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1. Introduction 
 

In recent years, there is a growing trend towards 

devising more efficient energy dissipation devices and 

improving the currently available seismic retrofit 

techniques, considering both practical and theoretical 

aspects (Kim 2019, Öncü-Davas and Alhan 2019a, b, 

Javidan and Kim 2020b). After the 2016 Gyeongju and 

more recently 2017 Pohang earthquakes in Korea with the 

magnitudes of 5.8 Mw and 5.4 Mw, respectively, there is 

a special need for retrofit of many low-rise residential 

structures. Most of these structures in this region are built 

using reinforced concrete (RC) load bearing walls 

supported by columns at the first story which is used as 

parking lot. These structures are vulnerable to seismic loads 

due to the soft-story irregularity. In order to retrofit soft-first 

story structures and minimize the architectural interference, 

different retrofit strategies have been proposed. For 

instance, Agha Beigi et al. (2015) studied an inclined brace 

with a designated gap that can share the lateral load after 

reaching a predefined interstory drift. Javidan and Kim 

(2019) proposed a retrofit scheme using rotational friction 

dampers that are installed at the corners of a pin-jointed 

steel frame attached to the structure. Recently  

There are various retrofit strategies and energy 

dissipation devices which have been developed in the past 
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years such as viscous and MR dampers (Bitaraf et al. 2010; 

Bitaraf and Barroso 2009), jacketing (Bahrani et al. 2019), 

viscoelastic dampers (Choi and Kim 2010, Kim and Bang 

2002, Lee et al. 2002, Xu et al. 2020), buckling restrained 

braces (Kim et al. 2004, 2009, Mohammadi et al. 2020 a, b, 

Park et al. 2012), and friction dampers (Kim and Shin 2017, 

Yousef-beik et al. 2020a, b, Naeem and Kim 2019a). Owing 

to stable hysteretic behavior, easy manufacture, and high 

capacity, metallic hysteretic dampers have gained special 

attention (Gorji Azandariani et al. 2020, 2021, Kim et al. 

2017, Naeem and Kim 2019b, Javidan et al. 2021). 

Recently, Javidan and Kim (2020a) proposed a damper in a 

theoretical study which consists of one steel column 

member and two flexural fuses at both ends. The developed 

column damper has advantage of occupying only a small 

space and it does not block the passage of people or cars. 

The seismic behavior of the proposed damper was studied 

thoroughly using numerical and detailed finite element 

analyses. In the present research, the proposed steel column 

damper is further investigated through a series of 

experiments. The analysis model and design method of the 

damper are described and then the details of the 

experiments are explained. The test results are discussed in 

detail and the analytical model of the damper is verified by 

simulating the test. Additionally, the applicability of the 

proposed damper is verified by retrofitting a case study 

structure and comparing its seismic performance before and 

after the retrofit. 
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Abstract.  In this research, the seismic performance of a steel column damper is evaluated using cyclic loading tests of two 

one-story one-bay reinforced concrete (RC) frames before and after retrofit. The theoretical formulation and design procedure of 

the damper are explained first and then the details of the tests are described. The seismic performances of the test frames are 

evaluated in terms of hysteretic behavior, energy dissipation, crack pattern, failure mechanism, and damper behavior. The 

analytical model of the damper is established and verified using the experimental data. In order to further investigate the 

applicability of the developed damper for seismic retrofit, a case-study structure is chosen and retrofitted using the proposed 

damper. The seismic performance of the structure is evaluated and compared before and after retrofit in detail using pushover, 

nonlinear time-history, and fragility analyses. The results show that the presented damper can efficiently reduce inter-story drifts 

and damage of the structure. The details of modeling techniques and simulations given in this study can provide guidelines and 

insight into nonlinear analysis and retrofit of RC structures. 
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2. Steel hysteretic column damper 
 

2.1 Description 
 
Seismic energy dissipation devices are typically 

installed within bays using braces or steel panels which 

block the passage of people through the bays. In order to 

provide architectural flexibility in seismic retrofit, a steel 

hysteretic damper is proposed which resembles a column 

member and can be installed closely beside an existing 

column. The column damper and its installation scheme are 

presented in Fig. 1. Inspired by plastic hinge formation in 

column ends, the proposed damper is composed of one steel 

H-section and two flexural fuse parts at both ends to 

dissipate the seismic vibration energy. The H-shaped steel 

column between the upper and lower fuse parts has a 

flexural stiffness large enough to experience only a small 

elastic deformation before the yielding of the damper. Each 

fuse part consists of several steel plates with reduced width 

in the middle to form flexural plastic hinge under in-plane 

bending action. Compared to the conventional ADAS 

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

1998) which yield under out-of-plane actions, the fuse 

sections of the proposed damper can provide higher yield 

capacities. Moreover, ADAS and TADAS are usually 

applied using chevron braces which block the installation 

bays. 

As mentioned previously, the main advantage of the 

proposed energy dissipation device lies in the simple 

installation scheme and the occupation of minimum space. 

