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1. Introduction 
 

In recent years, there have been numerous theoretical 

and experimental studies to develop and improve seismic 

retrofit techniques and energy dissipation devices including 

steel hysteretic dampers (Gorji Azandariani et al. 2020, 

2021, Javidan et al. 2021, Javidan and Kim 2020a, Naeem 

and Kim 2019), friction dampers (Javidan and Kim 2019a, 

Naeem and Kim 2020, Yousef-beik et al. 2020ba, 2020b), 

base-isolation (Öncü-Davas and Alhan 2019a, 2019b), 

buckling-restrained braces (Choi and Kim 2009, 

Mohammadi et al. 2020a, 2020b, Park et al. 2012), viscous 

dampers (Naeem and Kim 2018a, 2018b), and viscoelastic 

dampers (Javidan and Kim 2020b, Xu 2009, Xu et al. 2016, 

2020). 

Owing to the stable hysteretic behavior, high energy 

dissipation capability, low cost, and ease of manufacture, 

metallic dampers have an important position among 

different types of seismic damping devices. Shahri and 

Mousavi (2018) investigated the seismic performance of a 

beam-to-column connection with elliptic slit dampers. 

Naeem and Kim (Naeem and Kim 2019) developed a steel 

multi-slit damper which dissipates seismic energy stably 

both at small and large drifts. Javidan et al. (Javidan et al.  
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2021) further developed this system and investigated its 

performance by testing full-scale two-story frames. It was 

observed that the steel plate slit dampers can provide high 

yield capacities and energy dissipation with a stable 

hysteresis behavior. Gorji Azandariani et al. (2021) used the 

implicit finite element method to investigate the structural 

response of steel shear walls with partial plate-column 

connection.  Javidan and Kim (Javidan and Kim 2020a) 

and Javidan et al. (2021a) proposed a new steel hysteretic 

damper which consists of one steel column member and 

two flexural fuses at the both ends where plastic hinges are 

formed under in-plane actions. The advantage of this 

damper is that it can be placed beside existing columns to 

provide the open space inside the bay. Recently a hybrid 

linked-column steel plate shear wall (HLCS) system is 

presented, which includes a steel plate shear wall coupled to 

two columns adjacent using link beams (Gorji Azandariani 

et al. 2021). 

Conventional braces are structural elements commonly 

used to provide stiffness; however, these elements cannot 

withstand excessive compression due to buckling and 

cannot dissipate seismic energy properly. There have been 

attempts to improve the performance of braces by 

restraining buckling using an external steel casing, which is 

called buckling-restrained braces (BRBs). There have been 

studies to improve BRBs like shortening the yielding cores 

(Mohammadi et al. 2019, Pandikkadavath and Sahoo 2017). 

In this study, a new steel hysteretic damper is proposed 

which can be implemented in structures instead of 

conventional braces to efficiently dissipate seismic energy.  
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Abstract.  Conventional braces are often used to provide stiffness to structures; however due to buckling they cannot be used 

as seismic energy dissipating elements. In this study, a seismic energy dissipation device is proposed which is comprised of a 

bracing member and a steel hysteretic damper made of steel hexagonal plates. The hexagonal shaped designated fuse causes 

formation of plastic hinges under axial deformation of the brace. The main advantages of this damper compared to conventional 

metallic dampers and buckling-restrained braces are the stable and controlled energy dissipation capability with ease of 

manufacture. The mechanical behavior of the damper is formulated first and a design procedure is provided. Next, the 

theoretical formulation and the efficiency of the damper are verified using finite element (FE) analyses. An analytical model of 

the damper is established and its efficiency is further investigated by applying it to seismic retrofit of a case study structure. The 

seismic performance of the structure is evaluated before and after retrofit in terms of maximum interstory drift ratio, top story 

displacement, residual displacement, and energy dissipation of dampers. Overall, the median of maximum interstory drift ratios 

is reduced from 3.8% to 1.6% and the residual displacement decreased in the x-direction which corresponds to the predominant 

mode shape of the structure. The analysis results show that the developed damper can provide cost-effective seismic protection 

of structures.  
 

Keywords:  damping device; energy dissipation device; hysteretic damper; metallic damper; seismic performance; 

seismic retrofit 

 



 

Mohammad Mahdi Javidana and Jinkoo Kim  

 

 

Fig. 2 Connection details of the brace for retrofit of RC 

structures 

 

 

The proposed damper and its possible installation 

scheme for seismic retrofit of reinforced concrete (RC) 

structures are depicted in Fig. 1. The damper consists of 

several steel plates in the shape of a hexagon which act as 

hysteretic fuses under axial deformation of the brace by 

formation of plastic hinges at the vertices of the hexagon. 

