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Abstract


The optimization of seismic isolation parameters is essential for balancing displacement demand and acceleration control in base-isolated structures. While numerous studies have applied metaheuristic algorithms to isolator tuning, the influence of objective-function weighting on optimal design outcomes remains insufficiently explored. This study investigates the effects of displacement and acceleration on control performance in a multi-objective optimization function. Thus, acceleration can be reduced economically by limiting the isolator displacement capacity. In the study, the effective values of the acceleration and displacement coefficients in the objective function of the problem are changed for the design optimization of seismic base isolators, and the determination of the most appropriate weights in the equation and their effects on the control are investigated. In the optimization process, the adaptive harmony search algorithm, which is obtained by adapting the parameters of the harmony search algorithm inspired by the search for the best harmony, is used. The results demonstrate that increased emphasis on acceleration minimization leads to longer effective isolation periods and higher damping ratios, whereas displacement-dominated weighting results in stiffer isolation systems with reduced mobility.
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1. Introduction


Control systems are systems in which some devices compatible with the structure are used to reduce the response of the structure to various dynamic and environmental factors [1,2,3]. Base isolation is added to the structure to minimize the effects of seismic vibrations such as earthquakes transmitted from the base [4,5]. Seismic base isolators are control devices that are used to interrupt the transmission of vibrations from the ground to the structure. They are systems that are usually placed at the base of the building, are very rigid vertically, and can move horizontally thanks to the rubber-based material they contain [6,7,8].



Since it is often preferred in the design of structures that can accommodate important and sensitive equipment (hospitals, schools, emergency operation centers, factories, etc.), they are costly and may be heavy material systems with a single isolator weight that can be 1 tf [1].



Systems with isolators aim to absorb energy by moving within the limit of their mobility, in harmony with the vibration period of the isolators, in the face of a dynamic vibration. In damping logic, the damping degree of these systems with isolator mobility is directly proportional to ductility. However, this ductility must be at a certain level [9,10,11,12,13]. An isolator that acts too ductile can cause excessive damage to architectural elements due to the movement it will show in small earthquakes. Considering these situations, the ductility of the isolators is determined by considering the seismicity of the region. It is aimed to dampen the incoming vibrations by placing isolators following the location of the structure. While an isolator that is too ductile may have damaging effects on the structure, the use of an isolator with insufficient ductility also causes insufficient energy dissipation to isolate the structure from the ground against earthquakes in the region [14,15,16,17].



Base isolators are control systems that need to be optimally designed due to their high cost and maintenance-repair procedures. Considering their performance in control, they act as fast acceleration reducers and good displacement controllers. These features have made isolators the preferred choice as high-performance vibration dampers. Optimum design is a necessary step to reduce costs so that they can be used in buildings with lower building importance.



In isolator design, there are parameters such as the selection of the isolator material, adjustment of bearing friction properties and damping ratio, and optimization of the area to be opened around the structure for mobility. Correct selection and adjustment of these parameters are essential for optimum isolator performance. In recent years, as an alternative to rubber-based isolator material used for isolator flexibility, options such as a sand–tire mixture, scrap tires, scrap tire linings, silicone rubber, metal rubber, butyl rubber, and recycled rubber have been tried, and their effects on isolator performance have been investigated [2,3,4,5,6,7,8].



Alternative materials that can be used instead of talc and sand, which are generally preferred in the isolation layer, which affects various friction properties, have been the subject of studies for sliding floor isolation systems where friction is effective [9,10,11,12,13,14]. By investigating the seismic behavior and collapse performance of isolator systems using the natural damping model, the effect of damping on isolator performance in isolators with different damping ratios has been studied; with the success of isolators with variable damping features in reducing vibration force transmission, effective damping properties for isolator performance can be determined [15,16,17]. These researchers have offered various suggestions for determining the design criteria of isolators. Optimization has become necessary in selecting the most suitable design for a building model among this variety of design parameters. It is possible to choose the most suitable parameters among the options with an optimization process.



From a sustainable development perspective, optimizing seismic isolation systems contributes to resilient and resource-efficient infrastructure, which aligns with governmental directives and international programs promoting disaster risk reduction and sustainable construction. Efficient isolator design can reduce material demand, limit post-earthquake damage, and decrease repair and maintenance requirements over the structure’s lifecycle. By enabling performance-oriented design with optimized parameters, the proposed framework supports sustainability goals related to structural safety, economic efficiency, and long-term resilience of the built environment.



In the optimization of seismic isolators, there are many studies in which the basic characteristics of the control system are optimized [18,19,20,21,22,23,24]. Generally, a parametric optimization process is applied for isolator optimization.



Another optimization method applied consists of metaheuristic algorithms that provide perfect harmony, inspired by nature and living organisms. Its simple and understandable structure has made this method the preferred one for use in design optimization. It is a method that can be inspired by the way bees and birds follow each other when foraging or the learning of a group of students and the transfer of knowledge among themselves and it also benefits from natural cycles and instinctive behaviors. There are many variants inspired by different events and behaviors such as the algorithms in [25,26,27,28,29,30,31,32]. It is a method that is frequently used to determine the optimum design criteria in the optimization of seismic isolators. According to the boundary conditions of the study, different heuristic algorithms come to the fore.



Another factor in the optimization success of algorithms is the chosen objective function. In isolator optimization studies, acceleration and displacement minimization is generally the goal. Apart from these, different variables such as cost and frequency response functions can also be used as objective functions.



