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Abstract

:

This paper investigates the implementation of supplemental vibration control systems (VCS) in base isolated (BI) structures, to improve their dynamic performance. More specifically, the aim of the VCS is to reduce the base displacement demand of BI structures, and at the same time mitigate the superstructure seismic responses. The purpose of the examined VCS is dual, and for this reason a multi-objective optimization methodology is formulated for the design of the VCS. The examined vibration absorbers include modifications of the KDamper concept. The KDamper is an extension of the traditional Tuned Mass Damper (TMD), and introduces a negative stiffness (NS) element to the additional oscillating mass of the TMD. The generated NS force is exactly in phase with the inertia force of the added mass, thus, artificially amplifying it. This way, lighter configurations are possible with an enhanced damping behavior. These VCS are designed based on engineering criteria and manufacturing constraints, while the excitation input used in the multi-objective optimization procedure is selected from a dataset of artificial accelerograms, designed to be spectrum-compatible with the EC8 design acceleration response spectrum. The effectiveness of the examined VCS is also assess with real near-fault earthquake records, and a comparison is performed with TMD-based VCS having 50 times larger additional masses. The numerical results demonstrate the superiority of the KDamper-based VCS in improving the dynamic behavior of BI structures over other mass-related systems (TMD).






Keywords:


seismic base isolation; negative stiffness; KDamper; multi-objective optimization; vibration absorption; damping












1. Introduction


Seismic protection of structures has been a topic of extensive research in the past few years, with a particular focus on the development and application of novel passive structural control techniques. Passive systems [1] are designed to dissipate or redirect seismic energy transmitted to structures, thereby enhancing structural safety and integrity. Since they do not need power to operate, they are considered more reliable compared to active [2] or semi-active [3] control systems which can be affected from power outages during a seismic event. Moreover, they are generally cost-efficient, have low maintenance requirements and are easily integrated into various structural configurations.



Among the various passive control systems, base isolation [4] has gained significant popularity and is recognized as the most effective method of mitigating the impact of seismic events, not only on structural, but also on non-structural components and building contents [5]. The fundamental idea behind seismic base isolation lies in the insertion of a group of low-stiffness elements between the foundation and the structure. The purpose is to shift the structure’s fundamental frequency away from both its fixed-base frequency and the predominant frequencies of ground motion, this way mitigating the seismic forces and structural accelerations. The most popular elements used to comprise the isolation layer are the elastomeric [6] and lead rubber bearings [7]. As an alternative to elastomeric bearings, great effort has been made to enable the use of unbounded fiber reinforced elastomeric bearings, as described in [8].



The conventional bearings are designed to have low horizontal stiffness in order to achieve effectively the structure-foundation decoupling under lateral forces (earthquake, wind), and high vertical stiffness to carry the large axial structural loads. In addition to effective energy dissipation, these elements provide practical solutions for seismic resilience [9], they are cheap to manufacture and need no maintenance [10]. Nevertheless, due to their limited horizontal stiffness, the use of bearings can lead to significant structural displacements during an earthquake. These displacements may result not only in bearing damages but also in collisions between buildings, especially in densely built-up areas. Apart from bearings, alternative devices that exhibit high energy dissipation capacity are the seismic dampers as proposed in studies [11,12,13,14].



To overcome the displacement demand of bearings, a control strategy that combines the Tuned Mass Damper (TMD) with the base isolation concept has been studied extensively in the past few years [15,16,17,18]. The TMD typically consists of a spring, a damper element and a mass (referred to as additional mass) which are attached to the main vibrating system. By optimally tuning its parameters [19], the TMD can effectively reduce the unfavorable displacements by controlling the relative movement at the isolation level. However, temperature variations and other environmental conditions can alter the stiffness and damping properties of the TMD leading to detuning, which could significantly compromise its performance [20]. Furthermore, according to previous research [21], the greater the additional mass of the TMD, the more effective its control effect over the structure. Nevertheless, a large oscillating mass render the construction and implementation of the TMD in the base of the structure extremely challenging due to geometric and other limitations imposed by the respective structural system.



To enhance the effectiveness of the TMD without directly increasing its mass, researchers have proposed the use of supplementary inertial mass dampers. This innovative control strategy, often referred to as TMDI (Tuned Mass Damper Inerter) exploits the mass-amplification effect of the inerter [22], a two-terminal mechanical element that generates a force proportional to the relative acceleration between its terminals. The promising outcomes of the TMDI in numerous mechanical and civil engineering applications [23,24,25], have prompted its examination in conjunction with conventional base isolated structures [26,27,28]. In these studies, the dynamic performance of the structure is improved, however not significantly when compared to a TMD with a large additional mass or a base isolation system utilizing high damping rubber bearings [29,30].



