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Abstract 

This paper focuses on the post-event evaluation of buckling-restrained braces (BRBs), in order to evaluate whether the 

BRB element should be replaced after a loading event. For this purpose, a damage index is proposed based on the 

experimental data obtained from a series of tests conducted on different BRB specimens. In total 19 full-scale BRB 

specimens were manufactured with local industry and workforce, and tested: 14 BRB specimens for a so-called low-

cycle loading protocol, and five BRB specimens for a so-called high-cycle fatigue loading protocol. The specimens 

were designed having differential deformation and energy dissipation capacities. The low-cycle loading protocol 

slightly differs from that specified in the Colombian seismic code (NSR-10). For the high-cycle fatigue protocol, the 

axial strain at BRB core was increased from zero to 1.50%, and continued at 1.5% strain until core failure occurred. The 

proposed damage index has been calibrated based on the experimental results, and is capable of considering the effect 

of the maximum core strain attained as well as the cumulative deformation effect. A qualification scale has been 

assigned to the proposed damage index as a tool for evaluating whether the BRB element should be replaced or left on 

site. Furthermore, a series of nonlinear dynamic analyses were carried out on a sample building in order to validate the 

proposed damage index when subjected to ground motions. The results provided sufficient arguments to conclude that: 

(1) the proposed damage index varies from zero to slightly over one, in which a damage index larger or equal than unity

represents the ultimate state of the BRB element, (2) a damage index lower than 0.30 indicates that the BRB element

can be left on site with a reasonable safety margin against future events, (3) a damage index greater than 0.70 indicates

that the BRB should be replaced, and (4) a damage index in the range of 0.30 and 0.70 indicates a BRB element that can

be replaced or not, depending on a case-by-case analysis and on the building´s owner decision. Finally, the results

suggest that the proposed damaged index can be useful in structural design practice.
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1. Introduction

As design methodologies and techniques advance, structural design philosophies point beyond the control of 

the collapse of building structures, and focus therefore on assessing the performance of buildings at different 

levels of seismic demand in order to meet heritage, interior furnishing and non-structural elements protection 

needs, building functionality, as well as to ensure the post-earthquake operation of essential buildings. 

Among modern design philosophies, the Performance-Based Seismic Design methodology (PBSD), a 

design based on the behavior of the structure considering the concept of damage tolerance in structural, non-

structural and building equipment component, has become very popular. This design philosophy allows the 

evaluation of the seismic reliability of buildings against earthquakes, and has been widely used for the design 

and retrofitting of building structures based on different guidelines and design codes [1-5]. In general, 

building structures designed under the PBSD concept have a higher level of reliability than those in which 

this concept has not been applied. One key aspect when evaluating the seismic performance of a building 

structure under the PBSD methodology has to do with the definition of the acceptance criteria for structural 

elements for a particular performance level; the ASCE 41-17 [5] document presents the acceptance criteria 

for several structural elements and materials. A complementary procedure for assessing the seismic 

performance of a structural element or a whole system is through the use of a damage index qualification. To 

date, many methodologies for damage index determination are available, particularly for reinforced-concrete 

and steel members [6-9]. 

The use of Buckling-Restrained Braces (BRBs) in building structures is still gaining popularity as an 

interesting alternative for the seismic design and retrofitting of building structures. In [10], the authors 

presented an evaluation of the reliability of two 24-story buildings. This study compared two steel buildings, 

one corresponding to the traditional structural system of ductile steel frames combined with moment-

resistant frames (designed by conventional methods), and another with buckling-restrained braces. They 

reported a greater seismic reliability for the building incorporating BRB devices. Several studies are still 

being published reporting not only advances in the development of BRB elements, but also in the design 

methodologies (e.g., [11-20]. Recently, [21] presented the seismic performance assessment for a suite of 

buckling-restrained braced frames (BRBFs) in which they recommended that the acceptance criteria for 

BRBs listed in the ASCE 41 be re-examined. Therefore, the authors proposed an adjustment factor to 

account better for the cumulative deformation effect and the maximum deformation capacity of BRBs. In 

this work, however, no influence of BRB properties such as the plastic length was considered.  

