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1. Introduction  
 

These days many low-rise residential buildings in urban 

areas are designed in such a way that the first story is 

composed mostly of columns and the upper stories have 

only shear walls located between apartment units, which 

makes these buildings typical soft-first story structures. 

Many of these buildings have an eccentrically located core 

shear wall, making these buildings vertically and plan-wise 

irregular. The plan-wise irregularity produces an increased 

torsional response and uneven lateral deformation demand 

in structural members during an earthquake. The 

vulnerability of these structures was demonstrated in the 

2017 Pohang earthquake in Korea, in which many soft first-

story buildings were severely damaged. To make matters 

worse, many of these structures were not designed for 

seismic load, because they were built before seismic design 

code was enforced.  

Previous studies proposed many different seismic 

retrofit techniques for structures. For example, Sahoo and 

Rai (2013) proposed a chevron brace connected to 

aluminum shear links for seismic retrofit of a soft first-story 

structure. The energy dissipated by the shear links 

decreased the drift response and consequently reduced the 

probability of collapse. Agha Beigi et al. (2015) proposed a 

gapped-inclined brace system added to the first story 

columns, which reduced the collapse probability by 
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enhancing the displacement capacity of the structure. Kim 

and Jeong (2016) proposed a performance-based design 

procedure for applying steel plate slit dampers for seismic 

retrofit of asymmetric structures. Naeem and Kim (2018) 

developed a seismic retrofit design process using damped 

cable systems. Mohammadi et al. (2019, 2020) proposed a 

composite buckling restrained fuse to increase the ductility 

of a braced frame. Javidan and Kim (2019) used a pin-

jointed steel frame with rotational friction dampers at the 

corners, which dissipated seismic energy and reduced the 

inter-story drift. Alam et al. (2020) applied a viscoelastic 

damper to a tall asymmetric structure and reduced the inter-

story drift with supplemental damping. Yousef-beik et al. 

(2020) proposed an improvement of conventional timber 

brace by introducing a self-centering friction connection 

that improves the inelastic behavior of the brace. 

Azandariani et al. (2021) studied dual-ring damper systems 

that increases the hysteresis behavior and performance of a 

steel ring dampers. Several studies also proposed different 

yielding dampers for seismic retrofit of structures (Kim 

2019, Gholami et al. 2021, Azandariani et al. 2021, Rousta 

et al. 2021, Noureldin et al. 2021) 

Selecting appropriate number, capacity, and locations of 

seismic retrofit device affects the seismic retrofit cost of an 

existing structure, which is especially important when the 

cost of the retrofit is very high. Studies on the optimal 

distribution of dampers for asymmetric structures were 

carried out by numerous researchers. Kim and Bang (2002) 

proposed a plan-wise distribution of viscoelastic dampers 

based on modal characteristics to minimize the torsional 

response. Eldin et al. (2018) found the optimum location of 

slit dampers satisfying target displacement using genetic  
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algorithm (GA). In their study a method for story-wise 

damper distribution was proposed using the capacity 

spectrum method. The methodology used a single objective 

function based on the capacity of a damper with a constraint 

on structural performance. Most of the methodologies 

mentioned above are based on a one-story and one-bay 

structural model. The analysis used is either a nonlinear 

static or dynamic analysis with a single earthquake 

excitation. 

In recent years there has been a growing interest in 

using multi-objective optimization for seismic retrofit. Choi 

et al. (2014) proposed an optimal seismic retrofit method to 

jacket columns with fiber-reinforced polymer (FRP). The 

optimal method used structural performance and the retrofit 

cost as the objective function. Non-linear static analysis was 

used to determine the performance of the structure, and a 

two-dimensional three-story RC frame was used to show 

the effectiveness of the method. Kim et al. (2020) 

introduced an optimal seismic retrofit method using wing 

walls. The cost of losses incurred by earthquake damage 

and the total weight of wing walls were used as an objective 

function to find the optimal solutions. Puthanpurayil et al. 

(2020) adopted a multi-objective optimization for the 

design of linear viscous dampers for retrofitting framed 

buildings. The total cost of dampers and expected loss 

served as the two objectives, and a nonlinear time history 

analysis was run to compute the seismic performance. 