Quaranta et al. performed a test setup of a steel frame for a base isolator using differential evolution (DE) and Particle Swarm Optimization (PSO) algorithms in their work and they found that it gave more successful results in optimization [33]. Siami et al. created a multi-degree-of-freedom (MDOF) system of a tuned mass damper inverter (TMDI) and isolator to minimize vibrations of an artistic sculpture, subject to a displacement mean square value, took the minimization of the frequency response function (FRF) between the floor plate and superstructure as the objective function, and compared the efficiency of the Firefly Algorithm (FA) in system optimization with the Sequential Quadratic Programming (SQP) optimization method [34]. Çerçevik et al. used the Crow Search Algorithm (CSA), Whale Optimization (WOA), and Gray Wolf Optimization (GWO) algorithms in the design optimization of seismically isolated structures to minimize the acceleration by considering displacement limits and observed that there was no difference and they had good convergence [35]. Ocak et al. optimized a structure model with a single-degree-of-freedom (SDOF) isolator at different damping and motion limits to minimize acceleration with the adaptive harmony search (AHS) algorithm and investigated the effect of these limits on damping [16]. Tsipianit et al. carried out some optimization studies for the optimization of liquid storage tanks with friction-based isolators and included an optimization procedure aimed at minimizing the torsional response of the liquid tank using the Cuckoo Search Algorithm (CSA) [36]. Mehri et al. presented a study using the ratio of maximum inter-story slips of the controlled and uncontrolled structure under seismic excitations for the design optimization of a building with a lead rubber support (LRB) isolation system with the Grasshopper Optimization Algorithm (GOA) [37]. Xu et al. proposed an optimization function that took into account the maximum acceleration and maximum relative story displacement of each floor of the structure, using genetic algorithms to find the optimal pendulum parameters of a structure with a triple friction pendulum isolation system [38]. In the optimization of a hybrid isolator system, Aceto et al. formulated an objective function to minimize the transmitted acceleration and optimized it with the differential evolution algorithm (DE) [39]. Apart from the single-objective functions suggested in these studies, it is also possible to optimize with multi-objective functions. There are multi-objective function applications in the design optimization of isolators. Tsipianit and Tsompanakis used a multi-objective function in the optimization of a hybrid system consisting of a single friction pendulum isolator and viscous damper using a genetic algorithm and employed various objective functions, including effective isolator stiffness, damping coefficient, acceleration, and velocity minimization, and bearing size and capacity, to balance structural performance with financial benefits [40]. Etedali et al. tested the Cuckoo Search optimization (CSO) algorithm in two different optimization problems aimed at minimizing the maximum displacement of an isolator system and the maximum floor acceleration for the optimal design of their structure equipped with friction isolators and a recovery device [41]. Pourzeynali and Zarif used a multi-objective optimization function in multi-genetic algorithm (GA) optimization aimed at minimizing both the top-floor displacement of the structure and the isolator displacement in the optimization of a base-isolated system [42]. Fallah and Zamiri performed a multi-objective optimization that minimized the top-floor displacement, acceleration, and base displacement with a genetic algorithm for the optimal design of sliding isolation systems [43]. Rizzian et al. used a multi-objective genetic algorithm for the design optimization of reinforced concrete structures with elastomeric isolators, minimizing pavement material cost, top-floor acceleration, and top-floor displacement [44].



When optimizing, certain weighting coefficients are chosen for each objective function when more than one objective is included. In the selection of these weights, the effect ratio of each objective may be different. In friction isolators, friction properties can be more effective in terms of performance index, while isolator-bearing material can be more effective in rubber-based isolators. Weights can be assumed to be one at the beginning. However, determination of the weights is important for optimum efficiency, since the effect ratios of the indices that affect the performance are not the same. This situation highlights the necessity of developing a problem-oriented function when formulating multi-objective optimization algorithms.



In this study, a multi-objective optimization process was carried out to optimize the seismic performance in a structure model that was isolated from the base, and the superstructure was assumed to be rigid. For this purpose, seismic excitations were directed toward the model with the isolator as part of an earthquake simulation created in Matlab Simulink [45]. For earthquake records transmitted to the structure, 44 were used, consisting of FEMA P-695 far-fault earthquake records [46]. The damping ratio and period of the isolator system were optimized with the adaptive harmony search algorithm (AHS) derived by adapting the harmony search algorithm (HS) developed by Geem et al. [47]. The harmony search algorithm is an algorithm inspired by the process of searching for the best harmony. The adaptive harmony search algorithm was derived by adapting the harmony memory consideration rate (HMCR) and fret width (FW) parameter, which affect the success of this algorithm. The harmony search algorithm is a metaheuristic algorithm that has been successfully applied to various civil engineering problems [48,49,50,51,52,53,54]. However, since the focus of the study was to compare the weight effects of multi-objective optimization functions, no priority was given to the choice of search algorithms. In the study, a multi-objective optimization function was employed by using weights ranging from zero to one to minimize the maximum acceleration and displacement of the isolator system. After the optimization, critical earthquake analyses were conducted, the effect of the system displacement and acceleration weights in the objective function of the seismic base isolators on the performance was investigated, and the values of the effect values on the control system were interpreted.



Although harmony search–based algorithms have been previously applied to seismic isolator optimization, the present study does not aim to introduce a new algorithmic variant. Instead, it focuses on the problem-oriented contribution of systematically examining the influence of acceleration–displacement weighting in multi-objective optimization. The novelty lies in quantifying how different weight selections affect optimal isolator parameters and control performance under multiple real earthquake records, providing design-oriented insight beyond algorithmic implementation.