Seismic energy dissipation devices are mostly installed 

using diagonal/chevron bracing or steel panels (Kim and 

Shin 2017). In some cases, the near-vertical scissor-jack-

damper system is used (Şigaher and Constantinou 2003) to 

provide space for passage. Velocity-dependent devices such 

as viscoelastic or viscous dampers require expensive 

materials, special equipment and facilities. Friction dampers 

need considerable experience and skill for manufacture, 

such as treating the friction surface, using specific washers, 

realizing specific bolt pretension and slip force using 

wrench torque, etc. (Naeem and Kim 2021). On the other 

hand, the column damper has the least architectural  

 

 

intervention using a vertical installation scheme, and can be 

easily manufactured using a few steel plates and a rolled 

section, which makes the proposed device quite practical 

and efficient. 

 
2.2 Theoretical of formulation 
 
The theoretical background of the proposed damper is 

described briefly here and more detailed information on 

derivation of the formulas can be found in the earlier 

theoretical work done by Javidan and Kim (2020a). The 

behavior of the column damper is characterized by three 

components, i.e., elastic stiffness, yield strength, and 

hysteretic behavior. 

Fig. 2 depicts the analysis model for the column damper, 

where the yield capacity of the damper 𝐹 can be readily 

determined using the plastic analysis and the virtual work 

equation 

𝐹 = 2𝑀𝑝𝜃 𝛥⁄  (1) 

where 𝑀𝑝 is the plastic moment of the fuse section, 𝛥 is 

the yield displacement equal to the inter-story drift, and 𝜃 

is the rotation of the fuse equal to 𝛥 𝑙⁄ , where 𝑙 is the 

distance between the fuse sections. The plastic moment of 

the fuse 𝑀𝑝 can be obtained using the plastic modulus 

𝑀𝑝 = 𝑛
𝑡𝑤1

2

4
𝜎𝑦 (2) 

where 𝑛 is the number of steel plates in the fuse part, 𝑡 

and 𝑤1 are respectively the thickness and width of steel 

plates at the reduced section, and 𝜎𝑦 is the yield strength 

of steel plates. 

The elastic stiffness of the damper can be determined by 

calculating the deformation of the damper prior to the 

plastic hinge formation in the fuse part. This deformation is 

due to the stiffness of the two fuse sections and the steel 

column connected in series, which can be determined as 

(Javidan and Kim 2020a) 

∆= 2∆1 + (2𝑙 − 𝐻)𝜃 + ∆2 (3) 

 

  
(a) Perspective view of column damper (b) Installation scheme 

Fig. 1 Configuration of the proposed damper 
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where ∆1 is the horizontal displacement of the fuse part, 

𝐻 is the story height, (2𝑙 − 𝐻)𝜃 is the rigid body rotation 

of the steel column due to the fuse rotation, and ∆2 is the 

elastic column deformation. The total deformation ∆  is 

mostly due to the substantial contribution of the fuse 

rotation and the other two terms are negligible. The 

deformation and rotation of the fuse part can be found by 

calculating the slope and deflection with consecutive 

integrations starting from the bending moment. According 

to Fig. 2, the bending moment and the moment of inertia 

along the damper are respectively a linear piecewise and 

cubic piecewise functions. These integrations were 

calculated and derived in detail previously (Javidan and 

Kim 2020a) which give the rotation and the deformation of 

the fuse part respectively as 

𝜃 =
6𝑀𝑝(𝐻 − 𝑙)(𝑤1 + 𝑤2)

𝑛𝐸𝑡𝑤1
2𝑤2

2  (4) 

∆1=
3𝑀𝑝(𝐻 − 𝑙)2

𝑛𝐸𝑡

𝑤1 + 𝑤2

𝑤1
2𝑤2

2  (5) 

where 𝑤2 is the larger width of the plates tapered to the 

width of 𝑤1 at the fuse section, and 𝐸 is elastic modulus 

of steel. The column deformation ∆2  is equal to 
𝐹𝑙3

12𝐸𝐼𝑐
 

where 𝐼𝑐 is the moment of inertia of the column section. 

By using the damper yield capacity and the deformation 

corresponding to the yield displacement, the elastic stiffness 

of the damper can be determined. 

The third component required for characterizing the 

behavior of steel column damper is the hysteretic behavior 

which is similar to the constitutive material models for 

structural steel. More details on the hysteretic behavior of 

the damper are given in the next part regarding the 

analytical model and simulation of the experimental test. 

 

2.3 Analytical model 
 
The pros and cons of macromodels in comparison with 

detailed finite element models for steel members have been  

 

 

evaluated previously (Usefi et al. 2018). Although the 

behavior of the developed damper can be sufficiently 

modeled using a detailed finite element model, the 

macromodel of the damper needs to be developed to 

implement the damper in analysis model of structures. The 

damper model described in this paper is based on the earlier 

study (Javidan and Kim 2020a), which is further refined 

based on the test conducted in this study. 