Many of the previous multi-objective methodologies use 

either a nonlinear static analysis or a dynamic analysis with 

a single earthquake excitation. As a result the accuracy of 

the optimization is reduced by excluding the uncertainty 

that comes with using different earthquake records. 

Additionally, they often combine the number and capacity 

of the damper as one objective, which decreases the design 

options available for seismic retrofit. Moreover, the multi-

objective methodologies are applied to a framed structure 

that cannot capture the plan-wise irregularity of asymmetric 

structures.  

In the present research, three optimization 

methodologies are developed to optimally retrofit a three-

dimensional structure with a soft first-story and plan-wise 

asymmetry. The applied methods have difference from 

previous studies in that multi-objective optimization 

problem of 3D asymmetric structure is solved based on the 

results of nonlinear dynamic analysis using seven 

 

 

earthquake records. The use of a three-dimensional 

structure increases the computational time for optimization 

significantly. In this study the model structure is efficiently 

modeled in each optimization step to reduce the analysis 

time. In addition, a simplified and practical optimization 

method is proposed based on minimizing plan-wise 

stiffness eccentricity without time consuming nonlinear 

dynamic analysis.  

The applied methods use the maximum inter-story drift 

ratio (MIDR) to determine the structure’s seismic 

performance. The first and the second methodology use a 

non-dominated sorting genetic algorithm (NSGA-II) with 

an objective function using nonlinear time history analysis. 

The first methodology computes the mean MIDR with a 

suite of seven earthquake records when running the 

optimization algorithm. In contrast, the second method uses 

a single earthquake record to find Pareto optimal solutions. 

Each solution is then validated using seven earthquake 

records to ensure that the code-specified limit state is 

satisfied. The third methodology finds the optimum 

distribution of dampers using a single objective genetic 

algorithm that minimizes the eccentricity between mass and 

stiffness centers. The effectiveness of the three 

methodologies is studied by comparing their optimal 

solutions and computational demands.  

 
 
2. Analysis model structure 

 
2.1 Structure details 
 

The example structure is a five-story reinforced concrete 

(RC) building with a soft first story, which is a typical low-

rise residential apartment building in Korea. It has load-

bearing walls above the second story and columns and 

beams on the first story. The structural system also includes 

a core wall located at the corner of the plan layout, creating 

a plan-wise asymmetry in both directions. Fig. 1 shows the 

plan and elevation view of the structure. Each story has a 

uniform height of 3.2 m, and the center to center distance 

between columns is non-uniform, increasing the 

eccentricity already created by the core wall. The structure 

is designed for a super-imposed dead and live load of 2 

kN/m2 and 2.5 kN/m2, respectively. The structural design 

was carried out based on the ACI (2005) for gravity loads  

 

  

 

 (a) Structural plan of the first story (b) 3D view  

Fig. 1 5-story analysis model structure with soft first-story 

678



 

Optimal seismic retrofit design method for asymmetric soft first-story structures 

 

 

Fig. 2 Analytical model of the case study structure 

 

 

based on the assumption that the structure was built before 

the seismic code was enforced. Therefore, it is expected that 

the structure lacks the seismic load-resisting capacity, and a 

retrofit technique is required to satisfy the limit state of 

current building codes. The compressive strength of 

concrete is 25 MPa, and the yield strength of reinforcing 

bars is 400 MPa. The columns have a cross-sectional 

dimension of 450×450 mm and are reinforced with 10𝜙16 

rebars. The reinforced concrete walls are 200 mm thick and 

are reinforced with two layers of 𝜙16@150 mm, and the 

floor slab is 250 mm thick. 

 

2.2 Analytical model 
 

Nonlinear analysis model of the example structure is 

made using OpenSees, an open-source finite element 

software framework (McKenna et al. 2010). A recently 

developed Python module, OpenSeesPy (Zhu et al. 2018), 

is used as a scripting language for modeling the structure in 

the Python integrated development environment, Pycharm. 