2. Theoretical Background


2.1. Design of Seismic Isolator and Equations of Motion


Seismic isolators are generally ground-mounted devices to prevent ground vibrations from being transmitted to the structure. The isolator system consists of two parts, the superstructure and the isolator floor. The total mass of the system (     m  t o t a l    ) is obtained by summing the isolator mass (   m b   ) and the total structure mass (   m  s t r u c t u r e    ). Equation (1) shows the formula for the total mass of the system with isolators:


       m  t o t a l   =  m b  +  m  s t r u c t u r e    



(1)







For a theoretical building where the superstructure is assumed to be rigid, the structural system moving together with the isolator has a common period, stiffness, and damping coefficient. Equations (2)–(4) show the system period (   T b   ), stiffness (   k b   ) and damping coefficient (   c b   ) equations, respectively. In the equations, the angular frequency of the system is expressed as    w b   , and the damping ratio is shown as    ζ b   .


     T b  =    2 π    w b      



(2)






     k b  =  m  t o t a l   ×  w b 2   



(3)






     c b  = 2 ×  ζ b  ×  m  t o t a l   ×  w b   



(4)







The basic equation of a system with isolators moving with the superstructure is given in Equation (5). Total mass (   m  t o t a l    ), system stiffness (   k b   ), and the damping coefficient of the system (   c b   ) are used in the  M ,  K , and  C  matrices.


     M     X ¨    +  C    X ˙   +  K   X  = −  M  1      X ¨   g     



(5)








2.2. Harmony Search and Adaptive Harmony Search Algorithm


The harmony search algorithm (HS) is a method developed by Geem et al., which includes the best-sounding search process, where harmony vectors are created and updated by the number of iterations, and optimum solutions are produced by reaching the best harmony [47]. To achieve the best harmony, sometimes, new harmony vectors are produced by using harmony vectors from memory, by imitating an existing harmony vector, or by improvising. There are two ways to create a harmony vector. The algorithm-specific design factor, the harmony memory-to-memory consideration ratio (  H M C R  ), is used in deciding the chosen path in production. If a randomly selected number between 0 and 1 is less than the   H M C R   value, if it is greater than the   H M C R   value as shown in Equation (6), harmony vectors are produced as in Equation (7). These vectors are stored by repeating operations up to the harmony memory size (HMS).


   X  n e w   =  X  m i n   + r a n d      X  m a x   −  X  m i n       i f   H M C R > r a n d  



(6)






    X  n e w   =  X n  + r a n d     FW   (  X  m a x   −  X  m i n   )   i f   H M C R ≤ r a n d   



(7)







In the equations,    X  n e w     is the new harmony vector,    X  m a x     is the maximum harmony design value,    X  m i n     is the minimum harmony design value,    X n    is the nth harmony vector, and FW stands for the number of fret widths specific to the algorithm.



Each created harmony vector is compared with the previous one, and the solution process increases harmony. These processes continue until the maximum number of iterations is reached and the best harmony is found.



The adaptive harmony search algorithm (AHS) is obtained by choosing the best value within the range of values that the   H M C R   and FW algorithm factors can take during optimization. In AHS optimization, the equations for obtaining the   H M C R   and FW values are shown in Equation (8) and Equation (9), respectively.


  H M C R = H M C  R  i n     1 −   t  m t       



(8)






  F W = F  W  i n     1 −   t  m t       



(9)







In the equations,   m t   represents the maximum iteration number,  t  represents the iteration number, and   H M C  R  i n     and   F  W  i n     are the initial values of   H M C R   and   F W  .




2.3. Multi-Objective Optimization


The multi-objective optimization function is a function used to obtain optimum parameters by considering more than one purpose at the same time when optimizing. It is possible to use it in the optimum design of a seismic isolator by considering many options such as cost, period, displacement, and acceleration. Such optimization processes are called multi-objective optimization. In this study, an objective function was created to minimize the maximum acceleration and maximum displacement of the isolator system, as shown in Equation (10).


   M i n i m i z e   f  x    = a       X i    O p t i m u m   t o t a l   a c c e l e r a t i o n      + b       X j    D i s p l a c e m e n t   L i m i t         a ,   b →   0 , 1     



(10)







In the above equation,    X i    represents the maximum total acceleration of the system with isolators,    X j    is the displacement of the system with isolators,  a  is the acceleration effect coefficient, and  b  is the displacement effect coefficient. The optimum total acceleration refers to the value when the purpose is to optimize acceleration, and the displacement limit refers to the movement constraint of the isolator.



In this study, the optimum acceleration value for the isolator system was obtained for 30% and 50% damping limits and 40 cm movement restriction. The optimum total acceleration was obtained only when the optimization was aimed at minimizing the acceleration, and it is shown in Equation (11) for the 30% damped system and Equation (12) for the 50% damped system.


    f    x   1  = a       X i    2.3524      + b       X j    0.4        a ,   b →   0 , 1      



(11)






  f    x   2  = a       X i    1.7565      + b       X j    0.4        a ,   b →   0 , 1      



(12)








2.4. Ground-Motion Selection and Performance Metrics


In this study, optimum system parameters were obtained by multi-objective optimization of a structure isolated from the base under earthquake excitation. Although acceleration and displacement response spectra can be useful for preliminary characterization of ground motion values, the present study was based on direct time-history analyses of the isolated system under each earthquake record. The optimization procedure evaluated system responses explicitly in the time domain for all selected FEMA P-695 far-field records, rather than relying on spectral quantities. Since the objective of the study was to investigate the sensitivity of multi-objective optimization results to acceleration–displacement weighting and not to compare spectral characteristics of individual records, response spectra are not presented. The selected ground motion values are standard benchmark records whose spectral properties are well documented in the FEMA P-695 database. Critical earthquake analyses were carried out with optimum modal parameters in a single-degree-of-freedom (SDOF) theoretical structure where the superstructure was assumed to be rigid and the structure was assumed to move with the isolator. The list of FEMA P-695 far-fault seismic records transmitted to the structure is shown in Table 1 [46].



The ground motion values used in this study consisted of 44 FEMA P-695 far-field records, which are widely adopted benchmark motion values in seismic performance evaluation studies. These records were selected to represent a broad range of strong ground-motion characteristics and were applied consistently across all optimization cases.