This paper is part of a larger investigation aimed at introducing two methodologies, one for defining 

the acceptance criteria for BRBs and another for determining a damage index (DI) when BRBs are subjected 

to seismic actions. Both methodologies have been established based on a set of experimental results [22-24] 

obtained from a series of tests carried out on a BRB prototype developed in Colombia. Thus, the present 

work introduces the methodology for the DI determination, targeted at the post-earthquake evaluation of 

BRB elements, and as a tool to determine whether the BRB should be replaced or not. The results of this 

study are expected to contribute to ongoing efforts on improving PBSD methodologies. 

2. Testing Program

2.1 BRB specimens 

In total 19 full-scale buckling-restrained braces (BRBs) were designed and manufactured with local industry 

and workforce. All BRBs were subjected to cyclic loading in tension and compression. Two types of loading 

protocol were considered: Protocol 1 corresponds to a more demanding loading protocol than the one 

required by the Colombian code, and the Protocol 2 corresponds to fatigue loading. The 19 specimens were 

divided and tested into three performance groups (PG). Table 1 shows the characteristics of each 

performance group and its research goals. 
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Table 1 - Performance groups for testing 

Performance 

group (PG) 

Prototypes # specimen per 

prototype 

Loading 

protocol 

Research goal 

I PR1; PR2 3; 3 1 Global buckling 

II 
PR1; PR2 

PR3; PR4 

2; 2 

2; 2 
1 

Plastic length, global buckling, 

unbonding gap 

III PR1; PR2 3; 2 2 Fatigue 

Table 2 - Main structural characteristics of BRBs 

PG /Prot. Steel core Buckling restrainer 

w/t Asc LP ; (%LB) Py By GB-SF LR Gap 

PGI / PR1 10.5 855 1,511; (64) 248 - 2.10 1,797 0.8 

PGI / PR2 10.5 855 1,511; (64) 248 - 3.30 1,797 0.8 

PGII / PR1 10.5 855 1,511; (64) 248 2.53 3.28 1,797 0.5 

PGII / PR2 10.5 855 705; (30) 248 2.06 3.28 1,797 0.5 

PGII / PR3 10.5 855 1,511; (64) 248 2.53 4.72 1,797 0.5 

PGII / PR4 10.5 855 1,511; (64) 248 2.53 4.82 1,797 1.0 

PGIII / PR1 10.5 855 1,261; (54) 248 2.05 3.10 1,797 0.5 

PGIII / PR2 10.5 855 705; (30) 248 1.76 3.10 1,797 0.5 

w/t: steel core width-to-thickness ratio 

Asc: steel core area, [mm
2
]

LP: plastic length: LP64 and LP30, [mm] 

%LB: LP expressed as BRB length percentage 

Py: nominal yield strength, [kN] 

By: deformation between measuring points at core yield, [mm]

GB-SF: global buckling safety factor

LR: buckling-restrained length, [mm]

Gap: Unbonding gap, [mm]

All prototypes have the same length (LB=2,351 mm) and steel type (ASTM A-36), but they differ from 

each other in: (1) global buckling safety factor, (2) plastic length and (3) unbonding gap. Here, it is important 

to note that according to coupon test on the steel core, the yield stress for the PGI and PGII was 290 MPa, 

while 250 MPa for the PGIII. The tests carried out for PGs I and II aimed at understanding mainly the 

influence of the global buckling safety factor and the plastic length on the performance of the BRB 

prototype. The tests performed for the PGIII were carried out to understand the performance of prototypes 

under a fatigue-type loading. For this purpose, two prototypes of BRBs were designed and built; specifically, 

three specimens of PR1 and two of PR2, for a total of five BRB specimens. The main research goal was to 