An alternative approach to indirectly augment the inertia of an oscillating system is by incorporating a negative stiffness (NS) element [31,32]. Negative stiffness isolators have attracted considerable attention in the field of seismic protection [33,34,35,36,37] due to their ability to mitigate the dynamic responses of the system, without increasing structural accelerations, while limiting the displacement of the isolation level. These devices store a pre-compressive force that during the seismic event generates a destabilizing effect, which reduces the overall stiffness. As a result the structures experience enhanced vibration isolation and shock attenuation across a broad spectrum of frequencies. Implementations of passive NS devices in seismically isolated structures [38,39,40,41,42] have demonstrated the effectiveness of the supplemental isolation systems in enhancing the overall dynamic performance of these structures. However, if the deformation of the existing bearings suppresses a specific threshold, significant displacements may arise.



A novel passive seismic absorber, which combines the concepts of TMD and NS, was introduced in [43] and is referred to as KDamper. It is a variant of the traditional TMD oscillator, distinguished by the addition of a NS element that connects the additional mass to the foundation beneath the isolation level (the ground in the case of base isolation). This device offers exceptional damping properties and due to the use of the NS element it can increase indirectly the inertia effect of its mass, while simultaneously controlling its tuning. As a result, it effectively overcomes the main drawbacks of the TMD. The use of the KDamper in seismic base absorption of buildings [44] and bridges [45], demonstrated that the device can drastically reduce the dynamic responses of the controlled structure under seismic excitations. An extension of the KDamper, named Extended KDamper (EKD), was proposed in [46]. It is differentiated from the initial design due to: (i) the placement of the NS element between the isolation level and the additional mass and (ii) the installation of an extra artificial damper parallel to the NS element. The performance of the EKD in providing horizontal seismic protection for buildings has been studied in [47,48] and an indicative design of the device was conducted in [49]. It has been also tested as a vertical seismic absorber [50,51,52] and as a vibration control strategy of wind turbine towers [53,54]. Another variant of the KDamper, the SBA (Seismic Base Absorber), which consists of the EKD connected in parallel with an inerter element has also been investigated [55,56]. In [57], a novel design for the NS element of the SBA was proposed, the performance of the device was examined and an indicative placement in the base of a structure was suggested. The aim of the SBA is to further reduce structural accelerations while more effectively controlling displacements compared to the other KDamper designs.



This paper investigates the performance enhancement of an existing base isolated multi-story structure by adding supplemental vibration control systems (VCS) at the isolation level. These systems include various modifications of the KDamper concept and TMD, TMDI devices with different mass ratios. Although the KDamper modifications have been proven effective in the context of alternative seismic absorption bases, according to the literature, their performance as supplements in existing base isolated structures has not yet been examined.



Section 2 of this work presents the configurations of the examined VCS, along with the equations of motion and parameters of the base isolated multi-story structure equipped with each of these systems. In Section 3, a multi-objective constrained optimization methodology of a 5-story building equipped with the VCS is formulated, employing the modified Non-Sorting Genetic Algorithm type II (NSGA-II) enhanced with the crowding distance operator (CDO) [58]. The objective functions and the design variables along with their boundaries are selected. Furthermore, the fixed parameter values for the KDamper-based VCS are defined and the calculation process of their stiffness elements is presented. In Section 4, the Pareto fronts are provided, illustrating the minimization of the objective functions as calculated from the corresponding optimal solutions sets of each system. For the optimization process and the dynamic analysis of the controlled 5-story building, a database of 30 artificial accelerograms is chosen as the excitation input, designed to be spectrum-compatible with the EC8 acceleration design response spectrum. For comparative purposes, the Pareto fronts of the best KDamper-based VCS and TMD-based VCS are also depicted. These systems are further compared in Section 5 with real earthquake records, in terms of absolute maximum dynamic responses, after selecting for each system one of their optimal solutions sets. The responses of the conventionally isolated building without VCS are also calculated to highlight the efficacy of integrating the proposed KDamper-based devices into the building. For the dynamic analysis conducted in this section, a group of 10 near-fault real records along with 10 artificial accelerograms are used as excitation input. Lastly, in Section 6, the key findings of this study are summarized.




2. Base Isolated Structure Supplemented with VCS


In this section, various vibration control systems (VCS) are employed as supplements to a conventionally base isolated multi-story structure, to improve its dynamic performance. More specifically, the examined VCS are implemented at the base level of the structure, and aim to reduce the required base displacements, retaining the superstructure seismic responses in reasonable ranges. A schematic representation of the controlled structure with the examined VCS configurations is presented in Figure 1.



The superstructure is modelled as a lumped mass model, under the following assumptions: (i) the total structural mass is concentrated at the floor levels, (ii) the floor slabs and grinders are rigid compared to the columns, (iii) the columns are axially inextensible, and (iv) the superstructure remains elastic during the analysis.