The analytical modeling is carried out focusing on reducing 

the analysis time required for genetic algorithm-based 

optimization. A concentrated plastic hinge model is used to 

capture the nonlinear behavior of the column elements, 

which significantly reduces the analysis time as compared 

to a distributed plasticity model and helps to avoid 

convergence problems associated with fiber sections. A 

‘wide-column analogy’ is used to model the upper shear 

walls and the core walls. This technique was first developed 

for planar walls (Clough et al. 1964, MacLeod 1973) and 

was later extended to model a U-shaped core wall (Beyer et 

al. 2008). The ‘wide-column analogy’ for modeling U-

shaped walls includes a vertical frame element at the center 

of each side of the wall connected by horizontal links 

distributed over the entire height of the vertical element. 

The specifications to determine the properties of the vertical 

frame elements, horizontal links, and horizontal link 

spacing can be found in Beyer et al. (2008). This modeling 

technique is computationally efficient as compared to 

modeling walls using shell elements. 

To further reduce the analysis time, elastic elements are 

used for the vertical frame elements of the ‘wide-column 

analogy’ in the upper stories assuming that the upper stories 

of the soft-first story structure remain elastic and all damage 

is concentrated in the first story when subjected to an 

 

 

Fig. 3 Fundamental mode shape of the model structure 

 

Table 1 Earthquake records used in the dynamic analysis 

Earthquake 

Name 
Station Name Magnitude 

Rjb 

(km) 
Mechanism 

Sequence 

No. 

Friuli Italy-01 Tolmezzo 6.5 14.97 Reverse 125 

Superstition 

Hills-02 

Poe Road 

(temp). 
6.54 11.16 Strike slip 725 

Loma Prieta Capitola 6.93 8.65 Reverse 752 

Superstition 

Hills-02 

Superstition 

hills 
6.54 18.6 Strike Slip 721 

SanFernando SanFernando 6.61 22.77 Reverse 68 

Imperial 

Valley-06 
Delta 6.53 22.03 Strike slip 174 

Imperial 

Valley-06 

El Centro 

Imp. Co. Cent 
6.54 12.56 Strike slip 721 

 

 

earthquake load. This assumption is based on previous 

studies that used similar structures (Javidan and Kim 2019, 

2020), which showed that the walls of the upper stories 

have negligible nonlinear responses during seismic actions.  

Fig. 3 shows the fundamental period (0.42s) and the 

mode shape of the structure, where the torsional 

fundamental mode shape demonstrates the plan-wise 

asymmetry of the structure. In addition, the concentration of 

lateral deformation at the first story indicates the existence 

of a soft first story irregularity. 

 

2.3 Seismic performance of the model structure 
 

Design guidelines generally recommend using seven or 

more earthquake record pairs for seismic performance 

evaluation of structures by time history analysis (ASCE 7 

2017). In this study, seven earthquake record pairs, shown 

in Table 1, are selected from the PEER NGA database 

(Ancheta et al. 2013) for seismic performance evaluation of 

the model structure. Following the guidelines of ASCE 7 

(2017), the selected records are scaled so that their mean  
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Fig. 5 Maximum inter-story drift of the model 

structure subjected to the seven selected earthquakes 

 

 

response spectrum matches the Korean maximum 

considered earthquake (MCE) design spectrum at periods 

ranging from 0.2T to 1.5T, where T is the fundamental 

period of the structure. Fig. 4 shows the target MCE design 

spectrum, response spectra of the selected seven earthquake  

 

 

 

 

records, and their mean response spectrum. 

In this study the seismic performance of the model 

structure was evaluated based on the maximum inter-story 

drift ratio (MIDR), which was measured at the top of the 

first story corner columns. Fig. 5 shows the maximum and 

average inter-story drift ratio of the model structure for the 

selected earthquake records. It can be observed that the 

average inter-story drift ratio exceeds 2%, which is 

considered to be the collapse limit state of the residential 

structure. The MIDR of each story indicates that the upper 

stories have very small inter-story drift with all damage 

concentrated in the first story. Consequently, the first story 

needs to be retrofitted to improve the seismic performance 

of the structure and to meet the code-specified performance 

limit state. In this study, the first story is retrofitted using 

story-high steel plate slit dampers (SSD). 