study the effect of the loading protocol on the deformation and energy dissipation capacity of BRBs. Table 2 

shows the structural characteristics of all 19 specimens, and the details on each group can be found 

elsewhere [22-24]. Fig. 1, on the right, illustrates the brace length (LB), plastic length (LP), buckling-

restrained length (LR) and the brace deformation between measuring points (B). Fig. 1, on the left, illustrates 

the three different working zones into which the BRB is divided: Zone 1 corresponds to the elastic 

connection zone, Zone 2 corresponds to the elastic transition zone and the Zone 3 corresponds to the plastic 

zone (all axial inelastic deformation occurs within LP). Fig. 2 shows the experimental set-up. It is worth 

mentioning that the brace deformation B is considered to be adequate for practical use now that it can be 

readily measured on site through any displacement sensor or similar; brace deformation of Zone 1 is 

generally very small. B includes the axial deformation of Zone 3 and both Zones 2. 
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Fig. 1 – BRB definitions 

Fig. 2 – Experimental set-up 

2.2 Loading protocol 

As mentioned, two types of loading protocols were used in the testing program. Loading Protocol 1 (P1) was 

used for the PGs I and II, and the Loading Protocol 2 (P2) was used for the PGIII. All specimens were 

subjected to cyclic tensile and compressive loading in which the axial deformation in the plastic length of the 

brace was gradually increased from zero up to value of axial strain according to the protocol used.  

In case of P1, the loading history used slightly differs from that stipulated in the Section F.3.11.3 of 

the Colombian Code NSR-10 [25]. It is worth mentioning that Section F.3.11.3 of NSR-10 is based on the 

protocol given by the document AISC 341-05 [26]. Thus, the P1 meets the conditions described in NSR-10 

and the strain sequence is more demanding in terms of cumulative inelastic deformation. This loading 

protocol was chosen based on previous research programs carried out in Japan [13, 27] in order to obtain 

comparable data. Fig. 3a shows the loading protocol P1; it can be seen that axial strain of the steel core (p) is 

increased from zero up to 3.0% strain. 

In case of P2, all specimens of the PGIII were subjected to a cyclic tensile and compressive loading 

protocol in which the axial deformation in the plastic length of the brace was gradually increased from zero 

up to 1.5% axial strain, according to similar studies in other countries and current regulations [28, 29]. This 

protocol is divided into two parts: (1) 12 cycles with varying amplitude, similar to that of P1 until the axial 

strain reaches 1.5%, and (2) a sufficient number of cycles of constant amplitude of 1.5% axial strain, until 

failure is obtained. Fig. 3b shows the loading protocol P2, in which Nc_f stands for the cycle number at which 

failure occurred. Additional details of each loading protocol can be found elsewhere [22-24]. 
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Fig. 3 – Loading protocols: a) P1, b) P2 

2.3 Experimental results 

Table 3 summarizes the experimental results obtained in the testing program for each performance group. 

Here, the results of the first three specimens of PGI tested have been intentionally left out the table due to 

some problems in the set-up at the time of the tests. Thus, in Table 3  and  stand for the cumulative plastic 

deformation and the cumulative strain energy, respectively. According to [12], and  are determined by Eq. 

(1) and Eq. (2), respectively (see Fig. 4).

 = 𝐸𝑡 𝑊𝑦⁄ = 𝐸𝑡 (𝑃𝑦𝛿𝑦)⁄ (1) 

η =
𝛿1 + 𝛿2 + 𝛿3 + ⋯

𝛿𝑦
(2) 

In Table 3, 𝜀 max and max stand for the maximum axial core strain and maximum core ductility 

obtained in the test, respectively. 𝛽 stands for the compression strength adjustment factor, and ω for the 

strain hardening adjustment factor. Here, it is important to mention that 𝜇, 𝜂 and  are calculated over the 

length 𝛿𝐵; thus, the ductility 𝜇 is given by Eq. (3).