The current configuration can provide higher capacities and 

energy dissipation due to in-plane yielding of the steel 

plates compared to conventional metallic dampers like 

ADAS (Whittaker et al. 1991) and TADAS dampers (Tsai et 

al. 1998), in which energy dissipation occurs in the weak 

axis of the steel plate under out-of-plane actions. The 

damper-brace system developed in this study can be used in 

steel and RC structures for the purpose of both seismic 

design and retrofit. It can provide efficient seismic energy 

dissipation compared to conventional braces, and the 

manufacturing procedure can be easier compared to 

buckling restrained braces. 

An example of a possible brace-structure connection for 

the seismic retrofit of RC structures is provided in Fig. 2. 

There are different techniques to install steel braces in 

existing RC structures. For instance, attaching a steel frame 

to the RC frame and installing the brace inside the steel 

frame is a common practice in seismic retrofit of building 

structures. Different schemes, including the one shown in  

 

 

Fig. 2 have been evaluated using experimental tests in 

previous studies (Maheri and Sahebi 1997, 

TahamouliRoudsari et al. 2017). 

In the present research, the theoretical formulation of the 

damper and the corresponding analytical model are 

provided and their accuracies are verified using detailed 

finite element (FE) analysis. Next, the effects of possible 

imperfection in manufacture are investigated by 

propagating the uncertainty in the detailed damper-brace 

model and performing sensitivity analysis. The efficiency 

and capability of the damper are further evaluated by 

applying it to seismic retrofit of a case study structure and 

comparing its behavior in terms of different structural 

performance measures. 

 

 
2. Theoretical formulation 

 

In order to formulate the mechanical behavior of the 

proposed damper, there are three main factors that should 

be taken into account; namely, elastic stiffness, yield force, 

and hysteretic behavior. These factors are formulated in this 

section and their accuracies are verified using detailed FE 

analysis in the next section. 

 
2.1 Yield strength 
 

The damper is installed using a bracing member and its 

capacity is calculated for the axial deformation of the brace. 

The free-body diagram of the damper is presented in Fig 3. 

First the capacity of the damper is derived using the plastic 

analysis and the virtual work principle. The elastic stiffness 

is determined in the next section by using the symmetry of 

boundary conditions and the free-body diagram.  By 

assuming a total deformation of ∆  in the damper 

corresponding to the yield strength 𝐹𝑦, six plastic hinges 

form in each steel hexagonal plate as shown in Fig. 3. The 

plastic moment in the hinge is determined as 

𝑀𝑝 = 𝑡𝑤1
2𝜎𝑦/4 (1) 

where 𝑡 is thickness of steel plate, 𝑤1 is the width of steel 

plate at the vertices of the hexagon where plastic hinges  

 

Fig. 1 Representation of proposed damper: (a) Details of damper (b) installation scheme in RC structure 
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form, and 𝜎𝑦 is the yield strength of steel. It is worthwhile 

to mention that, although the width of the plate at the 

vertices is slightly greater, the bending moment is higher at 

this location and reaches the plastic moment earlier.  

Nevertheless, this depends specifically on dimensions and 

should be ensured whether the plastic hinges form exactly 

at the vertices or not. Due to the vertical line of symmetry, 

the total deformation ∆ is equal to 2𝛿  at each side of 

hexagon, which can be obtained as 

𝛿 = 𝑙(cos 𝛼 − cos(𝛼 + 𝛼𝑝)) = 2𝑙sin (𝛼 +
𝛼𝑝

2
) sin

𝛼𝑝

2
 (2) 

where 𝑙 is side length of hexagon, 𝛼 is angle of sides with 

the horizontal axis as shown in Fig. 3 and is 30° for the 

case of hexagon, and 𝛼𝑝 is the plastic rotation of hinges as 

depicted. The energy balance for the damper when the 

mechanism forms can be written for the work done by the 

external loads and the energy absorption at plastic hinges: 

𝐹𝑦∆= 𝐹𝑦 × 2𝛿 = 𝑛𝑀𝑝 × 8𝛼𝑝 (3) 

where n is the number of steel hexagonal plates. The plastic 

rotation of the two plastic hinges located at the vertical line 

of symmetry is 2𝛼𝑝 based on the compatibility condition 

which can be seen in Fig. 3. By substituting Eq. (2) into Eq. 