The macromodel of the damper shown in Fig. 2(c) can 

be established using elastic elements and nonlinear 

rotational springs for the fuse sections which can be easily 

implemented in any well-known structural software 

program. The damper is modeled using eight nodes, five 

elastic elements, and two nonlinear rotational springs in the 

OpenSees platform (Mazzoni et al. 2006). The column is 

modeled using the elasticBeamColumn element, whereas 

the fuse parts are modeled as semi-rigid elements using 

elastic elements with a large moment of inertia. Each fuse 

section is modeled using two nodes at the plastic hinge 

location while their translational degrees of freedom are 

constrained using a bar-type rigidLink. Their rotational 

degrees of freedom are constrained using nonlinear 

rotational springs with the zeroLength element. The Steel02 

material or Hysteretic material can be used for the in-plane 

actions with specified details in the previous section while a 

negligible elastic stiffness can be considered for the out-of-

plane actions. It was previously shown and verified that the 

Steel02 material, which follows the Giuffré-Menegotto-

Pinto model (Menegotto and Pinto 1973), can sufficiently 

capture the hysteretic behavior of the damper (Javidan and 

Kim 2020a). However, it was observed in this experimental 

study that there can be pinching behavior and deterioration 

due to the crack closures in the damper-structure 

connection. Thus, the Hysteretic material is also presented 

additionally in this study which can model the strength 

degradation and stiffness deterioration using pinching and 

degradation parameters. These parameters are explained and 

calibrated using the experimental data for further use in the 

next section. 

In order to calibrate the nonlinear rotational springs 

 
(a) Overall configuration (b) Free body diagram (c) Analytical model in OpenSees 

Fig. 2 Modeling of column damper 
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using either of the Steel02 or Hysteretic materials, the yield 

moment 𝑀𝑝 is determined from Eq. (2) and the rotational 

stiffness is obtained using the yield displacement from Eq. 

(3). By calculating the yield displacement due to the fuse 

part and dividing it by 𝑙, the corresponding yield rotation of 

the fuse section is obtained. Given the yield moment 𝑀𝑝 

and the yield rotation 𝜃 , the elastic stiffness of the 

nonlinear rotational springs can be obtained. 

 

 

3. Cyclic loading tests of RC frames 
 

In order to verify the efficiency and energy dissipation 

capability of the proposed damper, two identical one-story 

one-bay RC frames are tested with and without seismic 

retrofit using the column damper. In this section, the details 

of the frame and the damper are described first. Next, the 

test setup, configuration, and the test procedure are 

described. The test results and the analytical simulation are 

compared in the next section. 

 

3.1 Details of RC frame and column damper 
 

In the present research, two single-story RC frames with 

 

 

 

identical details are prepared for the cyclic loading test. The 

reinforcement details of the frames are based on typical 

non-seismically designed RC structures in Korea which is 

used as a benchmark structure. The reinforcement details, 

configuration of the frames, and the applied dampers are 

shown in Fig. 3. The floor-to-floor height of the frame is 

3100 mm and the length of the bay is 3200 mm. The 

columns are connected to a lower stub which is anchored to  

the strong floor and provides a fixed base. The overall 

height of the frame considering the lower stub is 

3700 mm. The beam was designed not to fail before the 

columns to represent the behavior of a typical soft-story 

structure. The average yield strength of steel rebars 

obtained from tensile test of three specimens is 457 MPa 

and the average 28-day compressive strength of concrete is 

30  MPa . The reinforcement details and cross-sectional 

dimensions are summarized in Table 1. 

Considering the limitations on the connection capacity 

and dimensions, the dampers were designed with a nominal 

capacity in the order of 70 kN. An H-shaped 250 × 250 

section with the length of 1780 mm was used as the steel 

column, which has an elastic section modulus large enough 

to experience small elastic deformation before plastic hinge 

formation in the fuses. Each fuse part of the damper  

 
Fig. 3 Details of tested one-story RC frame and applied column dampers 

Table 1 Cross sectional details of the test frame 

Element 
Dimensions 

(mm×mm) 
Longitudinal Transverse 

Column 350×500 10 D22 D10 @ 265 mm 

Lower stub 1000×600 45 D22 D10 @ 150 mm 

Beam 500×700 
Top Bottom 

D10 @ 265 mm 
4 D22 4 D22 

498



 
Experimental study on steel hysteretic column dampers for seismic retrofit of structures 

 

 

 

consists of 𝑛 = 4  steel plates with a tapered section 

varying from 𝑤2 = 250 mm to 𝑤1 = 125 mm  for the 

designated yield point at the mid-height. The steel plates 

have a thickness of 𝑡 = 15 mm . The average yield 

strength and the elastic modulus of the plates are 

respectively 304 MPa and 2.01 × 105 MPa, which were 

obtained from three steel coupon tests. The overall height of 

the dampers is 2400 mm  

and the distance between the two fuse sections is 

2090 mm. These details give the yield force of 68 kN 

and the yield displacement of 10 mm. 

Two column dampers were applied to the RC frame for 

retrofit right beside the existing columns. The exact location 

of rebars was found using non-destructive tests and the 

column dampers were connected to the frame using six 

M16 chemical anchors at each side of the connection plates 

with the dimension of 500 × 740 (mm × mm). 
 