The base isolation layer is modelled as linear, by means of the effective stiffness and the equivalent viscous damping. Since the conventional base isolated structure employs low damped rubber bearings, analytical or differential models [59,60] are not considered necessary for the simulation of the isolation base. The equations of motion of the base isolated structure (BI), without a VCS, can be thus expressed in a matrix form as:


    M  B I       u ¨   B I    +   C  B I       u ˙   B I    +   K  B I      u  B I    = −   M  B I      I  T    x ¨  G   



(1)




where    u i  =  x i  −  x G   . The matrices of mass, damping, and stiffness entering Equation (1) are:


    M   ( n + 1 ) × ( n + 1 )   =        M  S T R     n × n       0   n × 1         0   1 × n      m B       



(2a)






    C   ( n + 1 ) × ( n + 1 )   =        C  S T R     n × n       0   n × 1         0   1 × n      c B       



(2b)






    K   ( n + 1 ) × ( n + 1 )   =        K  S T R     n × n        K  S T R − B I     n × 1  T         K  S T R − B I     1 × n      k B       



(2c)






     K  S T R − B I     1 × n   =      −  k 1       0   1 × ( n − 1 )        



(2d)







In the case a multi-story structure is mounted on an isolation base, the base level is significantly more flexible as compared to the superstructure. As a result, the fundamental frequency of the BI structure is greatly reduced, and the structure seismic responses are primarily affected by the first mode of the system. Thus, the BI structure can be characterized by the base isolation frequency and damping ratio, defined as follows:


   ω B  = 2 π  f B  =    k B   M  t o t      



(3a)






   ζ B  =   c B   2  m B   ω B     



(3b)




where   M  t o t    is the total mass of the structure including the mass of the base slab. The equations of motion of the BI structure supplemented with a VCS are:


    M  V C S       u ¨   V C S    +   C  V C S       u ˙   V C S    +   K  V C S      u  V C S    = −    M  V C S     ( e f f )     I  T    x ¨  G   



(4)







The mass matrix on the right hand side of Equation (4) differs from the one on the left, due to the introduction of inertance elements. Inerters generate inertia forces proportional to the relative acceleration between their terminals, and thus affect the mass matrix (  M  V C S   ), however, they do not provide actual mass on the structure, and as a result, they do not influence the seismic induced forces (     M  V C S     ( e f f )     I  T    x ¨  G   ). More details regarding the matrices entering Equation (4) are provided in Appendix A.



2.1. TMD-Based VCS


The TMD-based VCS are presented in Figure 1. The additional oscillating mass of the TMD   m  T M D    is attached to the base level with a positive stiffness element   k  T M D    and an artificial damper   c  T M D   . The free design variables of the BI structure equipped with a conventional TMD are the mass ratio   μ  T M D   , tuning frequency ratio   t  T M D   , and damping ratio   ζ  T M D   , defines as:


   μ  T M D   =   m  T M D    M  t o t     



(5)






   t  T M D   =   f  T M D    f B    



(6a)






   f  T M D   =  1  2 π      k  T M D    m  T M D      



(6b)






   ζ  T M D   =   c  T M D    2  m  T M D    ω  T M D      



(7)







For the TMDI configuration, Equations (5)–(7) still apply (with annotation TMDI instead of TMD), while an additional design parameter is introduced, the inertance ratio:


   b  T M D I   =   B  T M D I    M  t o t     



(8)







TMD-based VCS are usually tuned to the fundamental frequency of the structure, which in this case is the base isolation frequency   f B  , in order to reduce the base displacement demand. In this research study, the TMD frequency   f  T M D    is set as a free design variable to explore a broader range of TMD-based VCS effectiveness. The modification of the mass, damping, and stiffness matrices due to the inclusion of the TMD and TMDI VCS can be found in Appendix A.




2.2. KDamper-Based VCS


The KDamper-based VCS configurations are illustrated in Figure 1. KDamper introduces an additional mass   m  K D    attached to the isolation floor with a positive stiffness element   k  P S    and an artificial damper   c  P S   , as is in the case of a TMD. Additionally, a negative stiffness (NS) element   k  N S    connects the added mass to the base that artificially amplifies its inertia force, and a positive stiffness element   k R   is implemented parallel to the base isolation stiffness. With respect to the configuration of the stiffness elements, the EKD and ENKD interchange the positive and negative stiffness elements positions. Since the positive and negative stiffness elements,   k  P S    and   k  N S   , respectively, operate in parallel, the equivalent base stiffness of the BI structure equipped with any KDamper-based design   k  B − K D   , can be defined as follows:


   k  B − K D   =   (  2 π  f  B − K D    )  2   (  M  t o t   )  =  k B  +  k R  +    k  N S    k  P S      k  N S   +  k  P S      



(9)