𝜇 =
𝛿𝐵

𝛿𝐵𝑦
(3) 

Where, δB is the brace deformation between measuring points (see Fig. 1). Based on the results of all

test conducted to the PGII, a limit for p was set to 2.5% as a conservative deformation capacity for the BRB 

prototype, just before presenting local compression failure. Therefore, 2.5 stands for the maximum ductility 

obtained at an axial strain equals to 2.5% (p=0.025). Additional details on the response parameters obtained 

in all tests can be found elsewhere [22-24]. In Table 3, it is important to note that all specimens withstood a 

cumulative plastic deformation  greater than the value of 200 required by [25] and [30]. Moreover, it can be 

seen the significant increase in the cumulative plastic deformation and energy dissipation when the 

specimens are subjected to the fatigue protocol P2; specimens were able to increase in almost three times 

their response.  

As for the failure mode of the specimens, experimental results showed that the specimens subjected to 

the P1 protocol failed mainly in a local-buckling failure mode in the steel core due to the capacity loss of the 

buckling restrainer. On the contrary, the specimens subjected to the P2 protocol failed in a tensile-fracture 

failure mode in the steel core due to fatigue. Here, it is important to mention that these two failure modes are 

accepted in case of BRB elements. Details on different failure modes can be found elsewhere [31, 32]. 

From Fig. 5, it is clear that the maximum ductility in the response history somewhat restrains the 

cumulative plastic deformation and energy dissipation. In other words, the larger the maximum axial strain 

(or ductility) in the response history, the lower the value of  and . This is to be expected since a large 

ductility demand imposes large forces on the buckling-restraining mechanism, leading it to failure. It is also 

a) b) 
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important to note that BRBs of PGII were able to withstand larger ductility demands than those of the PGI 

since a few changes in the prototype design were made to provide larger deformation capacity. 

On the other hand, [33] established conservative limits for  and  required on BRBs installed into a 

building structure: which are 15 and 200, respectively, in case of the design earthquake (DE) intensity, and 

25 and 400, respectively, in case of the maximum considered earthquake (MCE). In the study, Life Safety 

(LS) performance level was considered for the DE earthquake and Collapse Prevention (CP) for the MCE 

earthquake. They also mentioned other experimental studies which have reported large values of cumulative 

plastic deformation ( = 1700); the results of  obtained in the PGIII are comparable with those large values.  

In Fig. 5 it can also be observed that all PGIII specimens reached higher values of  than the limits 

proposed by [33] for the two levels of seismic intensity. In case of the specimens of the PGII, all reached 

values of  higher than the limit for the DE level, and a few specimens reached values higher than the limit 

for the MCE level. Here, the later corresponds to specimens having a larger plastic length (LP64). This clearly 

indicates the great influence of LP on the energy dissipation capacity. 