(3), the yield capacity of the damper can be found as 

𝐹𝑦 =
8𝑛𝑀𝑝𝛼𝑝

4𝑙sin (𝛼 +
𝛼𝑝

2
) sin

𝛼𝑝

2

 (4) 

Considering that the virtual work equation is formulated 

for the onset of the plastic hinge formation and an 

infinitesimal plastic rotation, the yield strength of the 

damper is asymptotically equal to 

lim
𝛼𝑝→0

𝐹𝑦 =
4𝑛𝑀𝑝

𝑙sin𝛼
 (5) 

As the steel material yields in bending moments, the 

proposed system may need more steel compared to devices 

which yield in axial forces like BRBs. Nevertheless, it is 

possible to easily reach a desired capacity by changing the 

dimensions or number of hexagonal plates. Furthermore,  

 

 

 

Fig. 4 Elastic analysis of the damper for obtaining stiffness 

 

 

the manufacture of this damper is much easier compared to 

BRBs which requires special expertise. 

 

2.2 Elastic stiffness 
 

To simplify the formulation and structural analysis, the 

damper is divided into four parts at the lines of symmetry, 

and the elastic stiffness is calculated using one side of the 

hexagon as demonstrated in Fig. 4. This stiffness is under 

the axial force of the brace and should be later considered in 

series with the rest of the bracing member. As can be seen 

in the free-body diagram of the damper, the horizontal force 

𝐹 is divided by two due to the horizontal line of symmetry. 

This force can be decomposed into two components, 

parallel and perpendicular to the side of the hexagon. The 

overall deformation can be approximately attributed only to 

the lateral and flexural deformation caused by the 

perpendicular component which is equal to 𝐹sin𝛼 2⁄ . As 

can be observed in Fig. 4, the flexural deformation is 

𝛿 sin𝛼⁄  based on the compatibility statement due to the 

boundary conditions. The elastic stiffness for lateral 

deformation under fixed-end boundary condition is 

12𝐸𝐼 𝑙3⁄ , where 𝐸 is the elastic stiffness of steel plate and 

𝐼  is the elastic section modulus along the sides. This 

modulus is equal to t𝑤2
3/12 where 𝑤2  is the width of 

steel plate along the sides of the hexagon. 

Therefore, the force-deformation equilibrium can be 

written as 

𝐹sin𝛼

2
=

12𝐸𝐼

𝑙3 ×
𝛿

sin𝛼
 (6) 

 

Fig. 3 Plastic analysis of the hexagonal damper using the virtual work principle 
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which can be rearranged as follows 

𝐹 =
12𝐸𝐼

𝑙3𝑠𝑖𝑛2𝛼
× 2𝛿 =

12𝐸𝐼

𝑙3𝑠𝑖𝑛2𝛼
∆ (7) 

where 
12𝐸𝐼

𝑙3sin2𝛼
 is the stiffness of one hexagonal fuse and 

12𝑛𝐸𝐼

𝑙3sin2𝛼
 is the stiffness of the damper 𝑘 in series with the 

bracing member. 

The post yield stiffness of the damper is considered to be 

1% of the initial stiffness. With the elastic stiffness and the 

yield capacity of the damper derived above, the monotonic 

behavior can be approximated properly. Since this damper 

is a hysteretic steel energy dissipation device, its hysteretic 

behavior can be modeled using steel macromodel link 

elements for application in structural analysis. These 

assumptions are further assessed and evaluated in the next 

section using detailed FE analysis and macromodel. 
 

 

3. FE Analysis of the damper 
 

In this section the validity of the derived formulation 

and the behavior of the proposed damper are evaluated 

using a detailed FE analysis, and an analytical model of the 

damper is established to utilize the macromodel of the 

damper in structural analysis. To this end, a damper is 

designed first based on the geometries and shear strength of 

the brace-frame connection of a case study structure which 

is further evaluated in the next section. Then the cyclic 

behavior of the damper is evaluated and compared using 

different analytical and theoretical approaches. In order to 

investigate the effects of imperfection on the behavior and 

performance of the damper, a sensitivity analysis is also 

carried out. 
 
3.1 Detailed FE analysis and analytical model 
 
The relative displacement between consecutive stories 

divided by the story height, i.e. inter-story drift ratio, is one 

of the most important parameters for seismic performance 

and damage assessment of structures. The loading protocol 

for cyclic loading test of dampers should be based on the 

expected drift ratio under the maximum considered 

earthquake (MCE) hazard level which corresponds to the 

collapse prevention performance limit state. In this study 

the drift ratio for this limit state is considered to be 2% and 

a hexagonal hysteretic damper is designed such that the 

axial capacity of the brace is limited to 200 kN to prevent 

the shear failure of connection at this interstory drift. It is 

assumed that the story height and the bay length are 

respectively 3600 mm and 4000 mm  which give a 

bracing angle of 𝜃 = 42°. The geometrical and mechanical 

properties of the damper are obtained using derived 

formulations and are summarized in Table 1. It is expected 

that the axial force of damper reaches 170 kN at the  

 

 

 

Fig. 5 Applied loading protocol for FE analysis 

 

 

displacement of 54 mm  which corresponds to the 2% 

interstory drift ratio, i.e., 54 mm/ cos 42° = 72 mm. The 

yield strength and the elastic modulus of steel are 

considered to be 300 MPa and 2.1 × 105MP, respectively. 