The proposed base isolation VCS supplements based on the KDamper concept introduce NS elements, and thus, it is imperative to ensure the static and dynamic stability of the controlled structure. The stiffness elements’ values can be selected according to Equation (9), however, possible variations in these values, due to temperature variations, manufacturing tolerances, or nonlinear behavior of structural elements that have not been accurately modeled in the mathematical model, may endanger the stability of the system. For this reason, a simultaneous variation in all stiffness elements of the KDmamper-based VCS is accounted for, by introducing a perturbation  ε  to their values:


   k  B − K D    ( ε )  ≥ 0 ⇒  k B  +  ( 1 −  ε R  )   k R  +    ( 1 −  ε  P S   )   k  P S    ( 1 +  ε  N S   )   k  N S      ( 1 −  ε  P S   )   k  P S   +  ( 1 +  ε  N S   )   k  N S     ≥ 0   



(10)




where   ε  N S   ,   ε  P S    and   ε R   are the potential variations to the stiffness elements   k  N S   ,   k  P S    and   k R  , respectively. Assuming that the variations  ε  are pre-determined, the stiffness elements   k  P S    and   k R   values result from Equations (9) and (10) as a function of   k  N S    and   f  B − K D   . The analytical expressions of   k  P S    and   k R   are:


   k R  =  k r   k  B − K D    



(11a)






   k  P S   =  k  p s    k  B − K D    



(11b)




where   k r   and   k  p s    are obtained from the following relations:


   k r  =   −  S 2  −    S  2  2  − 4  S 1   S 3      2  S 1     



(12a)






   k  p s   =    k  n s   −  k b   k  n s   −  k r   k  n s      k b  +  k r  +  k  n s   − 1    



(12b)




where    k  n s   =  k  N S   /  k  B − K D     and    k b  =  k B  /  k  B − K D    . Parameters   S 1  ,   S 2  , and   S 3  , presented in Equation (12), are defined as:


   S 1  = R  ( P − N )   



(13a)






   S 2  =  k  n s   N  ( P − R )  +  k b   ( P − N )   ( 1 + R )  + R  ( N − P )   



(13b)






   S 3  =  k b   ( P − N )   (  k b  − 1 )  + N  ( P − 1 )   k  n s    k b  − P N  k  n s    



(13c)






  R = 1 −  ε R   



(14a)






  N = 1 −  ε  N S    



(14b)






  P = 1 −  ε  P S    



(14c)







The modification of the mass, damping, and stiffness matrices due to the inclusion of the KDamper, EKD and ENKD VCS can be found in Appendix A.





3. Optimal Design of VCS


The examined VCS are implemented at the base of a seismically isolated multi-story structure to improve its dynamic performance. Specifically, the aim of the VCS is to mitigate the base displacements required to isolate the superstructure from the ground motion. As a result, the VCS has a dual purpose: (i) to reduce the base displacements, and (ii) to mitigate the superstructure dynamic responses. For this reason, a multi-objective optimization problem is formulated in this research study, with the following objective functions (OF):


     O  F 1  :       max |   u B   |        O  F 2  :       max |   a  t o p    |      



(15)




where   a  t o p    is the top floor absolute acceleration. For the optimization procedure of the examined VCS, the modified NSGA-II enhanced with the crowding distance operator (CDO) is employed. NSGA-II is an evolutionary algorithm designed to address the challenges associated with multi-parameter and multi-objective optimization problems, and has been effectively applied in seismic protection applications [61]. The framework of this algorithm (NSGA-II with CDO) incorporates the following mechanisms: (i) Crossover and Mutation, (ii) Non-dominated Sorting, (iii) Crowding Distance, and (iv) Tournament Selection. Further details regarding NSGA-II algorithm operators can be found in [62].



3.1. Reference Structure


The reference structure selected as the benchmark building used to assess the performance of the examined VCS and proposed optimization methodology is a five-story reinforced concrete (RC) shear frame building structure, with uniformly distributed masses and stiffnesses for all floors. It represents a mid-rise medium-sized structure and has an elastic modulus of E = 26 GPa. Figure 2 depicts a simple 3D model of this building (without base isolation), along with its floor plan. The floor height is 3 m and the number of columns in each floor is equal to 25. The columns have rectangular cross-sections of 48 cm × 48 cm and a cracked/damaged section has been made. Therefore, the moment of inertia of columns has been reduced by 50%. The floor masses are equal to   m F   = 360 tn, and correspond to about 400 m2 of floor area and the stiffness of each floor is equal to   k F   = 650 MN/m.



The damping matrix of the superstructure is calculated under the assumption of modal damping:


     C  S T R     n × n   =    Φ  S T R     n × n  T      C  S T R   ˜    n × n      Φ  S T R     n × n   ,  



(16)




where      C  S T R   ˜    n × n    is a diagonal matrix with the element in the position   ( i , i )   defined as   2  ζ i     M  S T R     ( i , i )    ω i   .     Φ  S T R     n × n    is the matrix of the modal shapes, and   ζ i   is the damping ratio of the   i  t h    mode. The value of   ζ 1   is assumed to be equal to   3.03 %  , based on [63], while for the higher modes, the damping ratio is assumed to be proportional to the frequency of the associated structural mode, with a maximum of   10 %   critical damping:


   ζ i  = m i n   ζ 1    ω i   ω 1   ; 0.1  ,  



(17)







The reference building is designed assuming the following: ground type C, spectral peak ground acceleration 0.36 g, spectrum type I, and importance class II. For the purpose of this research study, the excitation input in the design optimization process of the examined VCS is selected from a database of 30 artificial accelerograms with response spectrum closely compatible to the EC8 design response spectra, with characteristics that of the reference structure. The database of artificial accelerograms is generated using the SeismoArtif [64].




