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LIST OF SYMBOLS 
Roman 

 by BRB steel core width in the yielding zone 

 dbd design displacement 

 dy,a BRB actual yield displacement 

 fu ultimate strength of the steel material 

 fy yield strength of the steel material 

 ly BRB yielding zone length 

 ltot BRB total brace length 

 q behavior factor 

 tc BRB steel core thickness 

 Ac BRB steel core cross-sectional area in the yielding zone 

 K1 first branch stiffness (i.e. initial stiffness) 

 K2 second branch stiffness 

 Ry,a actual brace capacity (the product of actual fy and Ac) 

 Ry,n nominal brace capacity (the product of characteristic fy and Ac) 

 Sa(T1) spectral acceleration at the dominant period of vibration of the structure 

 V(x) axial force that corresponds to x displacement in an NLD 

Greek 

 βDR design requirement uncertainty in the seismic performance analysis 

 βMDL modeling uncertainty in the seismic performance analysis 

 βRTR record-to-record uncertainty in the seismic performance analysis 

 βTD test data uncertainty in the seismic performance analysis 

 βTOT total uncertainty in the seismic performance analysis 

 βε compression strength adjustment factor at ε strain 

 γov,m material overstrength factor 

 γRd overstrength factor 

 δ interstory drift 

 δmax maximum interstory drift ratio as per EC8 

 ε(TC) difference between the spectrum of interest and the median spectrum at TC in standard deviations 

 εbd,tot total brace deformation at the design displacement level 

 εref reference strain level 

 η cumulative inelastic deformation capacity 

 ωε strain hardening adjustment factor at ε strain 

 Ω brace overstrength 

Abbreviations 

 AISC American Institute of Steel Construction 

 BRB Buckling Restrained Brace 

 BRBF Buckling Restrained Braced Frame 

 CID Cumulative Inelastic Deformation Capacity 
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 CDF Cumulative Distribution Function 

 EC8 Eurocode 8 

 ECCS European Convention for Constructional Steelwork 

 EFEHER European Facility for Earthquake Hazard and Risk 

 FEMA Federal Emergency Management Agency 

 IDA Incremental Dynamic Analysis 

 NLD Nonlinear Displacement Dependent Device 

 PDF Probability Density Function 

 PGA Peak Ground Acceleartion 

 SAM Strength Adjustment Method 

 SDOF Single Degree Of Freedom 

 TBC Theoretical Bilinear Cycle 
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1. INTRODUCTION 

1.1 BACKGROUND AND MOTIVATION 

1.1.1 General characteristics of dissipative structural solutions 

Dissipative structural solutions had been introduced in earthquake engineering as 

alternatives of conventional linear elastic design in the second half of the 20th century at 

regions of high seismicity such as the western coast of the United States (US) and Japan. 

Such a system absorbs a large amount from the kinetic energy of a ground motion by either 

taking advantage of the nonlinear behavior of its material (especially if it is made of metal 

such as steel) or by using a damping device. Energy dissipation leads to a reduction in seismic 

effects and eventually more economical structural solutions.  

The structural solution in this research is a member of the first group: it uses the 

advantageous behavior of the steel material to dissipate energy. Inelastic behavior is 

concentrated into so-called dissipative zones in such systems to provide the designer control 

over the expected global mechanism and avoid premature failure. The end cross-sections of 

beams near joints in moment resisting frames or the diagonal braces in concentrically braced 

frames are typical examples of such dissipative zones. A dissipative member is expected to 

have sufficient inelastic capacity in terms of both strength and deformation to provide 

adequate load resistance after yielding.  

Stiffness of a dissipative element is significantly less after yielding than its initial elastic value. 

This reduction does not only affect the element, but also the behavior of the entire structure. 

Consecutive yielding of dissipative members can modify the overall stiffness of the structure 

and change its vibrational properties. Besides energy dissipation, this so-called period 

elongation can also effectively reduce seismic vulnerability, because of the positive correlation 

between design spectral acceleration and structural stiffness. 

Increased deformations at a given load level are an important consequence of inelastic 

behavior [1]. The lower yielding point the structure has the larger deformations it will 

experience during seismic excitation. Therefore, a dissipative system needs to have extensive 

deformation capacity at both the local (element) and the global (structural) level. According to 

current earthquake engineering standards [2,3], the advantageous ductile behavior of 

dissipative frames can be taken into account by applying as low as 1/8th of the seismic effects 

prescribed for perfectly elastic structures. The reduction level is reflected by the so-called 

behavior factor (q) that ranges from 1 to 8 as per Eurocode 8 (EC8) [2], the European 

earthquake engineering standard. 
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1.1.2 Buckling Restrained Braced Frames 

The Buckling Restrained Brace (BRB) is an innovative member for braced frames that 

typically concentrate dissipative zones into their diagonal braces. Such frame structures are 

also known as Buckling Restrained Braced Frames (BRBF). The primary advantage of a BRB 

over a conventional steel brace is its balanced hysteresis behavior. Fig. 1 compares the 

response of a steel member in a special concentrically braced frame and a BRB under cyclic 

loading. Because of their typically high slenderness, conventional steel braces buckle before 

reaching their yielding point under compression. Consequently, they are characterized by 

cyclic degradation and suboptimal energy dissipation capability considering the potential in 

the steel material. 

BRB buckling is prevented by its special configuration. The primary components are a slender 

steel core and a hollow casing that provides continuous lateral support to it (Fig. 2). The core 

is designed with a highly slender middle so-called yielding zone and more robust elastic zones 

on both ends.  

 
Fig. 1 Cyclic response of a buckling restrained brace and a conventional steel brace. 

(Py is the actual yield resistance; Pb is the actual buckling resistance of the braces) 

 
Fig. 2 Longitudinal sections showing the main parts a type of buckling restrained brace 
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The yielding zone is responsible for energy dissipation through inelastic behavior. The elastic 

zones accommodate subassembly connections and transfer the axial load to the yielding zone. 

The core and the casing are decoupled by a gap to prevent contribution of the casing to axial 

load resistance. The gap is either saturated with a kind of lubricant (e.g. silicon) to mitigate 

friction between BRB members [4], or it is left empty [5]. An example of the latter solution is 

displayed in Fig. 2. Restrained buckling explains the balanced cyclic response in Fig. 1. A 

properly designed BRB is not susceptible to strength degradation and it is capable of 

extensive energy dissipation under cyclic loading. 

The general characteristics of BRB behavior has been studied by laboratory experiments on 

full-sized specimens. Initial tests were made in Japan by the inventors of this structural 

solution [6,7]. These were followed by experiments in Southeast Asia and the proposal of 

several alternative configurations based on the original concept [8]. Interest in the United 

States in innovative anti-seismic devices increased considerably after the 1994 Northridge 

earthquake. This led to a large number of BRB tests in the US (e.g. [4,9,10]) and rapid 

development of a recommended procedure for BRB design, testing and qualification [11]. 

Note that besides BRBF that is discussed in detail below, application of BRBs as dampers in 

bridges is also an actively researched area (e.g. [12]) that is out of the scope of this 

dissertation.  

1.1.3 Concept of BRBF design 

Because of its special configuration, seismic response of a BRBF significantly differs from 

that of a dissipative steel frame. The typically applied capacity design approach is based on the 

so-called backbone curve: a simplified bilinear representation of BRB behavior (Fig. 3). The 

primary objective of BRBF design is to ensure that braces yield and the other structural 

members remain elastic under the design earthquake so that the advantageous global 

mechanism shown in Fig. 4 can develop.  

   
Fig. 3 Bilinear representation of cyclic BRB response Fig. 4 Optimal global mechanism for a concentrically 

braced BRBF 
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Braces are designed to have sufficient elastic capacity to resist a reduced design seismic load. 

The level of reduction is justified by the energy dissipation capabilities of the braces and it is 

reflected by the behavior factor1. As well as having sufficient load bearing capacity, a BRB 

also needs to have high ductility to accommodate the development of expected deformations. 

Besides appropriate BRB design, prevention of inelastic deformation of other frame elements 

is an important prerequisite of the desired advantageous global mechanism. This objective is 

achieved by assignment of sufficiently high capacity requirements to the elements that are 

meant to stay elastic. The required capacity of elastic members is based on the maximum 

possible axial force in the connecting braces at the design deformation level. This calculation 

takes inelastic BRB hardening into account and uses the aforementioned backbone curve to 

determine the axial load intensity that corresponds to the design brace deformation. The 

required increase in the capacity of elastic members is reflected in the overstrength factor that 

can exceed 2.0 in BRBF because of their significant hardening under compression.  

The above considerations became the basis of BRB design in the AISC 341 [3] standard. Their 

recommended testing procedure has been applied by many, even researchers outside the US 

(e.g. [13]). Their proposed testing protocol has become the most frequently used protocol for 

experimental tests on BRBs worldwide.  

1.1.4 Standardized design procedure development and evaluation for BRBF 

The ultimate aim of the presented research is to verify the design parameters (behavior factor, 

acceptable variations in strength properties, etc.) applicable in the standardized design 

method of Eurocode 8. In spite of its popularity in America and Japan, there is no 

standardized design procedure available for the BRBF system in the Eurocodes. BRB is 

considered a Nonlinear Displacement Dependent Device (NLD) in the European EN 15129 

standard [14] on anti-seismic devices. The latter document addresses testing and quality 

control of such devices, but does not discuss structural design issues. Because there is 

significant difference between the European and the US approach in structural design 

regulations, direct application of US design specifications (from AISC 341 for instance) is not 

a feasible approach. A Eurocode-conform design procedure shall be developed instead. The 

procedure shall take both existing information on BRBF and the general design concepts of 

the European standards into consideration. 

Design procedure development necessitates a tool for performance evaluation of possible 

candidates. Applicability of the procedure in AISC 341 for BRBF design has been verified by 

both experimental and numerical analyses in recent years [15,16,17,18]. However, the 

laboratory tests typically involve a very limited number of frames, while numerical analyses 

1 Depending on the frame configuration, AISC 341-10 prescribes a response modification factor (i.e. equivalent 
to the behavior factor in this sense) of 7 - 8 for BRBF. 
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are either detailed examinations of only a few structures, or they use crude models and fail to 

reproduce realistic behavior with sufficient accuracy. I am not aware of any publications on 

robust and reliable evaluation of BRBF performance under seismic excitation. 

Research in this dissertation is based on the methodology in FEMA P695 (Quantification of 

Seismic Performance Factors) [19] that has recently been applied for seismic performance 

evaluation of several anti-seismic solutions [20,21,22,23,24,25]. The procedure uses results 

of a large number (typically in the order of thousands) of response history analyses on detailed 

structural models to evaluate the collapse probability of typical representations of the system 

under consideration. Changes in the design procedure are directly applied at a set of 

structures and reflected in their performance. A design procedure is deemed appropriate only 

if it provides consistently high performance over the entire set of typical structural 

configurations. 

Preliminary experimental and numerical research needs to be performed to ensure the high 

quality of models for performance evaluation and thus reduce the uncertainty in its result. A 

detailed list of objectives and limitations for the research presented in this dissertation are 

discussed in the next section. 

1.2 METHODOLOGY 

1.2.1 Evaluation procedure 

The methodology applied in this research is explained with the help of the overview in Fig. 5. 

There are four phases identified, namely element behavior assessment (brown); design 

procedure development (blue); numerical model development (red); and performance 

evaluation (green). 

 
Fig. 5 Overview of the research methodology 
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The first phase shall provide sufficiently detailed and accurate information for the researcher 

to be able to understand BRB behavior under various types of cyclic loading. Although there 

are numerous experimental test results in the literature, most of them are based on the AISC 

341 protocol and does not provide sufficient information about BRB behavior, especially 

when a European application is considered. Therefore, experimental uniaxial cyclic load tests 

were planned at the Structural Laboratory of the Budapest University of Technology and 

Economics (BME) to answer the following questions: 

- Do BRBs (especially those produced in Europe) fulfill the requirements of the 

corresponding EN 15129 standard? Are the requirements in the standard reasonable and 

justified for such an NLD? As per my knowledge these are the first experiments on BRBs 

that follow EN 15129 specifications. 

- How the course of nonlinear hardening, the energy dissipation capacity and the 

deformation capacity of the braces is affected by the load history? Especially the effect of a 

few large amplitude cycles followed by smaller cycles at several different amplitudes is of 

interest because of similar patterns experienced in numerical simulations of seismic 

loading. 

- How steel material characteristics (especially the difference between BRBs made of 

European S235 grade steel and US A36 grade steel) influence brace behavior? 

Results of experimental analyses and the available information from literature are used to 

develop a bilinear relationship resembling the backbone curve in the US that can be applied 

for BRBF design. A design procedure is proposed in parallel and it is used to design a set of 

typical BRBF representations, the so-called archetypes. Description of seismicity for these 

designs is based on EC8 specifications at selected representative sites in Europe. 

The third phase – numerical model development – requires the creation of a numerical finite 

element model that can represent realistic BRBF behavior under seismic excitation. Because a 

numerical BRB element with sufficiently accurate behavior was not available, the primary 

objective of this phase is its development in finite element code. This is followed by the 

construction of a BRBF model paying special attention to sufficiently accurate modeling the 

presumable failure modes.  

The analysis proposed in FEMA P695 is the basis of design procedure evaluation in the fourth 

phase of this research. It uses a form of Incremental Dynamic Analysis (IDA). The original 

IDA became popular after endorsement by Vamvatsikos and Cornell [26] in the early 2000s. 

IDA is practically hundreds of response history analyses for each archetype. Therefore, a 

custom software application needs to be developed that can handle pre and post processing of 

data, while the analyses can be performed in an arbitrary finite element code.  

Structural responses from numerical analyses are used to determine the corresponding 

fragility curves for each archetype. The basis of structural performance as per FEMA P695 is 
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the probability of structural collapse under seismic excitations up to the design earthquake 

level. Besides this approach a more Eurocode-conform method is implemented that uses site-

specific hazard curves to describe the collapse probability over the lifetime of the structure. 

The resulting reliability index is in line with other Eurocode-based verifications and provides a 

straightforward tool to compare and discuss structural safety against different types of 

hazards.  

Should the structure prove inefficient in a seismic situation, the design procedure has to be 

modified and the design and analysis of archetypes has to be performed again. This is 

continued as an iterative process (bold arrows in Fig. 5) until the developed procedure is 

found appropriate. 

1.2.2 Primary tasks 

The following is a summary of the tasks I had to perform: 

- Participate in the design of experimental tests. Perform the experiments and evaluate their 

results. 

- Determine the parameters of a Eurocode-conform bilinear representation of BRB force-

displacement behavior based on experimental data. 

- Participate in the development of a Eurocode-conform design procedure for BRBF. 

- Develop a software environment for the pre and post-processing part of numerical design 

procedure evaluation. 

- Develop a numerical tool that can efficiently represent BRB behavior with high accuracy 

even under irregular cyclic loading. 

- Develop numerical models for a set of pre-defined BRBF archetypes and evaluate their 

seismic response according to the specifications in FEMA P695. 

- Evaluate the fragility curve and the reliability index based on numerical results for each 

archetype. 

- Evaluate the applicability of the design procedure in a European environment according 

to the specifications in FEMA P695. 

1.2.3 Scope 

In order to avoid being general and ambiguous and have an opportunity to handle such a large 

topic with sufficient breadth and depth in a PhD dissertation, the scope of BRBF addressed 

within this research is limited by the following assumptions: 

- BRBF are designed with a two-bay chevron type of concentrically braced frame topology 

(see Fig. 4 for an example of this topology). 

- BRB elements are considered pinned in the numerical models. The actual rigidity of the 

connection may result in considerable secondary stresses because of frame deformations. 

This effect is indirectly considered in the models: specimens are experimented with their 
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actual bolted or welded connections and the effect of rotation on brace behavior is 

considered in the experimental setup and thus incorporated in the hysteretic response of 

the braces to which the numerical models are calibrated.  

- BRB element design (normally completed by the producer) assures that BRBs have 

sufficient resistance against local failure in their connections and local flexural buckling of 

their steel core outside of its yielding zone. 

1.3 ORGANIZATION 

The performed research is presented in logical order according to the methodology explained 

in section 1.2. Chapter 2 presents the experimental analysis and evaluation of BRB behavior. 

This is followed by explanation of the numerical BRB element development in finite element 

code in Chapter 3. The assembly of the numerical model, the selection of archetypes and 

design scenarios are presented in Chapter 4. That chapter concludes with the evaluation of 

archetype collapse probability and design procedure performance assessment. Concluding 

remarks and the proposed new scientific results in the form of theses are included at the end of 

the dissertation. 
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2. EXPERIMENTAL ANALYSES OF BUCKLING RESTRAINED BRACES 

2.1 STATE OF THE ART 

Behavior of BRBs under cyclic loading depends primarily on their geometry and their steel 

material. Each manufacturer has its own proprietary BRB configuration and assembly 

methodology making the behavior of their BRBs slightly different. Because each BRB is 

uniquely designed by its manufacturer considering the required stiffness and capacity in the 

structural system under consideration, there is no general BRB geometry available for 

practicing engineers, rather they are provided by the manufacturers on a project-specific 

basis. This requires manufacturers with sound knowledge of brace characteristics throughout 

their broad spectrum of possible BRB configurations.  In order to get a better understanding 

of BRB behavior and verify the applicability of the braces as dissipative structural members, 

leading manufacturers supported a large number of the initial experimental tests in the past 

decade. 

2.1.1 Initial type tests 

The primary objective of the so-called type tests has been the evaluation of brace 

characteristics for practical design. These characteristics are typically summarized in the 

backbone curve that is the envelope of brace response under a series of symmetric load cycles 

with increasing amplitudes. The AISC 341-10 [3] standard prescribes a load protocol for the 

evaluation of the backbone curve that became a popular choice among researchers. Today a 

large number of test results are available with the AISC protocol for several types of braces 

from independent research groups (e.g. [9,4,10,27]).  

Although these test results provide sufficient information for modal response spectrum 

analysis, the available information is scarce when it comes to BRB behavior under irregular 

loading in dynamic analysis. Therefore, after the applicability of BRBs have been verified, a 

few research groups performed further, more sophisticated experiments to support the 

development of detailed numerical BRB models for nonlinear analysis. The main objectives of 

these experiments are briefly introduced in the following. 

2.1.2 Advanced testing and popular topics 

Description of brace failure is one of the remaining difficulties in BRB modeling. BRBs are 

not expected to fail during a design earthquake, because their energy dissipation capacity 

based on standard monotonically increasing load cycles considerably exceeds the demand 

from seismic excitation [5]. However, BRBs are affected by low cycle fatigue, thus their failure 

is not only controlled by the magnitude, but also by the progression of energy dissipation. 
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Large amplitude load cycles significantly decrease the energy dissipation capacity of the 

braces [28,29]. Recent studies suggest methods that can take these effects into consideration 

in numerical models with sufficient accuracy [30,31,32]. Proper calibration of such tools 

requires a large number of experiments using several different types of load histories. Another 

recent paper draws attention to the importance of load protocols in cyclic tests in regions of 

low to moderate seismicity [33]. 

Resistance of BRBs against different forms of stability failure is also becoming a popular 

research interest. Flexural buckling of the BRB element (also referred to as global element 

buckling) is controlled primarily by the configuration of the casing. Besides the stiffness of the 

casing, the clearance provided for the steel core also plays an important role in this 

phenomenon. There are suggestions in the literature for quantification of BRB flexural 

buckling resistance [8,13], but recent experiments show that those calculations have 

considerable error, often not on the conservative side [34].  

Other forms of stability failure include local flexural buckling of the steel core or plate 

buckling in the gusset plates in the vicinity of BRB connections [35]. A third notable mode of 

failure is the local plate buckling of casings with inadequate stiffness [36,37]. Further 

experimental and detailed numerical analysis of these phenomena is necessary for every 

different BRB configuration in order to provide a reliable methodology for the design of BRB 

casings. 

2.1.3 Large scale experiments and innovative elements 

In addition to element-level experiments, BRBF behavior is also evaluated with laboratory 

tests of 2D or 3D frames. These are either hybrid tests where part of the structure is only 

modeled numerically [38,39], or full-scale tests with complete frames tested [40]. The primary 

objective of these analyses is the evaluation of global structural performance, the level of 

required column and beam overstrength, and connection behavior under realistic seismic 

excitation. Some tests have evaluated the design of conventional BRBFs [16,41,42,43,44] 

while others focus on innovative next generation solutions such as rocking frames [45,46] 

with a flag-shaped hysteresis curve and enhanced re-centering capability. 

Innovative BRB elements are also developed and tested at several laboratories (e.g. [47,48]). 

Steel-only braces omit concrete from the casing to facilitate the assembly and reduce the 

weight and cost of the element. The reduced stiffness of their casing makes these solutions 

more susceptible to both element flexural buckling and local plate buckling of the casing 

[49,50]. Recent studies have shown that these elements are capable of high performance 

provided that their casings and connections are properly designed [51]. Other next generation 

elements such as short BRBs [52] and low-cost BRBs [53] are in earlier stages of 

development. 
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2.2 TEST OBJECTIVES 

Although there are test results available from European researchers (e.g. [54,55]), there is no 

consensus on the testing methodology and the recommendations of the EN 15129 standard 

have not been applied previously. Standardization of BRBs in Europe requires a pre-defined 

testing and design environment similarly to the United States. The primary objective of the 

presented experimental research is to take a definite step in this direction through Eurocode-

conform evaluation of BRB performance in uniaxial cyclic load tests. 

All tests were performed in the Structural Laboratory of the Department of Structural 

Engineering at BME with a custom loading frame. A schematic of the test setup is shown in 

Fig. 6, and a photo of the frame in Fig. 7. Braces are kept in a quasi-vertical position and 

bolted to the testing frame using custom subassembly structures. Details of the test setup and 

experimental design are described in the next section.  

   
Fig. 6 Schematic of the test setup Fig. 7 Photo of the testing frame 

Star Seismic Europe Ltd. (SSE) provided the BRB specimens for laboratory tests. Similar 

tests on Star Seismic braces have been performed in the US using AISC specifications [9,5]. 

These tests served as a basis for the design of specimens and the experimental setup. The 

results presented here provide additional information on BRB behavior because of the 

deviation from the AISC load protocol in favor of EN 15129 recommendations. 

Numerical models in later chapters are based on the assumption of pinned braces, but the 

specimens tested at BME have rigid connections (either bolted or welded). Results in [5] on 
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pinned braces are in good agreement with those of [9] and the results from BME [Z12, Z13, 

Z14] when it comes to general characteristics of BRB behavior. Therefore, the influence of 

connection type on brace behavior is neglected in the numerical phases of the presented study. 

The following experimental results are among the set that is used for calibration of the pinned 

BRB element model. 

2.2.1 Specimen characteristics 

Characteristics of the ten specimens that have been tested to date are summarized in Table 1. 

The steel core of all specimens was made of S235 JR grade steel. The advantage of this steel 

type is its high fu/fy ratio that provides sufficient room for inelastic hardening. Therefore, this 

steel material was expected to enable BRBs to reach large plastic deformations and possess 

the ductility required for their ideal operation. Note that although the actual yielding point 

shows considerable variance2, the fu/fy ratio is fairly constant among the tested braces. 

Specimen length and nominal capacity (product of the characteristic yield strength and the 

cross-sectional area) were limited by the available laboratory equipment in 3 meters and 

200kN, respectively. Such braces are considered to be at the lower end of the spectrum of 

available BRBs for real applications. 
Table 1 Geometry and material properties of test specimens. 

ID tc 

[mm] 
by 

[mm] 
by/tc 

 
Ac 

[mm2] 
ly 

[mm] 
ltot 

[mm] 
fy 

[MPa] 
fu 

[MPa] 
fu/fy 

 
γov,m Ry,c 

[kN] 
P 

C800W-I 20 40 2.00 800 2000 2960 282 450 1.60 1.20 188.0 C1 
C800W-II 20 40 2.00 800 2000 2960 282 450 1.60 1.20 188.0 C1 
C500W-I 20 25 1.25 500 2000 2960 273 431 1.58 1.16 117.5 C2 
C500W-II 20 25 1.25 500 2000 2960 273 431 1.58 1.16 117.5 EN 
C600B 15 40 2.67 600 1802 2760 259 410 1.58 1.10 141.0 C1 
C825B 15 55 3.67 825 2198 3120 259 410 1.58 1.10 193.9 C1 
C600W 15 40 2.67 600 1800 2500 259 410 1.58 1.10 141.0 C3 
M600W-I 15 40 2.67 600 1800 2500 259 410 1.58 1.10 141.0 M 
M600W-II 15 40 2.67 600 1800 2500 259 410 1.58 1.10 141.0 M 
M825W 15 55 3.67 825 1800 2500 259 410 1.58 1.10 193.9 M 

The first letter of the ID refers to the type of experiment (C – cyclic | M – monotonic); the following number is the 
cross-sectional area of the steel core in the yielding zone in mm2; the last letter identifies the BRB connection 
type (B – bolted | W – welded); tc, by and Ac are the thickness, width and cross-sectional area of the steel core in 
the yielding zone, respectively; ly is the length of the yielding zone; ltot is the total brace length; fy and fu are the 
actual yield strength and ultimate strength of the steel material of the core; γov,m is the material overstrength 
factor; Ry,c is the nominal BRB capacity; P is the type of the applied load protocol 

2.2.2 Design considerations and complementary objectives 

Besides the primary objective of BRB performance verification under seismic action as per 

EN 15129, specimens were designed to provide opportunity for the analysis of the following 

phenomena: 

2 Actual values of material properties were determined as the mean of results from independent tensile tests 
conducted by AGMI Ltd. using four specimens cut from the base material of each brace.  
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- Load history effect: Two braces with identical cross-sectional areas provided information 

for this analysis. The C600B specimen was tested with a load protocol of monotonically 

increasing amplitudes, while the protocol for the C600W specimen has two large 

amplitude initial load cycles followed by the standard EN protocol. The large initial cycles 

are expected to affect the energy dissipation capacity of the C600W specimen. The 

C800W specimens are used to provide data of the expected variation of energy dissipation 

capacity given the same geometry and load protocol. 

- Local flexural buckling: Clearance by the transitional zone of BRBs (see Fig. 2) is expected 

to make them susceptible to failure from local buckling of the steel core in that area. This 

failure occurs if the core does not have adequate resistance against strong-axis buckling. 

The C500W specimens that were designed with a low by/tc ratio (i.e. the ratio of the width 

to the thickness of the core) to test this failure mode. Note that the empty space by the 

transitional zone is necessary to provide room for the elastic zones when the brace is under 

compression. 

- Monotonic behavior: Monotonic ramp tests are prescribed by EN 15129 for all anti-

seismic devices, including BRBs. The M600 specimens are designed to verify that 

monotonic tensile tests can be performed using the steel core only by comparing the 

results of a complete BRB specimen (M600W-I) to that of only a steel core (M600W-II). 

2.3 DESIGN OF EXPERIMENTS  

2.3.1 Experimental setup 

EN 15129 requires BRBs to be tested under circumstances that reproduce working 

conditions and fixings of the device. Besides axial deformation, BRBs in frames under seismic 

excitation experience rotation (β on Fig. 8) around their fixings. This introduces second order 

moments in braces with rigid connections that shall be taken into account. Therefore, braces 

are taken out of plumb by displacing their upper end horizontally in the loading frame.  

 
Fig. 8 Geometric properties of a displaced frame 
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The required level of rotation can be expressed as a function of δ and α using the notation of 

Fig. 8: 

 β = α − atan �
sinα

cosα + δ sinα
� (1) 

Assuming practical limits of δ < 2% and α < 60°, the maximum value of β is 0.852°. Based on 

this value, a horizontal displacement of 50 mm is applied in the loading frame (Fig. 6) that 

provides adequate rotation for braces under a total length of 3.362 m. Because all tested 

specimens are shorter than this length limit, the presented procedure takes into account the 

maximum rotation such BRBs could experience in any building designed according to 

European standards. 

The slant of the brace is neglected in load measurement, since the measured vertical load is 

99.99% of the axial load in the brace. The upper part of the frame houses the load cell for axial 

force measurement. The lower part of the frame includes a total of three hydraulic jacks and 

the necessary subassembly structures (Fig. 9). Compressive loading is generated by a single 

jack with 400 kN capacity, while two 250 kN jacks are responsible for tensile loading. The 

jacks are regulated by hydraulic pumps with manual control. This approach facilitates 

switching between force and displacement controlled loading, but also results in target 

displacements followed with limited precision. 

Deformation of each specimen is measured with transducers between its endings (total in Fig. 