No additional record scaling was performed, as the focus of the study was on the relative influence of objective-function weighting on optimized isolator parameters rather than on an intensity-based performance assessment.



The optimization objectives were limited to peak isolator displacement and peak total acceleration, which are the primary governing response quantities in a base-isolated system design. Other performance measures such as residual displacement, energy dissipation capacity, and stability margins were not considered in order to maintain a focused and computationally feasible optimization framework.





3. Numerical Modelling


Under seismic excitations, the isolator structure model was optimized with the adaptive harmony search algorithm obtained by adapting the memory consideration ratio (HMCR) and fret width (FW) parameters. The initial values of the HMCR and FW algorithm parameters were taken as 0.5 and 0.05, respectively. The period of the isolator system was in the range of 1–5 s. The damping ratio limit was 1–30% and 1–50% for different cases. The maximum mobility of the isolator was optimized to be 40 cm for all cases. The parameters and value ranges used in the optimization are shown in Table 2.



The base isolator was placed in a 10-story structure assumed to be an single degree of freedom (SDOF) system theoretical building where the superstructure was considered rigid. The isolator weight of the theoretical building and the weight of each floor were 360 tons, the floor stiffnesses were 650 MN/m, and the damping coefficients were 6.2 MNs/m [55]. Figure 1 shows the structure model with seismic isolators, and Figure 2 shows the representative movement of the isolator. The superstructure was idealized as rigid and modeled as an SDOF system to serve as a simplified benchmark, allowing clear interpretation of isolation parameter effects. This assumption neglects higher-mode contributions and detailed superstructure–isolation interaction; therefore, the results are intended to illustrate general trends rather than provide direct design values for complex multi degree of freedom (MDOF) structures.




4. Model Validation


The isolator structure model was optimized with the AHS algorithm with a 40 cm displacement limit and 30% and 50% damping limits. Optimum results were obtained by taking multi-objective optimization function weights in the range of 0–1 in the optimization. The optimum results for the different weights of the maximum acceleration and displacement are given in Table 3.



The critical earthquakes of the isolator system with a damping limit of 30% and a movement restriction of 40 cm, obtained with optimum design parameters, were the NORTHR/MUL009 and CHICHI/CHY101-N earthquake records, numbered 1 and 38, for the maximum displacement and acceleration values. In Table 4, the results of the critical earthquake analysis obtained according to the maximum displacement and the reduction percentages are given for values between zero and one of the acceleration coefficient (a) and displacement coefficient ( b ) in the objective function. In the earthquake record selected for the maximum acceleration of the isolator system, the results of the critical earthquake analysis are given in Table 5. The damping ratio was treated as a continuous design variable within the predefined bounds. In the case of a = 0.2 and b = 0.8, although the displacement was emphasized, the nonzero acceleration weight still influenced the objective function. For that specific weight combination, a slightly lower damping ratio provided a better balance between acceleration and displacement reduction, leading the optimizer to converge to ξ = 0.2683 instead of the upper bound. This outcome reflects the interaction between the weighted objectives rather than an inconsistency in the optimization process.



In the analyses conducted with the optimum parameters in the isolator system with a 50% damping limit and 40 cm displacement limit, earthquakes with maximum displacement and maximum total acceleration of the system were observed in the NORTHR/MUL279, DUZCE/BOL090, and CHICHI/CHY10-N records, numbered as 2, 6, and 38, respectively. According to the change in objective function coefficients, the results of the earthquake analysis critical for the displacement of the 50% damped system are given in Table 6, and the results obtained from the earthquake analysis critical for the maximum acceleration are given in Table 7.



As a result of the critical earthquake analyses conducted with an earthquake based on the most critical acceleration in the system with a 30% damping limit, displacement–time and total acceleration–time graphs for which the acceleration effect value was 1 are shown in Figure 3, and the graphs where the effect values were 0.7, 0.5, 0.3, and 0 are shown in Figure 4, Figure 5, Figure 6 and Figure 7.



As a result of the critical earthquake analysis based on the earthquake with the most critical acceleration in the system with a 50% damping limit, the displacement–time and total acceleration–time graphs for which the acceleration effect value was 1 are shown in Figure 8, and the graphs where the effect values were 0.7, 0.5, 0.3, and 0 are shown in Figure 9, Figure 10, Figure 11 and Figure 12.




5. Discussion


In this study, design optimization was performed under seismic excitations using a structure model isolated from the base, where the superstructure was assumed to be rigid. The damping ratio and period parameters of the theoretical structure with an isolator system were optimized with the adaptive harmony search (AHS) algorithm. Optimum design parameters were sought for seismic excitations containing FEMA P-695 far-fault records. A multi-objective optimization function that minimized the maximum acceleration and displacement of the system for optimization was created. The focus of the study was to examine the effect ratios of the acceleration and displacement weights in the multi-objective optimization function on the optimum results and therefore on the isolator performance. In the objective function, the coefficients of acceleration and displacement were observed within the range of 0–1, and their effects on performance were observed in 0.1 intervals. The structure’s displacement and total acceleration reduction percentages for critical earthquakes where the maximum acceleration was observed in the earthquake analysis of the isolator system are shown in Table 8.