3.2 Test setup and equipment 
 
The seismic performance of the bare RC frame and the 

frame retrofitted with column damper was evaluated using 

displacement-based cyclic loading tests following ACI 374 

(2005). The instrumentation and configuration of the test 

setup are depicted in Fig. 4. The lateral displacements were 

applied using a 2000 kN hydraulic actuator and the force-

displacement data were measured using the depicted load 

cell and the linear variable differential transformers 

(LVDTs) placed at the beam and the lower stub. No specific 

displacements were measured at the lower stub connected to 

the strong floor using the LVDT. As can be seen in Fig. 4, 

the out-of-plane movement of the RC frame was restrained 

using a steel frame connected to the strong floor. The photo 

from the test setup and the RC frame retrofitted with the 

column damper is shown in Fig. 5. 

 

 

The applied loading protocol is shown in Fig. 6. 

According to ACI 374 (2005), each step of the loading 

protocol should consist of three cycles where the range of  

initial drift ratios should be within the linear elastic 

response of the frame and subsequent steps should have a  

 

 

 
Fig. 5 Test setup of RC frame retrofitted with column 

damper 

 

 
Fig. 6 Applied loading protocol 

 
Fig. 4 Details and configuration of test setup 
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drift ratio greater than 1.25 times and less than 1.5 times the 

drift ratio at the previous step. It was assumed that the 

frame shows a behavior within the linear elastic response 

range up to the drift ratio of 1% and the target collapse 

prevention limit state corresponds to a drift ratio of 2%. 

Accordingly, it was tried to define the loading protocol 

based on ACI 374 and fractions of 2% target drift ratio. 

 

 

4. Test results and discussion 
 
4.1 Hysteretic behavior 
 
The force-displacement hysteresis responses of the frames 

are shown in Fig. 7(a), where it can be observed that the 

average maximum capacity of the bare frame for the positive 

and the negative directions is 354 kN corresponding to the 

average drift ratio of 1.2%. The average maximum capacity for 

the retrofitted frame is 518 kN corresponding to the average 

drift ratio of 2.1%. Overall, the strength and ductility of the 

retrofitted frame are higher compared to the bare frame. It was 

observed that the damage in the retrofitted frame was more 

widely distributed in both columns compared to the bare 

frame. As a result, the test was continued till half of the 7th step 

where extensive damage was observed in the retrofitted frame. 

The test was stopped for the bare frame after the first cycle of 

the 4th step corresponding to the 3% drift ratio. 

The cumulative dissipated energy of the two frames 

corresponding to the number of loading cycles is calculated 

using the force-displacement data of the actuator and is 

depicted in Fig. 7(b). It is observed that there is a 96% increase 

in the cumulative dissipated energy of the retrofitted frame 

compared to the bare frame at the end of the 10th cycle which 

is the first cycle of the 3rd step corresponding to the 3% drift 

ratio. At the end of the test of the retrofitted frame, the 

dissipated energy is 7.4 times higher than that of the bare 

frame. 

 
4.2 Crack formation and failure mechanism 

 

At the end of each step of the loading protocol, the cracks 

were marked on the RC frames to identify the crack 

propagation and failure mechanism. Fig. 8 depicts the crack 

patterns for the bare and the retrofitted frames at the end of 2nd 

step corresponding to 1.0% drift ratio, which is the last step 

before the final failure of the bare frame. No significant 

differences can be observed between the crack patterns of the 

frame before and after the retrofit. The horizontal cracks, 

especially those at the ends of the columns visible at the side 

views are due to flexure, and the diagonal cracks are due to 

shear or flexure-shear. Both frames experienced flexural-shear 

failure of the column at the opposite side of the actuator. No 

crack was observed in the first story beam, except at the 

damper-frame connection in the retrofitted frame. 

Fig. 9 depicts the damage states of the RC frames at the end 

of the 3rd step corresponding to 2.0% drift ratio. This was the 

final loading step for the bare frame in which major diagonal 

crack formed in the column, whereas cracks were more evenly 

distributed in the retrofitted frame. 

The onset of fuse fracture was observed at the 6th step 

with the drift ratio of 5.0% which corresponds to the lateral 

displacement of 155 mm and the ultimate fuse rotation of 

𝜃𝑢 = 𝛥 𝑙⁄ = 155/2090 = 0.074 rad. The fracture of the 

fuse section at the end of the 6th step is shown in Fig. 10. 

The yield displacement of the damper is 10 mm which 

corresponds to the fuse rotation of 𝜃𝑦 = 𝛥 𝑙⁄ = 10/2090 =

0.005 rad. Hence, the ductility of the damper is in the 

order of 𝜃𝑢 𝜃𝑦⁄ = 15  and the damper shows a stable 

hysteretic behavior up to large displacements without 

significant strength degradation. 