3.2. TMD-Based Optimal Design


The free design variables of the TMD VCS are presented in Section 2.1, and are the mass ratio   μ  T M D   , tuning frequency ratio   t  T M D   , and damping ratio   ζ  T M D   . The   μ  T M D    can be arbitrarily chosen, and enhances the performance of the TMD the larger it is. The   t  T M D    is selected to vary, with respect to the   f B  , in order to investigate thoroughly the TMD effectiveness, in the range:


  50 % ≤  t  T M D   =   f  T M D    f B   ≤ 200 % ,  



(18)







The damping ratio   ζ  T M D    can be calculated analytically base on the minmaxH inf approaches [65], or numerically to minimize a specific response indicator. In this paper,   ζ  T M D    is calculated numerically, and is selected to vary in the range:


   ζ  T M D   =   c  T M D    2  m  T M D    ω  T M D     ≤ 50 % ,  



(19)







In the case of TMDI, an additional constraint is imposed in the inertance   b  T M D I    value:


   b  T M D I   =   B  T M D I    M  t o t    ≤ 40 % ,  



(20)








3.3. KDamper-Based Optimal Design


The additional oscillating mass   m  K D    in the KDamper-based VCS can be arbitrarily chosen, as in the case of the TMD-based designs. As a result, the free design variables sought in the optimization process of these configurations are:




	i.

	
KDamper: (1) NS element value   k  N S   , (2) nominal base frequency   f  B − K D   , and (3) artificial damper value   c  P S   .




	ii.

	
Extended KDamper (EKD): (1) NS element value   k  N S   , (2) nominal base frequency   f  B − K D   , (3) and (4) artificial dampers values   c  P S    and   c  N S   .




	iii.

	
EKD enhanced with inerters (ENKD): (1) NS element value   k  N S   , (2) nominal base frequency   f  B − K D   , (3), (4) artificial dampers values   c  P S    and   c  N S   , respectively, and (5), (6) inertance ratios    b R  =  B R  /  M  t o t     and    b  N S   =  B  N S   /  M  t o t    .









The   f  K D    is set as a design variable of the KDamper-based systems, instead of tuning these VCS with the fundamental structure frequency, in order to obtain their optimum tuning and establish general guidelines. The range in which   f  B − K D    varies, is the same as in the case of the TMD-based VCS:


  50 %  f B  ≤  f  B − K D   ≤ 200 %  f B  ,  



(21)







The NS element’s value is another critical parameter, especially for the design of the NS mechanism [46], and its maximum absolute value is upper bounded with respect to the total structural mass   M  t o t   :


   k  N S   ≥ − 100  k N / m   per   t n  



(22)







The artificial dampers   c  P S    and   c  N S    values are upper bounded based on previous research [46], in order to for their realization to be possible with common linear damping devices:


   c  N S   ,   c  P S   ≤ 5  k N s / m   per   t n  



(23)







The values of the inertance ratios are upper bounded per tonne of the superstructure mass   M  t o t   , similarly to the TMD-based VCS:


   b R  ,   b  N S   ≤ 40 % ,  



(24)







The stiffness elements’ variations   ε  N S   ,   ε  P S    and   ε R   are selected to equal to 5%. The NS element   k  N S    is realized with a displacement-dependent configuration that employs pre-compressed positive stiffness elements (spiral springs) and an articulated mechanism. Further details regarding the NS mechanism can be found in [43,46]. In order for the generated NS to remain in the linear regime, and thus, considered in the analysis as linear, the NS stroke (relative displacement between the terminals of the NS mechanism) should be upper bounded:


      u  N S   =  u  K D   ≤ 10 cm   ( KDamper )  ,     



(25)






      u  N S   =  u B  −  u  K D   ≤ 10 cm   ( EKD ,  ENKD )  ,     



(26)







The additional mass of all KDamper-based VCS is selected equal to    m  K D   = 0.1 %  M  t o t     (mass ratio equal to 0.1%). This value is significantly lower, as compared to other mass-related VCS found in the literature (TMD, TMDI). For example, the studies in [16,18] examined the TMD for mass ratios ranging from 1% to 10% and it was confirmed that increasing this ratio improves the effectiveness of the TMD. Furthermore, study [28] investigated the performance of a lightweight TMD and TMDI with a mass ratio of 5%, as well as a large mass TMD/TMDI with a ratio of 20%. The efficacy of the KDamper concept with a significantly lower mass ratio is due to its NS element. The force produce from this element artificially amplifies the inertia force of the added mass   m  K D   , as they are exactly in phase [44] and this can be considered as an indirect approach to increase the mass ratio, without actually increasing the additional oscillating mass itself. The benefits of this absorber are: (i) there is no need for heavy parasitic masses, that burden the structure in static and dynamic conditions, in order for the VCS to be effective and (ii) by having a small additional mass, the respective seismic loading is also insignificant.