When the 30% damped system results are examined in Table 8, it is seen that the objective function effect value of the maximum acceleration drop is accepted as one and the effect of displacement is accepted as zero in the system created with the optimization data. As the effect value of the acceleration decreases in the objective function, there is a regular decrease up to a 0.5 acceleration weight, while beyond this value, the performance level tends to decrease, although it is not regular. In the optimization where the acceleration effect is taken as zero, the acceleration reduction performance of the isolator decreases by 78% compared to the maximum acceleration decrease of 5%. In the case where both coefficients are taken at the same rate, it is determined that there is less than a 1% difference with a rate of 82.66%, which is very close to the maximum acceleration reduction performance. Considering this situation, it appears that the reduction in the acceleration effect value does not affect the acceleration performance in 30% damped systems at very large levels, and it performs well even when the effect value is reduced to 0.5. When the effect on the displacement is examined, the maximum displacement reduction is seen in the case of the objective function where the displacement effect value is one. However, this also indicates the case with the lowest acceleration performance. In the case where the displacement effect is assumed to be zero in the objective function, the displacement reduction capacity of the isolator is found to be approximately 39.5%. Although the displacement effect value is 0, the lowest displacement performance is seen with a performance of approximately 35% when the displacement effect is 0.5. Considering this result, despite the definition of the displacement effect, the lowest displacement performance when taken at an equivalent rate with the acceleration indicates that the acceleration effect is also quite effective in reducing the displacement and can have a good effect on the displacement alone.



When the 50% damped system results are examined in Table 8, the best performance is seen in the objective function where the acceleration effect is 0.3, although the acceleration effect value is taken as 1. There is no regular increase or decrease in acceleration performance. There is a performance difference of about 4% between the best deceleration performance and the worst result. As in the 30% damped system, the acceleration performance is not significantly affected by the change in the weight values in the objective function. When the displacement reduction performance is examined, an insufficient displacement reduction of 15.40% is observed in cases where the displacement effect is 0 or 0.1. A similar performance graph of 71% is observed in cases where the displacement effect is 0.7 or more. It has been observed that the displacement effect is more important in systems with damping ratios greater than 30%, such as 50%, and it provides significant performance changes. In addition, a 55% displacement reduction performance is obtained when the objective function displacement effect coefficient is 0.6. Considering this situation, it can be concluded that the displacement effect value should be taken to be more than 60% in the design optimization to obtain good isolator performance when a higher-ratio damped system is selected. Considering the 30% damped system, performance values where the displacement effect value is more than 0.6 are also obtained in cases where the displacement effect values are 0.3 and 0.4. Therefore, in systems with lower damping, the displacement effect ratio can be taken in the range of 30–40%. Here, as an exception, in cases where the effect values are taken as 50% in both damped systems, the displacement reduction success is low. Accordingly, it is understood that taking acceleration and displacement in equal proportions does not have the same displacement reduction efficiencies.



The graphs of the variation in the optimum period according to the objective function coefficients are given in Figure 13 for the 30% damped system and in Figure 14 for the 50% damped system.



When Figure 13 is examined, it is seen that increasing the displacement effect value in the objective function and decreasing the acceleration effect change the results considerably compared to the case where the displacement effect value is taken as 60%, and increasing the effect of displacement on the optimization tends to decrease the system period, although it is not regular. The most effective period decrease is seen when the effect of displacement is taken as 100%. Considering this situation, it can be concluded that the displacement effect in systems with a 30% damping ratio does not make a big difference unless the period change is taken as the maximum.



When Figure 14 is examined, the period of the 50% damped system does not show a regular increase or decrease depending on the displacement effect coefficient and it is understood from the graph that the displacement effect is more effective for the period change.



The findings of this study are now discussed in the context of existing seismic isolation research to enhance their scientific relevance. While no directly comparable study employing the same optimization formulation, modeling assumptions, and objective-function weighting is available, several published works have reported general response characteristics that support the trends observed here. In particular, previous studies have consistently shown that isolation systems designed with longer effective periods and higher damping ratios tend to reduce acceleration demand while allowing larger displacements, whereas stiffer isolation configurations improve displacement control at the expense of increased force transmission. The present results corroborate these established behaviors and further clarify how objective-function weighting governs the selection of optimal isolation parameters. At the same time, the systematic weighting-based investigation presented here contrasts with prior studies that primarily focus on algorithmic comparisons or single-objective formulations, thereby offering complementary insight into performance-oriented isolator design.



The findings of this study should therefore be interpreted as trend-oriented results that are strictly applicable to the selected ground-motion set, objective-function formulation, and benchmark modeling assumptions. The conclusions presented illustrate relative performance tendencies and optimization behavior rather than offering generalized design prescriptions applicable to broader classes of base-isolated structures.




6. Conclusions


The results of this research on the effect values of acceleration and displacement in the objective function in the multi-objective optimization of isolators can be summarized as follows:




	-

	
In the optimization of systems with a 30% damping ratio, the change in the acceleration effect value in the objective function did not significantly affect the performance of the isolator in reducing the seismic acceleration at a rate as low as 5%, and it was a good acceleration reducer with a rate of 82.66% even when the acceleration coefficient was taken as 50% in the optimization function effect.




	-

	
Similarly, an acceleration performance difference of 4% was observed in the 50% damped systems. It was found that the effective change in the acceleration coefficient between zero and one for both damping limits did not make any remarkable difference in the acceleration performance.




	-

	
In all damping limits, when acceleration and displacement were taken equally in the objective function, no significant performance loss was observed in terms of acceleration, while the lowest displacement performance for the 30% damped system and an insufficient displacement of approximately 25% for the 50% damped system were achieved. Considering this situation, it is concluded that taking the acceleration and displacement coefficients to be equal does not change the deceleration much, but it may be insufficient to provide good performance in displacement.




	-

	
For both systems, the best displacement reduction was seen in the displacement-dependent optimization where the displacement effect value was accepted as one in the objective function. In that case, the effect of acceleration was zero and there was a performance loss of about 5% in the 30% damping system compared to the case where the acceleration coefficient was one, while that loss was around 3% in the 50% damped system. Accordingly, although there was no significant difference, it can be said that removing the acceleration effect in the optimization of the higher-ratio damped system may affect the isolator performance less.