 
 
3. Steel slit dampers 

 

Steel slit dampers are known to behave stably under 

cyclic loads and dissipate large amount of energy 

(NourEldin et al. 2019). SSD uses plastic deformation of 

the vertical strips to dissipate the seismic energy. Fig. 6(a) 

depicts the configuration and the analytical model of a 

story-high steel slit damper made up of several vertical steel 

strips connected to a solid steel plate below and above 

them. The shear spring, which lies between the two elastic  

 

 

 

Fig. 4 Target MCE design spectrum and the response spectra of the seven earthquake records 

  

 

(a) Analytical model (b)Installation scheme 

Fig. 6 Steel slit dampers used in this study 
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elements and represents the behavior of the slits, is modeled 

with a zero-length element with an elastic perfectly plastic 

behavior. The stiffness and strength of elastic perfectly 

plastic materials are adjusted using the calculated stiffness 

and strength of the SSD. The elastic elements, which 

represent the steel plate above and below the slit part, are 

modeled as rigid elements (Naeem and Kim 2019). In 

addition, rotational springs located at the top and bottom of 

the shear spring have high rotational stiffness, so that the 

deformation of the SSD is mainly due to the shear spring. In 

this study, SSD is installed close to the face of the first story 

columns as shown in Fig. 6(b) in order to preserve the wide 

open space in the first story. 

The strength and stiffness of the modeled shear spring 

are equal to the yield strength and stiffness of the SSD, 

respectively. The in-plane stiffness of SSD is derived with 

an assumption of the vertical strips acting as series of fixed-

ended beams (Chan and Albermani 2008). Under this 

assumption, the in-plane stiffness subjected to a horizontal 

shear force can be obtained as follows 

𝐾𝑑 = 𝑐n
12𝐸𝐼

𝑙𝑜
3 = 𝑐n

𝐸𝑡𝑏3

𝑙𝑜
3  (1) 

where c=stiffness coefficient of the device expressed as a 

fraction of fixed end stiffness, n=number of strips, 

t=thickness of strips, b=width of strips, and lo=length of the 

vertical strip. The stiffness coefficient is considered to be 

0.3 based on the test of Chan and Albermani (2008). The 

plastic moment at the two ends of the vertical strips are 

calculated assuming an elastic-perfectly plastic behavior 

𝑀𝑝 = 𝜎𝑦

𝑡𝑏2

4
 (2) 

where Mp is the full plastic moment and σy is the yield 

strength of the steel. From the equivalence of the internal 

work, the yield force of the slit damper Py can be obtained 

as (Chan and Albermani 2008) 

𝑃𝑦 =
𝑛𝜎𝑦𝑡𝑏2

2𝑙𝑜

 (3) 

The yield force and the stiffness of the damper 

 

 

calculated using Eq. (3) and Eq. (1), respectively, are used 

to calibrate the properties of the shear spring in the 

analytical model. In order to apply SSDs for seismic retrofit 

of structures, it is necessary to determine the required yield 

strength, number, and locations of SSDs. The yield strength 

of slit dampers needs to be kept smaller than the failure 

strength of columns to prevent brittle column failure before 

yielding of the dampers.  

Slit dampers are mainly designed for in plane 

deformation; therefore they are applied in the two 

perpendicular axis of the plan so that they can resist the 

seismic force in both directions. Slit dampers are relatively 

thin and flexible in the out-of-plane direction, and can 

remain elastic for out-of-plane deformation (Javidan et al. 

2021). Also the out-of-plane or torsional deformation of the 

slit dampers can be decreased by locating the dampers in 

such a way that the eccentricity of the structure is reduced.    

 

 
4. Multi-objective optimization 
 

As the model structure is asymmetric both in x and y 

directions, finding optimal locations for the retrofit device 

is not obvious as in the case of symmetric structures. In 

addition, determining optimum yield strength and optimum 

number of slit dampers required to satisfy a given limit state 

is not an easy task by the conventional trial and error 

method. However, as the manufacture and installation of 

seismic retrofit devices are generally quite expensive, 

finding the optimum installation scheme is important to 

minimize the seismic retrofit cost.  