 

4.3 Analytical simulation of the test 
 
The analysis models of the test frames are developed in 

the OpenSees software to validate the test results and to 

delve more deeply into the behavior of the frames. It is 

attempted to keep the modeling approach as simple as 

possible to obtain analysis models with high efficiency and 

accuracy without convergence problem. Fig. 11 shows the 

schematic representation of the analytical model for 

simulation of the test. Since the beam showed elastic 

behavior without any visible crack during the experiment, it 

is modeled using the elasticBeamColumn element. The 

elastic modulus of concrete is obtained equal to 2.57 × 104 

following ACI 318-M14 (2014) as 

𝐸𝑐 = 4700√𝑓𝑐
′ (6) 

 

 

 
(a) Force-displacement curve 

 
(b) Cumulative dissipated energy 

Fig. 7 Results of cyclic loading tests for bare and 

retrofitted frames 

500



 
Experimental study on steel hysteretic column dampers for seismic retrofit of structures 

 

 

 

 

 
Fig. 10 Onset of fuse fracture at the end of 6th step 

corresponding to 5.0% drift ratio 

 

 

where 𝑓𝑐
′  is the compressive strength of concrete. The 

columns are modeled using nonlinear rotational zeroLength 

elements with the Hysteretic material model. Due to the 

high stiffness of the beam compared to the columns, the 

column height is considered equal to its unsupported length 

of 2400 mm. 

 

 

 

 
Fig. 11 Schematic representation of analytical model for 

simulation of the test in OpenSees 

 

 

To calibrate the nonlinear rotational springs of the 

columns, the yield moment of the springs 𝑀𝑦 is obtained 

using the section analysis equal to 201 kN. m. The 

corresponding rotation is calculated by using the elastic 

stiffness of the column under shear story behavior and 

considering an inflexion point at its mid -height. By 

determining the yield moment and rotation, the other 

envelope characteristics, i.e., ductility, post yield stiffness 

ratio, and the residual strength, can be estimated following 

ASCE 41-13 (2013) and the experimental data. These  

  
(a) Bare frame (b) Retrofitted frame 

Fig. 8 Crack formation at the end of 2nd step corresponding to 1.0% drift ratio 

  
(a) Bare frame (b) Retrofitted frame 

Fig. 9 Failure of tested RC frames at the end of 3rd step corresponding to 2.0% drift ratio 
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parameters along with the pinching parameters of the 

Hysteretic material are obtained and calibrated as shown in 

Fig. 11. The shear forces corresponding to the shear failure 

of the column and the formation of plastic hinges are 

calculated and the effects of shear are considered implicitly 

in the backbone curve. 

The hysteretic of behavior of the bare frame under the 

considered loading protocol is compared with its analysis 

model in Fig. 12(a). It is seen that the analytical results are 

in good agreement with the experimental hysteresis curve 

and the analysis model can be used for further analysis.  

Since cracks are observed in the damper-structure 

connections, the nonlinear rotational springs of the fuse 

sections are modeled using the Hysteretic material instead 

of Steel02. The envelope curve which relates to the elastic 

stiffness and the yield capacity remains the same. The only 

difference is within the unloading and reloading branches of 

the hysteresis curve, which can be better controlled using 

the pinching parameters of the Hysteretic material 

compared to Steel02. These parameters are calibrated as 

𝑝𝑥 = 0.2, 𝑝𝑦 = 0.4, and 𝛽 = 0.5 for the column dampers 

considering the imperfections and crack closures in the  

 

 

 

damper-structure connection. The hysteretic behavior of the 

retrofitted frame and its analysis model is compared in Fig. 

12(b). It can be observed that the analysis model of the 

structure and the damper can reproduce the hysteretic 

behavior of the retrofitted RC frame quite well. As the beam 

is modeled using elastic element in both bare and the 

retrofitted frames and the results are in a very close 

agreement, it is understood that the beam remains almost in 

the elastic range. The effects of local cracks in the damper-

structure connection can be properly accounted for using 

pinching parameters. 

 

 

5. Application to case study structure 
 

5.1 Details of the structure and the earthquake 
records 

 
The case study structure is a three-story commercial 

building built in the 1970s without taking the seismic loads 

into consideration. The plan layout of the structure, cross-

sectional dimensions, and reinforcement details are shown in  

  
(a) Bare frame (b) Retrofitted frame 

Fig. 12 Comparison between experimental and analytical results 

  
(a) Bare frame (b) Dimensions and reinforcement details 

of sections 

Fig. 13 Details of case study structure 
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Fig. 13. The compressive strength of concrete and the yield 

strength of steel are 18 MPa and 300 MPa, respectively. 

The first story height is 3.6 m and the height of the other two 

stories is 3.0 m. The dead and the live loads are respectively 

5.4 kN m2⁄  and 4.0 kN m2⁄  and the story mass is 

228 ton . The three-dimensional analysis model of the 

structure is developed in OpenSees. The beam-column 

elements are modeled using the nonlinear force-based elements 

with fiber sections and five integration points per elements. 

The concrete and steel for reinforcement rebars are modeled 

using Concrete01 with zero tensile strength and Steel02, 

respectively. The accuracy of this modeling approach and its 

capability of capturing nonlinear behavior of structural 

elements have been verified in previous studies (Amini et al. 