	-

	
It was observed that increasing the displacement effect coefficient in the multi-objective optimization of high-damping-ratio systems, such as 50%, caused a remarkable change in the system period.




	-

	
In the 50% damped system, a close displacement reduction of 71% was observed when the displacement effect was 0.6 or above. It is understood that the displacement effect coefficient of the optimization function is more important for the control performance in higher-ratio damped systems than the 30% damped system.




	-

	
When the displacement effect value of the 30% damped system was 0.6 or above, the displacement reduction capacity was also seen at lower rates, such as 0.3 and 0.4; therefore, continuously increasing the displacement effect would not yield better results.









Considering all the results, it is understood that taking a displacement effect of more than 60% for the design optimization in systems with both damped isolators would provide more successful control performance, and a good displacement reduction can be obtained by taking the displacement effect value in the 30% and 40% band in less damped systems. In addition, it is concluded that taking the acceleration and displacement effect ratios to be equal in the optimization is insufficient in terms of the displacement reduction performance of the isolator system.



The reported findings apply to the specific benchmark model and parameter ranges examined in this study. Extension of these observations to more complex structural systems would require additional case studies and modeling considerations.



Recent studies have shown that hybrid or combined optimization strategies can improve search robustness and convergence characteristics in complex engineering optimization problems [56]. Exploring such combined optimization frameworks for seismic isolation design would require additional objective definitions and computational effort and is therefore identified as a direction for future research.



Future studies may extend the present framework by incorporating additional performance criteria such as residual displacement, energy dissipation capacity, and stability-related measures to provide a more comprehensive assessment of base-isolated system behavior. The use of more detailed MDOF structural models and advanced isolator constitutive formulations may further improve the applicability of the optimization results to real structures. In addition, recent research has shown that hybrid or combined optimization strategies can enhance search efficiency and robustness; therefore, integrating multiple optimization techniques within the proposed framework represents a promising direction for future investigation.
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Figure 1. (a) Structure model with base isolator; (b) 3D view of the model. 
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Figure 2. Isolator appearance and representative movement of the isolator under seismic excitation. 
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Figure 3. Graphs of critical earthq uake analysis for a 30% damping ratio and 40 cm displacement limit for a = 1, b = 0: (a) structure displacement, (b) structure total acceleration. 
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Figure 4. Graphs of critical earthquake analysis for a 30% damping ratio and 40 cm displacement limit for a = 0.7, b = 0.3: (a) structure displacement, (b) structure total acceleration. 
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Figure 5. Graphs of critical earthquake analysis for a 30% damping ratio and 40 cm displacement limit for a = 0.5, b = 0.5: (a) structure displacement, (b) structure total acceleration. 
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Figure 6. Graphs of critical earthquake analysis for a 30% damping ratio and 40 cm displacement limit for a = 0.3, b = 0.7: (a) structure displacement, (b) structure total acceleration. 
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Figure 7. Graphs of critical earthquake analysis for a 30% damping ratio and 40 cm displacement limit for a = 0, b = 1: (a) structure displacement, (b) structure total acceleration. 
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Figure 8. Graphs of critical earthquake analysis for a 50% damping ratio and 40 cm displacement limit for a = 1, b = 0: (a) structure displacement, (b) structure total acceleration. 
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Figure 9. Graphs of critical earthquake analysis for a 50% damping ratio and 40 cm displacement limit for a = 0.7, b = 0.3: (a) structure displacement, (b) structure total acceleration. 
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Figure 10. Graphs of critical earthquake analysis for a 50% damping ratio and 40 cm displacement limit for a = 0.5, b = 0.5: (a) structure displacement, (b) structure total acceleration. 
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Figure 11. Graphs of critical earthquake analysis for a 50% damping ratio and 40 cm displacement limit for a = 0.3, b = 0.7: (a) structure displacement, (b) structure total acceleration. 
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Figure 12. Graphs of critical earthquake analysis for a 50% damping ratio and 40 cm displacement limit for a = 0, b = 1: (a) structure displacement, (b) structure total acceleration. 
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Figure 13. Optimum period plot of the system with isolators depending on the displacement coefficient of the multi-objective optimization function (for a 30% damping ratio). 
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Figure 14. Optimum period plot of the system with isolators depending on the displacement coefficient of the multi-objective optimization function (for a 50% damping ratio). 
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Table 1. FEMA earthquake records list.
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	Date
	Earthquake Name
	Earthquake