Genetic algorithm (GA) is an evolutionary algorithm 

inspired by natural selection that is widely used in various 

fields. GA starts by randomly generating a population of 

individuals, each represented as chromosomes (a sequence 

of genes), and then assigning a rank to each individual. This 

population is then transformed throughout a series of 

generations by applying basic genetic operators: selection, 

crossover, and mutation. A multi-objective optimization 

problem includes multiple objectives that need to be 

satisfied simultaneously, which are usually in conflict with 

each other. The result of the multi-objective optimization is  

 

Fig. 7 NSGA-II procedure 

681



 

Assefa Jonathan Dereje and Jinkoo Kim 

 

 

 

a solution set called the Pareto-optimal set, which includes 

solutions that are non-dominated to each other but are 

superior to the rest of the solutions in the search space. In a 

multi-objective optimization problem, the rank of a solution 

is determined by the concept of dominance. A solution is 

considered dominant if it is better in at least one objective 

and not worse than other solutions in all other objectives. 

NSGA-II is one of the most widely-used evolutionary 

multi-objective optimization algorithms (Deb et al. 2002). 

The algorithm starts by creating an initial population, which 

is combined with the offspring population and then sorted 

based on non-domination rank. The non-domination rank is 

obtained after identifying the non-dominated fronts that are 

mutually exclusive. Next, the crowding distance that 

measures the density of solutions surrounding a particular 

solution is calculated. Based on the rank and crowding 

distance of a solution, the parent solutions for the next 

generation are selected. A solution wins over the other if 

either the solution has a higher rank or has the same rank 

but a higher crowding distance. The NSGA-II procedure 

is summarized in Fig. 7. 
Recently, Pymoo, a multi-objective optimization 

framework, implemented NSGA-II in python (Blank and 

 

 

Deb 2020). In this study, this framework is used along with 

OpenseesPy to leverage NSGA-II for optimal seismic 

retrofit using a single programming language environment. 

The objective functions used for optimization include mean 

inter-story drift ratio (MIDR) of the retrofitted structure, the 

number of dampers, and the yield strength of the dampers to 

be installed. MIDR is related to the extent of damage to the 

structure, and the number of dampers is related to the cost 

needed to satisfy the given limit state. The following section 

discusses the methodologies applied to determine optimal 

seismic retrofit parameters.  

 

4.1 Optimization using seven earthquake records 
 

The optimization problem solved in this method is a 

constrained multi-objective optimization problem which is 

generally defined as 

Minimize: 𝑓1 =
∑ (𝑀𝐼𝐷𝑅)𝑛

𝑖=1

𝑛
 (4) 

Minimize: 𝑓2 = ∑ (𝑛𝑖)
𝑏
𝑖=1  (5) 

Minimize: 𝑓3 = 𝐹𝑦 (6) 
 

 
Fig. 8 Multi-objective optimization procedure for seismic retrofit developed in this study 
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Subjected to: 𝑀𝐼𝐷𝑅(%) ≤   𝐿𝑠 (7) 

0 ≤  𝑥𝑖  ≤ 𝑁𝑙 𝑁𝑦 (8) 

where f1, f2 and f3 are the objective functions which are the 

average MIDR, the total number of SSD, and the yield force 

of SSD installed in one location, respectively, and Ls is the 

constraint which is equal to the limit state for maximum 

inter-story drift provided in a design code. Nl is the 

available location for damper installation, and Ny is the 

number of available types of damper yield strength. The 

available types of damper yield strength depend on the 

manufacturer’ specification. xi is the input value to the 

optimization, and each xi is mapped to a possible 

combination of damper location and yield strength.  

In this study, the mean MIDR of the structure subjected 

to the seven earthquake records is used in the multi-

objective optimization procedure,. It is assumed that two 

dampers, one damper at each direction, are installed close to 

a column, and the number of locations available for damper 

installation is considered to be equal to the number of 

columns in the first story of the model structure. Based on 

the market survey on seismic retrofit devices, the available 

yield strengths of the slit dampers are considered to be 

75kN, 150kN, 225kN, and 300kN, which can be achieved 

by controlling the number, height, width, and thickness of 

the steel slit columns.  