2018, Shayanfar and Javidan 2017). The rigid diaphragm 

constraint is applied to the nodes at each story level and the 

story mass is assigned to the center of mass. 

In order to investigate the seismic performance of the 

structure, twenty-two pairs of far-field earthquake ground 

motion records are obtained from the PEER NGA database  

(2014) to employ in different analyses as recommended in 

FEMA P695 (2009). The square root of the sum of the squares  

 

 

 

(SRSS) of the record pairs are scaled to the site response 

spectrum for the design basis earthquake (DBE) hazard at the 

fundamental period of the structure (Kreslin and Fajfar 2010). 

The structure was located on site class SD with the average 

shear wave velocity between 180 m s⁄  and 360 m s⁄  on 

the upper 30 m of the soil. The response spectrum follows 

the Korean Building Code (KBC 2016) with the spectral 

acceleration of 𝑆𝐷𝑆 = 0.5 g at short periods and 𝑆𝐷1 =
0.29 g at the period of 1 s, which corresponds to the 10% 

exceedance probability in 50 years. The DBE level spectrum 

and the response spectra of the twenty-two pairs of scaled 

earthquake ground motion records are shown in Fig. 14. 

 

5.2 Seismic retrofit design of the structure 
 
In order to investigate the seismic performance of the 

structure and find the preliminary number of dampers to satisfy 

a given performance target point, the structure is evaluated 

using pushover analysis following ATC-40 (1996). The 

pushover curve of the structure in the fundamental mode shape 

of structure, i.e., x-direction, is obtained and drawn along with 

its idealized bilinear curve in Fig. 15(a). The ultimate capacity  

 

Fig. 14 DBE level spectrum according to KBC (2016) and SRSS of twenty-two pairs of scaled earthquake ground motion 

records at period of structure 

  
(a) Pushover curve (b) Evaluation of performance point 

Fig. 15 Seismic performance evaluation of the structure using capacity spectrum method 
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of the structure is 1,121 kN  and the yield strength of 

structure is 1,070 kN after idealizing the pushover curve, 

which is 16% of the seismic weight. The idealized capacity 

curve for the multi-degree-of-freedom structure is transformed 

to the equivalent single-degree-of-freedom system and is 

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

The transformation is made using the mode shape of 𝜙𝑇 =
[1.0, 0.78, 0.48], modal participation factor of 𝛤 = 1.23, 

and the modal mass coefficient of 𝛼 = 0.93, following the 

capacity spectrum method (CSM). The structure is expected to 

experience a displacement demand equal to the performance 

point 𝑑𝑝 where there is a 5% inherent damping and hysteretic 

damping due to the nonlinear deformation. The hysteretic 

damping of structure is denoted by 𝜅𝛽0  where 𝜅  is a 

coefficient allowing for the imperfection and degradation in 

hysteresis loops and is obtained based on the structure type.  

The sum of these damping sources along with the energy 

dissipation devices is called the effective damping ratio 𝛽𝑒𝑓𝑓 . 

The performance point 𝑑𝑝 can be found as the point where 

the reduced demand spectrum using 𝛽𝑒𝑓𝑓  intersects the 

capacity spectrum corresponding to this effective damping 

ratio. 

It is assumed that the case study structure has structural 

behavior type C following ATC-40 which means that primary 

structural elements are below average and show severely 

pinched and degraded hysteretic behavior. The performance 

point 𝑑𝑝 of the structure before retrofit is obtained equal to 

204 mm for the MCE (maximum considered earthquake) 

hazard level as shown in Fig. 15(b). The top displacement of 

the multi-degree-of-freedom structure is obtained equal to 

251 mm which corresponds to the maximum interstory drift 

ratio of 3.3%, determined using the mode shape vector. More 

 

 

detailed information on calculated 𝛽𝑒𝑓𝑓 , 𝜅𝛽0 , and period at 

performance point 𝑇 are shown in Fig. 15(b). 

In order to make a preliminary approximation of number of 

dampers, it is assumed that there is a negligible change in the 

capacity spectrum after retrofit using passive dampers and the 

demand spectrum is reduced by the damping ratio. Hence, the 

new performance point which satisfies the limit state of 2% is 

obtained equal to 𝑑𝑝 = 121 mm, corresponding to the top 

displacement of 148 mm. As depicted in Fig. 15(b), the 

effective damping ratio before retrofit is 𝛽𝑒𝑓𝑓 = 23% which 

needs to be increased to 35% to achieve the considered 

performance point. 

The structure provides a damping ratio of 5% + 𝜅𝛽0 =
21% at the considered target performance point. The required 

remaining 14% damping is provided by the dampers which can 

be calculated based on ASCE 41-13 (2013) as follows 

𝛽𝑒𝑓𝑓 = 5% + 𝜅𝛽0 +
∑ 𝑊𝑗𝑗

4𝜋𝑊𝑘

 (7) 

where 𝑊𝑗 is the work done by jth damper in one complete 

cycle which is equal to the area inside the hysteresis curve. 𝑊𝑘  

is the maximum strain energy which is the potential energy  

stored in the structure at the performance point determined as 

𝑊𝑘 =
1

2
∑ 𝐹𝑖

𝑖

𝛿𝑖 (8) 

where 𝐹𝑖 is the imposed lateral load at 𝑖th reactive weight 

and 𝛿𝑖 is the corresponding displacement. These parameters 

can be obtained using the lateral forces and the story 

displacements at the performance point. 