The three-dimensional model of the damper is 

established in ANSYS Workbench (ANSYS 2019) using 

6056 quadratic 20-node SOLID186 elements. Two plates 

with the thickness of 20 mm are used for the damper-

brace connection and they are modeled using a mesh of 

10 mm. A finer mesh of 7.5 mm is used for the hexagonal 

plates. The nonlinear behavior of the steel material is 

modeled using the bilinear kinematic strain hardening with 

a tangent modulus equal to 1% of the initial elastic 

modulus. According to ASCE 41-13 (ASCE 2013), the 

loading protocol for cyclic loading test of seismic energy 

dissipation devices consists of ten, five, and three fully 

reversed cycles corresponding to 0.25, 0.5, and 1.0 times 

the interstory drift limit state under the MCE: basic safety 

earthquake-2 (BSE-2X) earthquake hazard level. The 

loading protocol is provided as mentioned earlier and is 

transformed to the axial deformation of the brace as shown 

in Fig. 5. The FE model of the damper after finishing the 

cyclic load and its residual deformations and equivalent 

von-Mises stress are demonstrated in Fig. 6. Based on the 

equivalent stress contour, it is observed that the plastic 

hinges form exactly at the expected designated locations. 

The hysteretic behavior of the damper obtained from the 

detailed FE analysis and the theoretical backbone curve are 

compared in Fig. 7(a). The elastic stiffness, yield strength, 

and the post-yield behavior are in close agreement with the 

theoretical formulation. In order to apply the damper to 

seismic retrofit design or performance evaluation of the 

structure, a macromodel is required which can capture the 

hysteretic behavior of the detailed model (Usefi et al. 

2018). To this end, the well-known and versatile platform of 

OpenSees is used which has different materials and 

elements commonly used for seismic performance 

evaluation of structures (Mazzoni et al. 2006). The 

twoNodeLink element is utilized to model the damper,  

Table 1 Properties of the designed damper 

𝑛 𝑤1 (mm) 𝑤2 (mm) 𝑡 (mm) 𝑙 (mm) α 𝜎𝑦 (MPa) 𝐸 (MPa) 𝑀𝑝 (N. m) 𝐹𝑦 (kN) 𝑘 (kN/mm) 

4 23 20 10 127 30° 300 2.1 × 105 397 100 131 
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Fig. 6 Residual deformations and averaged equivalent von-

Mises stress after cyclic loading 

 

 

which can be easily applied to the analysis model of 

structures. The Giuffrè-Menegotto-Pinto material model  

(Menegotto and Pinto 1973), i.e., Steel02 in OpenSees, is 

used which has been proved to be capable of capturing the 

hysteretic behavior of steel structures and metallic dampers 

properly (Amini et al. 2018, Javidan and Kim 2020a). The 

material parameters are calibrated using the derived 

formulas for initial stiffness, yield strength, and the strain-

hardening ratio of 1% subjected to the loading protocol of 

the detailed FE analysis with the default hysteresis 

parameters. The hysteretic behavior and the cumulative 

energy dissipation are compared in Fig. 7, where it can be 

observed that the macromodel can accurately capture the 

behavior of the detailed FE model. It is worth mentioning 

that the detailed FE analysis of the damper takes around 

122 minutes in a PC with the Intel® Corei7 3.40 GHz 

processor, whereas the macromodel takes only 7 sec in the 

same computer. Hence, the established macromodel of the 

damper and the derived formulation for its calibration are  

 

 

quite accurate and can be used in the analysis of structures. 

It should be noted that, even though the capacity and 

stiffness derived using basic mechanics perfectly match the 

detailed FE analysis results, a further experimental study is 

still required to validate the applicability of the proposed 

device. However, a comprehensive theoretical study is 

indispensable before any experimental research, which is 

the aim and the scope of this research. 