6) and from its midpoint to the lower end (relative in Fig. 6). The latter provides information 

on the distribution of deformation along the length of the element. Even when subjected to the 

design displacement, only the core of the BRB element shall experience yielding. Two strain 

gauges were installed on the lower end of each specimen to verify the elastic behavior 

throughout the entire loading process. Slippage of bolted connections was measured by two 

transducers at each end of the corresponding specimens. 

 
Fig. 9 Load introduction details 
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2.3.2 Design displacement 

Similarly to Δbm in AISC 340-10, a minimum deformation level is prescribed by EN 15129 as a 

performance requirement for BRBs. This so-called design displacement (dbd) is the total 

expected displacement of the device in case of the design seismic action as per EC8. Note that 

this value does not only depend on brace characteristics, but also on the design seismicity and 

the designed frame configuration. In order to make test results more generally applicable, a 

brace-specific upper limit for dbd was sought. 

Regardless of the seismic action, displacements have an upper limit in buildings in order to 

prevent dangerous levels of interstory drifting.3 The damage limitation requirement in EC8 

prescribes a maximum of 1% interstory drift ratio (δmax) under a seismic action with a 95 year 

return period. A corresponding requirement can be determined for the design 475 year return 

period seismic action considering the ratio of ground motion intensities and the frequency of 

their occurrence. EC8 recommends multiplication of δmax by a factor of 2.0 to evaluate the 

allowable drift levels for 475 year return period seismicity. Instead of defining an arbitrary 

frame structure for the tested BRBs, specimens are tested for this maximum possible drift as 

per EC8. 

Fig. 8 displays the horizontal displacement of a typical diagonal BRB configuration. Design 

displacement of the brace can be expressed as a function of its slope, and initial length: 

 𝑑bd = 𝐿 − L0 = L0 ��1 + δ2(sinα)2 + δ sin(2α) − 1� (2) 

where L0 is the initial brace length and α is the slope of the brace. Given δmax = 2%, the total 

BRB deformation εbd,tot = dbd/L0 does not exceed 1% even if the braces are installed at the least 

favorable 45° angle. Considering that the majority of deformation is concentrated at the 

middle yielding zone of the brace and using a conservative estimate of ly = L0/2, the expected 

deformation of the yielding zone is limited at 2%. The minimum deformation limit of dbd = 

L0δmax makes the experimental results applicable to any standardized design project in 

Europe. Since previous studies and the following results both show that the upper 

deformation limit of BRBs is beyond 3% [28], reaching at least 2% deformation during 

experiments can safely be recommended for future European research projects. Note that 

EC8 prescribes drift limits only for buildings; therefore, BRBs applied in bridges for instance 

might experience larger deformations and require additional tests to verify their appropriate 

cyclic behavior. 

3  Large interstory drifts cause extensive damage in non-structural elements and increase second order 
overturning effects significantly, leading to unfavorable structural response. 
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2.3.3 Load protocols 

The influence of load history on the performance of BRBs has been recognized and three 

custom load protocols have been developed for the experiments. The basis of every protocol is 

the one prescribed in EN 15129. Protocols proposed by the European Convention for 

Constructional Steelwork (ECCS) for testing structural elements under cyclic loads [56] and 

the widely used protocol from the AISC 341-10 standard [3] were also taken into account (Fig. 

10). The proposed extended protocols are displayed on Fig. 11. The protocol applied for the 

test of each specimen is shown in Table 1. 

  
Fig. 10 Load protocols recommended by (a) EN 15129 Fig. 11 Extended protocols for advanced experimental  
(b) ECCS; (c) AISC 341-10 analysis of BRBs (a – C1; b – C2; c – C3) 

The C1 protocol is recommended for general BRB testing. The number of load cycles in this 

protocol significantly surpasses the requirements of any standard. This provides more data 

about BRB behavior; thus reduces the uncertainty in BRB characteristics and facilitates later 

numerical modeling. After the yielding point is reached in four initial force controlled cycles, 

the experiment continues with displacement control. The amplitude of cycles is increased in 

eight steps (three is prescribed in EN 15129) until dbd. Five cycles are performed at each step, 

except at dbd, where at least 20 cycles are planned (10 are prescribed in EN 15129). Note that 

the increased number of cycles at each step provides valuable information about the isotropic 

hardening properties of the specimen. After reaching the end of the protocol, loading can 

continue to test for low-cycle fatigue and gain more information on hardening characteristics. 

Alternatively, larger amplitudes can be introduced to get more information on the 

deformation capacity and kinematic hardening of the brace. The large number of cycles in the 

C1 protocol is detrimental for the specimen; therefore, if a BRB reaches the end of this load 

protocol it could definitely complete the standard protocol and fulfills the requirements on 

cyclic performance in EN 15129. 
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The C2 protocol was developed to provide a less demanding alternative to C1 for the analysis 

of local flexural core buckling of the C500W specimens. It has the same underlying logic as 

C1, but the number of steps and the number of load cycles at dbd have been decreased to take 

the presumed performance reduction of the specimens into account. Nevertheless, the C2 

protocol contains all of the cycles from the EN protocol. 

The C3 protocol is designed to examine the effect of load history on BRB performance. After 

yielding it introduces two cycles at 1.5dbd displacement. Then it continues with the standard 

EN 15129 protocol. Influence of the two initial cycles on BRB performance can be evaluated 

by comparison with EN or C1-based experimental results. Since the EN protocol is included 

in C3 as well, C3 can be used for qualification of BRBs without sacrificing the scientific 

interest in more advanced loading conditions. 

2.4 EVALUATION OF BRB BEHAVIOR 

2.4.1 Failure and disassembly 

All specimens were loaded until failure. Every tested BRB failed by rupture of the steel core 

under tensile loading. This confirms that casings provided sufficient resistance against 

flexural buckling of the element. The core ruptured in the vicinity of its midpoint for all, but 

the two C500W specimens. The core of the latter braces buckled around its strong axis and 

this behavior led to premature failure. 

All specimens were disassembled after failure to get more information on the working 

mechanism that developed during cyclic loading. The casing was cut in half longitudinally and 

the ruptured steel core was removed from it. The remaining plastic deformation in the steel 

cores verify that the core buckles inside the casing during the tests and – judged by the 

wavelength – higher modes are reached with several full sinusoidal waves visible on the core. 

(Fig. 12a).  

Specimens with normal by/tc values showed no residual deformation from buckling around 

their strong axis (Fig. 13b), suggesting that behavior of proper BRBs is dominated by weak-

axis buckling. This observation is further supported by examination of the surface of concrete 

that surrounds the steel core: the buckled steel marked one face of the concrete at certain 

intervals while the other perpendicular face shows no marking, implying that buckling 

primarily occurred in the other direction (Fig. 12b).  

Failure of the C500W specimens reinforces the expectations that low by/tc values lead to local 

flexural buckling of the core around its strong axis. The remaining plastic deformations are 

apparent in the transitional zone of the core (Fig. 13a). Flexural buckling of the steel core is 

controlled by its moment of inertia around its two principal axes. If the ratio of these inertias is 

large enough, weak axis buckling will be dominant during cyclic loading. The ratio can be 

expressed as follows: 
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Fig. 12 Close-up view of the steel core (a) and the inner Fig. 13 Residual deformation from buckling around the 
surface of the concrete casing (b) after disassembly the strong axis. C500W (a) and C800W (b) specimens. 
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where Iy and Iz are the moments of inertia of the steel core around its strong and weak axes, 

respectively. The ratio of inertias and the resulting critical forces for weak and strong axis 

buckling is 1.56 for the C500Ws and 4.0 for the C800Ws. This significant increase in core 

stiffness around the strong axis leads to more stable behavior. These results suggest a lower 

limit in the form of by/tc ≥ 2.0, but further research is necessary to get a better understanding 

of this failure mode before drawing such strong conclusions. 

Remaining parts of the steel core at the vicinity of rupture have a typical shape experienced 

when steel rods fail under uniaxial tensile loading (i.e.: the rupture surface is at an 

approximately 45° angle from the original surface of the steel core, contraction of the cross-

section is clearly visible). The elastic and transition zones show no damage or impairment, 

suggesting that these parts remained elastic during the tests. The same conclusions can be 

drawn for the concrete surrounding the core because no cracks or damage is apparent on its 

surface. 

2.4.2 General BRB performance 

Experimental force-displacement and stress-strain curves are displayed in Fig. 14 for two 

specimens. Appendix A1 includes such curves for all specimens tested at BME. Six of the 

seven specimens completed their designated cyclic load protocol with only C500W-I failing 

before the end of its C2 protocol. However, note that the amount of energy dissipated during 

its loading is 2.5 times the energy dissipated by the identical C500W-II specimen through its 

test with the standard EN protocol. Therefore, all of the tested braces are verified to possess 

the required ductility and energy dissipation capability to complete the standard EN protocol 

without failure. 

The hysteresis curves show stable and balanced behavior under cyclic loading with significant 

additional load bearing capacity after yielding. A combination of kinematic and isotropic 
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asymmetric hardening is experienced. Hardening under compression is presumably 

influenced by friction between the buckled brace core and the concrete in the casing, hence the 

increased stiffness under large strains in the tests of C800Ws and C825B. Recent numerical 

results indicate that this effect can be mitigated by careful sizing of the air gap in braces [57]. 

   
Fig. 14 Typical force-displacement (and yielding zone stress-strain) diagrams from laboratory tests of C825 (a) 
and C600W (b) specimens 

2.4.3 Energy dissipation capacity 

Although examination of the energy dissipation capability of BRBs is not prescribed by the 

EN 15129 standard, it is included in here, because it is considered an important attribute of 

dissipative structural members. The following results are based on the cumulative inelastic 

deformation capacity (CID) calculations in [10]: 

 η =
𝐸h

𝑅y,a𝑑y,a
 (4) 

where η is the CID value corresponding to the energy dissipation capacity; Eh is the total area 

enclosed by all hysteresis curves; Ry,a is the actual capacity and dy,a is the actual yield 

displacement of the steel core of the BRB. Fig. 15 shows η for all specimens after each 

completed load cycle. Note that AISC 341-10 requires a CID value of at least 200 to consider a 

BRB applicable in anti-seismic design. All of the specimens significantly surpassed this 

requirement.  

Low CID of C500Ws is attributed to their premature failure. Similar η values of the C800Ws 

confirm the small variation of CID given the same specimen geometry and similar load 

history. The sensitivity of energy dissipation capacity to load history is highlighted by 

comparison of the results of C600B and C600W. The initial cycles with 3% strain amplitudes 

lead to a reduction in the number of achievable cycles because of low-cycle fatigue. The 

reduced number of completed cycles considerably decreased η for C600W. Detailed analysis 

of this topic requires a large number of experiments and is one of the primary focuses of my 

future research on BRBs. 
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2.4.4 Monotonic tensile response 

The results of monotonic tests on M600Ws in Fig. 16 are in good agreement and confirm the 

assumption that cores can be used instead of full braces for monotonic tensile tests of BRBs. 

M600W results are also similar to those of M825W (both types of specimens were made from 

the same steel material). The similarity in the run of these force-displacement curves to that of 

tensile test results for steel materials implies that monotonic tensile tests provide only a very 

limited amount of additional information on BRB behavior. 

   
Fig. 15 Cumulative dissipated energy by the Fig. 16 Stress-strain diagrams from monotonic tests 
specimens as a function of load cycles 

2.5 EVALUATION OF BRB DESIGN PARAMETERS 

2.5.1 Eurocode-conform design of BRBs 

Buckling Restrained Braced Frames are typically designed in practice with an iterative 

method based on results of linear analysis4. Braces are modeled as prismatic beam members 

with a cross-sectional area of the BRB yielding zone and an equivalent linear elastic material. 

The material has the same properties as the steel that the brace core is made of, except for its 

Young’s modulus. A modification of the Young’s modulus takes into account the variable 

cross-section of the braces and the consequential increase in BRB stiffness. Evaluation of the 

appropriate material stiffness for BRBs is presented in Chapter 2.  

Iteration is necessary during design, because the geometry of each brace is input data for 

structural analysis and the results of structural analysis are input data to design brace 

geometry. Since seismic effects are dependent on the stiffness of the structure, changing the 

stiffness of BRBs affects the internal forces and the required brace capacities. The set of BRB 

sections typically converge to an adequate solution after a few iterations. 

4 Generally modal response spectrum analysis is recommended, but the lateral force method is a simpler 
alternative available for short frames that are regular in both plan and elevation. 
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The capacity design procedure in EC8 requires dissipative braces to be verified against 

strength and ductility demands. They shall carry design loads elastically5 and be able to 

accommodate expected deformations under cyclic loading without failure. Furthermore, EC8 

needs non-dissipative elements (i.e. beams and columns of the BRBF) to have sufficient 

capacity to resist the effects of the increase in axial force that develops in BRBs during 

inelastic hardening. Their required capacity is controlled by the so-called overstrength factor 

(γRd) that is heavily influenced by the hardening characteristics of the dissipative element (i.e. 

BRBs). Therefore, the force-displacement envelope of a BRB is an essential tool for the design 

of both the brace and the connecting frame structure. 

2.5.2 Representation of BRB behavior in EN 15129 and its disadvantages 

EC8 does not discuss the design of recently developed lateral force resisting solutions such as 

BRBs. Recommendations on the bilinear representation of BRB behavior are included only in 

the EN 15129 standard in the form of the so-called Theoretical Bilinear Curve (TBC). Fig. 17 

explains how K1 and K2, the first and second branch stiffnesses define the TBC. The stiffness 

values are based on the experimental data in the background of the figure. K1 is the initial 

stiffness of the device; K2 is a secant stiffness between two points on the experimental force-

displacement curve (the points are at the intersections of the dashed grid lines in Fig. 17). K2 

is evaluated with the following expression: 

 𝐾2 =
𝑉(dbd) − 𝑉(0.5dbd)

0.5dbd
 (5) 

where V(x) is the force corresponding to x displacement and dbd is the design displacement 

introduced in Section 2.3. According to EN 15129, K2 shall be calculated using data from the 

third load cycle at dbd and 0.5dbd displacement amplitudes. 

 
Fig. 17 Theoretical Bilinear Curve of an NLD as per EN 15129 

5 Note that (in capacity design as per EC8) design loads on dissipative frames include the effects of the q behavior 
factor (R response modification factor in US terminology), thus this requirement does not imply that braces will 
behave in an elastic manner during the design earthquake event. 
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The above approach to characterization of BRBs has a number of disadvantages when it 

comes to practical application: 

- Because of the nonlinear nature of the hardening envelope, the value of K2 is sensitive to 

the chosen dbd. Fig. 18 compares TBC curves based on the same experimental data, but 

two different dbd choices. Depending on dbd, the characteristic hardening changes 

significantly. It has been shown by virtual experiments that the hysteresis curves of BRB 

elements are in very good agreement with those of pure structural steel under tension and 

show only minor deviation under compression [Z3]. Given the small gradient of steel 

hardening under large amplitude cyclic loading, the value of K2 secant stiffness becomes 

small and rather uncertain, characterized by large variation even among identical 

specimens. The negative influence of such uncertainty on quality control is also important 

and it is addressed later in this chapter. 

 
Fig. 18 Comparison of second branch (K2) stiffnesses for different design displacement levels 

- Design displacement is a project specific value; therefore, K2 is also project and not only 

device-specific. Consequently, either individual tests are needed for every brace type in 

every project to assess the corresponding K2, or a separate, more detailed (preferably 

nonlinear) representation of the force-displacement envelope has to be available 

numerically that can be used to deduce K2 for any arbitrary dbd. Both approaches are 

considered unnecessarily laborious and impractical. 

- Engineers are typically interested in the hardening ratio of the device, namely the ratio of 

load bearing capacity at the design displacement to the nominal capacity (i.e. the product 

of characteristic yield strength and cross-sectional area). This hardening ratio is only 

available through additional calculations with TBC inputs. 

- Performance (particularly hardening rate) comparison among a set of different BRBs is 

difficult, because their K2 stiffnesses are only comparable if their cross-sectional area and 

length are also available. 
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- The standardized TBC cannot handle the asymmetric hardening of BRBs, because the EN 

15129 standard does not differentiate between K2 stiffnesses under tension and 

compression. Note that a simple solution to this problem is the introduction of K2
C and 

K2
T values (as in Fig. 17) for compression and tension, respectively. 

2.5.3 Alternative approach to description of the BRB backbone curve 

With my participation an alternative Eurocode-conform bilinear representation of the BRB 

force-displacement envelope has been developed. Parameters of the proposed bilinear curve 

are determined with the so-called Strength Adjustment Method (SAM). The SAM is based on 

regulations in AISC 341-10; it uses variables that can directly be applied by engineers in their 

calculations. 

The yielding point of the BRB is described by the material overstrength factor: 

 γm,ov =
𝑅y,a

𝑅y,c
=
𝑓y,a𝐴y
𝑓y𝐴y

=
𝑓y,a

𝑓y
 (6) 

where γm,ov is the material overstrength factor; Ry,a is the actual yield capacity of the device; 

Ry,c is the nominal capacity; fy,a is the actual yield strength (preferably from material tests); fy 

is the characteristic yield strength of the BRB material; Ay is the cross-sectional area of the 

steel core in the yielding zone. According to experimental results [Z12, Z13, Z14] the initial 

stiffness of BRBs is in good agreement with that of the steel core, thus the stiffness of 

structural steel can be applied in BRB design calculations. Therefore, given γm,ov the yield 

force and displacement of any BRB made of the corresponding material can be calculated. 

BRB hardening is divided into a symmetric and an asymmetric component. It is described by 

two strain dependent ratios. The ωε strain hardening adjustment factor represents the 

symmetric hardening component, while the βε compression strength adjustment factor 

describes the additional asymmetric hardening under compression: 

 ωϵ = 𝑉ϵ,T 𝑅y,a⁄  (7) 

 βϵ = 𝑉ϵ,C 𝑉ϵ,T⁄  (8) 

where Vε,T and Vε,C are the load bearing capacities corresponding to ε strain under tension and 

compression respectively. (A device with identical behavior under compression and tension is 

characterized by βε=1.0 for all ε strains, while ωε=1.0 corresponds to a device with no inelastic 

hardening capability.) Generally both ωε and βε are nonlinear functions of BRB strain. 

Therefore, a bilinear force-displacement relationship can only be defined by selecting a pre-

defined ε level as a reference point for design and testing. This εref reference strain level is 

proposed to be device specific. The two factors and the bilinear relationship they define are 

shown in Fig. 19. A straightforward way to represent these data is in a normalized force – 

yielding zone strain plane. An advantage of this normalized representation is that it makes the 

results of different specimens directly comparable. 
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Fig. 19 Proposed alternative bilinear relationship based on the Strength Adjustment Method 

I evaluated parameters of both the TBC and the SAM from experimental test data. Besides the 

results from BME, 14 tests from the University of Utah [9] and the University of California, 

San Diego [5] have also been included in the evaluation with the permission of Star Seismic 

LLC. This extension of the set of results provides data about the full spectrum of BRBs in 

terms of both length and capacity. Therefore, the evaluated backbone is expected to be more 

general and widely applicable. 

Evaluated variables for individual specimens for both approaches are presented in Appendix 

A2. Because the TBC is defined in a specimen-dependent manner, the individual TBC curves 

cannot be used to provide a general result applicable to all BRBs. Therefore, the SAM-based 

general curve is used to describe BRB behavior in both subsequent research and practical 

applications. A reference strain level of 2% is proposed because BRBs in buildings designed as 

per EC8 regulations shall not have to accommodate larger design deformations under the 

design seismic excitation. Table 2 shows the evaluated parameters for SAM based on the 

mean of experimental results. The individual backbone curves and the mean are displayed in 

Fig. 20. An expected deviation limit from the mean is also assigned to each value that can be 

used in design and quality control. The limit for the overstrength factor is based on the results 

of material tests. Deviation limits for the hardening ratios are defined to be in line with the 

limits for other NLD properties in EN 15129 6.2. 

The proposed SAM is not limited to BRBs, but intended for a more general application for all 

nonlinear displacement dependent devices (NLDs) [Z3]. It is considered a more 

advantageous approach to the backbone curve of NLDs than the TBC in EN 15129. SSE 

BRBs described with SAM were approved for the CE marking by Austrian Standards plus 

GmbH using the characteristics in Table 2. 
Table 2 Expected characteristics of Buckling Restrained Braces based on test results 

nominal BRB capacity (Ry,n) [kN] 100 - 5000 
material overstrength factor (γov,m) 1.13 ±8% 
strain hardening adjustment factor at εref = 2% (ω2%) 1.57 ±15% 
compression strength adjustment factor at εref = 2% (β2%) 1.18 ±15% 
total hardening adjustment under compression at εref = 2% (ω2%β2%) 1.85 ±15% 
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Fig. 20 Bilinear representations of BRB behavior from the 21 test results 
(black) and the proposed ideal backbone (red) with its acceptable 
deviation (dashed red) 

2.5.4 Quality control 

Definition of a backbone curve is not only beneficial for practicing engineers, but also useful 

for quality control purposes. The objective of quality control for NLDs is typically to ensure 

stable cyclic behavior without excessive increase of internal forces to limit the necessary 

overstrength applied at adjacent elastic members. Note that the actual value of strain-

dependent hardening is not a concern, because it can be taken into consideration with a 

sufficiently high overstrength factor. Cyclic hardening 6  on the other hand can have 

detrimental consequences on structural performance if not addressed appropriately during 

design. 

EN 15129 includes specifications on quality control. An alternative procedure has been 

developed at BME that uses the bilinear backbone curve based on the SAM approach. Its 

advantages over the standardized approach are briefly explained in Appendix A3. 

Based on the evaluation I performed on the behavior of 20 BRB specimens (see Appendix A2 

for detailed results) I proposed the following formulae to regulate the quality of a set of BRB 

elements: 

 Κω =
�ωϵref,𝑖 − ωref�

ωref
≤ 0.15        𝑖 > 1 (9) 

 Κωβ =
�ωϵref,iβϵref,𝑖 − ωrefβref�

ωrefβref
≤ 0.15        𝑖 > 1 (10) 

where ωref and βref are the expected BRB hardening rates, such as the values in Table 2; ωεref,i 

and βεref,i are the hardening rates of the tested specimen in the ith load cycle at εref strain level. 

 

6 cyclic hardening refers to the increase of material strength in consecutive load cycles at the same strain level 
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3. NUMERICAL UNIAXIAL BRB MODEL DEVELOPMENT 

3.1 STATE OF THE ART 

When it comes to BRB behavior in a numerical environment it is important to recognize the 

influence of analysis objectives on the approach chosen for brace modeling. The two primary 

categories of brace modeling can be distinguished based on the modeling objectives:  

- In element-level analysis, the researcher investigates element behavior and local effects, 

including, but not limited to the phenomena of local flexural buckling of the core [49], 

local plate buckling of the casing [13], low cycle fatigue sensitivity [30], friction between 

the steel core and the concrete layer [58], connection behavior [38], etc.  

- Global frame analysis on the other hand investigates braced frame behavior and the 

influence of BRB parameters on the seismic performance of BRBF. Studies range from 

structural design evaluations [59] to detailed research on the optimal topology [60], 

overstrength [15], and design procedure parameters [17] for BRBF. 

3.1.1 Element-level analysis 

The typical approach for element level analysis is the development of a highly detailed finite 

element (FE) model of a single brace [13,49] or one bay of a braced frame [61]. The model is 

made of shell [61] or solid [49][Z3]elements and material models with cyclic hardening 

capabilities are applied on them (e.g. Fig. 21). These material models range from simple 

combinations of kinematic and isotropic hardening [13] to more complex nonlinear 

formulations with load history dependent hardening behavior [62]. Realistic7 modeling of the 

interaction between the steel core and the casing often requires a nonlinear contact layer 

between them [58]. 

These element level models are typically made in advanced FE code such as ANSYS [63] or 

ABAQUS [64]. They are typically calibrated to laboratory test results and later used for virtual 

experiments. Properly calibrated element models provide results with high accuracy (e.g. Fig. 

22). Development and use of these models necessitates a high level of expertise in nonlinear 

FE modeling and sound knowledge of the working mechanism and configuration of BRBs. 

Furthermore, it is important to note that these are models with hundreds of thousands or even 

millions of degrees of freedom per BRB, thus the analysis of the nonlinear dynamic response 

of a single brace requires significant computational resources (e.g. one virtual experiment 

takes typically 24-72 hours on a PC with 50 GFLOPS peak CPU computational performance) 

7 i.e. the casing provides lateral support for the core, but only after the core has buckled, because there is an air 
gap or a layer of grease or silicon between the two components. Furthermore, the support acts only under 
compression; it has no tensile resistance. 
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Fig. 21 A detailed numerical BRB model example (figure courtesy of Viktor Budaházy [Z3]) 

 
Fig. 22 Accurate simulation of experimental results with a detailed numerical BRB model 

 (figure courtesy of Viktor Budaházy [58]) 

3.1.2 Global analysis of braced frames 

Studies that focus on global frame behavior require a more efficient solution that runs faster 

with less numerical convergence issues and it shall also be easier to configure and apply on a 

large number of elements. Accordingly, the vast majority of studies on global BRBF behavior 

use beam elements coupled with custom material models to simulate BRB behavior with 

sufficient accuracy (e.g. [17]). The complexity of the performed analysis determines the 

required modeling accuracy and the type of material model needed. 

Simple linear representation of element behavior is sufficient for linear static analysis 

methods applied in practical design. Each BRB is typically modeled as a prismatic diagonal 

beam in the frame (e.g. [65]). The variable cross-section of the braces is taken into account by 

increasing the stiffness of their material and applying the cross-section of the yielding zone of 

the steel core for the full BRB length. The BRB element shall only follow brace behavior in the 

elastic domain, therefore there is no need for complex material models in this case. Nonlinear 

hardening, the consequent energy dissipation and ductile structural response is taken into 

account through an appropriate reduction of the seismic demand on the building with the 

behavior factor (q). 

More advanced material models are required for nonlinear static (pushover) analyses, 

because the hardening properties of the braces directly affect the supplementary inelastic 

capacity of the structure and its deformations. BRBs are either modeled as prismatic beams 

with increased stiffness similarly to the solutions for linear static analysis, or more often the 

elastic parts of the steel core are handled separately from the yielding zone in the model. The 

latter approach uses linear elastic steel material for the elastic parts and applies a more 

advanced material only at the yielding zone. The most popular inelastic material for pushover 
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analysis is the bilinear hardening model based on the standard backbone curve of BRB 

elements (e.g. [66,17]). Because the backbone captures the envelope of BRB cyclic response 

by definition, it is considered a good representation of BRB behavior. Brace rupture at large 

strains can be handled by either advanced material characteristics with capacity degradation 

after a pre-defined strain limit [67], or by post-processing results and discarding those that 

belong to excessive brace deformations. While the former method can model the progressive 

collapse of a building, the latter can only follow structural response until the first brace failure. 

Because BRBs are the primary members of lateral load resistance in such frames, failure of a 

brace typically leads to formation of a soft-story8 and the collapse of the given level. BRBs are 

not expected to fail at the design displacement level, because of their high ductility. Therefore, 

modeling BRB failure is of minor importance for pushover analysis of BRBFs. 

Nonlinear dynamic (response history) analysis is considered the most sophisticated and 

accurate method currently available for structural response evaluation. High performance 

computing made it a common tool for earthquake engineering research, but it has yet to 

become widely used in engineering practice. One important reason behind the reluctance to 

use this type of analysis in practice is the significant jump in complexity of input data. 

Response history analyses can only provide realistic results if the behavior of structural 

members and the characteristics of the ground motion hazard are modeled with sufficient 

accuracy. A lucid illustration of the difficulty of this task is the large variation of response 

estimates by civil engineering professionals for a practically Single Degree of Freedom 

(SDOF) system in [68]. 

Besides the complexity of inputs, it is important to note the current trend of describing 

structural performance through a large number of response history analyses using a set of 

ground motion records scaled to several seismic intensities. Multi stripe analysis and 

incremental dynamic analysis are two examples of such techniques that are described in detail 

in section 4.1. They often need results from hundreds of analyses, thus efficiency is just as 

important for these models as their aforementioned accuracy. This poses a difficult challenge 

for researchers. 

3.1.3 Modeling issues in global nonlinear dynamic analysis 

Models made of beam finite elements are the only feasible option for series of response history 

analyses. Therefore, the complex cyclic nonlinear behavior of BRBs needs to be handled by an 

appropriate material model. Note that pushover analysis only required proper modeling of the 

cyclic hardening envelope. Models for response history analyses shall be more sophisticated if 

accurate results are desired.  