 
(a) Before retrofit (b) After retrofit 

Fig. 16 Seismic performance of structure in terms of maximum interstory drift ratios 
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(a) RSN68-San Fernando (b) RSN174-Imperial Valley 

Fig. 17 Top displacement time history of structure before and after retrofit 

Table 2 Details of seven earthquake ground motion records for safety assessment 

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 

   

(a) Upper fuse (b) Lower fuse 
(c) Lateral force-displacement curve of 

the damper 

Fig. 18 Hysteretic behavior of the damper placed at right side of the column (X4,Y2) subjected to the RSN68-San Fernando 

earthquake 
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The number of dampers is approximated using the 

aforementioned procedure and the behavior of the column 

dampers observed in the test. It is estimated that eight dampers 

applied to the structure at the first story can provide the 

required damping. Considering that two dampers can be 

applied in each bay and it is better to place the dampers 

symmetrically in both inner and outer frames, six bays are 

considered to be on the safe side. The dampers are applied to 

the analysis model of the structure along the x-direction, two 

bays in each of outer frames of Y1 and Y3-Y4, and two bays in 

the inner frame of Y2, inside of bays X3-X4 and X4-X5. The 

seismic performance of the structure before and after retrofit is 

evaluated in detail and the retrofit scheme is validated using 

nonlinear time history analysis. 

 

5.3 Seismic performance of the structure before and 
after retrofit 
 
The seismic safety of the structure for the MCE level is 

evaluated using seven records from the mentioned suite of 

earthquake records in accordance with ASCE 41-13 (ASCE 

2013). The details of these records such as peak ground 

acceleration (PGA), rupture distance (𝑅𝑟𝑢𝑝), and average shear 

wave velocity from the surface to the depth of 30 m are 

summarized in Table 2. The maximum interstory drift ratios 

are shown in Fig. 16(a) and it is seen that the first story is more 

critical and the structure shows a kind of soft-first-story 

behavior. The maximum interstory drift ratios at the first story 

are between 2.6% and 7.6% with a mean and a median value 

of 3.8% and 4.3%, respectively. This result is consistent with 

the interstory drift ratio of 3.3% obtained from the pushover 

analysis. The maximum drift ratio of 2% is considered as the 

collapse prevention limit state, which is not satisfied by the 

structure before retrofit. 

The retrofitted structure is evaluated under the same seven 

ground motion records used for the evaluation of the bare 

frame. The maximum interstory drift ratios of the structure 

after retrofit are shown in Fig. 16(b). It is seen that the 

maximum interstory drift ratios are between 1.4% to 2.6% with  

the median and mean values respectively equal to 1.7% and 

1.9%, which satisfy the limit state of 2%. It is observed in Fig. 

 

 

 

16(b) that the interstory drifts are distributed more evenly in 

the retrofitted structure. 

It can be observed that the proposed device can be easily 

designed and can protect the structure against the critical 

earthquakes. As mentioned earlier, there are conventional or 

simple retrofit methods like steel jacketing (Bahrani et al. 

2019) or FRP composites (Ilki et al. 2008). Although these 

methods can prevent the shear failure of columns and increase 

the strength of the structure, they might not be able to provide 

enough damping and stiffness to satisfy the desired 

performance of structures. The capacity of the developed 

damper can be easily increased by only adding more steel 

plates, which can make this device a cheap retrofit technique.  

As an example, the top displacement time histories of the 

structure before and after retrofit are compared in Fig. 17 for 

the RSN68-San Fernando and RSN174-Imperial Valley 

earthquakes. It can be observed that the maximum 

absolutedisplacement in the x-direction is reduced from 205 

mm to 103 mm for the RSN68-San Fernando earthquake and 

from 115 mm to 75 mm for the RSN174-Imperial Valley 

earthquake. The residual displacements before and after retrofit 

are respectively 38 mm and 0.5 mm for the RSN68-San 

Fernando earthquake and 16 mm and 1 mm for the RSN174-

Imperial Valley earthquake, respectively. 

The energy dissipation of the dampers is controlled by 

checking the hysteretic behavior of the fuse section springs and 

the lateral-force deformation curve of the damper. The 

aforementioned results under the RSN68-San Fernando 

earthquake are depicted in Fig. 18 for the damper placed at the 

right side of the column (X4, Y2), which is approximately at 

the center of the plan. The hysteretic behaviors of the upper 

and lower fuses are depicted in Figs. 18(a) and 18(b), 

respectively. According to the results, the yield moment is 

obtained as expected and the rotation corresponds to the 

interstory drift ratio. The lateral force and displacement of the 

damper are shown in Fig. 18(c), and the results are consistent  

with the calculations. The cumulative energy dissipation of the  

applied dampers is calculated for each earthquake record using 

the area inside these hysteresis curves, and is plotted against 

the time in Fig. 19. The amount of dissipated energy under 

these seven earthquakes are between 32 kJ and 163 kJ which  

 
Fig. 19 Cumulative energy dissipation of all dampers subjected to the selected seven earthquakes 
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are obtained for the RSN900-Landers and the RSN174-

Imperial Valley earthquakes, respectively. 