4. Multi-Objective Optimization Results


The optimization results of the conventionally base isolated 5-story building equipped with the proposed supplemental VCS are depicted in Figure 3. Specifically, Figure 3a illustrates the generated Pareto fronts of the building with the KDamper-based VCS, which include the KDamper, EKD, and ENKD configurations. In Figure 3b, the Pareto fronts of the building equipped with the TMD-based VCS systems with different mass ratios are displayed. The TMD and TMDI systems with a mass ratio of 1% are labelled as TMD-1% and TMDI-1%, respectively, and those with a ratio of 5% are labelled accordingly as TMD-5% and TMDI-5%. Each marker (point) on these figures, represents one of the 50 solutions resulting from the optimization of each system. These markers correspond to the optimal sets of design variables that effectively minimize both objective functions.



In Figure 3a, it becomes apparent that for values of   u B   lower than approximately 9 cm, the ENKD has the potential of reducing more the maximum absolute accelerations of the top floor (  a  t o p   ) compared to the other systems. However, all the KDamper-based VCS can provide a wide and diverse solution domain since their optimization results are well distributed across the front. Concerning the TMD-based VCS (Figure 3b), the TMDI-5% is the most effective system in reducing the examined dynamic responses of the building. However, the solutions of all the TMD-based VCS are densely concentrated in regions where the   u B   is approximately between 10 cm and 12.5 cm. This indicates their limited applicability when the displacement demand falls outside of these values.



To further examine the performance of the supplementary KDamper-based systems in seismic isolation of the reference building, additional optimization were carried out. For these optimizations, was assumed that the nominal frequency of the KDamper-based VCS is equal to the base isolation frequency   f B  . The resulting Pareto fronts are depicted in Figure 4a, where the suffix “-  f B  ” in the names of the systems indicate their revised nominal frequency value. The difference in Pareto fronts between the KDamper (with frequency   f  B − K D   ) and the KDamper-  f B   is notable, as illustrated in Figure 4b. The KDamper designed according to Equation (9) (taking into account the stiffness values of each optimization set) is expected to provide a wider range of solutions. However, the differences in fronts decreases as one progresses from the KDamper to the EKD (Figure 4c) and ENKD (Figure 4d) configurations.



After establishing the KDamper-based VCS to have a value of nominal frequency equal to the one according to which the TMD-based VCS were tuned, the Figure 5 is given, that provides an illustrative comparison of the best performing system of each class. The Pareto fronts of the ENKD, ENKD-  f B   and TMDI-5% are displayed. Although the TMDI VCS can achieve values of   a  t o p    lower than 3 m/s2, it cannot reduce the base displacement below 10 cm. On the contrary and as discussed for Figure 3, the proposed ENKD (with nominal frequency either   f  B − K D    or   f B  ) can provide a broad and diverse range of solutions, addressing effectively the trade-offs between the examined objective functions.




5. Performance Assessment of VCS with Real Earthquakes


This section conducts a performance evaluation of the base isolated 5-story building equipped with the proposed supplemental VCS. The dynamic analysis was performed using a set of 10 real earthquakes and 10 artificial accelerograms as excitation input. The objective is to investigate the contribution of the VCS to the initial structure in terms of seismic protection and to demonstrate the superiority of the KDamper-based VCS over the TMD-based systems.



5.1. Excitation Input


The real earthquake records were obtained from the Pacific Earthquake Engineering Center database [66], and their essential information and characteristics are given in Table 1. These records are classified as Near-Fault due to their Joyner-Boore distance   R  J B    being lower than 25 km and they have relatively high magnitudes (  M w > 6  ). Their average peak ground accelerations (PGA) and peak ground displacements (PGD) were recorded at approximately 2.92 m/s2 and 10.67 cm, respectively. The symbol   D u  r  5 – 95 %     (significant duration) in Table 1, denotes the time required for each record to build up between 5% and 95% of the total Arias intensity.



The 10 artificial records were generated using the SeismoArtif Software [64]. They were designed to comply the Eurocode 8 (EC8) elastic acceleration response spectrum, with an average PGA approximately equal to 5.35 m/s2.