For implementing the optimization problem in the 

optimization framework, a python function is defined which 

takes a single input variable (xi) and computes the objective 

function values. The function decomposes the input variable 

(xi) to find the location and define the yield strength and the 

number of dampers to retrofit the model structure. Then it 

computes the average MIDR of the retrofitted model 

structure by time history analysis using the seven 

earthquake records as recommended in design codes, which 

makes the function computationally intensive. Fig. 8 depicts 

the procedure of the proposed optimization method where 

the value of each individual in a generation is run using 

parallel processing to reduce computation time. The initial 

population size is 80, where the optimization algorithm is 

run for 15 generations with an offspring size of 24. A total 

of 3,080 nonlinear time history analyses of the model 

 

Table 2 Pareto optimal solutions 

Number of retrofit MIDR (%) Fy 

9 1.927 300 kN 

10 1.830 300 kN 

11 1.750 300 kN 

12 1.733 300 kN 

13 1.723 300 kN 

14 1.683 300 kN 

15 1.621 300 kN 

 

 

structure are run for the optimization using the selected 

seven earthquakes, which takes around 162 hours with Intel 

® Xeon CPU E5-2670 v3 @ 2.3 GHz. 

Fig. 9 (a) is a 3D plot of all Pareto-optimal solutions that 

satisfy the limit state and the rest of the dominated 

solutions. Fig. 9(b) shows the 2D projection of all solutions 

with the 2% limit state to show that all the Pareto-optimal 

solutions satisfy the limit state. The objective values of the 

Pareto-optimal solutions are shown in Table 2, where it can 

be observed that only the SSD with 300 kN yield strength 

satisfies the limit state when a pair of SSD is placed in each 

direction at each column location. It is assumed that the 

damper is placed in the x and y direction close to the 

column face to provide maximum open space in the first 

story for parking. Due to the similarity of the yield strength 

of the Pareto-optimal solutions, the selection of a single 

solution is based on the number of dampers. From the 

Pareto-optimal solutions, it can be observed that at least 9 

pairs of SSD are needed in optimal locations to satisfy the 

given limit state of the 2% drift ratio. The optimal locations 

of the 9 pairs of the dampers are depicted on the structural 

plan in Fig. 10, where it can be observed that the dampers 

are located farther from the core so that the stiffness 

eccentricity is reduced. As the mean response of the seven 

earthquake records required by the design code are used in 

the optimization process, no further validation is needed. 

 

4.2 Optimization using single earthquake record 
 

As the multi-objective optimization procedure using the 

seven earthquakes requires significant computational effort,  

 

 

 

 

 
(a) 3D plot of objective space including Pareto-

optimal solutions 

(b) 2D projection of dominated and Pareto-optimal 

solutions 
 

Fig. 9 Results of the multi-objective optimization 
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Fig. 10 Optimum locations of SSD obtained from 

multi-objective optimization 

 

 

it is attempted to simplify the optimization process by using 

only one earthquake record in the optimization process and 

check the validity of the optimization results using seven 

earthquakes afterward. In this way the number of nonlinear 

analysis required in the optimization process can be reduced 

to 1/7 of the first method. The optimization problem solved 

in the second method is an unconstrained multi-objective 

optimization problem defined as 

Minimize: 𝑓1 = 𝑀𝐼𝐷𝑅 (9) 

Minimize: 𝑓2 = ∑ (𝑛𝑖)
𝑏
𝑖=1  (10) 

0 ≤  𝑥𝑖  ≤  65535 (11) 

where 𝑥𝑖 is the possible combinations of slit damper  

 

 

locations, and 𝑛𝑖  is the number of dampers at each 

location. The parameter 𝑥𝑖  is changed to a binary digit 

where each bit (𝑛𝑖) corresponds to the presence of a damper 

at a location. In the given example structure, there are 16 

possible column locations for installation of the slit damper. 

Since xi starts from zero, the total possible combination of 

slit damper locations is 216−1=65535. 

Fig. 11 summarizes the simplified optimization 

procedure for seismic retrofit using SSD. The first step is to 

select a representative single earthquake record from the 

suite of records used to assess the seismic performance of 

the model structure. In this study, the Loma Prieta 

earthquake record is selected because it produces MIDR 

close to the average value. Then the optimization results 

that do not satisfy the given limit state can be safely 

dropped without proceeding to the next step. The second 

step includes selecting an appropriate yield strength of the 

damper followed by running multi-objective optimization 

genetic algorithm. Similar to the first method, parallel 

processing is used to compute the value of each individual 

in a generation. In this study, initial yield strength of 75 KN 

is used and increased if no optimal solution satisfying the 

limit state is found.  