 

5.4 Seismic fragility of the structure before and after 
retrofit 
 
The seismic performance of the bare and retrofitted 

structures is assessed in more detail using the incremental 

dynamic analysis (IDA) and fragility analysis. The 22 pairs of 

the records scaled at the fundamental period and shown in Fig. 

14 are scaled to different spectral accelerations from 0.2 g to 

3.0 g with an incremental step of 0.2 g. The structure is 

analyzed before and after retrofit under this suite of ground 

motion records and the maximum interstory drift ratios are 

plotted against the spectral acceleration in Fig. 20. It is 

observed that there is no considerable change in the median 

IDA curve for small spectral accelerations where the structure 

still does not enter into nonlinear region. As the spectral 

acceleration of the ground motion records is increased, the 

difference between the median IDA curves of the bare and the 

retrofitted structures becomes more evident. 

By using the IDA curves, it is possible to obtain the seismic  

fragility which is the probability that the interstory drift ratio 

demand 𝐷 exceeds the limit state capacity 𝐶, given the 

spectral acceleration 𝑥 as seismic intensity 𝑆𝐼 (Celik and  

 

 

 

Ellingwood 2009) 

𝑃[𝐶 < 𝐷|𝑆𝐼 = 𝑥] = 1 − 𝛷[
ln(�̂� �̂�⁄ )

𝛽𝑇𝑂𝑇

] (9) 

where 𝛷[. ]  is standard normal cumulative distribution 

function, �̂� is median structural capacity associated with the 

limit state, �̂� is median structural demand, and 𝛽𝑇𝑂𝑇  is total 

system collapse uncertainty allowing for uncertainties in 

demand, capacity, and modeling. The total system collapse 

uncertainty is considered to be 𝛽𝑇𝑂𝑇 = 0.6 following FEMA 

P695 (2009). 

The fragility curves of the bare and the retrofitted structures 

for the limit states of 1.5%, 2.0%, and 2.5% interstory drift 

ratios are plotted in Fig. 21. It can be observed that before 

retrofit the median failure intensities which correspond to the 

50% failure probability are 0.92 g, 1.10 g, and 1.27 g for the 

1.5%, 2.0%, and 2.5% limit states, respectively. These values 

are increased to 1.21 g, 1.54 g, and 1.84 g after retrofit, 

respectively. It is seen that the increase in the median failure 

intensity becomes larger for higher limit states which means 

that the retrofit strategy can prevent reaching the limit states 

under more severe conditions. As shown earlier, the median 

maximum interstory drift ratio under the seven earthquakes 

scaled to the MCE hazard level is reduced from 3.8% to 1.7% 

            
(a) Before retrofit (b) After retrofit 

Fig. 20 IDA curves of the structure 

 
Fig. 21 Fragility curves of the case study structure before and after retrofit 
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after retrofit. Moreover, it should be noted that the bare 

structure might reach the global instability under three out of 

the seven ground motion records. These records are RSN1244-

Chi-Chi, RSN68-San Fernando, and RSN900-Landers with 

maximum interstory drift ratios more than 5% and the average 

of 6%. However, the maximum interstory drift ratios under 

these three critical records are limited to the maximum of 2.9% 

and the average of 2.1% after the retrofit. Therefore, the 

implemented retrofit strategy can efficiently protect the 

structure from global instability and seismic damage under 

major earthquakes. 

 

 

6. Conclusions 
 

In this research, the seismic performance of a recently 

proposed steel column damper was further studied using cyclic 

loading tests of two one-story one-bay RC frames before and 

after retrofit. This damper consists of one steel column 

member and two fuse parts composed of several steel plates 

with reduced sections. The fuse sections yield under in-plane 

bending moments and dissipate seismic energy when the 

damper is subjected to lateral displacements. The dampers 

were installed in a single-story RC frames and were tested 

under cyclic loading. The details of the experiments were 

described and the results such as, hysteretic behavior, failure 

mechanism, crack formation were discussed. The experiments 

were simulated using the OpenSees software and the analytical 

model of the damper was verified by comparing the analytical 

and experimental results. The efficiency and capability of the 

developed damper were further studied by applying to seismic 

retrofit of a case study structure. 

The experimental results showed that after the installation 

of the proposed dampers, the maximum strength, ductility, and 

the energy dissipation capacity were significantly enhanced. It 

was also observed that the numerical simulation using the 

analysis model and the test results were in good agreement. 

The preliminary seismic retrofit design procedure based on the 

capacity spectrum method turned out to be effective in 

determining the required number of dampers for a three-story 

case study structure. The experimental and analytical study 

carried out in this research confirmed that the proposed damper 

can be applied effectively to improve the seismic performance 

of structures. 
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