5.2. Selection of the Optimal KDamper-Based and TMD-Based VCS for Comparison


To demonstrate the effectiveness of the KDamper-based VCS in enhancing the dynamic performance of the base isolated 5-story building, the following systems (as obtained from the optimization of Section 4) are selected:




	
A stiffer approach of the ENKD that leads to considerably low values for base displacement at the cost of an increase in the acceleration of the top floor. From Figure 5, the optimal set of solutions is chosen, that results to objective function values of   u B   = 4.101 cm and   a  t o p    = 4.031 m/s2. Hereafter, this system will be referred to as ENKD-S1 (Solution 1).



	
A more elastic approach of the ENKD that can retain the top floor acceleration below 2.5 m/s2, similar to the TMDI-5% VCS (Figure 5). However this results in higher values of base displacement. From the same figure, the optimal set of solutions is selected, that leads to objective function values of   u B   = 10.130 cm and   a  t o p    = 1.884 m/s2. This system is denoted as ENKD-S2 (Solution 2).








The values of design variables of the ENKD-S1 and ENKD-S2 VCS are depicted in Table 2. From Equation (11), the values of stiffness   k R   and   k  P S    elements can also be calculated. In Table 3, these values are given, along with the resulting objective functions as mentioned above.



According to Table 2 and Table 3, a stiffer approach of the ENKD leads to significantly higher values for the design variables   k  N S    (in absolute terms),   c  N S   ,   b R  ,   b  N S    as well as the stiffness elements   k R  ,   k  P S    when compared to the elastic design approach. This may introduce more challenges in the realization and implementation of the ENKD-S1 device in the base of structures, which could also lead to economic feasibility issues. It is also important to note that in ENKD-S2 configuration, the value of   c  P S    is approximately 20 times greater than   c  N S   . This leads to the conclusion that for an elastic design approach, the   c  N S    damper does not significantly impact the dynamic response of the building.



The selected KDamper-based VCS are compared with the TMDI-5% which, among the TMD-based VCS, was proven the most effective in reducing both the objective functions according to Section 4. The set of solutions that leads to the lowest obtained value of base displacement according to optimization is chosen (Figure 5). The values of the design variables, parameters and objective functions of this TMDI-5% system are summarized in Table 4.




5.3. Results of Dynamic Analysis


In this section, the results of the dynamic analysis are summarized. To provide a clearer assessment of the effectiveness of each examined VCS, the results of the ENKD-S1, ENKD-S2 and TMDI-5% systems are also compared to those of the initial base isolated structure without any supplemental control system (denoted as BI).



In Figure 6 and Figure 7, bar plots illustrate the values of   u B   and   a  t o p    of each of the 10 real and 10 artificial accelerograms, respectively. These values correspond to the absolute maximum dynamic responses of the building during each excitation. According to Figure 6a and Figure 7a, the ENKD-S1 manages to drastically reduce the base displacement in all the examined records compared to BI and TMDI-5%. As expected, ENKD-S2 yields higher   u B   values. However, in 15 out of 20 analyses (9 from the real records and 6 from the artificial ones) these values are lower than those obtained from the TMDI-5% implementation. Furthermore, based on Figure 6b and Figure 7b, the ENKD-S2 also resulted in lower   a  t o p    values than TMDI-5% in 8 out of 10 real record excitations and in 8 out of 10 artificial ones.



To facilitate a more straightforward comparison of the overall performance of the examined systems, Figure 8 is provided. In this figure, the   u B   and   a  t o p    represent the mean absolute maximum dynamic responses of the building for each of the excitation groups (real and artificial accelerograms). The results are expressed as average ratios, with the subscript “BI” indicating the responses as emerged from the dynamic analysis of the initial base isolated building. According to this figure, the ENKD-S1 system manages to reduce by approximately 64.4% the   u  B , B I    (on average from both excitation groups) and increase by 95.5% the   a  t o p , B I   . However, the ENKD-S2 system reduces both   u  B , B I    and   a  t o p , B I    by 16.1% and 10.6% on average, respectively. As for the TMDI-5% configuration, it only achieves an average decrease of 9.9% in the value of   u  B , B I    and it has a negligible impact on reducing the   a  t o p , B I    (reduction below 0.3%).



Figure 9 and Figure 10 illustrate time history responses of the examined building for a specific real and artificial record, respectively. Figure 9a and Figure 10b depict the variation of the relative to the ground base displacement (  u B  ) of the controlled building, while Figure 9b and Figure 10b the variation of the top floor acceleration over the duration of the seismic event. The real record used is the Northridge-N. Hollywood (No. 5 of Table 1) and the artificial accelerogram is one of the database with a PGA equal to 4.75 m/s2. These figures indicate that the ENKD-S2 system can reduce the dynamic responses of the BI throughout the time domain, not just in terms of peak values. The supplemental TMDI-5% slightly enhances the performance of the BI only in terms of   u B  , as the time histories of   a  t o p    between TMDI-5% and BI systems are almost identical.