8 Soft story is the result of significant variation in structural stiffness along the vertical direction. If one of the 
stories of a building is considerably softer than the others, it experiences excessive plastic deformations and 
premature failure while the other stories typically remain in the elastic domain. 
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Efficient custom material models are difficult to develop and include in ANSYS or similar 

complex codes. Simple FE codes that are easily extendable are generally not suitable for 

running several series of response history analyses with optimal use of available 

computational resources. This led to many nonlinear dynamic studies using bilinear models 

that were originally meant for pushover analysis [69,15]. Recent results imply that such 

models might predict the seismic response of nonlinear systems with considerable error and 

confirm that accurate modeling of structural behavior shall be of paramount importance [70]. 

Results are very sensitive to the inelastic stiffness of the material, which is difficult to define 

properly for a bilinear model under cyclic loading. 

A large part of the above modeling difficulties are remedied by the Open System for 

Earthquake Engineering Simulation (OpenSees), an object-oriented, open source software 

framework created and maintained at the Pacific Earthquake Engineering Center [71]. Its 

ease of use, speed and robustness made it popular in the earthquake engineering community. 

OpenSees includes a large number of advanced material models developed by its users and it 

offers the ability of simple extension. Consequently, recent research on BRBs often apply 

nonlinear material models that are either pre-defined in OpenSees such as the 

phenomenological Menegotto-Pinto steel model [72,41,73], and the more recent elastoplastic 

BRB model [74], or enhanced versions of existing models such as the modified Bouc Wen 

model [75,76]. 

3.1.4 Problem statement and objectives 

This research requires numerical models of BRBF for nonlinear dynamic analysis. Although 

nonlinear models in OpenSees provide significant improvement over simple bilinear 

representations, there was still room for improvement of numerical BRB behavior under 

realistic dynamic loading. Only one of the built-in materials (steelBRB [74]) supports 

asymmetric hardening, while taking both isotropic and kinematic hardening components into 

account. However, advanced options such as an ultimate strength limit, an isotropic 

hardening limit, and a load history memory are not included in that model. Therefore, I 

decided to develop a new material model for nonlinear dynamic analysis of BRBF. 

Two approaches have been investigated for representation of BRB behavior. The first method 

uses a combination of existing material models to produce a complex nonlinear asymmetric 

cyclic hardening behavior. The methodology is explained in the next section and its 

application is demonstrated in two popular FE codes in Appendix B2. Subsequent sections 

introduce a significantly enhanced version of the Menegotto-Pinto phenomenological steel 

material model. It provides all desired characteristics for BRB modeling while maintaining 

the ease of use and cost-efficiency of its base material model. The new model has been 

developed in the source of OpenSees and its versatility and accuracy is demonstrated. 
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3.2 MODELING BRB BEHAVIOR BY COMBINATION OF THREE 

CONVENTIONAL MATERIAL MODELS 

3.2.1 Modeling concept 

The primary objective of the methodology introduced in this section is the efficient modeling 

of BRBs with a combination of conventional material models. These models are available in 

most advanced FE codes, thus the presented methodology is not code dependent and can be 

applied by a wide range of research projects. 

The basic assumption of the approach is that BRB behavior is a combination of kinematic and 

isotropic hardening with considerable asymmetry in the response. Each of these three effects 

can be modeled individually by three different material models applied at three beam elements 

connected in parallel. The cross-sections of the beams shall be identical to the cross-section of 

the BRB yielding zone. Modeling options and characteristics of the three different hardening 

components are explained below. 

3.2.2 Components 

Kinematic hardening can be described as a function of strain in the material [77]. It is 

characterized by the shift of the yield surface, which is responsible for a decrease in yield 

strength in the opposite direction after an increase in yield strength in one direction from 

hardening. This phenomenon is the so-called Bauschinger effect. Fig. 23 displays the 

monotonic and cyclic response of a bilinear and a nonlinear material model with kinematic 

hardening. Besides the aforementioned shift in the yield surface, it also highlights that 

kinematic hardening does not have a cyclic component; there is no difference between the run 

of monotonic and cyclic stress-strain curves and it leads to identical curves under consecutive 

load cycles at the same amplitude. Note that changing from bilinear to nonlinear hardening 

introduces the possibility of using a more realistic, variable inelastic stiffness and provides a 

better approximation of the behavior in the vicinity of the yielding point.  

  
Fig. 23 Cyclic response of two kinematic hardening Fig. 24 Cyclic response of two isotropic hardening 
materials (bilinear – blue; nonlinear – red) materials (bilinear – blue; nonlinear – red) 
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Isotropic hardening is generally controlled by cumulative work or cumulative inelastic 

deformation [77]. It is characterized by the expansion of the yield surface, thus an increase in 

yield strength in one direction results in an increase in the opposite direction as well. The 

monotonic and cyclic response of a bilinear and a nonlinear material model with isotropic 

hardening is shown in Fig. 24. Because of its dependence on the cumulative properties of 

inelastic response, the degree of isotropic hardening increases with every new load cycle that 

includes inelastic deformation. This introduces cyclic hardening to the material model besides 

in-cycle hardening. Note the difference between hardening experienced at consecutive load 

cycles with bilinear and nonlinear models in Fig. 24. The nonlinear approach can model a 

more realistic gradual decrease in hardening rate. 

Asymmetric hardening refers to the considerable increase in the hardening ratio of BRBs 

under compression. Because structural steel does not have this property, conventional steel 

material models do not have asymmetric hardening as an option. Recent data from tests at 

BME [Z14], independent experiments [40], and numerical analyses [58] suggest that the 

primary reason behind this phenomenon is friction between the steel core and the concrete 

layer that surrounds it in the BRB. Because of friction, part of the axial load is transferred to 

the casing of the BRB under large deformations, which increases the stiffness of the element, 

hence the increased hardening rate. The friction force depends on the applied force at the 

surface of the concrete tube (normal force on Fig. 25), thus it is proportional to the axial load 

of the brace. Therefore, asymmetric hardening can be imagined as an increase of the effect of 

both kinematic and isotropic hardening.  

 
Fig. 25 Friction induced by flexural buckling of the steel core inside the hollow concrete casing 

One option for modeling the supplemental kinematic hardening is a nonlinear spring that has 

negligible stiffness under tension and a custom hardening characteristic under compression. 

This spring will have no influence on tensile behavior, and appropriately increase the stiffness 

of the brace under compression. The disadvantage of the nonlinear spring is that its behavior 

is strain dependent, thus the isotropic part of the asymmetry cannot be taken into account. A 

possible solution is the use of an element that works only under compression coupled with an 

isotropic hardening material that is calibrated to provide the required supplemental 

hardening rate. However, such a material-element combination is not available in most FE 

codes; therefore, the methodology proposes the use of only a nonlinear spring and neglect the 

isotropic part of the asymmetry.  
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3.2.3 Model configuration and performance 

The straightforward numerical representation of a BRB is a series of beam elements with 

several different cross-sections and material models that consider the variable width of the 

steel core and the modified behavior of its yielding zone. Although this is already an efficient 

solution, large problems with high number of BRB elements benefit from additional 

optimization. Provided that detailed analysis of gusset plates and elastic BRB parts is not 

required, each BRB can be modeled as a single finite element and the effect of elastic 

components can be taken into account in the material model. The proposed approach is 

similar to the one used for modeling BRBs in linear static analysis with an increased stiffness. 

Details on both modeling options are included in Appendix B1. 

Implementation examples for the combined material model in ANSYS and OpenSees codes 

are included in Appendix B2. Results from ANSYS (a) and OpenSees (b) are compared with 

the experimental data for specimen C800W I in Fig. 26. Both approaches were able to follow 

nonlinear BRB behavior with sufficient accuracy. 

   
Fig. 26 BRB cyclic behavior simulation in ANSYS (a) and OpenSees (b) (C800W I specimen) 

3.2.3 Shortcomings and possible issues 

Although the presented modeling approach is a significant improvement over popular single 

material approximations, besides its advantages there are two important issues that made me 

look for a better solution. First, the combination of three material models leads to a complex 

system of equations that result in slower analysis and an increased probability of convergence 

difficulties. Therefore, analyses need to be performed with smaller load steps to ensure 

convergence and each load step takes longer time than it would with a simpler material model.  

The second problem is the lack of several advanced features, such as strength and 

deformation limits, and load history memory in the models. This leads to accurate 

approximations under cyclic loading with monotonically increasing load cycles, but 

considerably larger errors are expected under more realistic, irregular load histories. Because 

seismic excitation is a random type of loading, it shall not be satisfactory to properly 

approximate standardized laboratory test results, but numerical models need to show good 

performance under irregular loading as well.  
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3.3 DEVELOPMENT OF A GENERAL PURPOSE UNIAXIAL STEEL MATERIAL 

It is possible to create more advanced material models with load history sensitivity based on 

the Chaboche formulation in ANSYS for example [62] and a combination of such a model 

with a nonlinear spring using the aforementioned methodology might yield a better 

representation of BRB behavior. However, such a complex model would lead to even more 

speed and convergence issues during analysis. Furthermore, once the model is created, it 

would be difficult to make it available for other researchers. OpenSees on the other hand was 

a good candidate for the development and implementation of a new material model that can 

replace the presented complex combination and provide a simpler and distributable solution 

to numerical analysis of BRBs. Note that although the material is currently implemented only 

in OpenSees, it can be included in any other FEM code by using the background and logic 

presented in this section.  

This section introduces a new material model that was developed in the OpenSees finite 

element code based on the existing so-called Steel02 material. Steel02 is a representation of 

the phenomenological uniaxial steel model of Giuffré, Menegotto and Pinto [72] enhanced 

with isotropic hardening by Filippou et. al. [78]. The new material model builds upon the 

original formulation of Menegotto and Pinto and replaces the isotropic hardening with a 

different approach. As a reference to its foundation in Steel02, the new material is named 

Steel04.  

The original model with only kinematic hardening behavior is introduced here first, followed 

by an explanation of the applied extensions and enhancements. Calibration, verification and a 

comparison to other popular solutions are also discussed in this section. 

3.3.1 The Menegotto-Pinto steel material model 

The phenomenological Menegotto-Pinto steel model uses an explicit curve-fitting approach to 

approximate the behavior of the steel material under uniaxial cyclic loading. On the one hand 

it does not define a yield surface with a yield function and does not have rigorous theoretical 

background based on thermodynamics. On the other hand it gives more flexibility to its users 

than a Chaboche model for instance when it comes to modeling custom material behavior. It 

is also expected to consume less computational resources and produce more robust 

convergence than more sophisticated complex mechanical models. 

The model uses two asymptotes to define the shift of the yield surface as a result of nonlinear 

kinematic hardening (Fig. 27). The first line models elastic behavior and it is defined by the 

Young’s modulus (E0) of the material. The hardening rate is controlled by the inelastic 

stiffness that is expressed as a fraction of the initial stiffness: Eh = E0b. Parameter b is the so-

called kinematic hardening ratio.  
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Fig. 27 Basic stress-strain relationship and its controlling variables in the Menegotto-Pinto steel model 

Stress at a given strain level is controlled by a function pre-defined at the beginning of every 

half-cycle with the initial points of the half-cycle and the corresponding yielding point used as 

input parameters: 

 σ∗ = 𝜖∗ �b +
(1 − b)

�1 + 𝜖∗Ry�
1
Ry

� (11) 

 σ∗ =
𝜎 − 𝜎0
𝜎𝑦 − 𝜎0

             𝜖∗ =
𝜖 − 𝜖0
𝜖𝑦 − 𝜖0

 (12) 

where σ* and ε* shift the initial point of the defined function from the origin to an arbitrary 

point in the stress-strain plain. σ0 and ε0 define the initial point; σy and εy are coordinates of 

the yielding point (i.e. the intersection of the two asymptotes); Ry controls the curvature of the 

curved transition from elastic to hardening behavior. 

The initial point of the curve is always available during analysis (i.e. it is the point at the 

previous load step at the time of load reversal), but the yielding point needs to be evaluated at 

the beginning of every new half-cycle. Because isotropic hardening is not included, the yield 

strength (fy) is only strain-dependent and the second asymptote has a fixed position in the 

stress-strain plain regardless of the initial point of the half-cycle (Fig. 27). Thus, the yielding 

point is calculated as the intersection of the fixed hardening asymptote and a line defined by 

the initial stiffness through the (ε0, σ0) point. When loading in the positive (tensile) direction 

the intersection coordinates are expressed as: 

 ϵy =
fy(1− b) − 𝜎0 + E0𝜖0

E0(1− b)
 (13) 

 σy = fy(1− b) + 𝜖𝑦E0b (14) 

The yielding point when loading in the negative direction can be calculated in a similar 

manner. 
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The second parameter in Eq. (11) that requires further explanation is Ry. In order to correctly 

represent the Bauschinger effect, it is updated after every half-cycle based on ξ, the strain 

difference between the current yielding point and the initial point of the previous half-cycle 

(ε0
P, σ0

P on Fig. 27). The following form is suggested in [72]: 

 Ry = R0 �1 −
r1𝜉

r2 + 𝜉
� (15) 

Where R0 is the initial value that defines the transition at first yield; r1 and r2 are parameters 

that control the reduction of R0 and the resulting increase of the radius of the transitioning 

curve. Fig. 28 shows the value of Ry as a function of ξ with different settings for r1 and r2. 

Material response with two of the presented cases is compared in Fig. 29. Note that the first 

setting provides gradual transition to curves with large radiuses. On the other hand, the 

second option gives and a fairly constant radius already after small ξ values. These examples 

highlight the flexibility of the curved transition in the original material model. 

  
Fig. 28 Reduction of Ry for different r1 and r2  Fig. 29 Comparison of the smooth transition for two sets 
parameters of r1 and r2 (red – r1=0.9, r2=0.5; blue – r1 = 0.7; r2 = 0.2) 

Although the Menegotto-Pinto model provides a good approximation of the response of a 

material characterized by only kinematic hardening, it has a number of shortcomings that are 

important for the analysis of structural steel members under random dynamic loading: 

- Isotropic hardening is not modeled.  

Structural steel experiences considerable isotropic hardening under cyclic loading. This is 

even more apparent for BRB elements and it has been recognized by several researchers in 

the literature [74,8]. Neglecting this phenomenon leads to overestimation of material 

performance because an unrealistically high kinematic hardening rate needs to be 

assigned. Resulting analysis errors are generally not on the conservative side.  

- No memory of load history included.  

Although the radius of the curved transition is controlled by the size of the previous half-

cycle, this does not provide sufficient accuracy under seismic loading. Fig. 30 shows an 

example loading scenario with a small short load cycle included during a large amplitude 

cycle. The model does not have a memory of its previous path, thus it crosses over the large 
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amplitude cycle. In reality, the response of steel returns to the original curve once the point 

of load reversal is reached [79]. This erroneous behavior has already been recognized by 

early adopters of the model [78]. Because earthquakes have a large number of such short 

load cycles, these small mistakes in material response add up and can result in 

considerable difference in global structural response [Z10]. 

 
Fig. 30 Illustration of a typical error in stress response because of the absence of load history memory 

- Infinite strength capacity  

In order to have a proper approximation of hardening under relatively low strains (ε < 

1%), the kinematic hardening ratio shall not be set to 0 in the model. Because the response 

converges to the second asymptote, stress values beyond the ultimate strength of the 

material can develop already below 5% strain. This does not only lead to incorrect element 

capacity, but also produces unrealistically high internal forces in connecting members. 

Because those members were not designed for that increased level of structural 

overstrength, they are more likely to fail and make the results of numerical analysis 

questionable. When the model is combined with isotropic hardening, repeated cyclic 

loading at moderate amplitudes can increase the stress response beyond the ultimate 

strength in the vicinity of 2% strain. This phenomenon needs to be handled by imposing 

an ultimate stress limit that cannot be exceeded. 

- Infinite deformation capacity 

Deformation capacity of steel elements under cyclic loading is typically not limited by the 

monotonic deformation capacity of the element, but rather by low cycle fatigue. Failure 

from this phenomenon can be approximated by counting the number of load cycles at 

different amplitudes, a process also known as Miner’s rule for cumulative damage. 

Fracture occurs when the cumulative damage exceeds a pre-defined limit. Such limits 

have been analyzed for BRBs experimentally and available in the literature [28].Realistic 

element behavior modeling is only possible through the addition of these limits to material 

response. 

- Asymmetric hardening is not an option 

Admittedly, this is a minor issue for a steel-only material, because steel is typically 

characterized by symmetric hysteresis curves. However, asymmetric response is an 
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important attribute of BRBs and shall be included in any material model that is developed 

with numerical BRB elements in mind. Furthermore, this option makes the model more 

general and applicable for purposes beyond BRB modeling in the future. 

3.3.2 Improvements over the nonlinear kinematic hardening formulation 

Ultimate strength limit 

The above issues are addressed by extending the original formulation of the Menegotto-Pinto 

model. First, the optional ultimate strength limit is implemented by the introduction of a third 

asymptote (Fig. 31). The position of the asymptote is defined by the fu stress value and it has a 

slope of 0 by definition. The stress-strain relationship from Eq. (11) is updated to include a 

curved transition between the hardening and the ultimate asymptotes: 

 
Fig. 31 Basic stress-strain relationship and its controlling variables in the proposed new material model 

 σ∗ = 𝜖∗ �
b

(1 + ϵ�Ru)
1
Ru

+
(1 − b)

�1 + ϵ∗Ry�
1
Ry

� (16) 

 𝜖̅ =
𝜖 − 𝜖0
𝜖𝑙 − 𝜖0

 (17) 

where Ru controls the curvature of the second nonlinear transition, εl is the strain at the 

ultimate limit (i.e. strain at the intersection of the hardening and ultimate asymptotes). Unlike 

Ry, the value of Ru is kept constant throughout the entire response. The comparison in Fig. 32 

shows the advantages of the ultimate limit on material behavior. 

Asymmetric hardening 

Including asymmetric hardening as an option is a simple task for such a phenomenological 

model, because the stress-strain relationship is re-defined for every new half-cycle. Therefore, 

hardening parameters under compression can be specified independently of the hardening 

parameters under tension. This led to the introduction of bc and fu,c, the hardening rate and 
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the ultimate strength under compression, respectively. Both are required for proper BRB 

modeling. An example of a highly asymmetric response with the extended material is 

displayed in Fig. 33. Note that the introduction of an ultimate strength limit and asymmetric 

hardening affects the yielding point calculation at large strains. This is addressed after the 

isotropic hardening formulation is introduced in the next section. 

  
Fig. 32 Illustration of the smooth transition near the Fig. 33 Illustration of the asymmetric hardening option 
ultimate strength of the material (red curve) versus  combined with the ultimate strength limit (b = 0.03; bc = 
the original unlimited behavior (black curve) 0.06) 

Load history memory 

The final addition to the original model before the implementation of isotropic hardening is 

the memory of previous load history. All necessary information to recreate any of the previous 

load cycles are stored at load reversal points during loading. This allows the algorithm to 

check at every load step if the stress calculated for a given strain exceeds the stress that results 

from a parent half-cycle (see Fig. 30 for an example). An antecedent half-cycle is considered a 

parent if it could have been the preceding half-cycle in the same load direction given the 

current initial points. A parent fulfills the following condition under tensile loading: 

 ϵ0P < 𝜖0 −
(𝜎0 − 𝜎0𝑃)

E0
 (18) 

where the P index refers to initial strain and stress values from the antecedent half-cycle under 

consideration. The above condition checks if linear elastic response from the (ε0, σ0) point 

would lead to a strain below ε0 at the σ0 stress level. A similar condition can be formulated for 

compressive loading.  

Provided that one of the parent half-cycles is exceeded in the current load step, the algorithm 

loads the initial parameters of the parent and continues on that curve. After convergence to a 

parent half-cycle the load history memory is used to check the antecedents of the parent and 

joins them if necessary. This leads to more realistic convergence to previous loading even 

under very demanding load histories such as the one shown in Fig. 34. 
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Fig. 34 Comparison of the behavior of a conventional Menegotto-Pinto and 
the Steel04 material model under highly irregular cyclic loading 

3.3.3 Extension with isotropic hardening 

Isotropic hardening can be included in the model with minor modifications of the expressions 

presented above. The implementation is based on the work of Filippou et. al [78], although 

their formulation of the hardening rate has been removed from the model. The reason behind 

the removal is the rigid dependence of the original formula on the extreme strain values 

instead of a more realistic consideration of cumulative plastic deformation as the controlling 

variable for isotropic hardening. The proposed expression defines a highly customizable 

nonlinear relationship between μtot, the total plastic ductility and σiso, the increase in yield 

stress from isotropic hardening: 

 σiso = �fu − fy� µtotbiso,u

⎝

⎜
⎜
⎛

biso,u +
biso − biso,u

�1 + �
µtotbiso − µtotbiso,u
ρiso − µubiso,u

�
Riso

�

1
Riso

⎠

⎟
⎟
⎞

 (19) 

 µtot =
ϵpl,tot
ϵy0

− ly                      ϵpl,tot = ��ϵpl,i2
n

i=1

          (20) 

 
Fig. 35 Description of yield surface expansion as a function of the total plastic ductility in the new material model 

Where biso and biso,u define the slopes of the two asymptotes displayed in Fig. 35; Riso controls 

the radius of the nonlinear transition; ρiso specifies the quantity of isotropic hardening at μu 

ductility as a portion of (fu - fy). The formula in Eq. (19) is deliberately similar to the one used 

to describe kinematic hardening to facilitate the understanding and calibration for future 
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users. In Eq. (20) εpl,tot is the total cumulative plastic strain that is calculated as the square root 

of sum of squared plastic strain from each half-cycle; ly is used to take the yield plateau into 

consideration by introducing a lag into isotropic hardening (Fig. 36). 

The versatility of this formulation is emphasized in Fig. 37 and Fig. 38 by two materials with 

identical ρiso and μu, but different nonlinear functions for isotropic hardening (kinematic 

hardening is kept at a low level by using b=0.001 for these examples). Note that isotropic 

hardening in Steel04 is calculated on-the-fly (i.e. the function for the current stress-strain 

half-cycle is re-evaluated at each load step to take the plastic deformations in the previous step 

into account). This is the only way to get stress-strain curves with the considerable in-cycle 

hardening as well as cyclic hardening in Fig. 38 using isotropic hardening only. Also note that 

both materials arrive at the same point in the stress-strain plane by the end, but their path is 

significantly different because of the different isotropic hardening characteristics as per Fig. 

37. 

 
Fig. 36 Comparison of yield plateau appearance in two types of load histories 

  
Fig. 37 Isotropic hardening characteristics of the  Fig. 38 Cyclic response of two materials with different 
materials in Fig. 38 nonlinear isotropic hardening characteristics 

The expansion of the yield surface because of isotropic hardening is taken into account by 

increasing the yield force of the material. The second asymptote of the material model (i.e. the 

line that represents kinematic hardening) is shifted along the stress axis to represent the 

increased yield force. The shift s is a factor of the initial yield stress: 

 s = 1.0 +
σiso

fy
 (21) 
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3.3.4 Yielding point evaluation 

Because of the changes in the material model, assessment of the yielding point is a complex 

problem for Steel04. The ultimate strength limit and the asymmetric properties necessitate 

two modifications in the basic approach that are explained in the following paragraphs. 

Afterwards the effect of isotropic hardening is also considered. 

The ultimate strength limit leads to problematic behavior with the original logic of yielding 

point calculation, because the distance between the origin of the half-cycle and the hardening 

asymptote is reduced significantly (see the original curve in Fig. 39). This leads to a gradual 

disappearance of the elastic part of the response when unloading occurs at large strains. This 

contradicts the expected behavior of structural steel where although the Bauschinger effect 

saturates and the distance between the hardening asymptotes is slightly reduced, the elastic 

response does not disappear [62].  

The material model was modified to take this into account and maintain the original distance 

between the hardening asymptotes at all strain levels.  This is achieved by dividing the 

material response to three strain regions in each half-cycle and use a different approach for 

load reversal in each section. The strain regions are shown in Fig. 40 and the calculated 

quantities are summarized in Table 3. 

  
Fig. 39 Comparison of cyclic response of the Steel04  Fig. 40 Evaluation of the yielding point after load 
material with the original and modified formulation reversal in the Steel04 material at two different strain for 
yielding point calculation levels 

The variable σ0��� is the stress at ε0 strain on the asymptote that corresponds to the current 

section of the half-cycle; Δε is the strain difference between the load reversal point and the so-

called base point on the aforementioned asymptote (the base point is reached from the load 

reversal point with a slope defined by the initial E0 stiffness); ε0B and σ0B are the coordinates of 
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the base point; εy and σy are the coordinates of the yielding point. The resulting shift in the 

hardening asymptote and the modified material response are shown in Fig. 39. 
Table 3 Consideration of the ultimate strength limit for yielding point calculation 

ε ≤ εl εl ≤ ε  

σ0��� = σyP + �ϵ0 − ϵyP�E0b σ0��� = fu (22) 

Δϵ =
σ0��� − σ0

E0(1− b) Δϵ =
σ0��� − σ0

E0
 (23) 

ϵ0B = ϵ0 + Δϵ (24) 

σ0B = σ0 + E0Δϵ (25) 

ϵy = ϵ0B + 2fy/E0 (26) 

σy = σ0B + 2fy (27) 

Further modifications are necessary to handle asymmetric hardening effects appropriately. 

Fig. 41 shows that asymmetric hardening shall lead to a significant modification of the 

magnitude of elastic response. The original approach in the Steel02 model fails to consider the 

Bauschinger effect appropriately when an ultimate strength limit is introduced and leads to 

excessive reduction of elastic response (original curve). If the 2fy distance is enforced on the 

hardening asymptotes to properly consider the ultimate strength limit as described above, the 

yield strength will be overestimated in one direction and underestimated in the other (shifting 

curve – overestimation because of greater hardening ratio under compression and 

underestimation under tension).  

I propose an adjustment to the shift introduced by a Δfy value. Δfy is the stress difference 

between the original base point and an alternative base point. The alternative is calculated 

from a half-cycle with the same origin, but with the hardening properties corresponding to the 

other load direction (alternative curves). Thus, Δfy expresses the stress difference between the 

two hardening characteristics and effectively describes the required modification of the yield 

surface to achieve the balanced, stable material response (adjusted shifting curve). 

 
Fig. 41 Asymmetric hardening consideration in yield strength assessment by adjusted 
shifting of the hardening asymptote 
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Isotropic hardening increases the size of the yield surface, thus it can be considered by 

applying the s factor on fy in Eq. (26) and Eq. (27). Asymmetricity in isotropic hardening is 

automatically taken into account by Δfy. The following are the final expressions for yielding 

point evaluation:   

 ϵy = ϵ0B + �2sfy − Δfy�/E0 (28) 

 σy = σ0B + 2sfy − Δfy (29) 

This concludes the list of changes and extensions I implemented in the OpenSees framework 

as part of the program code using the C++ programming language. Note that the resulting 

Steel04 is essentially a versatile highly customizable steel material model and not a special 

purpose model only applicable to BRBs. Steel04 is going to be proposed for integration into a 

future revision of the distributed version of OpenSees, thus in the future it would be available 

for free to everyone working with the program. 

3.3.5 Model verification 

Verification of the Steel04 model is performed by comparison of its behavior to that of a more 

advanced, thermodynamically sound, three dimensional, multi-purpose steel model 

developed in ANSYS code [62,80]. This so-called PRESCOM model has been verified against 

experimental results and shown excellent performance under arbitrary load histories.  

The response of a single degree of freedom truss model is examined under displacement 

controlled static and dynamic analyses. Note that the model of the truss in ANSYS is made of 

solid elements to maximize accuracy, while the OpenSees model is made of a single beam 

element. Results of displacement controlled uniaxial quasi-static loading are displayed in Fig. 

42. The selected four different load histories range from the least to most demanding for a 

material model. It is important to emphasize that all of the analyses were produced with the 

same Steel04 parameters to verify load history independence (i.e. the material has not been 

recalibrated for the best possible approximation in each case). The stress-strain curves from 

the compared material models show very good agreement. 

The second group of simulations compares the nonlinear dynamic response of SDOF trusses 

subjected to uniaxial acceleration loading. A real ground motion record of the San Fernando 

earthquake from the PEER NGA Database [81] is scaled to different intensity levels for the 

analyses. The expectable variance of the results that stems from differences between the 

solution engines and the modeling level (one dimensional versus three dimensional finite 

elements) is estimated in a preliminary analysis. Two theoretically identical material models 

with bilinear kinematic hardening are used for this simulation (BKIN in ANSYS and Steel01 

in OpenSees). Fig. 43 shows that even though the displacements are expected to be identical, 

there is a deviation between the truss responses that increases with time. Nevertheless, the 

results are in very good agreement. 