 

3.2 Sensitivity analysis 
 
To ensure the efficiency and performance of the 

developed brace-damper system, the effects of imperfection 

in manufacturing the damper is evaluated using the detailed 

FE analysis in a probabilistic framework. Two types of 

imperfections are considered here following the 

probabilistic model code (JCSS (Joint Committee on 

Structural Safety) 2001) and previous studies (Szyniszewski 

and Krauthammer 2012), which are out of plumbness and 

out of straightness. These two parameters are respectively 

the inclination  𝜙  under the compression force and the 

lateral deviation 𝑓 at the center of slender elements. The 

designed damper in the previous section is assumed to be 

installed using the box section 200 × 200 × 8  (mm) 

bracing member with the whole length of 5,381 mm 

including the damper. The probabilistic code provides the  

distribution model for considered imperfections and their 

distribution parameters which are used here. The 

imperfection and constructional tolerances are stochastic 

phenomena and follow a normal distribution with a mean 

value of 𝜇 = 0. The standard deviation of the out of 

plumbness and out of straightness are respectively 𝜎 =
0.0015 rad and 𝐿/1000 where 𝐿 is the element length. 

Generally, the absolute values of these imperfections are 

important and therefore the truncated normal distribution is 

used with a mean value about 0.8 times the standard 

deviation and the coefficient of variation of 0.75. These  

 

Fig. 7 Hysteretic behavior of the damper: (a) Force-displacement curve obtained from detailed FE analysis, theoretical 

formulation, and analytical model; (b) cumulative energy dissipation obtained from detailed FE analysis and analytical 

model 
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parameters are listed in Table 2 along with the 95th 

percentiles indicating the probable upper bounds. The 

probability density and cumulative distribution functions of 

these two parameters are depicted in Fig. 8. 

Sensitivity analysis is usually carried out to evaluate the 

effects of input uncertainties on the output response and has 

been applied in different fields of structural and mechanical 

engineering (Javidan and Kim 2019b, 2020b). There are 

various sensitivity analysis techniques with different 

computational demands. As the time-consuming detailed FE 

analysis is used to investigate the effects of imperfections 

and eccentricities, the Tornado Diagram analysis (TDA) is 

utilized here which can provide valuable, yet 

computationally efficient, insights into the sensitivity of 

design variables (Javidan et al. 2018). 

In the TDA method, the change in the output response is 

evaluated under the perturbation of one parameter at a time, 

while other parameters are fixed to the mean values. The  

 

 

change in the response due to this perturbation is called 

swing, which is plotted for each parameter and arranged in 

the descending order. To perform sensitivity analysis of the 

damper-brace system, the bracing members are added to the 

damper model with the mesh of 10 mm in ANSYS. The 

damper-brace system is modeled as installed in the structure 

with the angle of 𝜃 = 42° and is discretized into 44,556 

SOLID186 elements. The overall configuration of analyses 

and the uncertainty parameters are denoted in Fig. 9(a). As 

listed in Table 2, the FE model is analyzed for the mean 

values of the eccentricities and for 0th and 95th percentiles 

of each parameter, while the other parameter is fixed at its 

mean value. Total of 5 detailed FE analyses of the damper-

brace model needs to be carried out. Since the analyses are 

quite time-consuming under cyclic loads and only the 

behavior under compression is more important, each model 

is only analyzed under monotonic compression force up to 

10 mm at which the yield capacity and the initial stiffness  

Table 2 Distribution parameters of eccentricities 

Variable 
Normal distribution Truncated normal distribution 

Reference 
𝜇 𝜎 𝜇 𝜎 95th percentile 

Out of plumbness 𝜙 (rad) 0 0.0015 0.0012 0.0009 0.0029 
(JCSS 2001) 

Out of straightness 𝑓 (mm) 0 𝐿/1000 = 5.4 4.3 3.2 11 

 

Fig. 8 Distribution of eccentricities: (a) Probability density functions (b) cumulative distribution functions 

 

 
Fig. 9 Detailed FE analysis of the damper-brace system with imperfection: (a) Definition of parameters and boundary 

conditions (b) deformation and averaged equivalent von-Mises stress for 𝜙 = 0.0012 rad and 𝑓 = 4.3 mm under 10 mm 

lateral displacement 
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can be sufficiently determined. The nonlinear force-

displacement results are idealized to bilinear behavior and 

the yield capacity and the stiffness are evaluated. As an 

example, the FE model with the out of plumbness of 𝜙 =
0.0012 rad and the out of straightness of 𝑓 = 4.3 mm  

under 10 mm lateral displacement is shown along with the 

equivalent von-Mises stresses in Fig. 9(b). The stress 

contour shows a range higher than the yield stress only due 

to infinitesimal points on elements which are extrapolated 

from the integration points. 