Number
	Earthquake

Record
	Earthquake

Number
	Earthquake

Record





	1994
	Northridge
	1
	NORTHR/MUL009
	2
	NORTHR/MUL279



	1994
	Northridge
	3
	NORTHR/LOS000
	4
	NORTHR/LA270



	1999
	Duzce, Turkey
	5
	DUZCE/BOL0000
	6
	DUZCE/BOL090



	1999
	Hector Mine
	7
	HECTOR/HEC000
	8
	HECTOR/HEC090



	1979
	Imperial Valley
	9
	IMPVALL/H-DLT262
	10
	IMPVALL/H-DLT352



	1979
	Imperial Valley
	11
	IMPVALL/H-E11140
	12
	IMPVALL/H-E11230



	1995
	Kobe, Japan
	13
	KOBE/NIS000
	14
	KOBE/NIS090



	1995
	Kobe, Japan
	15
	KOBE/SHI000
	16
	KOBE/SHI090



	1999
	Kocaeli, Turkey
	17
	KOCAELI/DZC180
	18
	KOCAELI/DZC270



	1999
	Kocaeli, Turkey
	19
	KOCAELI/ARC000
	20
	KOCAELI/ARC090



	1992
	Landers
	21
	LANDERS/PLACE270
	22
	LANDERS/YER360



	1992
	Landers
	23
	LANDERS/CLW-LN
	24
	LANDERS/CLW-TR



	1989
	Loma Prieta
	25
	LOMAP/CAP000
	26
	LOMAP/CAP090



	1989
	Loma Prieta
	27
	LOMAP/G03000
	28
	LOMAP/G03090



	1990
	Manjil, Iran
	29
	MANJIL/ABBAR—L
	30
	MANJIL/ABBAR—T



	1987
	Superstition Hills
	31
	SUPERST/B-ICC000
	32
	SUPERST/B-ICC090



	1987
	Superstition Hills
	33
	SUPERST/B-POE270
	34
	SUPERST/B-POE360



	1992
	Cape Mendocino
	35
	CAPEMEND/RIO270
	36
	CAPEMEND/RIO360



	1999
	Chi-Chi, Taiwan
	37
	CHICHI/CHY101-E
	38
	CHICHI/CHY101-N



	1999
	Chi-Chi, Taiwan
	39
	CHICHI/TCU045-E
	40
	CHICHI/TCU045-N



	1971
	San Fernando
	41
	SFERN/PEL090
	42
	SFERN/PEL180



	1976
	Friuli, Italy
	43
	FRIULI/A-TMZ000
	44
	FRIULI/A-TMZ270










 





Table 2. Optimization parameters.
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	Symbol
	Definition
	Value





	   H M C R   
	Harmony memory consideration ratio
	0–0.5



	   H M C  R  i n     
	Initial harmony memory consideration ratio
	0.5



	   F W   
	Fret width
	0–0.05



	   F  W  i n     
	Initial fret width
	0.05



	   m t   
	Maximum iteration number
	200



	  t  
	Iteration number
	1–200



	   p n   
	Population number
	10



	    T b    
	Isolator period
	1–5 s



	    ζ b    
	Isolator damping ratio
	1–30% and 1–50%










 





Table 3. Optimum results.
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Objective Function

Coefficients

	
Damping Ratio of 30%

	
Damping Ratio of 50%




	
a

	
   b   

	
Damping Ratio

	
Period (s)

	
Damping Ratio

	
Period (s)






	
1

	
0

	
0.3000

	
1.9798

	
0.5000

	
3.0414




	
0.9

	
0.1

	
0.3000

	
1.9912

	
0.5000

	
3.0414




	
0.8

	
0.2

	
0.3000

	
2.0156

	
0.5000

	
3.0413




	
0.7

	
0.3

	
0.3000

	
1.9797

	
0.5000

	
2.4585




	
0.6

	
0.4

	
0.3000

	
1.9797

	
0.5000

	
2.5510




	
0.5

	
0.5

	
0.3000

	
2.0473

	
0.5000

	
2.7694




	
0.4

	
0.6

	
0.3000

	
1.9774

	
0.5000

	
2.2780




	
0.3

	
0.7

	
0.3000

	
1.8578

	
0.5000

	
2.2177




	
0.2

	
0.8

	
0.2683

	
1.9079

	
0.5000

	
1.8631




	
0.1

	
0.9

	
0.3000

	
1.8638

	
0.5000

	
2.1567




	
0

	
1

	
0.3000

	
1.4775

	
0.5000

	
1.7127











 





Table 4. Displacement and total acceleration values and reduction percentages obtained for earthquake records, which are critical for the maximum displacement of the 30% damped system.
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Objective Function Coefficients

	
With an Isolator Damping Ratio of 30%

	
Earthquake Record No.




	
a

	
   b   

	
Displacement (m)

	
Reduction

Percentage (%)

	
Total Acceleration (m/s2)

	
Reduction

Percentage (%)






	
1

	
0

	
0.2146428

	
39.47

	
2.3436752

	
83.06

	
38




	
0.9

	
0.1

	
0.2173972

	
38.70

	
2.3542178

	
82.98

	
38




	
0.8

	
0.2

	
0.2232395

	
37.05

	
2.3752306

	
82.83

	
38




	
0.7

	
0.3

	
0.2146185

	
39.48

	
2.3435813

	
83.06

	
38




	
0.6

	
0.4

	
0.2146185

	
39.48

	
2.3435813

	
83.06

	
38




	
0.5

	
0.5

	
0.2306954

	
34.95

	
2.3990284

	
82.66

	
38




	
0.4

	
0.6

	
0.2140588

	
39.64

	
2.3482983

	
83.03

	
38




	
0.3

	
0.7

	
0.1843493

	
48.01

	
2.4756715

	
82.11

	
38




	
0.2

	
0.8

	
0.2093581

	
40.96

	
2.4836973

	
82.05

	
38




	
0.1

	
0.9

	
0.1858674

	
47.59

	
2.4665090

	
82.17

	
38




	
0

	
1

	
0.1576976

	
57.29

	
3.4653463

	
78.07

	
1











 





Table 5. Displacement and total acceleration values and reduction percentages obtained for earthquake records, which are critical for the maximum total acceleration of the 30% damped system.
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Objective Function Coefficients

	
With an Isolator Damping Ratio of 30%

	
Earthquake Record No.




	
a

	
   b   

	
Displacement (m)

	
Reduction

Percentage (%)

	
Total Acceleration (m/s2)

	
Reduction

Percentage (%)