45 
 



 

  

  
Fig. 42 Comparison of the stress-strain response of the Steel04 (blue curves) and the PRESCOM model (red 
curves) in displacement controlled uniaxial cyclic load tests 

  
Fig. 43 Comparison of the stress-strain response and the displacement history of identical bilinear material 
models in the ANSYS and OpenSEES environment through response history analysis of an SDOF system 

  
Fig. 44 Comparison of the stress-strain response and the displacement history of an SDOF system coupled with 
the PRESCOM and the Steel04 material model. 

The response of Steel04 is compared to that of PRESCOM under the same ground motion 

record in Fig. 44. Results confirm the accuracy of the Steel04 material for simulating 

nonlinear response of braces under cyclic uniaxial loading. 

The final tests draw attention to the significant error in analysis results when crude material 

models are applied. Fig. 45 shows a typical bilinear representation of BRB behavior that is 

frequently used for even nonlinear analysis. Performance of the models is tested with the same 

SDOF system and an earthquake record from the San Fernando event. Displacement-history 
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and stress-strain plots are displayed in Fig. 46. Based on previous comparisons with the 

PRESCOM model it is assumed that Steel04 captures both maximum and minimum 

displacements, the developed stress-strain history and the residual displacement accurately. 

Although the bilinear material provides a good approximation of extreme displacement 

values, it fails to reproduce the residual displacement accurately. Another important error is 

apparent in the stress-strain plot of Fig. 46. The bilinear model considerably overestimates 

element stiffness and load bearing capacity at moderate to large strain levels. These 

observations are not unique to the given acceleration history and seismic intensity, but they 

were consistent over several ground motion records and intensity levels. The errors of the 

bilinear representation might lead to unconservative structural design. The influence of these 

errors on global frame behavior is addressed in the sensitivity analysis section of chapter 4. 

 
Fig. 45 Cyclic response of three material models under displacement controlled static loading 

  
Fig. 46 Comparison of the stress-strain response and the displacement history of an SDOF system coupled with a 
bilinear kinematic hardening and the Steel04 material model. 

The presented analyses verify that the developed Steel04 uniaxial steel material approximates 

PRESCOM behavior with good accuracy using a simple finite element model. Because 

PRESCOM has already been shown to be a proper numerical representation of structural steel 

behavior, the developed Steel04 material is considered accurate for the analysis of one 

dimensional truss elements. 

3.4 MODELING BRB BEHAVIOR WITH THE STEEL04 MATERIAL 

The final step in the development of an efficient numerical BRB model is the calibration of the 

Steel04 material to the experimental behavior of buckling restrained braces. Calibration has 

been performed on force-displacement data from a total of 15 laboratory experiments. Seven 
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tests were done at BME and their results are presented in Chapter 2; eight tests were done at 

the University of California, San Diego (UCSD). The latter test results are described in detail 

in [5]. All specimens were produced by Star Seismic. Sensitivity of BRB parameters to the 

manufacturing process and the overall configuration of the braces is a topic of future research 

and require additional test data on braces from other manufacturers.  

3.4.1 Consideration of low cycle fatigue for BRBs 

The effect of low-cycle fatigue is not included in Steel04, because there is already an efficient 

solution for this problem in the OpenSees environment. The Fatigue material developed by 

Uriz [31] is a wrapper function that can be used on any other material to include the effects of 

low cycle fatigue in its formulation. Its developer expects the prediction of brace fracture to be 

accurate to within a few cycles. 

The Fatigue material uses a modified “on-the-fly” version of the popular “rainflow” method 

[82] for counting the number of equivalent cycles in an irregular load history. Material 

damage is accumulated from each cycle based on its deformation amplitude. The widely 

accepted Coffin-Manson relationship [83,84] describes the logarithm of the number of 

constant load cycles to failure (Nfi) as a function of their amplitude (εi): 

 ϵi = ϵ0(𝑁f)m (30) 

The ε0 parameter indicates the strain amplitude at which one complete cycle is sufficient to 

failure; m is the slope of the linear representation of the relationship in log-log space. 

Therefore, m describes how the amplitude of load cycles affects the amount of damage 

accumulated in them. Damage for each cycle with εi amplitude is estimated as 1/Nfi. The 

accumulated damage is the sum of damage from all cycles. The material fails in the model 

when the accumulated damage surpasses 1.0. This formulation of damage accumulation is 

known as Miner’s rule. Material failure is modeled by significant stiffness reduction under 

tension, but the finite elements are not removed from the model. This approximate numerical 

solution for failure considerably improves the convergence of calculations. A more detailed 

explanation of the Fatigue material is available in [31]. 

Because only the yielding zone of BRBs experience large plastic deformations under cyclic 

loading, the formulation of low-cycle fatigue shall refer to the strain levels in that component 

only. When the BRB is modeled as a single finite element this is difficult to achieve, because 

no data is readily available on the strains in the yielding zone. Therefore, it is considered more 

advantageous to formulate the Coffin-Manson relationship in the following manner instead: 

 ϵi =
ϵ0,y

fDM
(𝑁f)m (31) 
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where fDM is the so-called deformation modification factor; ε0,y is the ε0 from Eq. (30) that 

corresponds to the yielding zone only. Yielding zone deformation is linked to total brace 

deformation using fDM based on the assumption of negligible deformations in the elastic 

components under high amplitude cyclic loading. The factor is defined by the geometric 

proportions of the BRB: 

 fDM =
ϵy
ϵtot

=
Δ𝑙
ly

Δ𝑙
ltot

� =
ltot
ly

 (32) 

where tot and y indices describe attributes of the total brace and the yielding zone, respectively. 

Eq. (31) provides a more accurate representation of BRB fatigue, it facilitates model 

calibration and leads to a numerical BRB model that is applicable to a wide range of BRB 

geometries. 

3.4.2 Evaluation of general BRB material model parameters 

The Steel04 material has been calibrated separately to each experimental result to identify the 

trends in material parameters for BRB elements. Because the highly customizable Steel04 

model can fit experimental results with multiple combinations of its parameters if the load 

history is not complex enough, overfitting becomes a possible issue with this model. Typical 

experiments that have load histories with monotonically increasing amplitudes are especially 

prone to such a problem. Given a small enough number of load cycles at each displacement 

level, even the separation of cyclic and kinematic hardening effects becomes difficult. 

Therefore, the definition of a common parameter set that gives a good approximation for all 

tested specimens is the primary objective of the presented calibration. Because of the small 

number of samples, a basic trial and error approach was sufficiently effective for this 

calibration task. Larger number of experimental data will lead to application of a more 

advanced calibration methodology such as the heuristic approach in [85]. 

In order to provide an objective measure of fitness for the models an average error magnitude 

was calculated for all of the calibrated models with the following expression based on the 

approach in [85]: 

 
error =

∑ �
�σexp,i − σnum,i� + �σexp,i−1 − σnum,i−1�

2 (ϵi − ϵi−1)�n
i=2

∑ |(ϵi − ϵi−1)|n
i=2

 
(33) 

where σexp and σnum are stress in the yielding zone from experimental and numerical data, 

respectively; ε is the strain in the yielding zone; i and i-1 indices represent data from a given and 

a preceding data point in the stress-strain curve. The error in the models ranges from 13.2 

MPa to 23.4 MPa, which is less than 5% of the maximum stress developed in the yielding 

zone, thus the calibrated models are considered sufficiently accurate for numerical analysis.  
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Fig. 47 Numerical BRB element response compared to the experimental results under cyclic loading. Note that 
the numerical BRB parameters were calibrated for each specimen individually. (specimens: left – C600W; right 
– PC750B) 

Fig. 47 shows two example results with calibrated models. There are three typical errors in the 

models that are proposed for further analysis and highlighted in the following: 

- When unloading occurs from a high strain level under compression, the initial (elastic) 

stiffness of the material is higher than the stiffness of structural steel. This is especially 

apparent on experimental results with significant asymmetric hardening under 

compression (e.g. Fig. 48). The increased stiffness of the element is presumably caused by 

the interaction between the concrete casing and the steel core through friction. As long as 

the casing participates in load resistance, it increases the overall stiffness of the element. 

This effect could be handled by strain-dependent dynamic modification of initial stiffness 

after load reversal, but proper description of such strain dependence requires additional 

test results. 

- The second typical error occurs when large amplitude cycles are followed by small 

amplitude cycles in the load history. Experimental results imply a reduction in the size of 

the yield surface. Fig. 49 displays an example of such reduction and the material model 

fails to follow this behavior appropriately. Reduction of the yield surface is not expected 

under increasing cumulative plastic deformations, thus there is no strong theoretical 

background for implementation of such a feature in the material model. Also note the 

variable magnitude of this effect among available experimental results. Fig. 50 shows an 

example where the effect is negligible. Further research is suggested on this topic. 

- The third type of error occurs typically in case of braces with small capacity. These 

elements are more sensitive to the size of the gap that surrounds the core. Experimental 

results imply that some of the specimens did not have sufficient space for the steel core to 

expand under compression and the core was stuck in the concrete casing at large strain 

levels. This led to rapid increase in load bearing capacity and amplification of hardening 

under compression. Note that this behavior is not optimal for BRB elements and shall be 

avoided by proper sizing of the gap around the steel core. It was assumed during 

calibration that BRB elements are designed and tested before application to prevent such 
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disadvantageous behavior. Therefore, this type of amplified hardening in large strains was 

neglected. The resulting numerical curves are illustrated in Fig. 51. Note that the 

asymmetric hardening is still modeled appropriately and the supplemental hardening only 

affects the cycles with the largest amplitude. 

  
Fig. 48 Numerical BRB response with apparent  Fig. 49 Numerical BRB response with apparent error 
in initial stiffness when reloading from large error when loading continues at small amplitude 
strain under compression (specimen PC250B) after larger amplitude cycles (specimen PC750A) 

  
Fig. 50 Numerical BRB response with negligible  Fig. 51 Numerical BRB response with apparent error 
when loading continues at small amplitude error under large strains in compression where an 
after large amplitude cycles (specimen PC350) amplification in hardening is experienced in the tests  
 (specimen C600B) 

Detailed results of the calibration are included in Appendix B3.1.  The material model for a 

general BRB is proposed based on the calibrated material model parameters. Parameters of 

the general model are summarized in Table 4. Overfitting is a possible issue for the general 

model as well because of the small number of samples compared to the large number of 

variables in the system (i.e. BRB geometry, material properties). This problem is mitigated by 

using constant values or simple functions for the parameters. As further experimental results 

become available, the evaluation of BRB parameters will become more sophisticated. 

The variable width of the steel core is taken into account by the stiffness modification factor 

(fSM) when the initial stiffness (E0) of the equivalent beam element is calculated. The yield 

strength (fy) shall be determined from material test results. Ultimate tensile strength (fu) and 

compressive ultimate strength (fu,c) was found fairly constant among the calibrated results 

when expressed as a function of fy. Two factors are introduced for these properties that are 

assumed constant among all BRB elements.  

51 
 



 

Table 4 Evaluation of the proposed general BRB parameters 

 tension compression 
E0 Es ∙ fSM 

fy  γm,ov ∙ fy,k 
fu 1.65 ∙ fy 2.50 ∙ fy 

kinematic hardening 
b 0.4% 2.5% 

Ry 25.0 
r1 0.91 
r2 0.15 

Ru 2.0 
isotropic hardening 

biso 1.5% 1.3% 

biso,u 0.06 + 0.02
600

𝐴𝑦 [𝑚𝑚2]
      [%] (34) 

ρiso 1.15 + 0.45
600

𝐴𝑦 [𝑚𝑚2]
 (35) 0.85 + 0.25�

600
𝐴𝑦 [𝑚𝑚2]

 (36) 

Riso 3.0 
ly 1.0 

fatigue 
m -0.400 

ε0 
0.14 + 0.4 �𝛾𝑚,𝑜𝑣 − 1.1�

𝑓𝐷𝑀
 (37) 

No strong correlation with any of the inputs is observed in case of the kinematic hardening 

ratio under tension (b). Its value ranges from 0.3% to 0.6% in an apparently random manner. 

The 0.4% value is suggested, because it provided good approximation for the vast majority of 

experimental results. The kinematic hardening ratio under compression (bc) has a more stable 

value among the calibrated models. Both C800W specimens experienced extensive hardening 

under compression that might be explained by unfavorable air gap dimensions according to 

recent numerical results [57]. Considering that the majority of remaining specimens were best 

described with bc=2.5%, that value is chosen for the BRB model. Parameters that describe 

transition from elastic to hardening behavior (R0, r1, r2) and eventually to the perfectly plastic 

state (Ru) are found to show negligible variation. 

There is clear difference between the initial rate of isotropic hardening of European and 

American specimens under both tension (biso) and compression (biso,c). Both parameters are 

considerably smaller for European braces than for braces made in the US. This suggests that 

the parameters are influenced by properties of the steel material. The upper limit of European 

results is selected for these parameters to consider that the modeled BRBs are supposed to be 

made in Europe. The ρiso and biso,u parameters show correlation with element capacity under 

both tension and compression. Therefore, simple functions were assigned for these inputs. 

The transition parameters (Riso, Riso,c) and the parameter that controls the length of the 

yielding plateau (ly) all showed fairly stable values among the calibrated models. 
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Parameters of the Fatigue model were calibrated based on the expression in Eq. (31). Three 

different slopes were considered during calibration for the performance limit line in log-log 

space (m). The m = -0.400 was selected for it provides the most consistent ε0 values after the 

apparent correlation of low cycle fatigue performance with material overstrength is taken into 

account by Eq. (37). 

Performance of the developed numerical BRB model is demonstrated through the plots in Fig. 

52. Note that results from the same specimens are shown in Fig. 47 and Fig. 52. Comparing 

these figures highlight the loss of accuracy because of generalization across a wide range of 

the BRB capacity and length spectrum. Behavior of the developed general BRB model is in 

good agreement with the experimental results, therefore the calibrated model is considered 

sufficiently accurate for simulation of BRBF response. Numerical BRBF models that include 

the developed element are introduced in the next chapter. Numerical response of the general 

BRB model for all specimens is included in Appendix B3.2. 

  
Fig. 52 Numerical BRB element response compared to the experimental results under cyclic loading. Note that 
the numerical BRB parameters were selected based on Table 4, not by specimen specific calibration. (specimens: 
left – C600W; right – PC750B) 
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4. EVALUATION OF A EUROCODE-CONFORM DESIGN PROCEDURE 

FOR BUCKLING RESTRAINED BRACED FRAMES 

4.1 STATE OF THE ART 

A design procedure shall be an effective methodology that can be applied by practicing 

engineers to calculate the geometric and material properties of structural members and 

ensure the advantageous behavior of the resulting structural system. It is typically a set of 

rules and limits prescribed in the applicable standard. In order to provide guidance for a wide 

range of design cases, the specifications are composed of a series of conditional tasks and 

relatively simple formulae that often provide conservative approximations to complex 

phenomena. This is especially true for the design of nonlinear dissipative anti-seismic 

structural solutions. 

Evaluation of such a procedure is a difficult task, because of the vast number of possible 

scenarios required to take the variability of structural geometry and the seismic hazard into 

account. Extensive generalization and extrapolation from small samples is not recommended, 

because of the often nonlinear relationship between realistic structural behavior and design 

variables. The large number of design variables and the nonlinearity of the problem makes 

seismic design especially difficult to evaluate with sufficient accuracy. 

Until recent years, the lack of computational resources impeded direct consideration of 

demand and capacity variability. Therefore, several research efforts – including studies on 

Buckling Restrained Braced Frame (BRBF) design – from the past decade used only a small 

set of scenarios or involve other simplifications for feasibility. Bosco and Marino for instance 

present a limited number of archetype structures and verify their response only at the design 

seismic intensity level [18]. Asgarian and Shokrgozar on the other hand performs advanced 

nonlinear analysis on a large set of structures, but their excessively simplified numerical frame 

models might lead to significant errors in structural response [17]. Similar simplified 

approaches are presented in several further examples from the literature [86,87,66]. 

I believe that assurance of sufficiently low failure probability with high confidence and 

economy shall be the primary targets of a good design procedure. Therefore, its merits can 

only be judged by robust and reliable evaluation of collapse probability. This requires a 

framework for probabilistic assessment of the performance of a large number of typical 

structural solutions under the various seismic hazard scenarios. 

4.1.1 Probabilistic seismic performance assessment 

The foundation of probabilistic structural performance analysis is performance-based 

earthquake engineering (PBEE) that became an element of standards in the United States in 
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the late 1990s [88,89]. In PBEE the realistic nonlinear response of the structure is analyzed at 

several ground motion intensity levels. A specific design option is judged by comparing the 

expected losses during the lifetime of the structure to the cost of the given design. The so-

called first generation PBEE procedures had limited consideration of the inherent uncertainty 

in the input data and numerical models [90]. Considered uncertainty was typically limited to 

the probabilistic definition of the seismic hazard. 

The Pacific Earthquake Engineering Research Center (PEER) proposed an advanced 

performance assessment framework in the early 2000s [91]. The framework is based on four 

separate processes that provide an explicit and transparent approach to PBEE. The first step 

is seismic hazard analysis, where the hazard at a given site is described by an intensity 

measure (IM). The second step is structural analysis; the evaluation of engineering demand 

parameters (EDPs) such as maximum interstory drift or component forces based on the IM 

that describes the hazard. Damage (DM) is expressed as a function of EDPs in the third step, 

while the final phase calculates the decision variables (DV) such as expected loss and risk 

from the experienced damage. 

By 2009 a group of experts developed a procedure for the quantification of seismic 

performance factors of structures using the above framework for PBEE [19]. The procedure 

describes structural performance through nonlinear collapse simulation on finite element 

models of archetype structures. The archetypes shall be designed with the procedure under 

evaluation and their set shall capture the variability of the performance characteristics of the 

structural system under consideration. The procedure is typically cited as the FEMA P695 

methodology in literature. Because it is the basis of the methodology applied in this research, 

its main components are briefly introduced in the following paragraphs. 

4.1.2 Fragility curve evaluation as per FEMA P695 

The seismic hazard for the analysis is described by a set of 22 pairs of pre-defined ground 

motion records 9 that were selected from the PEER Next-Generation Attenuation (NGA) 

database [81] to give a good approximation of the aleatoric uncertainty10 in the earthquake 

hazard (see Appendix A in [19] for details). A plot of the 5% damped response spectra and 

their geometric mean11, arithmetic mean, median and standard deviation are shown in Fig. 

53. 

9 There are two sets in the FEMA P695 document, but discussion here is limited to the so-called Far-Field set that 
is assembled for analysis of sites that are at least 10 km from the nearest fault. 
10 Aleatoric uncertainty is representative of unknowns that differ each time the same experiment is performed 
and their reduction is not feasible for it would require a perfect knowledge to describe the space around the 
observed phenomenon. 
11 Ground motion properties such as magnitude, seismic intensity and spectral acceleration are assumed to be 
random quantities with lognormal distribution. The median of a set of samples characterized by lognormal 
distribution is better approximated by their geometric mean for small sample sizes than their median. 
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Engineering demand parameters are evaluated by calculating structural response through 

nonlinear response history analysis with each of the 44 ground motion records scaled to 

several intensity levels. This evaluation procedure is based on the concept of Incremental 

Dynamic Analysis (IDA) [26]. Performance of frame structures is typically described by the 

maximum interstory drift ratio (EDP) as a function of spectral acceleration at the dominant 

structural period (IM). Fig. 54 displays a typical IDA response of a BRBF to illustrate this 

procedure. Each continuous line represents the EDP under the effect of one ground motion 

record at several IM levels. The red line on the figure is defined by connecting the median 

EDPs at each IM level. The run of the curves resembles that of the capacity curves from 

pushover analysis. Some researchers consider IDA curves the capacity curves of nonlinear 

analysis, because similarly to pushover curves, they provide ample information on the 

nonlinear response of structures under the large range of seismic intensities. Note how the 

initial elastic behavior is followed by a reduction in stiffness (hence the smaller slope), period 

elongation and eventually structural failure because of sidesway collapse for the example in 

Fig. 54. Also note how the scatter of IDA curves describes the inherent uncertainty in the 

seismic hazard and encourages a probabilistic approach to damage assessment. 

  
Fig. 53 5% damped response spectra of the records in  Fig. 54 Typical Incremental Dynamic Analysis result:  
the Far Field set of FEMA P695 (in red) and attributes  each curve represents the maximum interstory drift in   
of the lognormal distribution samples  the structure from a specific ground motion scaled to  
 several increasing spectral intensity levels 

Depending on the design procedure and the requirements of corresponding standards, several 

DM levels can be evaluated. Researchers are primarily interested in collapse. The 

methodology recognizes that every structural system has several possible modes of failure. 

When the given failure mode can be properly modeled in finite element code, it is considered 

in the analysis and will be apparent in EDPs. An example of such an even is soft story 

formation in braced frames that results in large interstory drift values at the given story. This 

type of failure can be registered in a straightforward manner if the maximum interstory drift is 

selected as an EDP (as in Fig. 54). When it is not possible or more often not feasible to 

simulate a failure mode directly, its influence can be taken into account in a post-processing 
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step. This so-called non-simulated collapse mode typically introduces limit state checks on 

structural response quantities. An example of such events is fracture in the hinge regions of 

steel frames that can be controlled by limiting the plastic rotation of the hinges. 

The decision variable in FEMA P695 is the probability of structural collapse at the design 

seismic intensity level. Collapse intensity (i.e. the spectral intensity at the dominant period of 

the structure that initiates global failure) is considered a random variable with lognormal 

distribution and it is described by a fragility curve (e.g. Fig. 55). The curve is defined by the 

median collapse capacity (i.e. the IM level where half of the ground motion records lead to 

collapse) of the corresponding structure. Given its median point, a fragility curve can be 

defined based on the assumption that the standard deviation of the lognormal distribution is a 

constant value (0.4) regardless of the structural system under consideration. The constant 

variability of the results is supported by several studies: [92,93,94]. 

 
Fig. 55 Cumulative distribution functions (i.e. fragility curves) of the random collapse intensity. Besides the 
recommended approach from FEMA P695 (black curve) two alternative solutions are shown that promise more 
accurate results (blue and red samples with fitted curves) and are presented later in this chapter. 

4.1.3 Result uncertainty and spectral shape approximation 

The authors of FEMA P695 recognized the importance of uncertainty in a probabilistic 

assessment. Record-to-record uncertainty (βRTR) is included in the analysis and it is 

responsible for the variance in EDPs at a given IM level. The recommended procedure 

modifies the standard deviation of collapse intensity to explicitly consider three additional 

sources of uncertainty: 

- Design requirements uncertainty (βDR) is influenced by the robustness and completeness 

of the design specifications, with special focus on the probability of occurrence of 

unanticipated failure modes.  

- Test data uncertainty (βTD) describes the quality of test data with emphasis on the ability 

to predict nonlinear response (including failure) when the structure is subjected to large 

seismic demands. It is also important to collect sufficient data for the proposal of design 

criteria that can ensure the reliable performance of the designed system. 
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- Modeling uncertainty (βMDL) depends on how well the archetypes represent the structural 

system and the ability of structural models to capture the collapse behavior of the 

structures. 

The resulting total standard deviation that shall be applied at the random collapse capacity 

variable: 

 βTOT = �𝛽𝑅𝑇𝑅2 + 𝛽𝐷𝑅2 + 𝛽𝑇𝐷2 + 𝛽𝑀𝐷𝐿2  (38) 

Besides uncertainty, the influence of the so-called spectral shape effect also requires 

modification of the fragility curves. Several researchers have drawn attention in the past 

decade to the observation that the spectrum of an earthquake with high spectral intensity at a 

given frequency can be very different from another with lower intensity at the same frequency 

[95,96,97,98]. The variable epsilon (measured in units of standard deviation) is used to 

express the difference between the spectrum of interest and the median spectrum from the 

same seismic source. A spectrum with a positive ε(T) has a peak in the vicinity of the T period 

as shown in Fig. 56. As a consequence of this difference in spectral shape, when a positive and 

a zero ε spectrum are scaled to the same Sa(T) spectral acceleration, the positive epsilon 

spectrum is expected to be below the zero epsilon spectrum for the majority of periods other 

than T (Fig. 57). Therefore, response of structures with higher modes of vibration as well as 

those characterized by period elongation will be overestimated. The former group is highly 

influenced by the short period range, while the latter is more sensitive to the higher period 

range. The important implication of this effect is that the collapse intensity of a structure 

under high intensity seismic excitation will be underestimated unless it is assessed by ground 

motion records with appropriate ε values at the dominant period of the structure [99,94].  

  
Fig. 56 Characteristic response spectra considering the Fig. 57 Characteristic response spectra considering the  
spectral shape effect for three different conditioning  spectral shape effect for three different sites (i.e. epsilon 
periods. Note that all spectra corresponds to the same  values). Note the significant difference in spectral shapes 
seismic hazard intensity at the same site. outside the immediate vicinity of T1 

The FEMA P695 framework uses an approximately epsilon-neutral record set and the effect of 

spectral shape is considered in a post-processing step by increasing the median collapse 

capacity with the so-called spectral shape factor (SSF). The SSF is the result of detailed 

analysis on a large number of reinforced concrete frames and wooden structures in a 
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Californian setting [100,92]. Its value is based on the ductility and the dominant period of the 

structure and it also accounts for the influence of seismic intensity on the spectral shape. 

Because the SSF can be as high as 1.61, its application can lead to fundamental changes in 

analysis results. 

Although this procedure is adopted verbatim by several FEMA P695 based research in the 

literature [20,23,101,102], its direct applicability has not yet been verified for regions of 

seismicity other than California and structural systems other than the ones used for its 

calibration. Therefore, detailed investigation of this topic is initiated in cooperation with the 

research group of José Miguel Castro at the University of Porto. Preliminary results [Z11] 

confirm the aforementioned applicability limits, but I would rather not draw strong 

conclusions before detailed and reliable investigation of this issue. Such an assessment 

requires more accurate description of the seismic hazard using advanced spectra such as the 

Conditional Mean Spectrum [103], the Conditional Spectrum [104,105] or the Generalized 

Conditional Intensity Measure [98]. These spectra are constructed from probabilistic seismic 

hazard deaggregation data. Although such state-of-the-art seismic hazard analysis has been 

performed recently by members of the Seismic Hazard Harmonization in Europe (SHARE) 

[106] project, the dissemination of the deaggregation data is still in progress. As soon as 

further information on European seismicity becomes available in the near future, the 

applicability of FEMA P695 can be evaluated with the procedure proposed in [Z11]. 

4.1.4 Design procedure assessment 

FEMA P695 uses pre-defined limits on collapse probability at the design spectral acceleration 

level to evaluate the performance of a particular design procedure. The average collapse 

probability shall be below 10% under design seismic events. Outliers are also limited, because 

no building can have higher than 20% probability of collapse from a design earthquake. 

Although adjustment of these limits to the local requirements is possible and recommended 

by the authors of FEMA P695, I am concerned about the approach on a conceptual level. It 

successfully describes the probability of collapse under seismic events that generate spectral 

accelerations equal to the design Sa(T1), but it does not rate the performance of the structure 

at other intensities. 

The basis of safety in the Eurocodes is reliability, namely the probability of failure over the 

lifetime of the structure. This approach is also suggested by researchers in the US as a more 

accurate alternative [107]. Therefore, in order to be consistent with European regulations, the 

collapse probability evaluation needs to be enhanced in the applied methodology. Annex B 

and C of Eurocode 0 [108] prescribes a general limit of 10-4 probability of failure over 50 years 

for buildings under ultimate limit state effect. Although recent research suggests that this 

value is overly conservative for seismic design, there is no consensus on the appropriate value 

for this measure. The standard already recognizes and uses different values for the evaluation 
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of fatigue effects for instance, thus it is conceptually possible to introduce custom values for 

seismic effects as well. This research verifies BRBF performance using the recommendations 

from FEMA P695, but the reliability indices are also calculated and their application 

possibilities are discussed. 

Note that the evaluation of collapse probability over a given time period requires a 

characteristic hazard curve that describes a relationship between Sa(T1) and the probability of 

occurrence of ground motions at the site. Such curves are provided by the U.S. Geological 

Survey [109] and the European Facility for Earthquake Hazard and Risk (EFEHR) [110] for 

the United States and Europe, respectively. The European source is used to select hazard 

curves for this research. 

4.1.5 Alternative BRBF design procedures 

Although design of buckling restrained braced frames is studied in the literature 

[18,66,17,87,86], no comprehensive design procedure has been proposed and validated for 

European application. The only European study on the topic [18] proposes a procedure with 

significant approximations in both design and validation. Furthermore, the proposed 

procedure does not fit easily in the current design concept of Eurocode 8. Several studies are 

interested only in the evaluation of the optimal behavior factor (q) that shall be applied for this 

system [17,86].  