The results of the TDA are illustrated in Fig. 10, where 

it can be noticed that the imperfections and constructional 

tolerances have little or no tangible effects on the 

mechanical behavior of the damper-brace system. The most 

influential parameter on the lateral yield capacity, though 

marginally, is the out of straightness, while the inclination 

in the placement has higher impacts on the lateral stiffness. 

The mean lateral yield capacity and stiffness are 

respectively 65.4 kN  and 38.6 kN/mm  when the two 

input variables are fixed to their mean values. It should be 

noted that the theoretical lateral capacity of the damper-

brace system is 100 × cos42° = 74 kN and the stiffness is 

35.1 kN/mm . The slight difference compared to the 

previous analyses is due to the method for idealizing to the 

bilinear curve. Overall, it is observed that the developed 

damper-brace system can work properly and the effects of 

imperfections on the performance are negligible. 

 

 

 

Fig. 12 Response spectra of the seven earthquake ground 

motions scaled at fundamental period of structure 

 

 

4. Application to an example structure 
 

In order to show the application and efficiency of the 

developed damper, a case study structure is selected and its 

seismic performance is compared in detail before and after 

the retrofit using the proposed damper-brace system. The 

performance of the dampers, energy dissipation capability,  

 
Fig. 10 Tornado Diagram analysis of the damper-brace system: (a) Yield capacity; (b) elastic stiffness 

 

 

Fig. 11 Case study structure: (a) Structural plan (b) cross-sections of structural elements 
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and the hysteretic behavior are demonstrated. 

 

4.1 Details of the structure 
 
The case study structure is a three-story RC moment 

frame built in Korea in the 1970s without considering 

seismic loads. The plan layout of the structure and the 

details of the sections are shown in Fig. 11. The story 

heights are 3.0 m except for the first story which is 3.6 m. 

The existing dead and live loads on the structure are 

5.4 kN/m2  and 4.0 kN/m2 , respectively. The expected 

compressive strength of concrete is 18 MPa  and the 

expected yield strength of steel rebars is 300 MPa. The 

structure is located on a site with the spectral response 

acceleration parameters of 𝑆𝑋𝑆 = 0.5 g and 𝑆𝑋1 = 0.29 g 

for the short periods and 1-sec period, respectively, under 

the Design Basis Earthquake (DBE) hazard level. This 

seismic intensity corresponds to the 10% exceedance 

probability in 50 years and it is 2/3 of the Maximum 

Considered Earthquake (MCE) level with 2% exceedance 

probability in 50 years.  

The three-dimensional model of the structure is  

 

 

 

established in the versatile OpenSees platform (Mazzoni et 

al. 2006). The concrete is modeled using the zero tensile 

strength Concrete01 material and the Steel02 material is 

considered for the reinforcement rebars. The elements are 

modeled using the force-based forceBeamColumn element 

with fiber section which has been proved to be capable of 

capturing the behavior of RC elements under large 

deformations (Shayanfar and Javidan 2017). The rigid 

diaphragm is considered for each story and the seismic 

mass of 228.8 ton, considering the self-weight, is applied 

to the center of mass at each story level. The eigenvalue 

analysis of the model structure shows that the predominant 

mode shape of the structure is in the x-direction with the 

fundamental period of 0.68 sec and the mode shape of 

𝛷𝑇 = [1.0, 0.77, 0.48]. 
 

4.2 Seismic performance of the structure before 
retrofit 

 
In order to evaluate the seismic performance of the 

structure, seven pairs of far-field earthquake ground motion 

records are selected from the PEER NGA database (Peer  

 

Fig. 13 Seismic performance of the case study structure before and after retrofit in terms of maximum interstory drift ratio: 

(a) Before retrofit (b) after retrofit 

Table 3 Details of seven earthquake ground motion records used in this study 

Record 

sequence 

number in 

PEER 

Scale 

factor for 

MCE 

Event Year Station 
Magnitude 

(𝑀𝑤) 

PGA max 

(g) 

𝑅𝑟𝑢𝑝 

(km) 

𝑉𝑠30 
(m/s) 

Lowest 

usable 

freq. (Hz) 

68 2.5 San Fernando 1971 LA – Hollywood Stor 6.6 0.21 11.7 726 0.1 

174 1.3 Imperial Valley 1979 El Centro Array #11 6.5 0.38 9.9 259 0.1 

721 1.3 Superstition Hills 1987 El Centro Imp. Co. 6.5 0.36 23.6 354 0.087 

900 1.8 Landers 1992 Yermo Fire Station 7.3 0.24 18.2 192 0.07 

1148 4.5 Koceli 1999 Arcelik 7.5 0.22 13.5 523 0.087 

1244 1.0 Chi-Chi 1999 CHY101 7.6 0.44 12.6 196 0.05 

1787 1.3 Hector Mine 1999 Hector 7.1 0.34 22.8 316 0.04 
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2004) and are scaled to the DBE response spectrum at the 

period of the structure (Kreslin and Fajfar 2010) as shown 

in Fig. 12. Following the ASCE 41-13 (ASCE 2013), the 

mean square root of the sum of the squares (SRSS) of the 

spectra should not be below the target spectrum in the range 

of 0.2 and 1.5 times the fundamental period of the structure. 