	
1

	
0

	
0.2146428

	
39.47

	
2.3436752

	
83.06

	
38




	
0.9

	
0.1

	
0.2173972

	
38.70

	
2.3542178

	
82.98

	
38




	
0.8

	
0.2

	
0.2232395

	
37.05

	
2.3752306

	
82.83

	
38




	
0.7

	
0.3

	
0.1702190

	
45.27

	
2.3437098

	
81.95

	
2




	
0.6

	
0.4

	
0.1702190

	
45.27

	
2.3437098

	
81.95

	
2




	
0.5

	
0.5

	
0.2306954

	
34.95

	
2.3990284

	
82.66

	
38




	
0.4

	
0.6

	
0.1702551

	
45.25

	
2.3482983

	
81.92

	
2




	
0.3

	
0.7

	
0.1714496

	
44.87

	
2.6013598

	
79.97

	
2




	
0.2

	
0.8

	
0.1790830

	
42.42

	
2.4950719

	
80.79

	
2




	
0.1

	
0.9

	
0.1714344

	
44.87

	
2.5880967

	
80.07

	
2




	
0

	
1

	
0.1576976

	
57.29

	
3.4653463

	
78.07

	
1











 





Table 6. Displacement and total acceleration values and reduction percentages obtained for earthquake records, which are critical for the maximum displacement of the 50% damped system.






Table 6. Displacement and total acceleration values and reduction percentages obtained for earthquake records, which are critical for the maximum displacement of the 50% damped system.





	
Objective Function Coefficients

	
With an Isolator Damping Ratio of 50%

	
Earthquake Record No.




	
a

	
   b   

	
Displacement (m)

	
Reduction

Percentage (%)

	
Total Acceleration (m/s2)

	
Reduction

Percentage (%)






	
1

	
0

	
0.3000000

	
15.40

	
1.7564700

	
87.30

	
38




	
0.9

	
0.1

	
0.3000000

	
15.40

	
1.7564700

	
87.30

	
38




	
0.8

	
0.2

	
0.2999901

	
15.41

	
1.7565129

	
87.30

	
38




	
0.7

	
0.3

	
0.2210634

	
37.66

	
1.9507607

	
85.90

	
38




	
0.6

	
0.4

	
0.2343797

	
33.91

	
1.9316977

	
86.04

	
38




	
0.5

	
0.5

	
0.2645219

	
25.41

	
1.8650894

	
86.52

	
38




	
0.4

	
0.6

	
0.1943917

	
45.18

	
1.9644515

	
85.80

	
38




	
0.3

	
0.7

	
0.1853698

	
47.73

	
1.9608000

	
85.83

	
38




	
0.2

	
0.8

	
0.1368298

	
61.42

	
2.2655026

	
83.62

	
38




	
0.1

	
0.9

	
0.1763963

	
50.26

	
2.0000906

	
85.54

	
38




	
0

	
1

	
0.1264649

	
59.33

	
2.8112423

	
78.35

	
2











 





Table 7. Displacement and total acceleration values and reduction percentages obtained for earthquake records, which are critical for the maximum total acceleration of the 70% damped system.






Table 7. Displacement and total acceleration values and reduction percentages obtained for earthquake records, which are critical for the maximum total acceleration of the 70% damped system.





	
Objective Function Coefficients

	
With an Isolator Damping Ratio of 50%

	
Earthquake Record No.




	
a

	
   b   

	
Displacement (m)

	
Reduction

Percentage (%)

	
Total Acceleration (m/s2)

	
Reduction

Percentage (%)






	
1

	
0

	
0.3000000

	
15.40

	
1.7564700

	
87.30

	
38




	
0.9

	
0.1

	
0.3000000

	
15.40

	
1.7564700

	
87.30

	
38




	
0.8

	
0.2

	
0.2999901

	
15.41

	
1.7565129

	
87.30

	
38




	
0.7

	
0.3

	
0.2210634

	
37.66

	
1.9507607

	
85.90

	
38




	
0.6

	
0.4

	
0.2343797

	
33.91

	
1.9316977

	
86.04

	
38




	
0.5

	
0.5

	
0.2645219

	
25.41

	
1.8650894

	
86.52

	
38




	
0.4

	
0.6

	
0.1382483

	
55.55

	
2.1240212

	
83.64

	
2




	
0.3

	
0.7

	
0.1188899

	
71.01

	
2.1883362

	
88.65

	
6




	
0.2

	
0.8

	
0.1172589

	
71.41

	
2.6708069

	
86.15

	
6




	
0.1

	
0.9

	
0.1187993

	
71.03

	
2.2598163

	
88.28

	
6




	
0

	
1

	
0.1156634

	
71.80

	
2.9365949

	
84.77

	
6











 





Table 8. Acceleration and displacement reduction percentages of the system with isolators as a result of the critical earthquake analysis.






Table 8. Acceleration and displacement reduction percentages of the system with isolators as a result of the critical earthquake analysis.





	
Objective Function

Coefficient

	
Damping Ratio of 30%

	
Damping Ratio of 50%




	
a

	
b

	
Displacement (%)

	
Total Acceleration (%)

	
Displacement (%)

	
Total Acceleration (%)






	
1

	
0

	
39.47

	
83.06

	
15.40

	
87.30




	
0.9

	
0.1

	
38.70

	
82.98

	
15.40

	
87.30




	
0.8

	
0.2

	
37.05

	
82.83

	
15.41

	
87.30




	
0.7

	
0.3

	
45.27

	
81.95

	
37.66

	
85.90




	
0.6

	
0.4

	
45.27

	
81.95

	
33.91

	
86.04




	
0.5

	
0.5

	
34.95

	
82.66

	
25.41

	
86.52




	
0.4

	
0.6

	
45.25

	
81.92

	
55.55

	
83.64




	
0.3

	
0.7

	
44.87

	
79.97

	
71.01

	
88.65




	
0.2

	
0.8

	
42.42

	
80.79

	
71.41

	
86.15




	
0.1

	
0.9

	
44.87

	
80.07

	
71.03

	
88.28




	
0

	
1

	
57.29

	
78.07

	
71.80

	
84.77
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