Table 3 – Response parameters of tests 

PG / Prototype Spec.  𝛡 𝛃 𝛚 𝛆 𝐦𝐚𝐱(%)  𝐦𝐚𝐱  𝟐.𝟓 Nc-f 

PGI /PR2 2-1 259 259 1.09 1.26 1.5 9.40 N/A N/A 

PGI / PR2 2-2 357 304 1.14 1.29 2.0 12.52 N/A N/A 

PGI / PR2 2-3 324 301 1.09 1.26 2.0 12.39 N/A N/A 

PGII / PR1 1-1 594 518 1.27 1.20 3.0 17.64 15.12 N/A 

PGII / PR1 1-2 431 527 1.19 1.37 2.5 15.51 15.51 N/A 

PGII / PR2 2-1 287 291 1.02 1.19 3.0 10.93 9.18 N/A 

PGII / PR2 2-2 345 366 1.07 1.34 3.0 11.29 9.55 N/A 

PGII / PR3 3-1 359 367 1.01 1.35 2.5 15.22 15.22 N/A 

PGII / PR3 3-2 486 554 1.24 1.40 3.0 18.16 15.18 N/A 

PGII / PR4 4-1 544 643 1.12 1.50 3.0 18.21 15.17 N/A 

PGII / PR4 4-2 597 746 1.25 1.41 3.0 18.72 15.60 N/A 

PGIII / PR1 1-1 1,693 2,356 1.07 1.38 1.5 11.09 N/A 58 

PGIII / PR1 1-2 1,868 2,356 1.07 1.26 1.5 10.93 N/A 64 

PGIII / PR1 1-3 1,848 2,306 1.07 1.41 1.5 10.36 N/A 63 

PGIII / PR2 2-1 1,354 1,508 1.04 1.15 1.5 7.65 N/A 70 

PGIII / PR2 2-2 1,600 2,058 1.24 1.29 1.5 7.53 N/A 83 

 

 

Fig. 4 – Definition of response parameters a) , and b) , [12] 
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Fig. 5 – Response of parameters  and max 

3. Proposed Damage Index

Based on the test results, Eq. (4) is the proposed damage index (DI), which takes into account the two failure 

modes described in the previous section.   

𝐷𝐼 = 𝐹1
𝛼  𝐹2

(1−𝛼) (4) 

In Eq. (4), F1 and F2 are to represent the Type-A and Type-B failure modes, respectively. The 𝛼 

coefficient stands for a weighting factor, depending on the maximum axial deformation withstood between 

measuring points (δBmax) and plastic length LP. In Eq. (5), 𝑎 and 𝑏 coefficients are set to: a=0.5 (for equal

participation of factors F1 and F2) and b= -15 (for better matching). It is important to note that experimental 

results showed that the contribution to the calculation of DI is an inversely-proportional type process 

between both failure modes. Thus, factors F1 and F2 can be determined by Eq. (6) and Eq. (7), respectively. 

𝛼 = 𝑎 + 𝑏
𝛿𝐵𝑚𝑎𝑥

𝐿𝑃
(5) 

𝐹1 =
𝛿𝐵𝑚𝑎𝑥

𝛿𝑐
(6) 

𝐹2 =
𝜂𝑚𝑎𝑥

𝜂𝑐
(7) 

At the maximum demand, F1 represents the effect of the maximum deformation, and F2 represents the 

effect of cumulative plastic deformation. 𝛿𝑐  and 𝑐  stand for the characteristic capacities observed under

qualification tests, obtained from Eq. (8) a Eq. (9), respectively. 

𝛿𝑐 = 𝛿𝑢 − 𝜎𝛿 (8) 

𝜂𝑐 = 𝜂𝑢 − 𝜎𝜂 (9) 

In Eq. (8) and Eq. (9), 𝛿𝑢 and 𝜂𝑢 are the ultimate (maximum) deformation and ultimate cumulative

plastic deformation measured in qualification tests, or at a particular “ultimate” state defined by the 

manufacturer, respectively. Here, 𝛿𝑢 was set to the brace deformation 𝛿𝐵 when 𝑝 reached 0.025, and 𝜂𝑢 is

the corresponding cumulative deformation obtained from Eq. (2). Here, it is worth recalling that specimens 

of the PGII were able to withstand axial core strains up to 0.030. Moreover, 𝜎𝛿  and 𝜎𝜂  are the standard

deviations for 𝛿𝑢 and 𝜂𝑢, respectively, among the qualification tests. It should be noted that a different set of

(𝛿𝑐, 𝜂𝑐) is required for each plastic length LP; 𝜂𝑐 also depends on the failure type (or loading history type).
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Table 4 shows the resulting characteristic capacities and the damage index calculation, while Fig. 6 

depicts the evolution of damage index until failure. The resulting value of 𝜂𝑐  shown in Table 4 varies

between 80 to 90% of the ultimate average capacity (𝜂𝑢) recorded in the tests, for both PGs II and III. On the

other hand, the resulting value of 𝛿𝑐  varies between 95 to 100% of the ultimate average capacity (𝛿𝑢 )

recorded in the tests; this is because tests were performed under a displacement-controlled scheme.  