Their recommendations show significant variation which is explained by the simplicity of 

their approach to numerical simulation. BRB behavior is typically represented by a bilinear 

material model with significant kinematic hardening (e.g. [66]). The hardening rate ranges 

from 2% to 5% of the initial stiffness. This leads to significant overestimation of BRB stiffness 

and capacity and generates errors that are typically not on the conservative side. Columns are 

often modeled as truss members on all levels with hinged supports, thus the effect on bending 

moments is excluded from the analysis [17]. Real BRBF applications often need fixed 

columns for the braced frame in order to limit the horizontal deformations of the structure 

under earthquakes. As it is demonstrated by the results in this chapter, these columns are 

susceptible to failure at high levels of seismic intensity because of bending. Buckling on the 

other hand, that is considered in [17] by applying initial imperfection on their models, is not 

expected to occur once the columns are properly considered as continuous members.  

Besides the numerical models, the performed analyses have limited robustness. The typical 

approach uses a small number of structural realizations subjected to a few ground motions in 

nonlinear time history analyses to validate the design procedure [18]. None of the cited 

studies include probabilistic evaluation or fragility curves that could introduce the concept of 

collapse probability over a time period or a range of spectral intensities. 

I believe that robust evaluation of a BRBF design procedure necessitates a sensitivity analysis 

on key variables of the design, the numerical model and the analysis. It also requires 
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application of proper numerical models that represent realistic and reliable structural 

behavior – or the acknowledgement of the high level of uncertainty in results when crude 

models are used. The evaluation shall consider the uncertainty in the inputs and shall be 

performed with a probabilistic approach. The framework in FEMA P695 provides an excellent 

basis for such an analysis. The applied methodology and the differences from FEMA P695 are 

explained in detail in section 4.3 through an example. The preceding section introduces the 

proposed design procedure. 

4.2 BRBF DESIGN PROCEDURE FOR EUROPEAN APPLICATION 

Conformance to existing Eurocode regulations was of primary interest during the 

development of the following proposal for BRBF design. Therefore, although the 

specifications in AISC 341-10 [3] were considered and they are reflected in the result, their 

direct application was not sought. With my participation our research group proposes to 

employ the existing capacity design rules for concentrically braced frames (CBF) in EC8 6.7 

and introduce a limited number of modifications to make it appropriate for BRBF design. The 

main advantage of this approach is its simple application in a European design environment, 

where practicing engineers are already familiar with EC8 and its regulations. 

4.2.1 Proposed modifications in the capacity design procedure of Eurocode 8 

The fundamental difference between conventional CBF and BRBF is in the behavior of braces 

under compression, hence the additional energy dissipation of BRBs. The introduction of 

BRB bracings as a third category besides diagonal and V bracings in EC8 6.7 is proposed. The 

following modifications are suggested for proper consideration of BRB behavior: 

- In elastic analysis braces shall be modeled using an increased, equivalent initial stiffness 

value as per Eq. (55). This can be prescribed in EC8 6.7.2 (2)P.  

- In pushover analysis, the minimum requirement is the application of a bilinear material 

model to simulate the brace behavior. The inelastic hardening stiffness shall be the secant 

stiffness between the actual yield point and the target BRB strain (strain at dbd) from 

experimental results.  

- Both tension and compression elements need to be modeled even in linear static analysis. 

Appropriate modification of EC8 6.7.1 (1) and (2) is recommended. 

- The rule regarding horizontal projections of cross-sections in EC8 6.7.1 (3) does not 

apply, but the effects of asymmetric hardening on structural response needs to be taken 

into consideration.  

- The slenderness checks in EC8 6.7.3 (1)-(4) are not required for BRBs, however, their 

appropriate flexural buckling resistance needs to be verified. These verifications shall be 

performed by the manufacturer in practice, because they are influenced by proprietary 
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details of the elements. It is proposed that the standard shall prescribe the need for 

verification of the braces against stability failure and allow the manufacturer to bear the 

responsibility and perform these checks in accordance to EN 15129. 

- Sufficient resistance shall be verified against brace failure because of local flexural or plate 

buckling in the elastic and connection zones. These verifications shall also be performed 

by the manufacturer in accordance to EN 15129 

- The braces shall fulfill the requirements of the EN 15129 standard 

- Unbalanced loads from asymmetric hardening shall be considered for columns of the 

braced frame that have at least two connecting braces. An appropriate extension of the 

6.7.4 section of the standard is recommended. 

- A more stringent variation limit for brace overstrength (Ω) over the height of the structure 

is suggested. Instead of the 25% in EC8 6.7.3 (8), the ratio of maximum and minimum Ω 

values shall not exceed 10%. This modification has been shown to effectively reduce the 

likelihood of soft story formation and considerably increase BRBF performance [Z8]. 

Unlike regular steel sections, the cross-sectional area of BRBs can be tailored to the 

requirements of the given design, thus this variation limit is not expected to pose a 

difficulty for practical design. 

- The overstrength factor (γov) in EC8 6.7.4 (1) shall be calculated with the following 

expression: 

 γov = γov,mωϵdβϵd  (39) 

where γov,m is the material overstrength; ωεd and βεd are the strain hardening adjustment 

factor and the compression strength adjustment factor at the design strain level (from Eq. 

(7) and Eq. (8)), respectively. The proposed value for γov,m shall be based on material test 

results from materials of actual BRBs and it is a manufacturer-specific number. In 

absence of tests, the recommended γov,m in EC8 6.2 (3) is supported. The value of 

adjustment factors corresponding to the design strain level (εd) shall be calculated using 

the design envelope response of the braces that is described in the form of the backbone 

curve with the SAM approach presented in section 2.5.3. The design strain level shall be 

supported by numerical analysis results for the structure under consideration. The 

overstrength factor can be calculated using the mean values for BRB characteristics, 

because the additional 1.1 factor in structural overstrength as per EC8 is sufficient to 

include the necessary safety in design. 

- A behavior factor of 7.0 is proposed for concentrically braced frames with pinned BRBs  in 

two-bay chevron configuration provided that the braces are proven to have sufficient 

ductility. (It was assumed in this research that BRBs can sustain at least 2 cycles of 

displacement controlled loading at 6% yielding zone strain level. Results in the literature 
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confirm that braces are expected to fulfill this requirement.) BRBs with insufficient 

ductility shall only be designed with a behavior factor of 6.0. This results in a stiffer 

structure and limited interstory drifting, thus effectively reduces the probability of BRB 

rupture because of low-cycle fatigue or excessive deformation. 

- BRBF columns shall be made of Class 1 or 2 cross-sections to ensure that the columns 

have sufficient deformation capacity under cyclic loading. This measure is necessary to 

avoid local plate buckling in columns under high drifts at large intensities. 

- Connection design requirements of Eurocode standards need extensions to ensure proper 

behavior of frame structures. This issue does not only affect BRBF, but all steel frame 

solutions, because current regulations are ambiguous and might lead to inefficient design.  

Several BRB connection designs are available in the literature with their numerical and 

experimental background (e.g. [111]). Selection of solutions supported and regulated by 

the Eurocode standards would reduce the uncertainty in frame behavior significantly. 

Detailed investigation of this topic is out of the scope of the presented research. 

The next section elucidates the proposed design procedure through an example. 

4.3 SAMPLE PERFORMANCE EVALUATION 

The following example presents the recommended design procedure from the previous 

section and the methodology for its evaluation. Considering real-world applications of BRBF 

with pinned braces, a six story frame structure was selected for this demonstration (Fig. 58). 

The frame is made of columns on hinged supports with pinned beams in between them. A 

two-bay chevron type BRBF configuration shall be designed on each perimeter to provide 

adequate lateral stiffness. BRBF columns have rigid supports. The plan of the building is a 

4x4 grid and it is regular in elevation. Floors are made of reinforced concrete slabs; the walls 

are made of gypsum boards. The site is located on soft soil (vs,30
12 < 180 m/s) in a region of 

moderate seismicity with a peak ground acceleration (PGA) of 0.2 g. 

4.3.1 Structural design 

All structures in this research are designed using linear modal response spectrum analysis. 

The objective was to mimic the tools and expertise that practicing engineers have at their 

disposal and evaluate the expected performance of their designs. Numerical analyses for this 

example are performed in AxisVM [112], a finite element code primarily meant for practical 

application. Regularity of the structure lets its designers use the two dimensional model of the 

braced bays presented in Fig. 59 for seismic design. The mass of the building is considered 

through a rigid leaning column. The leaning column is made of pinned elements and 

12 The average shear wave velocity in the upper 30 meters of the soil at the site. It indicates the level of 
amplification in ground motion intensity. In soft soils the waves slow down and their amplitude increases. This 
soil type is the worst possible scenario among standardized options. 
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connected to the structure by pinned beams, thus it has no lateral stiffness. The influence of 

floor slabs is considered by coupling the horizontal movement of nodes on the same story. 

This measure significantly reduces the seismic load on beams; their design is governed by 

gravity loading and it is not discussed here for brevity. This is a conservative approach when it 

comes to global structural behavior under seismic excitation. The following paragraphs 

introduce the design of the braced frame only. Design of other structural members is typically 

governed by the Ultimate Limit State combination of gravity and meteorological loads and it 

is not discussed here for brevity. 

 
Fig. 58 Parameters of the frame structure considered for the sample performance evaluation 

aaaaaa 
Fig. 59 Simplified 2D representation of the BRBF with beam and truss finite elements in AxisVM 
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Similarly to the design of other dissipative frames, BRBF design is an iterative procedure. The 

cross-sections of the members are updated after each iteration until the system converges to 

an acceptable solution. Convergence is sped up significantly by assigning appropriate initial 

values to the sections. Both column and BRB sections shall start from reasonable estimates 

and decrease with the height of the building after the first iteration. Table 5 summarizes the 

column and BRB sections at four checkpoints of the design process. The frame is made of 

S235 grade steel. BRBs need to have an equivalent Young’s modulus assigned to them 

controlled by the fSM stiffness modification factor presented in Chapter 3. The equivalent 

stiffness depends on brace geometry, thus it is typically provided by the brace manufacturer 

based on the BRB cross-sections selected by the designers. 

Seismic analysis requires the application of the quasi-permanent load combination: 

 �Gk,j" + "
j≥1

�ψ2,iQk,i
i≥1

 (40) 

where Gk,j and Qk,i are the characteristic values of permanent and incidental effects, 

respectively; ψ2 is the combination factor for incidental loads. Besides the weight of frame 

members, a distributed dead load of 5 kN/m2 and a live load of 2 kN/m2 is applied on all 

floors. Considering the office use of the building, the combination factor is 0.3. Loads from 

the quasi-permanent combination need to be considered as structural mass during the 

analysis. Each braced frame supports half of the total mass of the structure. The frame is 

loaded vertically according to the tributary floor areas that correspond to each column. The 

remaining mass is placed on the leaning column. Seismic loads are influenced by the vibration 

modes of the structure. The spectral acceleration intensity is based on the assumption of an 

EC8 Type I. response spectrum on D13 soil with a behavior factor of 7. 

After linear static analysis the seismic effects from the load cases are combined using the CQC 

rule [113]. Structures shall be verified against the axial forces from the seismic load 

combination: 

 �Gk,j"+"AEd " + "
j≥1

�ψ2,iQk,i
i≥1

 (41) 

where AEd is a general term for seismic effects. Seismic effects need to include the influence of 

the destabilizing moment from the displaced mass of the structure (also known as the P-Δ 

effect) if the structure is sensitive to such effects. The simplified approach suggested in EC8 is 

applied that increases the loads from linear analysis to consider this nonlinear effect.  

13 The soil type was selected based on the average shear wave velocity, while the spectrum type is chosen 
considering that far field records are used for the analysis and distant sources are modeled by Type I spectra. 
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Because the initial BRB cross-sections are rarely appropriate, their size needs to be updated. 

This leads to modified vibrational properties and thus modified seismic effects. Table 5 shows 

that the appropriate size of BRBs can be determined after a few iterations with good accuracy. 

Frame columns need to be designed for an increased load level that considers the elastic 

capacity surplus in BRB members. This measure ensures the formation of the appropriate 

global mechanism under seismic loading. Seismic effects need to be multiplied by the 

following structural overstrength factor: 

 γRd = 1.1 γov,mωϵdβϵd  Ω  (42) 

Table 5 Main attributes of the sample braced frame after each stage of the design process 

 
Note: utilization in Table 5 refers to the ratio of governing demand over corresponding capacity of the element. 
Both lateral torsional and flexural buckling failure modes are taken into consideration when assessing the load 
bearing capacity of columns. 
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where Ω is the so-called brace overstrength, i.e. the ratio of brace capacity and design force. 

The smallest Ω among all braces shall be used in this calculation. The other variables are 

supplied by the brace manufacturer. For this example, the mean values of the data presented 

in Table 2 are used: γov,m = 1.13 ; ωεd = 1.47 ; βεd = 1.26. Resulting internal forces show that the 

initial size of columns is overestimated. Because column sections have only minor influence 

on the vibrational properties of pinned BRBF, small changes in their cross-sections do not 

lead to significant changes in the seismic demand. Therefore, generally there is no need for 

iteration for the definition of appropriate column sizes (Table 5). 

The structure at this point fulfills the capacity demands, but there are two more conditions to 

verify. First, the variation of brace overstrength needs to be constrained at a maximum of 10%. 

This requires minor adjustment of the cross-section of one brace (Table 5). Second, the 

horizontal movement of the structure shall be limited to a pre-defined amplitude prescribed in 

the damage limitation requirement of EC8. Because the gypsum walls in this frame can be 

regarded as ductile non-structural elements [114], the standard requirement is fulfilled if the 

interstory drifts under the design seismic action are less than 1.5%. Since such high drift levels 

would already induce unacceptable P-Δ effects, this criterion is fulfilled by the designed 

BRBF14. 

Structural design is only performed until this phase; the details of connections, foundation 

and brace design are not regulated by the design procedure, but shall be controlled by other 

volumes of the Eurocodes. Each structural archetype is designed until this point and 

appropriate structural details are assumed for the development of highly ductile BRBF 

behavior. 

4.3.2 Numerical BRBF model 

Unlike design of the frame, its performance assessment requires realistic simulation of 

nonlinear BRBF behavior; therefore, analyses are performed within a more advanced finite 

element modeling environment. A modified version15 of the OpenSees 2.2.2 finite element 

code is used for this research. Fig. 60 displays the two dimensional model of the BRBF with its 

main attributes highlighted. 

Braces are modeled with the calibrated custom Steel04 material presented in Chapter 3. 

Because material properties depend on the fSM and fDM factors, each brace in the frame has a 

specific corresponding material assigned to it. Columns of the braced frame use the bilinear 

Steel01 material with a 0.5% hardening ratio to simulate realistic steel behavior. BRB models 

14 Note that brittle non-structural elements such as masonry walls have a corresponding interstory drift limit of 
1%. The designed frame would not satisfy this limit, thus its design would be governed by the damage limitation 
requirement. Implications of this issue are discussed in later sections. 
15 The modified version is required because the current official OpenSees release does not include the custom 
Steel04 material.  
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are wrapped by the Fatigue material to include the effects of low cycle fatigue. Fatigue 

parameters for BRBs are described in Chapter 3. Deformation of columns is limited at 10% 

strain at the extreme fibers of the cross-sections to simulate the plastic rotation capacity limits 

of Class 2 sections. Beams and the leaning truss are modeled with a perfectly elastic Elastic 

material and a high E0 = 10,000 GPa stiffness to mimic perfectly rigid behavior.  

  
Fig. 60 Configuration of the 2D numerical model in OpenSees finite element code  

All elements, but the braced frame columns are made of corotational trusses16 to properly take 

second order effects into account. Since trusses are only subjected to axial forces, the cross-

sectional area of the elements is sufficient information for the analysis. Columns on the other 

hand are continuous members with fixed supports and complex internal forces; therefore, 

they are modeled with the more sophisticated forceBeamColumn element. This element 

represents the concept of distributed plasticity in OpenSees. Column cross-sections are 

discretized as fiber sections that approximate element response by evaluation of stresses in 

individual fibers. PDelta geometric transformations are applied for proper consideration of 

geometric nonlinearity. The influence of floor slabs on global behavior is modeled by coupling 

the horizontal movement of nodes on the same story with the equalDOF command. 

Masses and vertical loading are identical to those applied during the design of the frame. 

Every numerical model is verified against the designed frame by comparison of their primary 

modes of vibration and the corresponding periods. The first mode of the advanced numerical 

16 These elements use a set of corotational axes which rotate with the element to take into account an exact 
geometric transformation between local and global frames of reference. 
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model of the frame in this example has a period of 1.547 s. This is in good agreement with the 

1.529 s of the design model from the previous subsection. 

4.3.3 Nonlinear static analysis 

A nonlinear static (pushover) analysis needs to be conducted to evaluate the so-called period-

based ductility of the given structure. The quasi-permanent combination is used as constant 

loading and the response of the structure is recorded under gradually increasing lateral forces. 

The distribution of the forces is in proportion to the masses of the structure as per the so-

called uniform distribution option in EC8.  

The material model for BRBs – according to the design specifications – is a bilinear 

representation of the envelope brace response under cyclic loading. A 3% hardening ratio is 

defined for the bilinear model as a conservative estimate based on a target drift of 2.5%. The 

resulting base shear – roof displacement relationship, the so-called capacity curve of the 

structure is shown in Fig. 61. The period based ductility, μT, is defined as the ratio of ultimate 

roof displacement, δu to the yield roof displacement δy based on FEMA P695: 

 µT =
δu
δy

  (43) 

 
Fig. 61 Capacity curve (pushover curve) of the sample structure with the 
definition of ultimate drift and yield drift highlighted  

The ultimate roof displacement in FEMA P695 corresponds to the displacement at 80% of the 

maximum capacity; however, a more stringent alternative is applied here to be consistent with 

EC8 regulations on pushover analysis. Thus, δu corresponds to the displacement at maximum 

capacity in this research. The yield roof displacement is the displacement at the yielding point 

of the bilinear representation of structural behavior. The initial stiffness in this research is 

based on the initial response of the nonlinear model; however, note that this is also a deviation 

from the original procedure that uses a formula (6-7 in FEMA P695) with approximate 

constants from US standards to define δy,eff. The applied approach is considered to be more 

conform with the Eurocodes. 

The period based ductility is required for the selection of the appropriate spectral shape factor 

(SSF). The SSF is a function of μT and T1 (i.e. the first mode period of the structure) and it also 

depends on the seismic properties of the site under consideration. Note that all BRBF are 
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expected to have a μT above 8.0. Table 6 displays the applicable SSF for structures with μT ≥ 

8.0 as a function of T1. Factors that correspond to the Dmax Seismic Design Category in FEMA 

P695 are used for sites with at least 0.4 g spectral acceleration. All other sites use the lower 

SSF values to take the different spectral shape progression appropriately into account. The 

SSF for the six story BRBF under consideration is 1.37. 
Table 6 Spectral Shape Factors for structures with very high ductility (μT > 8) as per FEMA P695 

T1 [s] 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 

PGA < 0.4 1.14 1.16 1.18 1.20 1.22 1.25 1.27 1.30 1.32 1.35 1.37 

PGA ≥ 0.4 1.33 1.36 1.38 1.41 1.44 1.46 1.49 1.52 1.55 1.58 1.61 

4.3.4 Nonlinear Dynamic Analyses 

Nonlinear response history analyses are conducted to describe the experienced maximum 

interstory drift as a function of Sa(T1)17 intensity. During a procedure that is similar to IDA, 

the 44 ground motion records of the so-called Far-Field record set of FEMA P695 are 

gradually scaled from a low Sa(T1) until all of them collapses the structure. The records are 

always scaled uniformly as a set and their characteristic Sa(T1) is always defined by the 

geometric mean of the individual spectral accelerations at T1. This is illustrated in Fig. 62, 

where the records are scaled to Sa(T1) = 0.35 g ( T1 = 1.546). Note that the individual spectra 

do not match the target spectral acceleration at T1. This scatter models the inherent 

uncertainty in the seismic hazard. 

After running a response history analysis for each of the ground motions in the set, 44 

maximum interstory drift values are available at the Sa(T1) level under consideration. The 

IDA curves in Fig. 63 are created by connecting the results from the same ground motion at a 

series of seismic intensity levels. Note that the plot in Fig. 63 is the result of more than 200 

dynamic analyses. Because the expected failure modes of columns and braces are directly 

included in the numerical model, there is no need for post processing and removing certain 

results to consider non-simulated collapse events. 

  
Fig. 62 Far Field record set scaled to Sa(T1) = 0.35 g  Fig. 63 IDA curves of the sample structure  
a at T1 = 1.547 s. Note the good agreement between the  
set median and the EC8 design spectrum (green curve). 

17 Sa(T1) is the spectral acceleration at the first mode period of the structure 

70 
 

                                                                    



 

The median response (red curve in Fig. 63) is defined by connecting the interstory drift at each 

spectral intensity level that is exceeded by exactly half of the results. The plateau of the median 

response corresponds to the median collapse capacity. The median response becomes infinite 

beyond this intensity level, because from this point more than half of the ground motion 

records lead to structural collapse.  

4.3.5 Fragility curve evaluation 

There are a number of different methods available to define fragility curves from IDA results. 

The following three options are used in this research: 

- First, the simplest approach that has been mentioned previously uses the median collapse 

capacity as the median point of the cumulative distribution function and defines the 

function with βRTR = 0.4 standard deviation as recommended in FEMA P695. 

- An indirect approach to assessing conditional collapse probability at each Sa(T1) level 

uses the ratio of the number of records that initiated collapse to the total number of 

records. This information can be further enhanced by the proposal of Shome and Cornell 

[115] if drifts from records that did not collapse the structure are also taken into account. 

The non-collapse drifts are assumed to have a lognormal distribution at each Sa(T1) level. 

After fitting a mean and variance on the available samples the probability of exceedance of 

a pre-defined EDP can be calculated. In the example 6% drift is defined as the limiting 

EDP, thus every result beyond 6% drift is considered collapse. The probability of 

exceeding 6% interstory drift at each Sa(T1) based on non-collapse results is calculated 

and added to the ratios from the second method. The fragility curve is evaluated by fitting 

a lognormal distribution on the available samples.  

- Direct calculation uses the collapse Sa(T1) values for each record as samples of a 

lognormal distribution and finds the best fitting mean and variance. The sought fragility 

curve is the cumulative density function of this distribution. 

According to my experience, the standard deviation of BRBF fragility curves is typically less 

than 0.4. This is clearly visible by comparing the curves in Fig. 55. Therefore, the first 

approach is considered too conservative and it is discarded in spite of its merits in reduction of 

the number of required analyses. Therefore, only the more accurate second and third methods 

are applied in this research and conservatively the least favorable result of the two is selected 

in each case. 

The fragility curves from IDA need to be modified to take additional sources of uncertainty 

and the spectral shape effect into account. Fig. 64 explains the steps of this procedure. The 

spectral shape factor that has already been evaluated through pushover analysis is used to 

increase the median collapse capacity and practically shift the fragility curve along the 

horizontal axis. The combination of four uncertainty sources is presented in Eq. (38). Record-
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to-record uncertainty is the standard deviation of the fragility curve from IDA. This is 

increased by three other sources and the resulting βTOT is applied as the standard deviation of 

the final fragility curve. 

 
Fig. 64 Consideration of the spectral shape effect and additional sources of uncertainty in two post-processing 
steps as per FEMA P695  

The level of uncertainty from each source is defined based on qualitative judgment from 

recommendations in three tables in FEMA P695. Because the uncertainty assigned to the 

external sources has significant influence on collapse probability, a range of values is assigned 

that represent the best and worst conceivable cases: 

- Design requirements are considered to be appropriate to safeguard against unanticipated 

global failure modes, but it is recognized that the design of BRB connections shall be 

improved by further research on connection behavior. This could increase both the 

robustness and the confidence in the design procedure. Therefore, βDR in the range of 0.12 

– 0.15 is used based on the recommendations of Table 3-1 in FEMA P695. 

- Available test results (including the ones in the literature) are considered to give a good 

description of the general behavior of the BRB element and the BRBF as a structure. 

However, as already mentioned in Chapter 2, only limited amount of information is 

available on BRB behavior under irregular cyclic loading and this might affect the 

accuracy of the developed numerical model. This effect is considered by using a βTD in the 

range of 0.18 – 0.23 based on the recommendations of Table 3-2 in FEMA P695. 

- Although the presented study uses highly accurate numerical models, the number of 

archetypes considered is not sufficient to state that they cover all possible BRBF 

representations with high confidence. Further analysis can be used to improve upon this 

aspect of the research and decrease the assigned uncertainty if necessary. The value of 

βMDL is set in the 0.18 – 0.23 range. 
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A lower and higher bound of total uncertainty is calculated from the above values and 

resulting fragility curves are shown in Fig. 64. The upper limit of probability of collapse at the 

design spectral intensity (0.35 g) is below 10%, thus the designed structure fulfills the 

corresponding requirements in FEMA P695 and it is considered appropriately designed for 

seismic effects. 

4.3.6 Reliability analysis 

As it has been explained in the first section, reliability analysis is an additional evaluation that 

is not part of the FEMA P695 methodology. It calculates the expected failure probability of the 

structure over its design lifetime of 50 years. This gives a more complete and robust approach 

to performance assessment that is conform with the concept of reliability in the Eurocode 

standards. Because currently there is no applicable limit defined for seismic hazard, the 

results of these analyses are used to propose a range of candidate values for regulation of this 

topic in the future. 

Collapse probability evaluation over a time period requires a hazard curve that describes the 

probability of occurrence of earthquakes with different intensities within a given timeframe. 

Hazard curves are influenced by the characteristics of active faults, thus they are site 

dependent. Because they describe spectral intensities, the curves are also period dependent 

and influenced by the type of soil at the site. Data points of mean curves for European sites on 

rock for a 50 year timeframe are provided by EFEHR in a web-based application. An Italian 

site in the vicinity of Foggia with a characteristic PGA of 0.2g was selected for the sample 

structure. The soft soil at the site is considered by increasing the spectral acceleration values 

based on the acceleration difference between the EC8 response spectral ordinates at T1 for 

rock and soft soil types. Fig. 65 displays the hazard curve probability density function (PDF) 

based on the assumption of lognormal data distribution as well as the cumulative distribution 

function (CDF) of the conditional collapse probability of the structure. The probability of 

structural failure from seismic events at different intensities over the selected timeframe can 

be expressed as the product of the hazard PDF and the collapse CDF of the structure. The 

resulting PDF-like curve on Fig. 66 clearly shows the most perilous range of spectral 

intensities for the structure and site under consideration. 

The two results represent the lower and upper bound scenarios using the fragility curves from 

Fig. 64. The total probability of collapse is calculated by numerically integrating each curve 

over the entire spectral acceleration domain. Integration yields 0.0073 – 0.0085 probabilities 

for the two limiting cases. This expresses that the probability of structural collapse from 

earthquakes in the next 50 years is 0.73% - 0.85%. The β reliability index in the Eurocode 

Standards expresses the distance of the probability of failure on the quantile function from the 

mean of the standard normal distribution in units of variance. The sample structure at the 
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examined Italian site is characterized by β in the range of 2.387 – 2.437. These values are 

significantly lower than the generally recommended β=3.67. Such a difference is observed for 

all archetypes. The implications of this seemingly high failure probability and the 

recommended range of β values for seismic performance assessment are discussed in later 

sections. This concludes the analysis of the sample structural representation of the proposed 

BRBF design procedure. 

  
Fig. 65 The required lognormal distributions for  Fig. 66 Estimated upper and lower bound collapse 
collapse probability estimation: site specific hazard  probability density functions and structural collapse 
curve and structure specific fragility curve probabilities over the expected lifetime of the structure 

4.4 SENSITIVITY ANALYSIS 

Evaluation of the design procedure presented in section 4.2 was preceded by a detailed 

sensitivity analysis to explore and understand the influence of the applied numerical model 

and analysis methods on the final results. Because the evaluation discussed in sections 4.5 and 

4.6 involves more than 10,000 response history analyses, it was more feasible to investigate 

the effect of changes in the design procedure on a limited number of carefully selected 

structural representations in the form of a sensitivity analysis. These evaluations are also 

included in this chapter. First, the different numerical modeling options are discussed. This is 

followed by analysis on influence of design procedure variables on resulting designs with the 

same input data. Assessment of alternative evaluation methods concludes this section. Note 

that each of the following topics is a complex problem that requires the analysis of several 

models and the correlation of different parameters. Detailed discussion of these results is 

omitted for brevity and only the most important conclusions from each aspect are briefly 

highlighted through simple examples. 