The third step checks whether the optimal solutions 

found in the second step satisfy the given limit state using 

seven earthquake records as specified in the design codes. If 

no solution is found to satisfy the limit state, the second step 

is repeated with an increased yield strength of SSD. The 

initial population size is 80, where the optimization 

algorithm is run for 15 generations with a number of  

 

 
 
 

 

Fig. 11 Simplified multi-objective optimization procedure for seismic retrofit 
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offspring of 24. A total of 440 nonlinear time history 

analyses is run for a selected yield strength to run the 

optimization that takes around 23 hours. The third step is a 

validation process using seven earthquake records to check 

if the mean MIDR of the optimal solution satisfies the limit 

state.  

It is observed that the initial damper yield strength (75 

kN) fails to provide optimal results which satisfy the limit 

state as shown in Fig. 12(a); therefore, the yield strength is 

increased to 150 kN without proceeding to the validation 

step. Some of the optimization results of the 150 kN damper 

satisfy the limit state as shown in Fig. 12(b), and the 

solutions are checked if they satisfy the limit state using 

seven earthquake records in the third step. However, as 

shown in Fig. 13(a), the mean MIDR of all the optimal 

solutions obtained from dynamic analysis using the selected 

seven earthquakes (solid curve) turn out to exceed the 2% 

 

 

 

limit state. Therefore the yield strength is further increased 

to 300 kN, and the optimization results are plotted in Fig. 

12(c).  

Fig. 13(b) depicts the step 3 validation process of the 

optimal solutions for seismic retrofit with 300 kN SSD, 

where the optimal solutions with more than 9 damper 

locations have an average MIDR that satisfies the limit 

state. Therefore, optimal retrofit of the structure with 300 

kN damper at 9 locations is taken as the final optimal 

solution.  

Fig. 14 depicts the optimal locations of the 9 pairs of 

dampers determined by the simplified optimization 

procedure. Even though the optimum locations determined 

in this method are not the same with those obtained by the 

rigorous method depicted in Fig. 10, both solutions satisfy 

the given limit states using the same number of dampers. 

 

 

Fig. 12 Multi-objective optimization results using single record: (a) 75 kN yield strength SSD; (b) 150 kN yield 

strength SSD; (c) 300 kN yield strength SSD 

 
(a)                                            (b) 

Fig. 13 Validation of the optimization results using seven earthquake records: (a) 150 kN yield strength SSD; (b) 300 

kN yield strength SSD 
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Fig. 14 Optimum locations of SSD obtained using 

single earthquake record 

 
 
4.3 Eccentricity-based optimization 

 

It is observed in the previous sections that the optimal 

locations determined by the multi-objective optimization  

 

 

methods follow a pattern that reduces the mass-stiffness 

eccentricity of the structure. In this section, a single 

objective optimization procedure is developed to find 

optimal damper distribution patterns in such a way that the 

plan-wise stiffness-mass eccentricity is minimized. The 

optimization problem solved in this method is an 

unconstrained single-objective optimization problem which 

is defined as 

Minimize: 𝑓1 = 𝑒𝑖 (12) 

where f1 is the objective function, which is the mass-

stiffness eccentricity of the retrofitted structure. In this 

method, the analysis time is significantly reduced because 

the optimal locations are obtained without time history 

response analysis. 

The first step in this method is to formulate the objective 

function that computes the eccentricity of the retrofitted 

structure when a damper is installed at a certain location. 

This objective function is used in a single objective genetic  

 

 
 

 
Fig. 15 Single objective optimization procedure based on reducing eccentricity 

 

 

Fig. 16 Optimal locations of different number of dampers determined based on eccentricity 
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Fig. 17 Maximum inter-story drift of model structure with 

optimally located dampers 

 

 

algorithm to find the optimal solutions. Fig. 15 shows the 

algorithms of the optimum damper distribution by 

minimizing stiffness eccentricity. The yield strength of the 

dampers is decided first, and the optimum damper locations 

are obtained for each number of dampers using a genetic 

algorithm. Then using parallel processing, time history 

analyses using seven earthquake records are carried out to 

check whether the given limit state is satisfied for all 

number of dampers at their respective optimal locations. 