This is ensured by a safety factor of 1.3 in accordance with 

the Korean Building Code (KBC 2016) and ASCE 41-06 

(ASCE 2006). Thus, the scaled earthquake records for the 

DBE level are multiplied by 1.3 × 1.5 to take the safety 

margin into consideration and to scale up to the MCE level. 

The details of the earthquake records used in the analysis 

are summarized in Table 3. 

The structure is analyzed under the seven pairs of 

earthquake ground motion records, and the maximum 

interstory drift ratios (MIDRs) are shown in Fig. 13(a). The 

structure should satisfy the collapse prevention limit state 

under the MCE hazard level which is considered to be 2.0% 

in this study. It is observed that the MIDRs of the structure 

are between 7.6% and 2.6% with a median value of 3.8%. It 

should be noted that MIDRs more than 5% can be 

considered as collapse for RC structures based on the 

experimental observations and there is no much practical 

meaning. As an example, the top story displacement time  

 

 

history of the structure subjected to the RSN721-

Superstition Hills earthquake is shown in Fig. 14. It is 

observed that the structure experiences large deformations 

in the weaker direction which leads to the residual 

deformation in the structure after the earthquake. Based on 

the results of seismic performance evaluation, the structure 

needs seismic retrofit to reduce the interstory drift ratios 

below the given limit state. 

 
4.3 Seismic retrofit of the structure 
 
The required number of dampers to satisfy a given 

performance limit state is preliminarily approximated using 

the capacity spectrum method following ATC 40 (ATC 

1996). To this end, the capacity curve of the structure is 

obtained using the nonlinear static pushover method in the 

first mode shape and the result is idealized to the bilinear 

curve as shown in Fig. 15(a) in such a way that the area 

under the curves is equal up to the maximum capacity. The 

post-yield stiffness is considered to be zero and the yield 

strength is obtained in such a way that the effective elastic 

stiffness is equal to the secant stiffness of the pushover 

result at the base shear equal to 60% of the yield strength. 

The idealized pushover curve of the structure is transformed  

 

Fig. 14 Top story displacement time history of the model structure subjected to the RSN721-Superstition Hills earthquake 

 

 

Fig. 15 Capacity spectrum method for design of dampers: (a) Pushover analysis; (b) target performance point and required 

damping 
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into the equivalent single-degree-of-freedom system using 

the modal participation factor of 𝛤 = 1.23 and is depicted 

against the 5% elastic demand spectrum for the MCE level 

in the acceleration-displacement format in Fig. 15(b). 

The performance point 𝑑𝑝 is a displacement that the 

structure is expected to experience and is the intersection of 

the capacity spectrum and the demand spectrum reduced by 

the effective damping ratio of the structure 𝛽𝑒𝑓𝑓 . In 

addition to energy dissipation devices, there are two 

damping sources at the performance point which are 5% 

inherent damping ratio and the hysteretic damping of the 

structure due to nonlinear deformation. Hysteretic damping 

is calculated as 𝜅𝛽0 where 𝛽0 is the damping ratio due to 

a full hysteresis loop and 𝜅  is a damping modification 

factor which accounts for degradation and pinching based 

on the hysteretic behavior and the structural type. 

The target performance point before retrofit is 𝑑𝑝 =

204 mm with 𝛽𝑒𝑓𝑓 = 23% which corresponds to the top 

displacement of 𝛤𝑑𝑝 = 251 mm and the MIDR of 3.3% 

based on the mode shape 𝛷𝑇 = [1.0, 0.77, 0.48]. In order 

to meet the limit state of 2%, the performance point should 

be 𝑑𝑝 = 122 mm  with the effective damping ratio of 

𝛽𝑒𝑓𝑓 = 35%  as depicted in Fig. 15(b). The provided 

inherent and hysteretic damping ratio at this point is equal 

to 5% + 𝜅𝛽0 = 21% and the remaining damping should 

be provided using seismic energy dissipation devices which 

is calculated according to ASCE 41-13 as 

𝛽𝑒𝑓𝑓 = 5% + 𝜅𝛽0 +
∑ 𝑊𝑗𝑗

4𝜋𝑊𝑘

 (8) 

 

 

Where 𝑊𝑗 is the work done by the 𝑗th damper in one 

complete cycle and is the area inside the hysteresis curve. 