4.4.1 Numerical model 

BRB material model 

Although results in Chapter 3 confirm the superior accuracy of the developed Steel04-based 

BRB model, the computational performance of this solution admittedly lags behind that of a 

simpler bilinear approach. The additional computational time required for the analysis is 
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justified if the difference in element behavior accuracy is also apparent in the global behavior 

and the evaluation results. This is investigated by comparing the results of three models: 

- M1 is the Steel04 based complex approach from Chapter 3 

- M2 is a bilinear kinematic hardening approach with 4% hardening rate. The hardening 

rate was calibrated to the experimental results in Chapter 1 to give a good approximation 

of the envelope BRB response. This model is a good representation of BRB modeling in 

typical BRBF-related studies such as [66,17]. 

- M3 is a bilinear kinematic hardening model, but with a significantly lower hardening rate 

of 0.5% under tension and 2.5% under compression. These rates were selected to match 

the kinematic hardening of the calibrated Steel04 model. This approach was suggested 

based on results of uniaxial numerical analysis in [Z3]. The rationale for the selected 

hardening rates is the accurate modeling of the kinematic hardening of the device. 

Stress-strain response of the three models under a typical load protocol with gradually 

increasing amplitudes is displayed in Fig. 67. Median IDA curves with ± 1 standard deviations 

from response history analyses, calculated lower and upper bound fragility curves and 

collapse probabilities are shown in Fig. 69. The M2 model clearly overestimated the 

performance by a large margin (31% in median collapse intensity and more than 50% in 

collapse probability), thus its application leads to highly unconservative results. Fig. 68 

compares the stress-strain response of the BRBs on the ground floor of the sample structure 

with the three models at Sa(T1) = 0.5 g intensity level. The figure is representative of observed 

responses on other stories, other seismic intensities and under other ground motion records. 

Note that BRBs with M2 experience unrealistic axial forces because of their unrealistically 

high post-yield stiffness. This additional stiffness is the reason behind the increased 

performance, because it effectively limits horizontal displacements and the influence of the P-

Δ effect. Nevertheless it also introduces higher internal forces in the columns and eventually 

leads to incorrect expectations of premature column failure. 

  
Fig. 67 The stress-strain response of the advanced  Fig. 68 Stress strain response of the materials from Fig.  
nonlinear and two bilinear approaches are compared  67 under dynamic loading.  
under typical quasi-static loading (M1 – gray, M2- red,  
M3 – blue) 

75 
 



 

 
Fig. 69 Median drift curves (left) and fragility curves (right) of the same structure with three different settings 
for BRB material (M1 – gray, M2 – red, M3 – blue) 

Because a typical earthquake at the design seismicity does not induce excessive isotropic 

hardening, the approximate response of M3 in absence of isotropic effects is still a 

considerably better solution than M2. More importantly, M3 provides conservative results, 

thus its use involves less risk. However, the inferior nature of the model needs to be 

recognized by its users and considered during evaluation with special emphasis on structural 

overstrength, because column forces are typically underestimated with this model. 

I believe that the increase in accuracy and the customizable behavior of M1 justifies its 

application in the presented research. 

BRB hardening rate and material overstrength 

The effect of different BRB model parameters is tested in this analysis. Besides the calibrated 

results, three additional configurations for inelastic hardening were prescribed according to 

Table 7. They represent the lower and higher bounds of experimental result and an additional 

test with highly asymmetric hardening. Numerical analysis results in Fig. 70 confirm that the 

inelastic stiffness has significant influence on BRBF performance. The values selected during 

calibration provide results below the mean of lower and higher bounds, thus they are 

considered to be on the conservative side. Note that the asymmetric setup did not lead to 

performance reduction, which implies that BRBs with high hardening rates under 

compression are still acceptable for seismic design. 

The influence of material overstrength is examined through the test of two additional values: 

1.10 and 1.20 are selected as the lower and upper bounds from experimental results. Results 

in Fig. 71 show that a higher γov has a minor and trivial influence on structural behavior. The 

larger its value the better the frame performs in general. Note that this only holds within the 

range of reasonable overstrength values for BRBs. Very high overstrength would lead to 

excessive BRB hardening and premature column failure. 
Table 7 Hardening characteristics of the investigated BRB models 

hardening type low normal high asymmetric 
ρiso 1.3 1.4 1.55 1.4 

bt 0.3 % 0.4 % 0.6 % 0.3 % 
bc 2.0 % 2.5 % 4.0 % 4.0 % 
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biso 0.012 0.015 0.018 0.012 
biso,c 0.008 0.013 0.015 0.015 

  
Fig. 70 Median drift curves (left) and fragility curves (right) of four structures modeled with different BRB 
hardening characteristics(normal – gray; high– blue; low – red, asymmetric – green) 

  
Fig. 71 Median drift curves (left) and fragility curves (right) of four structures modeled with different BRB 
material overstrengths (1.13 – gray; 1.10– blue; 1.20 – red) 

Material model for steel columns 

The application of a more complex bilinear model with isotropic hardening and low cycle 

fatigue consideration as explained in section 4.3 is justified by the following analysis. The 

applied model (M1) is compared to a simple linear elastic (M2) and a bilinear model with a 

strict elastic behavior by limiting plastic strain at 0.5% (M3). Fig. 72 displays the performance 

of the sample structure with the three different models, while Fig. 73 shows the force and 

moment response at the bottom column of the braced frame over time. M2 clearly 

overestimates structural performance, because column failure is not represented in this 

model. Note how the accurate yielding of columns at their plastic capacity affects the overall 

structural response. Also note that the 0.5% strain cap leads to failure of the first model 

because of column failure. 

Stability failure is an important concern in the design of columns that shall be addressed in the 

analysis. The plots in Fig. 73 highlight that base columns are typically subjected to excessive 

bending and their axial loading does not reach their flexural buckling resistance. Therefore, 

application of initial imperfections (a measure that significantly increases computation time) 

on the model to properly simulate the buckling effect is not recommended. Columns on higher 

levels experience axial forces closer to their capacity, but the results imply that in these type of 
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structures the base column is expected to fail before flexural buckling of the upper members. 

The base column is also susceptible to lateral torsional buckling, although note that its wide 

flanges and short length lead to sufficient resistance against this failure mode. The typical 

value of the χLT reduction factor that shall be applied at the bending resistance is in the range 

of 0.98 – 0.995. This is taken into account by reducing the yield strength of the material for the 

columns by a factor of 0.98. 

  
Fig. 72 Median drift curves (left) and fragility curves (right) of three structures modeled with different inelastic 
properties for columns (M1 – gray; M2– blue; M3 – red) 

  
Fig. 73 Influence of the column material model selection on the utilization (i.e. demand / capacity) in the bottom 
outer column of the braced frame under seismic excitation. 

4.4.2 Design procedure 

Behavior factor 

The behavior factor (q) is of primary importance when it comes to the design of dissipative 

frame structures. The higher the behavior factor, the lower seismic effects need to be taken 

into consideration in design, but in return, the higher ductility demands need to be fulfilled by 

the structures. BRBF are characterized by high ductility capacity, thus their design can be 

performed with the higher behavior factors in EC8. The q = 7 value was selected to provide a 

single value that ensures a good overall behavior through the full range of considered 

structural configurations.  

The influence of q on seismic performance is illustrated through the performance assessment 

of a frame designed with three different behavior factors: 6, 7 and 8. Sections of the outer 

column and BRBs are listed in Table 8 for the three designs. Application of both q = 6 and q = 
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8 result in stiffer, more robust structures, but for very different reasons. The lower behavior 

factor simply leads to higher design seismicity and thus larger members are required for 

proper resistance. The high stiffness under the q = 8 is explained by the increase in structural 

displacements. Large story drifts make the structure more susceptible to P-Δ effects which is 

punished by EC8 through an increase in seismic effects. Given sufficiently high P-Δ effects, 

this increase can already counterbalance the advantages of a high q factor. Furthermore, 

horizontal displacements of a higher structure can reach such dangerous levels that the 

building needs to be stiffened in order to fulfill the damage limitation criterion in EC8. This 

phenomenon is often referred to as displacement controlled design. It is rather 

disadvantageous for economy of BRBF, because the braces are often used to less than 70% of 

their capacity, which delays yielding and reduces the energy dissipation capability of the 

structure. Performance of the three alternatives is compared in Fig. 74. These results confirm 

that the proposed behavior factor of 7 provides the most economically feasible design for the 

BRBF covered in the scope of this research. 
Table 8 Cross-sectional dimensions of braced frames in structures designed with q = 6, 7 and 8. 

 

  
Fig. 74 Median drift curves (left) and fragility curves (right) of three structures designed with different behavior 
factors (q = 7 – gray; q = 6 – blue; q = 8 - red) 

Structural overstrength 

The influence of the values selected for ω and β for the calculation of structural overstrength is 

demonstrated with the following example. The expected variation of post-yield hardening rate 

of BRBs has already been discussed in previous chapters. Quality control requirements 

proposed in Eq. (48) can be used to define an upper and a lower bound for the hardening at 

any given point of the characteristic backbone curve. Fig. 75 presents the performance of 

three structures that were designed with lower bound, mean and upper bound values of the 

79 
 



 

hardening ratios. Failure probability shows limited sensitivity to the modification of ωβ. 

Columns of designs with insufficient overstrength fail prematurely, hence their reduced 

collapse capacity. Conversely, overestimation of BRB hardening is not advantageous either, 

because the more unnecessarily robust columns increase lateral stiffness and attract a larger 

portion of seismic loading. This explains the limited performance increase when compared to 

the proposed mean-based design. 

  
Fig. 75 Median drift curves (left) and fragility curves (right) of three structures designed with different 
overstrength approaches (mean – gray; mean + sigma – blue; mean - sigma - red) 

Note that the influence of structural overstrength on the seismic behavior would increase 

significantly if the columns were required to perform in the elastic domain throughout the 

analysis. That modeling option would be similar to the M3 in Fig. 72 and represent the 

assumption of using only the elastic capacity of columns for design. The prescription of 

ductile sections and consequently the application of relaxed deformation limits is considered a 

more economical solution. 

Variation of BRB utilization 

Extensive variation in brace utilization in BRBF is one of the main reasons for the formation 

of soft story mechanism in such frames. If one of the braces is designed to use its full capacity, 

while the others are utilized to a smaller degree, the outlier will likely be the first brace to yield 

in an earthquake. Consequently, stiffness of the story with this brace will be significantly 

reduced and the majority of plastic deformations will be focused at it. This leads to collapse of 

the story, also known as the formation of a soft story mechanism. 

The advantages of limited variation of BRB utilization are illustrated in Fig. 76. Two cases are 

compared: first, the regular 25% limit is enforced, and the limit was decreased to 10% for the 

second structure. Note the capacity reduction under the relaxed variation criterion. Residual 

drifts are more evenly distributed in the BRBF designed with the proposed 10% value. These 

results confirm the advantages of the more stringent regulation. 
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Fig. 76 Median drift curves (left) and fragility curves (right) of two structures with different limits on the 
variation of BRB utilization (1.1 – gray, 1.25 – blue) 

4.4.3 Result evaluation 

Number of IM levels 

Accuracy of the direct and indirect approaches to fragility curve evaluation from IDA data is 

compared in Fig. 77 through four evaluations of the same model. The number of IM levels is 5, 

10, 20 and 100 for the approaches referred to as low, medium, high and very high accuracy, 

respectively. On the one hand, direct calculation provides highly accurate median collapse 

capacity for all, but the worst case scenario. The five samples of the low accuracy scenario are 

not sufficient for proper lognormal distribution fitting. The indirect approach performs better 

from scarce data, because its samples are the drift results at individual IM levels. These are 

equal to the number of ground motions in the set used for the analysis (44 in the standard 

FEMA P695 procedure). The indirect method provides good accuracy regardless of the 

number of IM levels considered.  

  
Fig. 77 Effect of the number of intensity steps chosen in IDA on the accuracy of collapse probability 
approximation using the indirect approach. Results highlight the high accuracy of the method. (number of IM 
levels: 5 – gray; 10 – blue; 20 – red; 100 – green) 

Analyses in this research were performed with the high accuracy option of 15 – 20 IM levels 

considered for each IDA. Both evaluation methods are highly accurate given such a large 

sample size. As a conservative approach to probabilistic performance assessment, the less 

favorable of the two results was selected in all cases. 
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Seismic hazard 

Estimation of collapse probability over the lifetime of the structure requires a hazard curve 

that corresponds to the site under consideration. Two sites with identical characteristics as 

per EC8 can have significant differences in their characteristic hazard curves. Fig. 78 shows 

an example for two European sites. The design PGA is 0.2 g for both sites, yet their 

characteristic hazard curves are very different, especially for earthquakes with higher return 

periods (e.g. 4975 years). Their significant influence on structural reliability is illustrated in 

Fig. 79. 

  
Fig. 78 Characteristic PDF and CDF of the seismic Fig. 79 PDF of structural collapse for two sites with 0.2 g 
hazard at a site in Kosovo (green) and Italy (red) with  PGA. 
0.2 g PGA  

Proper estimation of structural reliability in a European scale requires the analysis of multiple 

sites even for the same seismic hazard intensity level to recognize that the seismic hazard is 

not described with sufficient accuracy by a single PGA value. A methodology that couples this 

approach with proper site-specific ground motion selection for IDA is being developed in 

cooperation with the University of Porto. That research is out of the scope of this dissertation, 

thus the analyses presented in the following only use one typical site for each PGA level. 

4.5 INVESTIGATED SCENARIOS 

4.5.1 Performance Groups 

This chapter introduces the parameter space for the evaluation of the proposed design 

procedure for pinned BRBF. The scope of this research is limited to two-bay chevron type 

brace topologies, thus it is important to note that future research shall verify if the same 

behavior can be expected from alternative (e.g. single diagonal) brace arrangements as well. 

The BRBF archetypes are selected to form so-called Performance Groups (PG). Each group 

collects buildings with similar characteristics. The considered groups and their characteristics 

are summarized in Table 9. 

The design gravity load level represents two extreme combinations of braced floor area and 

distributed dead load for the BRBF system. Because frames are expected to perform better 

under less gravity loading, those verifications are concerned about the feasibility of this 
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system for such cases, especially in regions of low seismicity. High gravity loads are of 

particular interest because of their influence on second order effects, such as the global 

overturning moment. Furthermore, the mass of the building directly affects the period of its 

vibration and the base shear force under seismic excitation. Regions of moderate and very 

high seismicity are considered as the two seismic hazard cases to verify the applicability of the 

proposed procedure on both ends of the seismic intensity spectrum.  
Table 9 Performance Groups used for evaluation of the proposed BRBF design procedure 

Group No. 

Characteristics 
Number of 
Archetypes Design Load Level 

Period Domain 
Gravity Seismic 

PG-1 

Low 

Low 
Short 3 

PG-2 Long 3 

PG-3 
High 

Short 3 

PG-4 Long 3 

PG-5 

High 

Low 
Short 3 

PG-6 Long 3 

PG-7 
High 

Short 3 

PG-8 Long 3 

Archetypes were divided into two sets for each load condition. The short period domain set 

contains stiffer structures with dominant periods typically below Tc of the corresponding 

design spectrum. Design of these structures is typically force controlled and their 

performance is limited by the load bearing capacity of their members. The other group 

contains the archetypes with longer natural periods. These structures are more affected by 

displacement limits and second order effects. Each group contains three archetypes, thus the 

design and analysis of 24 archetypes is required for the presented evaluation. 

4.5.2 Structural archetypes 

Detailed parameters of each archetype are presented in Table 10. Structures from 2 stories up 

to 6 stories are designed. The upper limit is selected after several trials to design 8 story frames 

with a two-bay chevron BRBF. Such tall structures require either more braced bays, or more 

complex design rules to ensure appropriate seismic performance. Furthermore, note that in 

regions of high seismicity, even six story frames require the use of special columns because 

the demands surpass the capacity of standard HEM sections. This issue does not only affect 

the columns, but the foundation design as well and it questions the economy of the pinned 

BRBF solution in such areas. 

Two types of bay geometries were considered for the 3 story structures to have sufficient 

number of archetypes in the short period performance groups for statistical evaluation. 

Besides the variation in height, the distance of braced columns is modified to maintain the 

slope of the braces. Future analysis of archetypes with diagonal braces at different slopes is 

recommended. The two options for gravity loading are represented in the two types of floor 
83 

 



 

plans. Note that structures occupying a larger area are also covered by these archetypes, 

because in such cases more than two bays are typically braced. The presented cases identify a 

minimum and maximum braced floor area that can be efficiently supported by a two-bay 

chevron pinned BRBF configuration.  

A Hungarian and an Albanian site were selected as the representatives of a site with moderate 

(0.15 g) and high (0.4 g) seismicity, respectively. Hazard curves from both sites are used 

during evaluation to assess a reliability index for each archetype. The soil for all designs is 

assumed to be soft because that is the least favorable case for BRBF. 
Table 10 Design parameters and dominant periods of the BRBF structural archetypes 

PG ID Stories Bay Geometry Floor Plan 
Seismicity  

location PGA soil type T1 [s] 

PG - 1 
11 2 4.0 m x 6.00 m 

4 x 4 grid 
 

HUN 0.15 

D 

0.81 
12 3 3.5 m x 5.25 m 0.96 
13 3 4.0 m x 6.00 m 1.04 

PG - 2 
14 4 4.0 m x 6.00 m 1.24 
15 5 4.0 m x 6.00 m 1.44 
16 6 4.0 m x 6.00 m 1.63 

PG - 3 
21 2 4.0 m x 6.00 m 

ALB 0.4 

0.53 
22 3 3.5 m x 5.25 m 0.60 
23 3 4.0 m x 6.00 m 0.65 

PG - 4 
24 4 4.0 m x 6.00 m 0.73 
25 5 4.0 m x 6.00 m 0.90 
26 6 4.0 m x 6.00 m 1.00 

PG - 5 
31 2 4.0 m x 6.00 m 

6 x 6 grid 

HUN 0.15 

0.81 
32 3 3.5 m x 5.25 m 0.95 
33 3 4.0 m x 6.00 m 1.05 

PG - 6 
34 4 4.0 m x 6.00 m 1.26 
35 5 4.0 m x 6.00 m 1.46 
36 6 4.0 m x 6.00 m 1.65 

PG - 7 
41 2 4.0 m x 6.00 m 

ALB 0.4 
 

0.55 
42 3 3.5 m x 5.25 m 0.62 
43 3 4.0 m x 6.00 m 0.66 

PG - 8 
44 4 4.0 m x 6.00 m 0.73 
45 5 4.0 m x 6.00 m 0.90 
46 6 4.0 m x 6.00 m 1.03 

4.5.3 Automated BRBF design 

Design of the braced frames is performed automatically by an algorithm developed by Tamás 

Balogh. The algorithm uses heuristic search to find an optimal solution in the parameter 

space of design variables. It performs the design checks prescribed in section 4.2 and searches 

for column and BRB sections that fulfill all required conditions. Column are selected from 

standard HE A, HE B and HE M sections. BRB cross-section sizes are selected from an array 

of candidates in the range of 500 mm2 to 10,000 mm2 with a step size of 10 mm2.  

Note that the heuristic search algorithm is not limited to pinned BRBF, it can be used for a 

wide range of structures. While pinned BRBF could be designed by hand in a limited number 

of iterations, design of dual systems of BRBs and moment frames pose a significantly greater 
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challenge to engineers. The developed algorithm is especially useful for such applications 

where multiple local optima are available. More details on the algorithm are explained in 

[116,117,118] 

4.6 RESULT EVALUATION 

4.6.1 Discussion of results for all archetypes 

Table 11 and Table 12 summarize the results of collapse probability evaluation for all 

archetypes and shows the average results for archetypes within each performance group. 

Lower and upper bound results are included for all variables that are influenced by the 

magnitude of additional uncertainty. The uncertainty levels considered for this evaluation are 

explained in section 4.3.5. 

All performance groups fulfilled the requirements of FEMA P695, namely that the conditional 

probability of failure of their structures at the design seismic intensity is less than 10%. The 

majority of individual collapse probabilities of the archetypes are below 3%. 

Note that the record to record variability for BRBF archetypes is in the range of 0.23 – 0.37 

with a median value of 0.32. This is significantly smaller variation in response than the 0.4 

suggested by FEMA P695 developers. There is considerable difference between results with 

the constant 0.4 variability and the more accurate evaluations based on indirect or direct 

fitting of fragility curves. Therefore, further investigation of this topic is needed through the 

analysis of other types of BRBF and other steel frame solutions to understand the limits of the 

assumed constant standard deviation. Until these limits are identified, it is recommended for 

other researchers to use the indirect evaluation method for fragility curve definition, because 

it provides results with good accuracy even for small sample sizes. 

Probabilities of collapse over the lifetime of structures and the corresponding reliability 

indices do not fulfill the limits in EC0 for Ultimate Limit State design. Note that it is only 

possible to achieve the 0.01% probability of failure prescribed by EC0 if the designed structure 

does not certainly collapse from ground motions with 0.01% probability of occurrence. Such a 

ground motion is extremely rare (e.g. 4975 year return period hazards have 1% probability of 

occurrence in 50 years) and I reason that it is not economical to design a structure to resist 

such rare effects. This observation has been made by other researchers as well [119]. It is also 

important to consider that other dissipative solutions such as special concentrically braced 

frames have been shown to fail this criterion and have inferior performance to BRBF [120]. 

Therefore, further research is recommended on this topic that involves multiple types of 

standardized anti-seismic solutions to assess the probability of structural failure that is 

already accepted by including those systems in the standard. Based on those values, the 

rigorous limits of EC0 shall be relaxed for seismic performance evaluation. 
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Table 11 Result summary for archetypes in performance group 1 - 4 
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D(T1), Sa

C(T1), Sa
AC(T1) are the design, collapse, and adjusted collapse seismic intensity at the dominant 

period of the structure, respectively; βRTR is the standard deviation of the fragility curve from IDA results; SSF is 
the spectral shape factor, βTOT is the adjusted standard deviation of the fragility curves considering additional 
uncertainty sources; PC|Sa

D is the probability of collapse conditioned on Sa(T1) = Sa
D(T1); PC is the probability of 

collapse over 50 years; β is the reliability index; the pass/fail column includes the result of FEMA P695 based 
evaluation 
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Table 12 Result summary for archetypes in performance groups 5 - 8 
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Note: Sa
D(T1), Sa

C(T1), Sa
AC(T1) are the design, collapse, and adjusted collapse seismic intensity at the dominant 

period of the structure, respectively; βRTR is the standard deviation of the fragility curve from IDA results; SSF is 
the spectral shape factor, βTOT is the adjusted standard deviation of the fragility curves considering additional 
uncertainty sources; PC|Sa

D is the probability of collapse conditioned on Sa(T1) = Sa
D(T1); PC is the probability of 

collapse over 50 years; β is the reliability index; the pass/fail column includes the result of FEMA P695 based 
evaluation 
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4.6.2 Design procedure assessment 

The experienced advantageous behavior of buckling restrained braced frames during 

numerical analyses does not only stem from the high ductility and energy dissipation 

capability of the braces, but also from application of an appropriate design procedure. The 

sensitivity of BRB performance to design considerations has been pointed out in section 4.4. 

The conservative considerations applied in both numerical modeling and uncertainty 

estimation provide high confidence in the collapse assessment results. 

Based on the presented results the design procedure explained in section 4.2 is considered 

appropriate for buckling restrained braced frames with the following limitations: 

- The braced frame is concentrically braced with pinned diagonal braces and pinned beams. 

- The braced frame has diagonal braces in a two-bay chevron configuration.  

- All columns of the frame are continuous. The columns of the braced frame have fixed; 

other columns of the gravity frame have pinned support. 

- The number of stories ranges from 2 to 6 and the height of the structure ranges from 8 to 

24 meters. Archetypes were regular in both plan and elevation with no significant 

torsional effects involved in the design. The influence of irregularity on structural behavior 

needs to be considered in design. 

- The slope of diagonal braces is in the 25° – 40° range. 

- The braced floor area corresponding to each braced frame in the structure is within the 

range of 2b2 and 5b2 where b is the distance between the outer columns of the braced 

frame. 

- Design peak ground acceleration is less than or equals to 0.4 g. 

Investigation of additional archetypes in the future will lead to a better understanding of 

BRBF behavior and allow relaxation of the above limits.  
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5. SUMMARY AND CONCLUSIONS 

5.1 PRIMARY RESULTS OF THE PRESENTED RESEARCH 

The presented results contribute to the research on performance assessment of BRBs and on 

Eurocode conform design procedure development in three key areas: 

Experimental analysis of buckling restrained braces: 

- Eurocode conform laboratory tests were performed according to the specifications of 

the EN 15129 standard. The advantageous behavior of BRBs is confirmed by the test 

results. 

- Custom load protocols were developed for the analysis of load history dependency and 

low-cycle fatigue. 

- For the developed Eurocode conform bilinear representation of the force-

displacement behavior of BRBs characteristic parameters were evaluated for a type of 

BRB from 21 experimental test results. 

- A quality control methodology was developed for BRB elements based on the bilinear 

representation of their behavior. Acceptable variation of BRB properties were 

evaluated based on experimental results. 

Numerical analysis of buckling restrained braces: 

- It is shown that crude approximation of BRB behavior by bilinear material models 

leads to significant error in results of nonlinear response history analysis. 

- A combination of three material models is suggested that is applicable to most finite 

element codes and provides an accurate representation of BRB behavior. 

- A novel steel material has been proposed and implemented in the OpenSees finite 

element code that is capable of complex nonlinear hardening behavior under irregular 

cyclic loading.  

- The above steel material was calibrated and validated by experimental results of 15 

BRBs. The resulting BRB element provides efficient approximation of BRB behavior 

for global analysis over a large range of BRB capacities and lengths. 

Evaluation of a BRBF design procedure: 

- With my participation, a Eurocode conform design procedure has been developed for 

buckling restrained braced frames. The procedure fits in Eurocode 8 among the 

specifications for Concentrically Braced Steel Frames. 

- The methodology for design procedure evaluation proposed in FEMA P695 has been 

implemented in a software environment that is capable of automatic evaluation of the 
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performance of structural archetypes with the help of the OpenSees finite element 

code. 

- Applicability of the developed design procedure was verified through the design and 

collapse probability evaluation of 24 BRBF archetypes that cover the majority of the 

parameter space for typical applications of pinned BRBF. 

- Reliability indices have been evaluated for the BRBF archetypes that provide 

information on the expected range of acceptable values for structural reliability in a 

seismic setting. 

5.2 APPLICATIONS AND FUTURE WORK 

Results of this research on BRB behavior appear in practical design. The alternative backbone 

curve for BRB design and the proposed procedure for quality control influence the design and 

verification procedures of SSE. Verification of appropriate BRBF performance by more 

advanced nonlinear analyses is required until the proposed design procedure is standardized. 

The considerations on appropriate modeling of BRB behavior is also taken into account by 

SSE and their partners in BRB design. 

Results on design procedure evaluation and BRB behavior appear in the work of the TC 13 

“Seismic Design” Committee of ECCS. Their recommendations directly influence the next 

revision of Eurocode 8 [124]. 

The numerical Steel04 material has been used in related research [121] on the target value of 

the reliability index for concentrically braced steel frames.  

Future work related to this research is anticipated in several directions: 

- The numerical Steel04 material model shall be verified to model element behavior 

under more complex loading such as bending moment and the interaction of axial 

force and bending moment. Following such a verification the model is going to be 

proposed for inclusion in the official OpenSees release. 

- The numerical BRB model shall be used to investigate the behavior of other types of 

BRBs. These include conventional BRBs from other manufacturers and innovative 

devices such as steel-only BRBs. Calibration of the model to several different BRB 

types can provide valuable insight to the difference between these devices and also a 

more general numerical model for BRBs can be developed. 

- Evaluation of the proposed BRBF design procedure shall be extended by the 

performance assessment of a larger set of archetypes including the influence of other 

topologies, braced bay proportions and different soil conditions for instance. 

- Application limits for the FEMA P695 procedure, with special emphasis on its spectral 

shape factor are already researched in cooperation with the University of Porto. [Z11] 

This research is expected to continue in the future and provide a comprehensive 
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analysis for European seismicity as soon as the results of the SHARE project are 

disseminated. 

- Appropriate limits for structural reliability under seismic excitation shall be proposed. 

Ongoing research on the performance of concentrically braced frames will provide 

initial guidance on this proposal, but further studies of other dissipative frame 

solutions are necessary before any conclusions could be drawn. 
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6. NEW SCIENTIFIC RESULTS 
Following are the summary of new scientific results presented in this dissertation: 

Thesis I [Z2, Z3, Z4, Z6, Z12, Z13, Z14]  

I participated in the design and completion of uniaxial cyclic load tests of 10 BRB specimens 

with a custom loading frame. I evaluated the experimental results and proposed design 

parameters for BRB elements. 

