,BRB <5mm are considered unrealistic and thus discarded in the further 219 

analysis. The remainder of the results forms the constant-ductility CPD and CPDR spectra as 220 

shown in Figures 7(b) and (c). 221 
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 222 

Figure 7. Analysis results for κ=3, μ=10 and 4632 record: (a) yield deformation Δy, (b) CPD 223 

spectrum, and (c) CPDR spectrum. 224 

4. Results and discussions 225 

4.1 CPDR Spectra 226 

Figure 8 depicts the CPDR spectra of all the 32 selected ground motions in the Turkey 227 

earthquake doublet for BRB-RC frame systems of κ = 3 and μ = 10 by Model 1. The envelops 228 

for the single-event records and the double-event records are highlighted by bold dotted lines 229 

in Figures 8(a) and (b) and are compared in Figure 8(c). The envelop of the double-event 230 

records are greater than that of the single-event records in the whole period range, showing the 231 

predominant role of the double-event records in determining the CPDR demands. 232 
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Figure 8. The constant-ductility CPDR spectra of (a) single-event records, (b) double-event 234 

records, and (c) envelopes. 235 

Figure 9 examines the variation of the CPDR spectra with μ and κ. The CPDR spectra of 236 

all the 32 records are depicted in each of the graphs with their enveloped spectrum highlighted 237 

by bold dotted lines. At a constant stiffness ratio (e.g., κ = 1), the CPDR spectra increase 238 

significantly with larger ductility ratios. On the other hand, at a constant ductility ratio (e.g., 239 

μ=10), the CPDR spectra decrease with larger stiffness ratios. κ = 1 represents the most-240 

unfavourable scenario in terms of CPD demands. 241 
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Figure 9. CPDR spectra for different parameters: (a) κ = 1 (b) μ = 10. 243 

When κ=1, the enveloped CPDR spectra of the 32 records are dominated by the CPDR 244 
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spectra of only seven most unfavorable records as list in Table 4, each predominates in a certain 245 

period range. Five of the seven records are double-event records. 246 

Table 4. Ground motion records that dominate enveloped CPDR spectra at κ=1. 247 

Predominated 

periods T (s) 
Station Double- or single-event 

PGA 

(cm/s2) 

PGV 

(cm/s) 

Td 

(s) 

0.15-0.40 4614 Double 2166.4 70.2 57.7 

0.50-0.70 2716 Single 255.1 59.9 53.4 

0.80-1.0 4406 Double 462.0 35.7 59.0 

1.2 4617 Double 145.6 29.0 81.8 

1.4-2.4 4412 Double 158.7 39.6 85.7 

2.6-3.0 4620 Double 316.6 37.5 91.2 

3.5 3131 Single 363.6 50.3 9.2 

4.0-5.0 4620 Double 316.6 37.5 91.2 

Figure 10 summarizes the enveloped CPDR spectra for all the combinations of parameters. 248 

The US steel seismic provision’s requirement of a minimum of 200 CPDR for BRBs is 249 

adequate for BRBs with a low ductility =4. When =8, it is only adequate for flexible 250 

structures of period T larger than 2s. On the other hand, the Shanghai seismic provision requires 251 

the design ductility μ to exceeds 6 and CPDR to exceed 720 (DG/TJ08-2326-2020,2020). It 252 

seems reasonable only for the most unfavourable scenario of κ=1 and μ=16. For other cases, it 253 

represents an overly high demand. 254 
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Figure 10. Enveloped CPDR spectra at (a) κ = 1 (b) κ = 3 (c) κ = 5 (d) κ = 7. 256 

Based on the CPDR spectrum, the required maximum cumulative ductility for the BRBs 257 

in multi-story buildings can be readily determined given the fundamental period T1, the 258 
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stiffness ratio , and the target BRB ductility  in the seismic design of the building. It can 259 

serve as a reference for determining the acceptance criterion in the qualification test for the 260 

BRBs. It also provides reference for the revision of relevant seismic provisions to avoid 261 

excessive demands for the low-cycle fatigue performance of BRBs. 262 

4.2 The influences of hysteresis models 263 

Although the primary structures are expected to remain intact in design-level earthquakes, 264 

they are supposed to sustain a moderate level of nonlinearity in very rare earthquakes. Such 265 

nonlinearity dissipates the earthquake input energy and therefore may ease the energy 266 

dissipation demands for the dampers. Taking μ = 12 for example, by comparing the enveloped 267 

CPDR spectra calculated with Models 1 and 2 in Table 2, Figure 11 shows that the nonlinearity 268 

of the primary RC frame structure dissipates energy, there is a reduction in the proportion of 269 

energy dissipation attributed to the BRB, consequently resulting in a decrease in CPDR.  270 
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 271 

Figure 11. Enveloped CPDR spectra with linear elastic and nonlinear primary structure for μ 272 