Table 4 – Characteristic capacities and damage index 

PG / Prototype Spec. 𝛈𝐜 𝛅𝐜 (mm) 𝜶 𝛅𝐁𝐦𝐚𝐱 𝐋𝐏⁄ F1 F2 DI 

PGII / PR1 1-1 398 38.24 0.118 0.025 1.01 1.29 1.25 

PGII / PR1 1-2 398 38.24 0.110 0.026 1.02 1.08 1.08 

PGII / PR2 2-1 261 18.73 0.100 0.027 1.05 1.01 1.01 

PGII / PR2 2-2 261 18.73 0.085 0.028 1.04 1.05 1.05 

PGII / PR3* 3-1 - - - - - - -

PGII / PR3 3-2 398 38.24 0.117 0.026 1.00 1.06 1.05 

PGII / PR4 4-1 398 38.24 0.117 0.026 1.00 1.08 1.07 

PGII / PR4 4-2 398 38.24 0.108 0.026 1.03 1.02 1.02 

PGIII / PR1* 1-1 - - - - - - -

PGIII / PR1 1-2 1,833 32.50** 0.235 0.018 0.63 1.00 0.90 

PGIII / PR1 1-3 1,833 32.50** 0.249 0.017 0.64 1.02 0.91 

PGIII / PR2 2-1 1,321 18.73 0.205 0.020 0.74 1.03 0.96 

PGIII / PR2 2-2 1,321 18.73 0.218 0.019 0.64 1.00 0.91 
* Specimens were left out of calculation due to a minor premature failure observed in the tests (see [22,

23] for details). ** Extrapolated values

As seen in the last column of Table 4, DIs obtained from Eq. (4) can have values larger than unity; this 

is because characteristic values are taken conservatively smaller than the actual capacities measured in the 

tests. Another aspect to highlight has to do with the contribution of factors 𝐹1 and 𝐹2 to the DI; as expected,

cumulative effect represented by the factor 𝐹2 contributes more to the DI calculation in case of PGIII. As

seen in Fig. 6, the evolution of DI varies with the loading protocol. In the PGII, the slope is larger and tends 

to remain constant until failure occurs, while in the PGIII, the slope tries to follow a bilinear behavior, 

slightly changing at a DI of about 0.2 to 0.3. The value of  equals to 200 corresponds to the minimum 

deformation capacity required for qualification testing [30]. From Fig. 6, the following DIs can then be 

assigned for  = 200: PGII: 0.5 for 𝐿𝑃64 and 0.75 for 𝐿𝑃30; PGIII: 0.2 for 𝐿𝑃54 and 𝐿𝑃30. It is again clear

that the maximum deformation in the response history limits the cumulative plastic deformation; that is, the 

larger the maximum brace deformation (or ductility), the lower the cumulative plastic deformation capacity. 

Fig. 6 – Evolution of damage index 
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As most damage indexes, the proposed DI requires a qualitative evaluation for design purposes. In 

case of BRBs, the evaluation should aim at defining whether a BRB specimen should be replaced or not after 

withstanding a particular loading history. Based on the test results, Table 5 shows a proposal for such an 

evaluation. Here, the limits DI=0.7 and DI=0.3 were also chosen to provide safety factors of about 1.5 and 3, 

respectively. Both safety factors are considered appropriate for accounting for capacity variations due to 

fabrication process. 

Table 5 – Proposed damage index levels 

Damage level Damage index Description 

Severe DI ≥ 0.7 BRB should be replaced immediately. 

Moderate 0.3 ≤ DI ≤ 0.7 
BRB performance should be further investigated. Project owner’s 

participation is required for deciding if the BRB is left on site or not. 

Slight DI ≤ 0.3 
BRB needs not be replaced. It could be replaced if physical damage 

is observed. 