I/a I developed an experimental program for the analysis of load history dependence in 

BRB behavior. I developed three load protocols for the experimental evaluation of 

BRB behavior. I have used these protocols to experimentally show the load history 

dependence of BRB behavior. 

I/b I have shown that BRB failure because of local flexural buckling of the steel core in the 

vicinity of its transition zone is affected by the geometric proportions of the core.  

I/c I verified that BRB behavior under monotonic tensile loading is identical to the 

behavior of the steel core under the same loading conditions.  

I/d I evaluated experimental results according to the regulations of both European and 

American standards. I evaluated the parameters of two different bilinear force-

displacement relationships for the tested BRBs as Nonlinear Displacement 

Dependent Devices.  

I/e Based on my own experimental results and results of other researchers on similar 

braces I evaluated the recommended quality control parameters, contributing to the 

development of a new EN 15129 conform quality control methodology for BRBs.   

Thesis II [Z5, Z10] 

I developed a general phenomenological steel model and a BRB modeling approach. I applied 

a calibrated BRB model for the global nonlinear static and dynamic analysis of buckling 

restrained braced frames. 

II/a I developed an approach for BRB modeling through parallel placement of three 

elements with different hardening behavior. I have shown that this approach is 

applicable in various finite element codes and it provides an appropriate 

representation of BRB behavior. 

II/b I developed a new phenomenological steel material model that enhances the 

Menegotto-Pinto formulation and implemented it in the OpenSees finite element code 

(as Steel04). The model provides a general approach to nonlinear cyclic hardening. It 

can simulate different hardening characteristics under tension and compression by a 

set of independent parameters. It includes a flexible nonlinear representation of 

combined kinematic and isotropic hardening and it also has memory of its load 
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history. I calibrated and verified the model using experimental and numerical test 

results. 

II/c I have developed a procedure to model a BRB with a single finite element by extending 

the material model that corresponds to its yielding zone to the entire brace. I calibrated 

the developed Steel04 model in OpenSees to provide a general representation of the 

behavior of specimens tested at BME and UCSD. The developed numerical BRB 

model is defined by geometric and material properties of the braces. Therefore, it can 

model a wide range of BRB capacities and lengths without the need for re-calibration. 

Thesis III [Z7, Z8, Z9, Z11] 

Using a methodology based on FEMA P695, I verified that an enhanced version of the 

capacity design procedure for dissipative concentrically braced steel frames in Eurocode 8 is 

applicable for the design of pinned Buckling Restrained Braced Frames with two-bay chevron 

brace topology. 

III/a I have developed a custom software application that manages the collapse probability 

evaluation of an arbitrary archetype structure based on the methodology presented in 

FEMA P695. The software uses OpenSees as a solution engine and performs the 

required pre and post processing tasks automatically. I validated the environment 

using publicly available models and results of FEMA P695. 

III/b I have proposed a more stringent limit on the acceptable variance of BRB utilization in 

the design procedure. I have shown that this measure can effectively reduce the 

probability of soft-story formation and the collapse probability of BRBF. 

III/c I have performed a sensitivity analysis to identify the influence of numerical model 

parameters, design procedure regulations and evaluation methods on the final result. 

Analysis results highlight the importance of appropriate material model selection and 

the consideration of nonlinear column behavior.  

III/d Through the analysis of 24 BRBF archetypes I have verified that the seismic design 

parameters and the design procedure recommended by our research group results in 

structures with adequate resistance against collapse under the design seismic event. I 

limited the results based on the scope of the presented research. I have specified the 

corresponding limits on structural and element behavior.   
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APPENDIX A 

A.1 DETAILED EXPERIMENTAL DATA FOR EACH SPECIMEN  

The following tables summarize the results of experimental tests for each of the ten BRB 

specimens tested at BME. Each table contains the geometric details and material properties of 

the steel core of the specimen. (fy is the yield strength, fu is the ultimate tensile strength, and εu 

is the maximum elongation of the material) The applied load protocol is also shown. 

Specimen response is displayed in the form of hysteresis curves in a hybrid stress-strain and 

force-displacement plane. The curves are always scaled so that the force and displacement 

ranges are identical on all figures. This facilitates the comparison of capacities of different 

specimens. 
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Table A1.1 Test details for specimen C500W-I 

 
schematic of the specimen 

 
load protocol – EN 

steel core properties cyclic response 

material – S235 JR 

 

 characteristic actual 
fy [MPa] 235 272.5 
fu [MPa] 360 431 

εu [%] - 33.5 

geometry 

zone thickness 
[mm] 

width 
[mm] 

length 
[mm] 

yielding 20 25 2000 
transition 20 - 210 
elastic 20 130 750 
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Table A1.2 Test details for specimen C500W-II 

 
schematic of the specimen 

 
load protocol – C2 

steel core properties cyclic response 

material – S235 JR 

 

 characteristic actual 
fy [MPa] 235 272.5 
fu [MPa] 360 431 

εu [%] - 33.5 

geometry 

zone thickness 
[mm] 

width 
[mm] 

length 
[mm] 

yielding 20 25 2000 
transition 20 - 210 
elastic 20 130 750 
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Table A1.3 Test details for specimen C600B 

 
schematic of the specimen 

 
load protocol – C1 

steel core properties cyclic response 

material – S235 JR 

 

 characteristic actual 
fy [MPa] 235 258.5 
fu [MPa] 360 409.5 

εu [%] - 36.75 

geometry 

zone thickness 
[mm] 

width 
[mm] 

length 
[mm] 

yielding 15 40 1802 
transition 15 - 212 
elastic 15 130 746 
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Table A1.4 Test details for specimen C600W 

 
schematic of the specimen 

 
load protocol – C3 

steel core properties cyclic response 

material – S235 JR 

 

 characteristic actual 
fy [MPa] 235 257.9 
fu [MPa] 360 409.5 

εu [%] - 36.75 

geometry 

zone thickness 
[mm] 

width 
[mm] 

length 
[mm] 

yielding 15 40 1800 
transition 15 - 142 
elastic 15 130 558 
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Table A1.5 Test details for specimen C800W-I 

 
schematic of the specimen 

 
load protocol – C1 

steel core properties cyclic response 

material – S235 JR 

 

 characteristic actual 
fy [MPa] 235 282 
fu [MPa] 360 450 

εu [%] - 36.0 

geometry 

zone thickness 
[mm] 

width 
[mm] 

length 
[mm] 

yielding 20 40 2000 
transition 20 - 180 
elastic 20 130 780 
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Table A1.6 Test details for specimen C800W-II 

 
schematic of the specimen 

 
load protocol – C1 

steel core properties cyclic response 

material – S235 JR 

 

 characteristic actual 
fy [MPa] 235 282 
fu [MPa] 360 450 

εu [%] - 36.0 

geometry 

zone thickness 
[mm] 

width 
[mm] 

length 
[mm] 

yielding 20 40 2000 
transition 20 - 180 
elastic 20 130 780 
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Table A1.7 Test details for specimen C825B 

 
schematic of the specimen 

 
load protocol – C1 

steel core properties cyclic response 

material – S235 JR 

 

 characteristic actual 
fy [MPa] 235 258.5 
fu [MPa] 360 409.5 

εu [%] - 36.75 

geometry 

zone thickness 
[mm] 

width 
[mm] 

length 
[mm] 

yielding 15 55 2198 
transition 15 - 176 
elastic 15 130 746 
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A.2 CHARACTERISTICS OF TESTED BUCKLING RESTRAINED BRACES  

The following tables summarize the characteristics of BRB specimens tested at BME [Z12, 

Z13, Z14], UCSD [5] and UoU [9]. Table A2.1 collects the important properties of the 

devices. 
Table A2.1 Buckling Restrained Braces tested by Star Seismic Europe Ltd. or Star Seismic LLC. 

designation total brace 
length 

yielding zone core 
material 

testing 
institute length cross-section 

C500W-I 2960 mm 2000 mm 20 mm x 25 mm S235 BME 
C500W-II 2960 mm 2000 mm 20 mm x 25 mm S235 BME 

C600B 2760 mm 1802 mm 15 mm x 40 mm S235 BME 
C800W-I 2960 mm 2000 mm 20 mm x 40 mm S235 BME 

C800W-II 2960 mm 2000 mm 20 mm x 40 mm S235 BME 
C825B 3120 mm 2198 mm 15 mm x 55 mm S235 BME 

WC150B 5563 mm 3879 mm 19 mm x 125 mm A36 UoU 
WC150C 5563 mm 3879 mm 19 mm x 125 mm A36 UoU 
WC250B 5105 mm 3421 mm 25 mm x 146 mm A36 UoU 
WC250C 5105 mm 3421 mm 25 mm x 146 mm A36 UoU 
WC500B 5105 mm 3421 mm 51 mm x 146 mm A36 UoU 
WC500C 5105 mm 3421 mm 51 mm x 146 mm A36 UoU 

PC160 5639 mm 4470 mm 2 x 19 mm x 64 mm A36 UCSD 
PC250 5639 mm 4557 mm 2 x 19 mm x 101 mm A36 UCSD 
PC350 5639 mm 4656 mm 2 x 19 mm x 141 mm A36 UCSD 
PC500 5639 mm 4702 mm 2 x 25 mm x 161 mm A36 UCSD 

PC750A 5639 mm 4679 mm 4 x 19 mm x 151 mm A36 UCSD 
PC750B 5639 mm 4557 mm 6 x 19 mm x 101 mm A36 UCSD 

PC1200A 5639 mm 4704 mm 6 x 19 mm x 161 mm A36 UCSD 
PC1200B 5639 mm 4605 mm 8 x 19 mm x 121 mm A36 UCSD 

Testing institutes:        BME:  Budapest University of Technology – Department of Structural Engineering 
UCSD:  University of California, San Diego – Department of Structural Engineering 
UoU:  University of Utah – Department of Civil & Environmental Engineering 

Tables A2.2 – A2.4 show the evaluated properties. The design displacement was selected 

based on the length of each brace and the maximum expected deformation according to EC8-

based seismic design. Cyclic deformation capacities are maximum deformations in the 

yielding zone under tension and compression. The design value corresponds to the 

deformation at dbd. K1 and K2 stiffnesses are the first and second branch stiffnesses as per EN 

15129. Keff is a secant stiffness from the origin to the maximum force point at dbd.  

The characteristic and actual cross-section resistances are the nominal and actual load 

bearing capacities. The former is calculated with characteristic material properties, while the 

latter is based on the actual yield strength of the material. The difference between actual and 

characteristic yield strength is expressed by the material overstrength factor 

Load bearing capacities are the maximum forces experienced during each test. Tension and 

compression adjustment factors are calculated according to SAM at a yielding zone strain 

level of 2%. Effective damping is based on equivalent viscous damping as per EN 15129. The 

cumulative deformation capacity and the methodology for its calculation has already been 

introduced in Chapter 2. 
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Table A2.2 Attributes of Buckling Restrained Braces tested at BME 

 
C500W C800W C600B C825B 

I II I II 

Design Displacement dbd [mm] 40 40 40 40 35 40 

Cyclic Deformation Capacity [%] 

tension 2.26 2.13 2.04 2.14 2.24 1.88 

compr. 2.25 2.32 2.03 2.22 2.22 1.82 

design 2.00 2.00 2.00 2.00 1.94 1.82 

Stiffness [kN/m] 

tension K1  47690 48493 68547 59246 64430 77558 

compr. K1 44792 41922 66868 61521 74609 79011 

tension K2 1652 1296 2325 2383 2381 2834 

compr. K2 2771 2354 5009 5232 3304 5082 

tension Keff 5035 4938 8003 8181 6599 7932 

compr. Keff 5898 5705 10809 11287 7739 9807 

Characteristic cross-section resistnace Rnc,c [kN] 117.5 117.5 188 188 141 193.9 

Actual cross-section resistance Rac,c [kN] 136 136 226 226 155 213 

Material overstrength factor γm,ov 1.16 1.16 1.20 1.20 1.10 1.10 

Load bearing capacity [kN] 
tension VEd,T 201.4 197.5 320.1 327.2 230.9 317.3 

compr. VEd,C -235.9 -228.2 -432.4 -451.5 -270.9 -392.3 

Strength adjustment factors 
tension ω 1.48 1.45 1.42 1.45 1.49 1.49 

compr. β 1.17 1.16 1.35 1.38 1.17 1.24 

Effective damping ξ [%] 48.9 48.6 44.1 42.3 50.0 48.8 

Cumulative inelastic def. capacity η 1403 562 2727 2802 1875 2412 

Table A2.3 Attributes of Buckling Restrained Braces tested at UoU 

 
WC150 WC250 WC500 

B C B C B C 

Design Displacement dbd [mm] 70 70 82.5 82.5 49.5 45.5 

Cyclic Deformation Capacity [%] 

tension 2.28 3.15 2.91 2.90 1.46 1.90 

compr. 2.29 3.14 2.86 2.89 1.52 1.81 

design 1.80 1.80 2.40 2.40 1.45 1.33 

Stiffness [kN/m] 

tension K1  100408 101245 149934 153379 309610 330057 

compr. K1 95167 98981 136982 138974 293352 337655 

tension K2 5577 5356 6354 6335 18583 21460 

compr. K2 11578 9145 12308 12613 25079 26987 

tension Keff 16116 15832 20971 21288 59751 63049 

compr. Keff 17616 16063 22503 22901 61747 63435 

Characteristic cross-section resistnace Rnc,c [kN] 589.5 589.5 905.9 905.9 1848.1 1848.1 

Actual cross-section resistance Rac,c [kN] 677 677 1021 1021 2041 2041 

Material overstrength factor γm,ov 1.15 1.15 1.11 1.11 1.11 1.11 

Load bearing capacity [kN] 
tension VEd,T 1128 1108 1730 1756 2958 2869 

compr. VEd,C -1233 -1124 -1856 -1889 -3057 -2886 

Strength adjustment factors 
tension ω 1.67 1.64 1.70 1.72 1.45 1.41 

compr. β 1.09 1.01 1.07 1.08 1.03 1.01 

Effective damping ξ [%] 46.3 47.7 49.3 49.6 48.8 42.7 

Cumulative inelastic def. capacity η 477 868 804 822 206 319 
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Table A2.4 Attributes of Buckling Restrained Braces tested at UCSD 

 
PC160 PC250 PC350 PC500 PC750 PC1200 

A B A B 

Design Displacement dbd [mm] 104 109 78 108 111 101 67 64.5 

Cyclic 
Deformation 
Capacity [%] 

tension 2.40 2.46 1.81 2.32 2.52 2.33 1.69 1.69 

compr. 2.34 2.40 1.71 2.36 2.43 2.27 1.69 1.64 

design 2.33 2.39 1.68 2.30 2.37 2.22 1.42 1.40 

Stiffness 
[kN/m] 

tension K1  78484 112225 140274 342287 402933 649868 686371 763720 

compr. K1 95580 139964 269188 260324 474222 385869 702644 723275 

tension K2 2734 4534 6549 12295 13751 13590 34602 38141 

compr. K2 8494 12148 12118 21156 33258 37249 56129 54609 

tension Keff 10078 15165 26293 31708 43868 47471 105512 108684 

compr. Keff 14566 21304 31039 40185 60133 66360 125561 124862 

Char. cs. resistnace Rnc,c [kN] 603.6 952.5 1329.9 1998 2848.3 2857.8 4555.5 4564.9 

Actual cs. resistance Rac,c [kN] 697 1093 1531 2136 3276 3279 5237 5253 

Material overstrength factor γm,ov 1.15 1.15 1.15 1.05 1.15 1.15 1.15 1.15 

Load bearing 
capacity 

tension VEd,T 1048.2 1652.9 2050.9 3424.5 4869.4 4794.6 7069.3 7010.1 

compr. VEd,C -1514.9 -2322.2 -2421.1 -4340.0 -6674.8 -6702.4 -8412.6 -8053.6 

Strength 
adjustment fact. 

tension ω 1.51 1.51 1.34 1.60 1.49 1.46 1.35 1.33 

compr. β 1.45 1.40 1.18 1.27 1.37 1.40 1.19 1.15 

Effective damping ξ [%] 45.9 48.1 49.8 47.9 50.4 48.9 49.8 49.9 

Cumulative inelastic def. cap. η 1185 750 1239 1564 1639 1085 1211 1305 
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A.3 METHODOLOGIES FOR QUALITY CONTROL 

A.3.1 Specifications in EN 15129 
EN 15129 limits plastic hardening variation under cyclic loading through the K2 second 

branch stiffness value over 10 load cycles at dbd amplitude with the following expression: 

 κ =
�𝐾2,𝑖 − 𝐾2,3�

𝐾2,3
≤ 0.10        i > 1 (44) 

The second index in K2,i and K2,3 refers to the load cycle that provided the source data for the 

calculation of the given stiffness value. K2 is a secant stiffness defined by two points in the 

force-displacement plane (Eq. (5)). The first of these points is constant for all K2,i, because 

V(0.5dbd) is always from the third load cycle at 0.5dbd displacement as per EN 15129. 

Therefore, only the second point is updated when calculating K2,i. 

The above regulation limits the cyclic hardening of each specimen differently depending on its 

K2; devices with larger K2,3 (i.e. larger in-cycle hardening 18 ) are allowed more cyclic 

hardening. Structural steel-based devices have small stiffness at large strains, which leads to 

small K2 stiffnesses, because K2 approximates only the second half of the inelastic force-

displacement curve by definition (Eq. (5)). Consequently, EN 15129 allows negligible room 

for cyclic hardening for steel-based NLDs.  

Numerical analyses results verified that for steel-based NLDs it is impossible to comply with 

EN 15129 regulations at high strain levels, because the cyclic hardening of structural steel 

shows variation beyond the limits allowed by the standard [Z3]. However, several working 

examples from past decades [120,61,8] show that it is possible to use regular steel for anti-

seismic devices. Therefore, a more reasonable regulation is required while the expected 

amount of cyclic hardening needs to be taken into account as overstrength. The typical level of 

such hardening (at 2% yielding zone strain level) in BRBs account for only 2% and 10% 

increase in axial force under tension and compression, respectively. If BRB design takes this 

additional overstrength into account, cyclic hardening of the element shall not impair 

structural safety. Besides this simple solution, a more economical, alternative methodology is 

presented in the next section. 

A.3.2 Alternative methodology 

The SAM approach to bilinear representation of BRB behavior is the basis of the alternative 

methodology to control the plastic hardening variation of BRBs. The primary conceptual 

difference in the proposed method is that it constrains total hardening variation compared to 

limiting only cyclic hardening variation in EN 15129. This modification is suggested because 

18 in-cycle hardening refers to the increase of material strength beyond the yielding point within a half-cycle  
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cyclic hardening is solely responsible for uncertainty in hardening only in the unlikely case 

when in-cycle hardening characteristics of the device have no variation. 

It is recommended to evaluate inelastic hardening variation at the εref = 2% reference strain 

level with the following expressions: 

 κω =
�ωϵref,𝑖 − ωϵref,3�

ωϵref,3
≤ 0.15        𝑖 > 1 (45) 

 κωβ =
�ωϵref,𝑖βϵref,𝑖 − ωϵref,3βϵref,3�

ωϵref,3βϵref,3
≤ 0.15        𝑖 > 1 (46) 

The form of the expressions purposely follows that of EN 15129 in Eq. (44), except for the 

magnitude of acceptable variation. The proposed 15% is in line with the limits for other NLD 

properties in EN 15129 6.2.  

It is also possible to efficiently regulate the quality of a set of devices by using a global 

reference value for ω and β, instead of a device-specific value from the third load cycle: 

 Κω =
�ωϵref,𝑖 − ωref�

ωref
≤ 0.15        𝑖 > 1 (47) 

 Κωβ =
�ωϵref,iβϵref,𝑖 − ωrefβref�

ωrefβref
≤ 0.15        𝑖 > 1 (48) 

where ωref and βref are the expected hardening rates for the given device, such as the values in 

Table 2 for the tested BRBs.  

The flexibility of load protocols is an important advantage of the presented verification. It does 

not restrain researchers from using various load protocols for testing as long as the tests 

include the EN 15129 load protocol with at least 10 load cycles at an amplitude greater than or 

equal to εref. This flexibility allows more research-specific information to be extracted from 

experimental tests.  

An additional benefit of the alternative proposal is the direct link to structural overstrength 

calculation. Hardening uncertainty can be taken into account by a simple multiplication of the 

overstrength values for non-dissipative members by a (1+κωβ) factor (assuming that the 

increased hardening from ωβ makes compressive overstrength variation the governing 

effect). A conservative design approach would apply the upper limits of overstrength for 

strength verifications and the lower limits for displacement verifications. 

The presented alternative methodology for quality control of BRBs is currently applied in 

practice by SSE. 
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APPENDIX B 

B.1 BRB ELEMENT MODELING 

B.1.1 Modeling with a series of beam elements 

The straightforward method for BRB modeling is to handle the variable cross-section of its 

steel core with several beam finite elements that have different cross-sectional areas. A typical 

approach is shown in Fig. 26 where the BRB is divided into a total of 5 elements. The middle 

beam corresponds to the yielding zone, the two neighboring elements represent the elastic 

parts of the steel core, while the outermost elements model the gusset plate and the beam-

column joint. 

 
Fig. 26 Modeling a BRB with 5 concatenated beam elements 

The vicinity of the joints and the gusset plates are considered infinitely stiff, because their 

axial stiffness is at least one magnitude higher than that of the elastic zone of the brace; 

therefore, it has negligible effect on the behavior under axial loading19. 

The elastic zone and the transitional zone of the core are modeled as linear elastic steel with an 

equivalent cross-sectional area based on an equal deformation condition: 

 
F (𝑙el + 𝑙tr)

Es𝐴eq
= Δ𝑙eq = Δ𝑙el + Δ𝑙tr =

F𝑙el
Es𝐴el

+
F𝑙tr

Es𝐴tr
 (49) 

The el and tr indices refer to the elastic and transition zones of the BRB, respectively; F  is the 

axial force; Es is the Young’s modulus of structural steel; A is the cross-sectional area and l is 

the length of the given part of the brace. Solving for Aeq yields: 

 𝐴eq =  
𝑙el + 𝑙tr

𝑙el 𝐴el⁄ + 𝑙tr 𝐴tr⁄  (50) 

19  Note that the bending stiffness of gusset plates has significant influence on the out-of-plane buckling 
resistance of BRBs and shall be taken into account for the numerical analysis of that phenomenon. 
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Note that the cross-sectional area of the steel core is not constant in the transition zone (Fig. 

2). Using the average of the two connected zones in the form of Atr = (Ael + Ay)/2 might 

provide sufficient accuracy for global analysis. Because these calculations are typically 

performed by an automated algorithm, it is recommended to improve accuracy by calculating 

the exact value of Atr. The following cosine transition is considered from the width of the 

yielding zone to the width of the elastic zone: 

 𝑏tr(𝑥) =
1
2
�1 − cos �

π𝑥
𝑙tr
�� �𝑏el − 𝑏y� + 𝑏y             𝑥𝜖[0; 𝑙tr] (51) 

The equivalent cross-sectional area for the transition zone can be calculated by integrating the 

core width along its length: 

 
𝑙tr
𝐴tr

= �
1

𝑏tr(𝑥)𝑡c
dl

𝑙tr

0
=

𝑙tr
�𝑏el𝑏y 𝑡c

          ⇒        𝐴tr = �𝑏el𝑏y 𝑡c (52) 

where tc is the constant thickness of the steel core. Using this result for Atr, the equivalent area 

for the transitional and elastic BRB zones in the numerical model is calculated with the 

following expression: 

 𝐴eq =  
𝑙el + 𝑙tr

𝑙el 𝐴el⁄ + 𝑙tr ��𝑏el𝑏y 𝑡c�⁄
 (53) 

The yielding zone model is composed of a beam (or multiple beams with the combined 

material model approach) with a special material model assigned to it. That material model is 

responsible for appropriate representation of BRB behavior. 

B.1.2 Single element approach 

Although the above model is already an efficient solution, an additional improvement is 

proposed that is especially advantageous for large problems with a high number of BRB 

elements. Provided that detailed analysis of gusset plates and elastic BRB parts is not 

required, each BRB can be modeled as a single finite element and the effect of elastic 

components can be taken into account in the material model. The approach is similar to the 

one used for modeling BRBs in linear static analysis with an increased stiffness. The finite 

element model for this approach is shown in Fig. 30.  

Nnonlinear behavior of the yielding zone results in variable influence on brace stiffness from 

the elastic parts, thus using an equivalent cross-sectional area as in Eq. (53) is not an option in 

this case. The stiffness of the material model needs to be modified instead. The equivalent 

initial stiffness can be calculated similarly to Eq. (49), but with the properties of the yielding 

zone included as well: 

 
Fltot

𝐸eq,0𝐴y
= Δ𝑙eq = 2Δ𝑙el + 2Δ𝑙tr + Δ𝑙y = 2

F𝑙el
Es𝐴el

+ 2
F𝑙tr

Es𝐴tr
+

F𝑙y
Es𝐴y

 (54) 
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Fig. 30 Modeling a BRB as a single element 

The index y refers to characteristics of the yielding zone; ltot is the total length of the BRB in the 

model (i.e. workpoint-to-workpoint length including the length of the gusset plate and the 

joint size); Eeq,0 is the equivalent initial stiffness. Solving the equation for Eeq,0 and applying 

the expression from Eq. (52) for the equivalent area of the transition zone yields: 

 
Eeq,0 = Es  

𝑙tot

𝑙y + 2𝑙tr  
𝑏y

�𝑏el𝑏y 
+ 2𝑙el

𝑏y
𝑏el

= Es 𝑓𝑆𝑀 
(55) 

The ratio of Eeq,0 and Es is the so-called Stiffness Modification Factor (SMF, fSM) in BRB 

design practice and it is widely used in linear static analysis of BRBF.20 Depending on brace 

geometry fSM typically ranges from 1.05 to 1.50 with longer braces having smaller 

modification factors.  

The significant decrease in BRB stiffness after yielding stems from the inelastic behavior of 

the yielding zone. The influence of elastic parts on BRB deformation is minimal during this 

phase, still it can be calculated by using the inelastic stiffness for the yielding zone in Eq. (54) 

which results in the following expression: 

 
𝐸eq,h = Es  

𝑙tot
𝑙y
𝑏 + 2𝑙tr  

𝑏y
�𝑏el𝑏y 

+ 2𝑙el
𝑏y
𝑏el

 
(56) 

where b is the hardening ratio (i.e. the ratio of inelastic to initial hardening of the core 

material); Eeq,h is the equivalent stiffness of the inelastic brace in the model. Note that the 

denominator of the fraction in Eq. (56) is governed by the value of ly/b, because b is typically 

less than 0.02. Therefore, the relationship can be simplified to the following form for practical 

purposes: 

20 The exact value of this factor is always calculated by the BRB manufacturer based on the geometry of the 
designed braces. Details of the design methodology of proprietary BRBs are not publicly available, and the 
consideration of gusset plate and joint stiffness in Eeq,0 is also confidential. Values of the variables in Eq. (20) can 
be estimated by practicing engineers, thus the expression is also applicable for linear analysis in the conceptual 
design phase. Nevertheless, detailed design of BRBFs shall always be based on information from the BRB 
manufacturer. 
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 𝐸eq,h = Es𝑏 
𝑙tot
𝑙y

 (57) 

Provided that the behavior of the material of the BRB steel core is properly modeled, the 

model can be recalibrated to describe the nonlinear behavior of an element based on its 

geometry using the above equations for elastic and plastic behavior, respectively. 

B.2 MODELING EXAMPLES FOR THE COMBINED MATERIAL 

B.2.1 Example model in ANSYS 

The single element beam model is implemented in ANSYS with the combination of a 

nonlinear truss (LINK180) and a nonlinear spring (COMBIN39). The nonlinear truss 

element is capable of combined kinematic and isotropic hardening with a properly defined 

material model. The nonlinear spring models the increased hardening rate under 

compression. 

Kinematic hardening is described by the nonlinear approach of Chaboche [122] 

(CHABOCHE). The model requires three parameters: the initial stiffness, the rate of 

convergence to perfectly plastic behavior, and the yield strength of the material. The model 

allows a combination of at most 5 individual formulations to give a better description of 

material behavior. This example uses a combination of three Chaboche models. The models 

were calibrated to experimental results using the guidelines in [123].  