= 12 and (a) κ = 1 (b) κ = 3 (c) κ = 5 (d) κ = 7. 273 

On the other hand, the BRB hysteresis model may also have an effect on the CPDR 274 

demand. Although the Giuffré-Menegotto-Pinto model has been proved to be adequate for 275 

modelling the hysteresis of BRBs (Qu et al 2017), the bilinear model is usually preferred in 276 

routine design practice for its simplicity. Also taking μ = 12 for example, Figure 12 examines 277 

the effect of hysteresis models of the BRBs by comparing the enveloped CPDR spectra 278 

calculated with Models 1 and 3. The use of the EPP model for BRBs may yield slightly lower 279 

demands than if the GMP model is otherwise used. 280 
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 281 

Figure 12. Enveloped CPDR spectra with BRBs of the GMP model and EPP model for μ = 12 282 

and (a) κ = 1 (b) κ = 3 (c) κ = 5 (d) κ = 7. 283 

4.3 Equivalent number of constant-amplitude load cycles 284 

Assuming that the low-cycle fatigue life of BRBs is independent of load paths, the 285 

calculated CPD by the time history response analyses [Figure 13(a)] can equated to the 286 

cumulative plastic deformation in the constant-amplitude loading of qualification tests, which 287 

is denoted as CPD* hereinafter. For elastic-perfectly-plastic hysteresis [Figure 13(b)], the 288 

CPD* can be calculated by Eq. 9. By equating CPD* and CPD, an equivalent number of 289 

constant-amplitude load cycles can be derived from the calculated CPD by the time history 290 

analyses (Eq. 10).  291 

𝐶𝑃𝐷∗ = 𝑁 ∙ 2(𝛥PTP − 2𝛥y) (9) 

𝑁eq =
𝐶𝑃𝐷

2(𝛥PTP − 2𝛥y)
(10) 

where PTP is the peak-to-peak amplitude, N is the number of load cycles, Neq is the 292 

equivalent number of load cycles derived from the calculated CPD by time history analysis. 293 
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Figure 13. Hysteresis of BRBs: (a) GMP model of various amplitudes under earthquake 295 
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excitation, and (b) EPP model of constant amplitudes. 296 

By Eq. 10 and the peak-to-peak amplitudes in the time history analysis, the CPDR spectra 297 

in Figure 10 can be readily converted to spectra of the equivalent load cycles Neq as shown in 298 

Figure 14. In such a manner, the influence of the ductility ratio  is minimized, while the 299 

influence of κ remains similar. In all cases, the Neq for BRBs does not exceed 30, suggesting 300 

an excessively high demands for BRBs by most Chinese seismic provisions. 301 
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 302 

Figure 14. Neq spectra at (a) κ = 1 (b) κ = 3 (c) κ = 5 (d) κ = 7. 303 

As denoted by the hollow circles in Figure 15, the peaks of the envelope of all the Neq 304 

spectra exhibit a monotonically decreasing trend with the increase of the system’s period T. 305 

This trend can be approximated by the linear relationship in Eq. 11, which may provide basis 306 

for revision of relevant provisions for the seismic design of BRBs. 307 

𝑁eq = 21 (1 −
𝑇

10
) (11) 
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Figure 15. Envelope of Neq spectra. 309 
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5. Conclusions 310 

The 2023 Turkey earthquake sequence presents a unique extreme event that exposes 311 

building structures to strong ground motion of two consecutive strong quakes in the same day. 312 

This study analyzes the rich database of the ground motion records obtained during the 2023 313 

Turkey earthquake sequence to explore the cumulative plastic deformation (CPD) demand on 314 

BRBs in structures of various periods, stiffnesses and strengths. The following conclusions can 315 

be drawn from this study: 316 

(1) Constant-ductility CPDR spectra are constructed to show that the CPDR demands on 317 

BRBs decrease with longer periods T, smaller ductility ratios , and larger stiffness ratios . 318 

The moderate nonlinearity in the primary structure has little influence on the CPDR demands. 319 

Similarly, the use of the simple EPP model or the more sophisticated GMP model also makes 320 

no obvious difference. 321 

(2) The US requirement in AISC341 of CPDR=200 is only adequate for flexible structure 322 

with BRBs of moderate ductility. On the other hand, the Shanghai requirement of CPDR=720 323 

is excessively high in most cases. 324 

(3) The CPDR spectra are converted to equivalent number of constant-amplitude load 325 

cycles to show that the consistent 30 cycles of load cycles in most Chinese provisions for 326 

buildings with energy dissipation devices. A linear relationship is approximately fitted between 327 

the Neq requirement and the system’s period T. 328 

The results of this study should be interpreted with the following limitations in mind. 329 

Firstly, this study used an equivalent SDOF system throughout the analysis and therefore 330 

neglects the higher mode effect, which could be non-negligible for very flexible structures. 331 

Secondly, this study only analysed the ground motion records in the 2023 Turkey earthquake 332 

sequence. It is not sure if they present the most unfavourable scenario for BRBs in buildings in 333 

terms of energy dissipation demands. Comparison with other strong ground motion records in 334 

other historical events is necessary. Thirdly, the results based the Turkey earthquakes may 335 

provide an upper bound but may not be directly applied to other locations with a different 336 

seismicity. The explicit consideration of seismicity in determining the CPD demands for BRBs 337 

are recommended. 338 
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