4. Results of Earthquake Response Analysis and Discussion

4.1 Studied sample building structure 

A series of nonlinear dynamic analyses (NLDA) was carried out on a sample building in order to investigate 

the proposed damage index, when structures are subjected to earthquake motions. Fig. 7 shows the three-

dimension six-story reinforced concrete (R/C) structure used as a sample building for dynamic analyses. The 

symmetric plan consists of 3 by 4 bays each of 7 m with a typical height of 3.5 m. The gravitational loads 

(dead and live) per unit area are assumed to be the same for all stories, with a typical superimposed dead 

load of 3.23 kN/m
2
 and a typical live load of 4.0 kN/m

2
 (for hospital use). Two pairs of BRBs in each 

direction were installed into the R/C main frame, as shown in Fig. 7; BRBs of each floor have the same 

structural properties. Thus, a total of 48 BRBs were installed into the R/C main frame, grouped into six 

different BRB types. The structural design was established based on the Colombian seismic code (NSR-10) 

for braced R/C moment-resisting frames, and BRBs were sized and designed according to the technical 

advised of the BRB manufacturer in Colombia. Table 6 summarizes the structural properties of the sample 

building. In Table 6, Pysc, KBwp and KBp correspond to the yield strength (for a nominal yield stress of 250 

MPa), workpoint-to-workpoint axial stiffness and post-yield axial stiffness of BRB. LBwp is the workpoint-to-

workpoint length for braces. The total seismic weight of the three-dimension sample building is 29,742 kN, 

and the fundamental period is 0.68 s. 

Fig. 7 – Analyzed sample buildings 

4.2 Input ground motions and dynamic parameters 

Three different acceleration records were selected for the nonlinear dynamic analysis (NLDA): Armenia 

(Colombia, 1999), Imperial Valley (USA, 1979) and Loma Prieta (USA, 1989). Two seismic levels were 

considered for the NLDAs, the DE and MCE earthquake levels. All records components were modified to 

match the DE design spectrum, according to requirements given by [25] and [34], and then were cut to retain 
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the 95% of the Arias intensity index [35]. Input motions for the MCE level were then multiplied by a factor 

of 1.5.  

Table 7 summarizes the input motions used for the NLDAs, and Fig. 8 shows the response spectra of 

the spectrum-matched records. In Table 7, PGA-mod and Td correspond to the PGA of modified records and 

the time duration, respectively. The [36] computer program was used for all analyses, where BRBs were 

modeled trough nonlinear Link elements using the structural properties in Table 6 and a Wen type hysteresis 

model with a shape factor of 20. Here, only the degree of freedom for axial behavior of braces was activated, 

and links’ both ends were considered as pin-end connections. Moreover, nonlinear hinges were assigned to 

each end of columns and beams; characteristics of the R/C plastic hinges were defined based on [5], through 

the feature of automatic hinges of the ETABS software. For all nonlinear analyses, the inherent viscous 

damping ratio is 0.02. 

Table 6 – Structural properties of the analyzed sample building 

Element 
Section geometry 

(m) 
Concrete strength 

 (MPa) 
Pysc 

 (kN) 
KBwp ; KBp 
(kN/mm) 

1st–6th story cols. 0.60 x 0.60 28 - - 

1st story braced frame cols. 0.70 x 0.70 28 - - 

1st–6th floor beams 0.40 x 0.55 21 - - 

1st story BRBs 

LBwp= 4.95 

LB= 4.0 

LP= 2.4 

- 1,125 300.5; 8.32 

2nd story BRBs - 1,575 420.6; 11.65 

3rd story BRBs - 1,260 336.5; 9.32 

4th story BRBs - 938 250.4; 6.94 

5th story BRBs - 540 144.2; 3.99 

6th story BRBs - 225 60.1; 1.66 

Table 7 – Input ground motions for DE level 

EQ. Source Station Input Motion PGA (cm/s
2
) PGV (cm/s) PGA-mod (cm/s

2
) Td (s) 