𝑊𝑘 is the maximum strain energy at the performance point 

determined as 

𝑊𝑘 =
1

2
∑ 𝐹𝑖

𝑖

𝛿𝑖 (9) 

where 𝐹𝑖  is the imposed lateral load at the 𝑖th reactive 

weight during pushover and 𝛿𝑖  is the corresponding 

displacement. Based on the aforementioned procedure, it is 

found that installing 6 dampers designed and analyzed in 

the previous sections at the first story can provide the 

required damping ratio at the target performance point. 

Thus, the verified analytical model of the damper is added 

to the analysis model of the structure. Two dampers are 

installed in each of the two outer frames and the inner frame 

along the x-direction in bays X2-X3 and X4-X5, and the 

seismic performance of the structure is evaluated once again 

using the nonlinear time history analysis. 

 

4.4 Seismic performance of the structure after retrofit 
 
The MIDRs of the structure after retrofit is shown in 

Fig. 13(b). It is observed that the MIDRs are between 1.0% 

and 3.2% with the median value of 1.6% which satisfies the 

limit state. The top story displacements of the model 

structure subjected to the RSN174-Imperial Valley and 

RSN1244-Chi-Chi are compared before and after retrofit in 

Fig. 16, where the effects of the applied damper on the 

displacements and the residual displacements can be clearly 

observed. 

 

Fig. 16 Comparison of top story displacement time history before and after retrofit: (a) RSN174-Imperial Valley (b) 

RSN1244-Chi-Chi 
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The hysteretic behavior of the damper in the inner frame 

bay X4-X5 under the RSN174-Imperial Valley earthquake 

ground motion is shown in Fig. 17(a) as an example. The 

cumulative energy dissipated by all the dampers is 

calculated using the hysteresis curves for each of the seven 

earthquake ground motions, and the results are depicted in 

Fig. 17(b). The results show that the implemented dampers 

can effectively dissipate the seismic input energy and 

decrease the damage and displacements. 

It is worth mentioning that, even though the proposed 

damper is used for seismic retrofit in this study, it also can 

be applied to the design of new structures. The proposed 

fuse configuration with the brace can be efficiently applied 

to all types of structures as an efficient seismic energy 

dissipator. 

 

 

5. Conclusions 
 

In the present research, a seismic energy dissipation 

device consisting of a steel hysteretic damper and a bracing 

member for installation was proposed and its seismic 

performance was evaluated using in-depth analytical study. 

The damper is made of steel plates in the shape of a 

hexagon, which leads to formation of plastic hinges at the 

designated points. The yielding occurs under in-plane action 

which can provide higher yield force compared to 

conventional ADAS and TADAS dampers that use the weak 

axis of steel plates and yield under out-of-plane actions.  

The theoretical formulation of the damper was derived 

first using the plastic and elastic structural analyses. The 

efficiency of the damper and the derived formulas were 

verified using detailed FE analysis. An analytical model 

was established in the OpenSees platform which can be 

calibrated using the theoretical formulation and can be 

utilized in other analysis programs as well. The 

computational efficiency and the accuracy of this 

macromodel were investigated by comparing its results with 

the detailed FE analysis.  

The effects of imperfection in manufacturing were also 

studied using sensitivity analysis in a probabilistic  

 

 

framework. The two uncertainty parameters of out of 

plumbness and out of straightness were considered and their 

impacts were evaluated using the Tornado Diagram 

analysis. It was seen that the constructional tolerances and 

imperfections have only marginal effects on the behavior of 

the proposed damper-brace system. 

The capability and efficiency of the developed damper 

were further investigated by retrofitting a case study 

structure and evaluating its seismic performance before and 

after retrofit. The structure was analyzed using pushover 

and nonlinear time history analyses, and the calculations for 

retrofit were explained in detail. The maximum interstory 

drift ratios, top displacement time histories, and residual 

displacements were compared before and after retrofit. It 

was observed that the proposed damper could dissipate 

significant amount of seismic input energy and reduce the 

lateral drifts and seismic damage of the structure. However, 

it should be pointed out that, as the proposed ductile brace 

has smaller stiffness and strength, a conventional steel 

bracing may be more efficient in the flexible structure 

which needs stiffening elements rather than energy 

dissipation devices to reduce lateral drifts. In addition, 

compared with conventional steel bracing, the cost of the 

proposed ductile bracing can be slightly higher due to the 

manufacturing and welding of the steel hexagonal plates. 
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