Isotropic hardening was included in the model by combining the Chaboche formulation with 

the nonlinear isotropic material model developed by Voce (NLISO). The hardening rate is a 

function of the accumulated equivalent plastic strain controlled by four parameters that can 

appropriately adjust the nonlinear progression of isotropic hardening to the experienced BRB 

behavior. Element response with the combined model is displayed in Fig. 28. Tensile response 

is appropriately modeled with this approach, but there is still considerable error in the 

approximation under large strains in compression. 

The additional hardening under compression is modeled by the nonlinear spring. Fig. 29 

compares the resulting numerical force-displacement curve to experimental results. There is 

very good agreement between the results under both tension and compression. 

              
Fig. 28 BRB cyclic behavior simulation with combined Fig. 29 BRB cyclic behavior simulation with combined 
kinematic and isotropic material hardening material hardening and a nonlinear spring 
(specimen: C800W-I) (specimen: C800W-I) 
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B.2.2 Example model in OpenSees 

Another modeling solution is shown in the OpenSees environment to demonstrate the code 

independence of the method. Both of the modeling options (i.e. five beam elements with 

corresponding realistic material models or a single beam with equivalent stiffness) are 

available in OpenSees, but only the latter, more efficient is demonstrated here. The BRB is 

modeled with a single truss element and a combination of three materials with the so-called 

Parallel wrapper material. Parallel provides a convenient shortcut in model development, but 

produces the same result as if three identical trusses with different materials were used in 

parallel in the model. 

Kinematic hardening is handled by the Steel 02 material based on the nonlinear Menegotto-

Pinto steel model [72]. The Hardening material is responsible for modeling bilinear isotropic 

hardening. Note that both of the above material models are capable of combined kinematic 

and isotropic hardening, but at the cost of flexibility and ease of use. The proposed approach 

separates the two types of hardening and provides a simple way to control each with a set of 

independent parameters. Fig. 31 and Fig. 32 show the calibrated numerical response with 

only kinematic and with combined hardening, respectively. The combination of these models 

gives a good approximation of nonlinear cyclic behavior under tensile loading, but does not 

include the asymmetric nature of BRBs and underestimates their stiffness under compression 

as a result. This is in line with the expectations and the previous observations from the 

ANSYS-based example. 

Supplemental stiffness under compression is considered with Pinching4, a model developed 

for materials that exhibit pinching-type behavior such as steel shear walls for instance. With 

proper selection of its parameters, this material exhibits the nonlinear spring-like behavior in 

Fig. 33 under cyclic loading. Fig. 34 displays the numerical BRB response after combination 

of all three materials. Numerical results are in good agreement with the experimental force-

displacement curves. 

  
Fig. 31 BRB cyclic behavior simulation with the Fig. 32 BRB cyclic behavior simulation with combined 
kinematic and limited isotropic hardening of the  kinematic and isotropic hardening (specimen: C800W-I) 
Steel 2 material (specimen: C800W-I)  
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Fig. 33 Isolated cyclic response of the Pinching4  Fig. 34 BRB cyclic behavior simulation with combined 
material (specimen: C800W-I) material hardening and the pinching effect 
 (specimen: C800W-I) 

B.3 DETAILED DATA ON STEEL04 CALIBRATION TO BRB TESTS 

B.3.1 Calibration to individual test data 

Calibration of the Steel04 material model for experimental data is summarized in the 

following tables. Each table corresponds to one BRB specimen. The upper left part of each 

table contains the geometry, the material properties, the hardening properties and the 

stiffness and deformation modification factors that correspond to the given BRB. The average 

error in the numerical approximation is also shown in that area. The upper right side collects 

the material parameters organized in two columns to separate the response under tension and 

compression. Note that the specimens tested at UCSD were subjected to multiple protocols 

and not always loaded until failure, thus evaluation of low cycle fatigue performance was not 

possible on those data. The bottom part of each table shows a high resolution figure that 

compares the numerical results with the corresponding experimental force-displacement 

curves. 
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Table B3.1 Calibration details for specimen C500W-I 

steel core properties material model properties 
material – S235 JR  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 235 MPa 272.5 MPa fy  272.5 MPa 
fu 360 MPa 431.0 MPa fu 1.55 ∙ fy 2.40 ∙ fy 
εu - 33.5 % kinematic hardening 

geometry b 0.6% 2.0% 
zone thickness width length Ry 25.0 

yielding 20 mm 25 mm 2000 mm r1 0.92 
transition 20 mm - 210 mm r2 0.15 

elastic 20 mm 130 mm 750 mm Ru 2.0 
area in the yielding zone 500 mm2 isotropic hardening 

backbone biso 1.0% 1.2% 
ω2% 1.48 β2% 1.17 biso,u 0.08% 0.08% 

conversion factors ρiso 1.6 1.05 
fSM 1.43 fDM 1.48 Riso 3.0 

average error:  13.2 MPa 

ly 1.0 
fatigue 

 m ε0 
A -0.40 12.8% 
B -0.45 14.9% 
C -0.50 17.6% 

comparison of experimental and numerical response 
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Table B3.2 Calibration details for specimen C500W-II 

steel core properties material model properties 
material – S235 JR  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 235 MPa 272.5 MPa fy  272.5 MPa 
fu 360 MPa 431.0 MPa fu 1.65 ∙ fy 1.90 ∙ fy 
εu - 33.5 % kinematic hardening 

geometry b 0.6% 2.5% 
zone thickness width length Ry 25.0 

yielding 20 mm 25 mm 2000 mm r1 0.92 
transition 20 mm - 210 mm r2 0.15 

elastic 20 mm 130 mm 750 mm Ru 2.0 
area in the yielding zone 500 mm2 isotropic hardening 

backbone biso 1.2% 1.2% 
ω2% 1.45 β2% 1.16 biso,u 0.08% 0.08% 

conversion factors ρiso 1.40 1.40 
fSM 1.43 fDM 1.48 Riso 3.0 

average error:  17.08 MPa 

ly 1.0 
fatigue 

 m ε0 
A -0.40 8.6% 
B -0.45 9.9% 
C -0.50 11.0% 

comparison of experimental and numerical response 
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Table B3.3 Calibration details for specimen C600B 

steel core properties material model properties 
material – S235 JR  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 235 MPa 258.5 MPa fy  258.5 MPa 
fu 360 MPa 409.5 MPa fu 1.75 ∙ fy 2.50 ∙ fy 
εu - 36.75 % kinematic hardening 

geometry b 0.4% 2.5% 
zone thickness width length Ry 25.0 

yielding 15 mm 40 mm 1802 mm r1 0.90 
transition 15 mm - 212 mm r2 0.15 

elastic 15 mm 130 mm 746 mm Ru 2.0 
area in the yielding zone 600 mm2 isotropic hardening 

backbone biso 0.95% 1.0% 
ω2% 1.49 β2% 1.17 biso,u 0.08% 0.08% 

conversion factors ρiso 1.60 1.10 
fSM 1.28 fDM 1.53 Riso 3.0 

average error:  20.2 MPa 

ly 1.0 
fatigue 

 m ε0 
A -0.40 13.5% 
B -0.45 16.0% 
C -0.50 19.0% 

comparison of experimental and numerical response 
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Table B3.4 Calibration details for specimen C600W 

steel core properties material model properties 
material – S235 JR  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 235 MPa 257.9 MPa fy  257.9 MPa 
fu 360 MPa 409.5 MPa fu 1.55 ∙ fy 2.40 ∙ fy 
εu - 36.75 % kinematic hardening 

geometry b 0.4% 2.0% 
zone thickness width length Ry 25.0 

yielding 15 mm 40 mm 1800 mm r1 0.92 
transition 15 mm - 142 mm r2 0.15 

elastic 15 mm 130 mm 558 mm Ru 2.0 
area in the yielding zone 600 mm2 isotropic hardening 

backbone biso 1.0% 1.0% 
ω2% 1.48 β2% 1.23 biso,u 0.08% 0.08% 

conversion factors ρiso 1.6 1.1 
fSM 1.13 fDM 1.39 Riso 3.0 

average error:  23.4 MPa 

ly 1.0 
fatigue 

 m ε0 
A -0.40 14.5% 
B -0.45 16.5% 
C -0.50 19.0% 

comparison of experimental and numerical response 
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Table B3.5 Calibration details for specimen C800W-I 

steel core properties material model properties 
material – S235 JR  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 235 MPa 282.0 MPa fy  282.0 MPa 
fu 360 MPa 450.0 MPa fu 1.60 ∙ fy 2.50 ∙ fy 
εu - 36.0 % kinematic hardening 

geometry b 0.4% 6.5% 
zone thickness width length Ry 25.0 

yielding 20 mm 40 mm 2000 mm r1 0.92 
transition 20 mm - 180 mm r2 0.15 

elastic 20 mm 130 mm 780 mm Ru 2.0 
area in the yielding zone 800 mm2 isotropic hardening 

backbone biso 1.7% 1.2% 
ω2% 1.42 β2% 1.35 biso,u 0.08% 0.08% 

conversion factors ρiso 1.6 0.83 
fSM 1.27 fDM 1.48 Riso 3.0 

average error:  21.38 MPa 

ly 1.0 
fatigue 

 m ε0 
A -0.40 17.5% 
B -0.45 21.3% 
C -0.50 25.9% 

comparison of experimental and numerical response 
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Table B3.6 Calibration details for specimen C800W-II 

steel core properties material model properties 
material – S235 JR  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 235 MPa 282.0 MPa fy  282.0 MPa 
fu 360 MPa 450.0 MPa fu 1.60 ∙ fy 2.50 ∙ fy 
εu - 36.0 % kinematic hardening 

geometry b 0.4% 6.5% 
zone thickness width length Ry 25.0 

yielding 20 mm 40 mm 2000 mm r1 0.92 
transition 20 mm - 180 mm r2 0.15 

elastic 20 mm 130 mm 780 mm Ru 2.0 
area in the yielding zone 800 mm2 isotropic hardening 

backbone biso 1.6% 1.2% 
ω2% 1.45 β2% 1.38 biso,u 0.08% 0.08% 

conversion factors ρiso 1.6 0.83 
fSM 1.27 fDM 1.48 Riso 3.0 

average error:  17.81 MPa 

ly 1.0 
fatigue 

 m ε0 
A -0.40 18.2% 
B -0.45 22.2% 
C -0.50 27.0% 

comparison of experimental and numerical response 
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Table B3.7 Calibration details for specimen C825B 

steel core properties material model properties 
material – S235 JR  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 235 MPa 258.5 MPa fy  272.5 MPa 
fu 360 MPa 409.5 MPa fu 1.75 ∙ fy 2.50 ∙ fy 
εu - 36.75 % kinematic hardening 

geometry b 0.4% 4.0% 
zone thickness width length Ry 25.0 

yielding 15 mm 55 mm 2198 mm r1 0.90 
transition 15 mm - 176 mm r2 0.15 

elastic 15 mm 130 mm 746 mm Ru 2.0 
area in the yielding zone 500 mm2 isotropic hardening 

backbone biso 1.0% 0.7% 
ω2% 1.49 β2% 1.24 biso,u 0.08% 0.08% 

conversion factors ρiso 1.6 1.05 
fSM 1.19 fDM 1.42 Riso 3.0 

average error:  22.42 MPa 

ly 1.0 
fatigue 

 m ε0 
A -0.40 14.6% 
B -0.45 17.6% 
C -0.50 21.3% 

comparison of experimental and numerical response 
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Table B3.8 Calibration details for specimen PC160 

steel core properties material model properties 
material – A36  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 248.2 MPa 289.5 MPa fy  289.5  MPa 
fu min. 400 MPa 435.6 MPa fu 1.65 ∙ fy 2.50 ∙ fy 
εu - 26.2 % kinematic hardening 

geometry b 0.5% 2.0% 
zone thickness width length Ry 25.0 

yielding 38.1 mm 64.3 mm 4470 mm r1 0.92 
transition 38.1 mm - 200 mm r2 0.15 

elastic 38.1 mm 254 mm 968 mm Ru 2.0 
area in the yielding zone 2448 mm2 isotropic hardening 

backbone biso 1.80% 1.40% 
ω2% 1.43 β2% 1.45 biso,u 0.08% 0.08% 

conversion factors ρiso 1.25 0.95 
fSM 1.17 fDM 1.26 Riso 3.0 

 

ly 1.0 
 

   
   
   
   

comparison of experimental and numerical response 
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Table B3.9 Calibration details for specimen PC250 

steel core properties material model properties 
material – A36  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 248.2 MPa 289.5 MPa fy  289.5 MPa 
fu min. 400 MPa 435.6 MPa fu 1.65 ∙ fy 2.50 ∙ fy 
εu - 26.2 % kinematic hardening 

geometry b 0.3% 2.0% 
zone thickness width length Ry 25.0 

yielding 20 mm 25 mm 2000 mm r1 0.92 
transition 20 mm - 210 mm r2 0.15 

elastic 20 mm 130 mm 750 mm Ru 2.0 
area in the yielding zone 500 mm2 isotropic hardening 

backbone biso 1.8% 1.4% 
ω2% 1.42 β2% 1.40 biso,u 0.08% 0.08% 

conversion factors ρiso 1.25 0.95 
fSM 1.12 fDM 1.24 Riso 3.0 

 

ly 1.0 
 

   
   
   
   

comparison of experimental and numerical response 
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Table B3.10 Calibration details for specimen PC350 

steel core properties material model properties 
material – A36  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 248.2 MPa 289.5 MPa fy  289.5 MPa 
fu min. 400 MPa 435.6 MPa fu 1.65 ∙ fy 2.20 ∙ fy 
εu - 26.2 % kinematic hardening 

geometry b 0.3% 2.5% 
zone thickness width length Ry 25.0 

yielding 20 mm 25 mm 2000 mm r1 0.90 
transition 20 mm - 210 mm r2 0.15 

elastic 20 mm 130 mm 750 mm Ru 2.0 
area in the yielding zone 500 mm2 isotropic hardening 

backbone biso 2.0% 1.4% 
ω2% 1.41 β2% 1.18 biso,u 0.06% 0.06% 

conversion factors ρiso 1.2 0.9 
fSM 1.08 fDM 1.21 Riso 3.0 

 

ly 1.0 
 

   
   
   
   

comparison of experimental and numerical response 
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Table B3.11 Calibration details for specimen PC500 

steel core properties material model properties 
material – A36  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 248.2 MPa 272.3 MPa fy  272.3 MPa 
fu min. 400 MPa 456.6 MPa fu 1.65 ∙ fy 2.20 ∙ fy 
εu - 24.0 % kinematic hardening 

geometry b 0.3% 2.5% 
zone thickness width length Ry 25.0 

yielding 20 mm 25 mm 2000 mm r1 0.92 
transition 20 mm - 210 mm r2 0.15 

elastic 20 mm 130 mm 750 mm Ru 2.0 
area in the yielding zone 500 mm2 isotropic hardening 

backbone biso 2.0% 1.4% 
ω2% 1.52 β2% 1.27 biso,u 0.06% 0.06% 

conversion factors ρiso 1.3 1.0 
fSM 1.06 fDM 1.20 Riso 3.0 

 

ly 1.0 
 

   
   
   
   

comparison of experimental and numerical response 
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Table B3.12 Calibration details for specimen PC750A 

steel core properties material model properties 
material – A36  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 248.2 MPa 289.5 MPa fy  289.5 MPa 
fu min. 400 MPa 435.6 MPa fu 1.75 ∙ fy 2.50 ∙ fy 
εu - 26.2 % kinematic hardening 

geometry b 0.3% 2.5% 
zone thickness width length Ry 25.0 

yielding 20 mm 25 mm 2000 mm r1 0.90 
transition 20 mm - 210 mm r2 0.15 

elastic 20 mm 130 mm 750 mm Ru 2.0 
area in the yielding zone 500 mm2 isotropic hardening 

backbone biso 1.2% 1.0% 
ω2% 1.41 β2% 1.37 biso,u 0.06% 0.06% 

conversion factors ρiso 1.25 0.93 
fSM 1.07 fDM 1.21 Riso 3.0 

 

ly 1.0 
 

   
   
   
   

comparison of experimental and numerical response 
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Table B3.13 Calibration details for specimen PC750B 

steel core properties material model properties 
material – A36  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 248.2 MPa 289.5 MPa fy  289.5 MPa 
fu min. 400 MPa 435.6 MPa fu 1.75 ∙ fy 2.50 ∙ fy 
εu - 26.2 % kinematic hardening 

geometry b 0.3% 2.5% 
zone thickness width length Ry 25.0 

yielding 20 mm 25 mm 2000 mm r1 0.895 
transition 20 mm - 210 mm r2 0.15 

elastic 20 mm 130 mm 750 mm Ru 2.0 
area in the yielding zone 500 mm2 isotropic hardening 

backbone biso 2.0% 1.5% 
ω2% 1.41 β2% 1.40 biso,u 0.06% 0.06% 

conversion factors ρiso 1.15 0.88 
fSM 1.12 fDM 1.24 Riso 3.0 

 

ly 1.0 
 

   
   
   
   

comparison of experimental and numerical response 
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Table B3.14 Calibration details for specimen PC1200A 

steel core properties material model properties 
material – A36  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 248.2 MPa 289.5 MPa fy  289.5 MPa 
fu min. 400 MPa 435.6 MPa fu 1.75 ∙ fy 2.50 ∙ fy 
εu - 26.2 % kinematic hardening 

geometry b 0.3% 2.5% 
zone thickness width length Ry 25.0 

yielding 20 mm 25 mm 2000 mm r1 0.895 
transition 20 mm - 210 mm r2 0.15 

elastic 20 mm 130 mm 750 mm Ru 2.0 
area in the yielding zone 500 mm2 isotropic hardening 

backbone biso 2.0% 1.5% 
ω2% 1.51 β2% 1.19 biso,u 0.06% 0.06% 

conversion factors ρiso 1.15 0.88 
fSM 1.06 fDM 1.20 Riso 3.0 

 

ly 1.0 
 

   
   
   
   

comparison of experimental and numerical response 
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Table B3.15 Calibration details for specimen PC1200B 

steel core properties material model properties 
material – A36  tension compression 

 characteristic actual E0 210 ∙ fSM GPa 
fy 248.2 MPa 289.5 MPa fy  289.5 MPa 
fu min. 400 MPa 435.6 MPa fu 1.75 ∙ fy 2.50 ∙ fy 
εu - 26.2 % kinematic hardening 

geometry b 0.3% 2.5% 
zone thickness width length Ry 25.0 

yielding 20 mm 25 mm 2000 mm r1 0.91 
transition 20 mm - 210 mm r2 0.15 

elastic 20 mm 130 mm 750 mm Ru 2.0 
area in the yielding zone 500 mm2 isotropic hardening 

backbone biso 2.0% 2.0% 
ω2% 1.49 β2% 1.15 biso,u 0.06% 0.06% 

conversion factors ρiso 1.15 0.8 
fSM 1.10 fDM 1.22 Riso 3.0 

 

ly 1.0 
 

   
   
   
   

comparison of experimental and numerical response 
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B.3.2 Validation of the proposed general BRB model on test data 

The parameters in Table B3.16 for the proposed BRB element were selected using the logic 

explained in section 3.4.2. (Note that Table B3.16 contains the same information as Table 3 

and it is repeated here only for the comfort of the reader) 

Table B3.15 Evaluation of the proposed general BRB parameters 

 tension compression 
E0 Es ∙ fSM 

fy  γm,ov ∙ fy,k 
fu 1.65 ∙ fy 2.50 ∙ fy 

kinematic hardening 
b 0.4% 2.5% 

Ry 25.0 
r1 0.91 
r2 0.15 

Ru 2.0 
isotropic hardening 

biso 1.5% 1.3% 

biso,u 0.06 + 0.02
600

𝐴𝑦 [𝑚𝑚2]
      [%] 

ρiso 1.15 + 0.45
600

𝐴𝑦 [𝑚𝑚2]
 0.85 + 0.25�

600
𝐴𝑦 [𝑚𝑚2]

 

Riso 3.0 
ly 1.0 

fatigue 
m -0.400 

ε0 
0.14 + 0.4 �𝛾𝑚,𝑜𝑣 − 1.1�

𝑓𝐷𝑀
 

The following figures compare the numerical response of the general BRB model to the 

experimental data for each specimen from BME and UCSD similarly to the previous section. 

Note that these comparisons are performed to validate that the model gives a good 

approximation of BRB behavior over a large range of device capacities and lengths. No 

calibration was performed, but the parameters from the above table were applied without 

modification for all cases. Therefore, the results are not expected to fit the experimental data 

as well as they did for the calibrated model. The resulting numerical force-displacement 

curves are considered sufficiently accurate to be applicable in global analysis of BRBF. 
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APPENDIX C 

C.1 DETAILED RESULTS FOR BRBF ARCHETYPES 

The following figures summarize the results of the design procedure evaluation explained in 

Chapter 4. Maximum interstory drift values are plotted for each time-history analysis for each 

archetype on the so-called IDA curves and the median response is highlighted with a red 

curve. The corresponding fragility curves are also displayed for each archetype. The black 

curve is based on the results of dynamic analysis. The blue curve is shifted to take the influence 

of spectral shape into account (using the so-called Spectral Shape Factor). The green and red 

curves are the final results on conditional collapse probability for an optimistic and a 

pessimistic assumption on the extent of uncertainty in the model. 
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IDA curves (left) and fragility curves (right) for archetype 11 

  
IDA curves (left) and fragility curves (right) for archetype 12 

  
IDA curves (left) and fragility curves (right) for archetype 13 

  
IDA curves (left) and fragility curves (right) for archetype 14 
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IDA curves (left) and fragility curves (right) for archetype 15 

  
IDA curves (left) and fragility curves (right) for archetype 16 

  
IDA curves (left) and fragility curves (right) for archetype 21 

  
IDA curves (left) and fragility curves (right) for archetype 22 
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IDA curves (left) and fragility curves (right) for archetype 23 

  
IDA curves (left) and fragility curves (right) for archetype 24 

  
IDA curves (left) and fragility curves (right) for archetype 25 

  
IDA curves (left) and fragility curves (right) for archetype 26 
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IDA curves (left) and fragility curves (right) for archetype 31 

  
IDA curves (left) and fragility curves (right) for archetype 32 

  
IDA curves (left) and fragility curves (right) for archetype 33 

  
IDA curves (left) and fragility curves (right) for archetype 34 
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IDA curves (left) and fragility curves (right) for archetype 35 

  
IDA curves (left) and fragility curves (right) for archetype 36 

  
IDA curves (left) and fragility curves (right) for archetype 41 

  
IDA curves (left) and fragility curves (right) for archetype 42 
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IDA curves (left) and fragility curves (right) for archetype 43 

  
IDA curves (left) and fragility curves (right) for archetype 44 

  
IDA curves (left) and fragility curves (right) for archetype 45 

  
IDA curves (left) and fragility curves (right) for archetype 46 
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APPENDIX D 

D.1 NEW SCIENTIFIC RESULTS IN HUNGARIAN 

I. Tézis [Z2, Z3, Z4, Z6, Z12, Z13, Z14]  

Részt vettem a kísérleti elrendezés megtervezésében és elvégeztem 10 BRB próbatest 

egytengelyű ciklikus vizsgálatát egyedi terhelőkerettel. A kísérleti eredményeket kiértékeltem 

és javaslatot tettem BRB elemek tervezési paramétereire. 

I/a Megterveztem egy kísérleti programot a BRB elemek viselkedésének terheléstörténettől 

való függésének vizsgálatára. Három terhelési protokollt dolgoztam ki a BRB 

viselkedésének kísérleti vizsgálatára. A protokollok segítségével kísérleti úton mutattam 

meg a BRB viselkedésének terheléstörténettől való függését. 

I/b Rámutattam, hogy a BRB acél mag átmeneti zónájának környezetében bekövetkező 

lokális kihajlás okozta tönkremenetelre nagy hatása van a mag keresztmetszeti 

méreteinek. 

I/c Megmutattam, hogy monoton húzókísérlet esetén a BRB viselkedése megegyezik az 

önálló acél mag viselkedésével. 

I/d A kísérleti eredményeket európai és amerikai szabványos előírásoknak megfelelően is 

kiértékeltem. Két különböző bilineáris erő-elmozdulás karakterisztika paramétereit 

határoztam meg a kísérletekben vizsgált BRB elemekre mint Nemlineáris 

Elmozdulástól Függő Eszközökre. 

I/e Saját és más kutatók hasonló próbatestekre kapott kísérleti eredményei alapján 

minőségbiztosításhoz szükséges paramétereket határoztam meg, melyek hozzájárultak 

a BRB rudak EN 15129 konform minőségbiztosítási eljárásának kidolgozásához. 

II. Tézis [Z5, Z10] 

Kidolgoztam egy általános fenomenológiai acél anyagmodellt és egy BRB modellezési 

eljárást. Egy kalibrált BRB modellt alkalmaztam kihajlásbiztos rudakkal merevített keretek 

globális nemlineáris statikus és dinamikus analíziséhez. 

II/a Kidolgoztam egy megközelítést a BRB modellezésére, melynek során három különböző 

keményedési tulajdonsággal rendelkező elemet helyezek el egymással párhuzamosan a 

modellben. Megmutattam, hogy ez a megközelítés hatékonyan alkalmazható több 

különböző végeselemes környezetben és segítségével megfelelően modellezhető a BRB 

elemek viselkedése. 
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II/b Kidolgoztam egy új, a Menegotto-Pinto modellt továbbfejlesztő, fenomenológiai acél 

anyagmodellt és adaptáltam az OpenSees végeselemes környezetbe (Steel04 

modellként). A modell általános leírását adja a nemlineáris ciklikus keményedésnek. 

Húzás és nyomás esetén egymástól független paraméterekkel kezelhetőek a 

keményedési jellemzők. A modell sokoldalú kombinált kinematikai és izotrop 

keményedést tartalmaz, valamint kezeli a terheléstörténet hatását az anyagi 

viselkedésre. A modellt acél anyagra kísérleti és numerikus eredmények segítségével 

kalibráltam és verifikáltam. 

II/c Kidolgoztam egy eljárást a BRB központi folyási szakaszához tartozó anyagmodell 

teljes rúdra való kiterjesztésére. Az eljárás segítségével a BRB rudak egyetlen 

végeselemmel modellezhetőek. A Steel04 modellt a BME és a UCSD kísérleti 

eredményeire kalibrálva a vizsgált BRB elemek egy általános modelljét hoztam létre. A 

kidolgozott numerikus BRB modell az elemek geometriai és anyagjellemzői 

segítségével definiálható. Ezáltal további kalibrálás nélkül képes különböző kapacitású 

és hosszúságú BRB elemek viselkedésének pontos modellezésére. 

III. Tézis [Z7, Z8, Z9, Z11] 

A FEMA P695 módszertanán alapuló eljárással igazoltam, hogy az Eurocode 8 disszipatív 

központosan merevített acél keretekre vonatkozó kapacitástervezési szabályai megfelelő 

kiegészítésekkel alkalmasak csuklós, két keretállásos chevron rácsozást alkalmazó, 

kihajlásbiztos rudakkal merevített keretek tervezésére. 

III/a Kidolgoztam egy egyedi alkalmazást, mely képes a FEMA P695-ben szereplő 

módszertan alapján elvégezni egy tetszőleges épület archetípus tönkremeneteli 

valószínűségének kiértékelését. Az alkalmazás az OpenSees-t használja végeselemes 

megoldónak és a szükséges előkészítő és utólagos kiértékelő számításokat 

automatikusan elvégzi. A szoftvert a FEMA P695 nyilvánosan hozzáférhető numerikus 

modelljei és eredményei segítségével validáltam. 

III/b Szigorúbb határértéket javasoltam a BRB rudak kihasználtságának megengedhető 

szórására. Megmutattam, hogy ezzel a módosítással hatékonyan csökkenthető az egyes 

szintek földrengésérzékenysége és a BRB keretek tönkremeneteli valószínűsége. 

III/c Érzékenységvizsgálatot hajtottam végre, melynek segítségével értékeltem a numerikus 

modell paramétereinek, a tervezési eljárás szabályainak és a kiértékelési módszereknek 

a végeredményre gyakorolt hatását.  Az eredményekkel felhívtam a figyelmet a helyes 

anyagmodell megválasztásának és az oszlopok nemlineáris viselkedésének 

fontosságára. 
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III/d 24 BRBF archetípus vizsgálatán keresztül igazoltam, hogy a kutatócsoportunk által 

javasolt szeizmikus tervezési paraméterek és tervezési eljárás a tervezési földrengés 

hatással szemben kellő duktilitású és ellenállású szerkezeteket eredményez . Az 

eredmények érvényességét a kutatásban részt vevő épületek paraméterei alapján 

korlátoztam. Meghatároztam a szerkezeti és elem szintű viselkedésre vonatkozó 

határértékeket. 
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