Armenia U.Quindio A-1 580 251 358 17 

A-2 518 264 311 17 

Loma Prieta Corralito LP-1 632 549 308 33 

LP-2 473 467 297 33 

Imperial Valley Cerro Prieto IV-1 154 189 282 52 

IV-2 165 113 286 52 

Fig. 8 – Response spectra of modified input motions for DE level 

4.3 Damage index 
Table 8 shows the earthquake demands and damage index obtained from Eq. (4) for the 1st-story BRBs. 

Values of Table 8 correspond to the maximum deformation demand among the three input motions. 
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Moreover, the Fig. 9a shows the force-deformation response of all braces of the first story under the MCE-IV 

input motion. Analysis results here are focused on the BRBs of the first story since they presented the higher 

earthquake demands. Values for c and c were defined based on test result (see Section 3). Thus, 𝑐 was set

to 0.90𝑢, where u is the brace deformation (B, see Fig. 1) when P reaches 2.5%. As for c, it was set

through linear interpolation from the available test results of Section 3. Thus, one value of 𝑐 was defined for

each protocol type: c = 398 for a P1-like protocol, and c = 1,321 for a P2-like protocol.

Fig. 9b shows the time history of B normalized by By  for one 1st-story BRB under the IV input 

motion. It can be concluded from Fig. 9b that demands on BRBs correspond better to a P1-like loading 

protocol, rather than to a fatigue loading type. Therefore, c = 398 was then used for the DI calculation

shown in Table 8. Moreover, the force-deformation response obtained in the PGII tests (details can be found 

in [23]) is also depicted in Fig. 9a for comparison. As seen in Fig. 9a, the force-deformation demand on 

BRBs are quite below the obtained BRB capacity; so, low values for DI shown in Table 8 agree reasonably 

well. Based on the calculated DI values and the criteria show in Table 5, the damage level for all eight BRBs 

is slight, and they can be left on site for future events. 

Table 8 – Earthquake demands and DI for 1st-story BRBs 

BRB 

ID 
Bmax 

(mm)

By

(mm)

c

(mm)

Pmax

(%)
max  F1 F2 DI 

1 – X 8.22 3.74 54.6 0.34 14.62 0.4486 0.151 0.037 0.07 

2 – X 8.88 3.74 54.6 0.37 13.80 0.4445 0.163 0.035 0.07 

3 – X 8.57 3.74 54.6 0.36 17.79 0.4464 0.157 0.045 0.09 

4 – X 9.02 3.74 54.6 0.38 15.53 0.4437 0.165 0.039 0.07 

1 – Y 7.36 3.74 54.6 0.31 9.08 0.4540 0.135 0.023 0.05 

2 – Y 7.36 3.74 54.6 0.31 9.32 0.4540 0.135 0.023 0.05 

3 – Y 7.40 3.74 54.6 0.31 9.76 0.4537 0.136 0.024 0.05 

4 – Y 7.40 3.74 54.6 0.31 8.00 0.4534 0.137 0.020 0.05 

Fig. 9 – Response of 1st-story BRBs under the MCE-IV input motion: a) normalized force-deformation, and 

b) deformation time-history

5. Conclusions

A methodology for determining the damage index (DI) for BRBs, when subjected to seismic actions, have 

been introduced and validated through the nonlinear dynamic analysis of a sample building. The proposed 

damage index was established based on a set of experimental results obtained from a series of tests carried 

out on a BRB prototype developed in Colombia. From the results of this study, the proposed methodology 

for the damage index evaluation has proven to be a potential tool for the post-earthquake evaluation of the 

performance of a BRB element, and for determining whether the BRB should be replaced or left on site for 

future events. Further study for different types of BRB elements, other loading protocols and more building 
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archetypes is needed to gain more insight into this subject, and to validate the applicability of the proposed 

damage index. Finally, the results of this study are expected to contribute to ongoing efforts on improving 

PBSD methodologies. 
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