Fig. 16 depicts the optimal locations for increasing 

number of 300 kN SSD determined based on minimizing 

eccentricity, where it can be observed that the dampers are 

located opposite side of the core walls. Fig. 17 shows the 

MIDR of the model structure for each damper installation 

scheme. It can be observed that the optimal solutions with 

more than 8 damper locations (16 dampers) results in an 

average MIDR less than the 2% limit state. Hence, optimal 

retrofit of the structure with a 300 kN damper at 8 locations 

shown in Fig. 17 is taken as the final optimal solution. 

Unlike the previous methods, the optimization process 

takes only 180 seconds mainly because nonlinear time 

history analysis is not required in the optimization process. 

However, the validation process takes longer time because 

it checks every possible damper placement at the optimal 

locations. The validation process takes around 340 minutes, 

which is significantly higher than the optimization process 

but is significantly lower than the time required by the 

previous two multi-objective optimization methods. 

Fig. 18 depicts the decrease of mean MIDR in optimally 

retrofitted structure compared with that of the bare 

structure. The figure shows the increase in structural 

performance as the damper yield strength and the number of 

dampers at their optimal locations increase. However, the 

improvement in structural performance becomes negligible 

as the number of dampers at their optimum locations 

increases higher than a certain value. It can be observed that 

this saturation point increases as the damper yield strength 

increases; therefore, in case many dampers are required for 

seismic retrofit, increase in damper yield strength is 

recommended for better structural performance. However, 

the maximum strength of a damping device needs to be 

determined considering local stress state at the connection 

to existing structures. In this study yield strength of 300 kN 

is considered to be the maximum value of the slit dampers  

 

Fig. 18 Decrease of mean MIDR of optimally retrofitted 

structure compared with that of the bare structure 

 

 

based on common practice for seismic retrofit of reinforced 

concrete structures. 

 

 

5. Conclusions 
 

In this research, three optimal seismic retrofit design 

procedures were proposed for steel slit dampers to improve 

the seismic performance of a soft first story asymmetric 

structure. The optimization techniques were applied to find 

out optimum number of dampers, optimum locations in the 

first story, and the optimum yield strength of the slit 

dampers. The first two methods used an evolutionary multi-

objective algorithm to find the Pareto sets, and the third 

method used a single-objective optimization to find optimal 

damper distribution patterns in such a way that the plan-

wise stiffness eccentricity is minimized.  

The time history analysis results of the model structure 

showed that the bare frame collapsed at a lower inter-story 

drift than the structure retrofitted based on the suggested 

optimization techniques, and the yield strength of the 

optimally retrofitted structure increased significantly 

compared with that of the bare structure. It was also 

observed that when the number of dampers in the optimum 

location was higher than a certain value, there was little 

improvement in the structural performance. This saturation 

point increased as the damper yield strength increased.   

The analysis results demonstrated that the multi-

objective optimization presented in this study could be 

successfully applied for seismic retrofit design of 

asymmetric structures using energy dissipation devices. 

Even though the optimization results produced by the three 

methods were not the same, they were compatible with each 

other. To find optimum design parameters for seismic 

retrofit design, the second method using only one 

earthquake record for optimization or the third method 

based on minimizing stiffness-mass eccentric may provide 

an efficient option. The optimization algorithms developed 

for steel slit dampers can also be extended to any metallic 

yielding damper or structural brace with fuse that has a 

numerical formulation for calculating its stiffness and yield 

strength. 

It needs to be stated that, as the methods were validated 

using only a single structure, further study is still needed to 
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verify the efficiency of the developed methods by applying 

them to case studies with different size and irregularities. 

Also it may be worthwhile to compare the performance of 

the proposed methods with those of the newly developed 

optimization algorithms such as TLBO (teaching-learning 

based optimization), GWO (gray wolf optimization), Jaya, 

etc. 
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