6. Conclusions


This paper examines the potential improvement in seismic performance of a base isolated (BI) 5-story building through the introduction of supplemental vibration control systems (VCS) at the isolation level. These systems are classified into two groups. The first group, referred to as KDamper-based VCS, comprises the KDamper, the Extended KDamper (EKD) and the EKD enhanced with inerters (ENKD). The second group, termed TMD-based VCS, includes Tuned Mass Damper (TMD) and Tuned Mass Damper Inerter (TMDI) devices with varying mass ratios. Devices with a mass ratio of 1% are referred to as TMD-1% and TMDI-1%, while those with a mass ratio of 5% are labeled as TMD-5% and TMDI-5%.



A multi-objective optimization of the 5-story building equipped with these VCS is formulated using the modified Non-Sorting Genetic Algorithm type II (NSGA-II) enhanced with the Crowding Distance Operator (CDO). The fixed parameters and design variables along with their limits, are determined based on engineering criteria. The objective functions are selected to be the base displacement and the top floor acceleration (in absolute maximum terms) of the examined control building under 30 artificial accelerograms. One additional group of KDamper-based VCS is also optimized with a value of nominal frequency equal to the one according to which the TMD-based VCS were tuned (frequency   f B   of the base isolated building). To determine which VCS is more capable of minimizing both objective functions, a comparison of their generated Pareto fronts is performed.



Furthermore, a numerical case study is conducted to assess the performance of the TMDI-5% and the ENKD in terms of reducing the dynamic responses of the 5-story base isolated building. The design values of each system are selected among the optimal solutions sets as emerged from optimization. For the ENKD, two solutions are selected: a stiff approach, labeled as ENKD-S1 and a more elastic one, referred to as ENKD-S2. A group of 10 real records along with 10 artificial accelerograms are selected as excitation inputs for the dynamic analysis of the 5-story building equipped with the examined systems.



Based on the optimization results and the outcomes of the numerical case study, the following summarized conclusions can be made:




	i.

	
The design of the proposed base isolation VCS supplements is realistic, as it accounts for variations in the values of all installed stiffness elements, thus, ensuring the static and dynamic stability of the controlled BI structure.




	ii.

	
Among the KDamper-based VCS, the ENKD is the most effective one. For values of base displacement lower than approximately 9 cm (according to optimization results), it has the potential of reducing the acceleration of the top floor more compared to the other systems of the same group.




	iii.

	
The generated Pareto fronts of the EKD and ENKD systems for a base displacement range between 4 cm and 6 cm are almost identical to those of the EKD and ENKD systems with a nominal frequency of   f B  .




	iv.

	
According to the optimization results, the TMDI-5% is the best performing system among the other TMD-based VCS. However, it is limited to base displacements in the range of 10.8–12 cm. In comparison, the KDamper VCS offer a much wider range of solutions and can provide alternative BI designs with “stiffer” base frequencies.




	v.

	
Based on the numerical case study, the ENKD-S1 system manages to reduce the average absolute maximum base displacement of the building by approximately 64.4% at the cost of increasing the average absolute maximum acceleration of the top floor (95.5% increase). However, the ENKD-S2 system reduces both the base displacement and the top floor acceleration by 16.1% and 10.6%, respectively. The TMDI-5% decreases the displacement of the base by approximately 9.9%, but has a negligible impact on reducing the top floor acceleration (reduction below 0.3%) of the building. Therefore, the ENKD-S2 manages to outperform the TMDI-5%, employing only the 1/50 of the additional mass of the later.









Based on the results of this work, the following directions for future research are suggested:




	i.

	
The study of the practical implementation challenges, considerations and economic factors associated with integrating the proposed KDamper-based VCS in real-world construction scenarios.




	ii.

	
The realistic design of the proposed devices including detailed presentations of their NS mechanisms and the selection/design of their elements based on existing commercial and design catalogs.




	iii.

	
The integration of the KDamper-based VCS to highly damped base isolated structures, taking into account their complex hysteretic behavior.




	iv.

	
The extension of this work to the case of 3D base isolated structures.




	v.

	
The comparison of the KDamper-based VCS (which are categorized as passive seismic base isolation devices) with other semi-active or active VCS.




	vi.

	
The implementation of the examined optimization framework and the proposed devices to various types of structures (including bridges and wind-turbines), subjected to different levels of seismic intensity.
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The following abbreviations are used in this manuscript:



	VCS
	Vibration Control Systems (or System)



	BI
	Base Isolation or Base Isolated structure



	NS
	Negative Stiffness



	PS
	Positive Stiffness



	TMD
	Tuned Mass Damper



	TMDI
	Tuned Mass Damper Inerter



	EKD
	Extended KDamper



	SBA
	Seismic Base Absorber



	ENKD
	Extended KDamper enhanced with inerters



	NSGA-II
	Non-Sorting Genetic Algorithm Type-II



	CDO
	Crowding Distance Operator



	OF
	Objective Function



	RC
	Reinforced Concrete



	EC8
	Eurocode 8



	PGA
	Peak Ground Acceleration



	PGD
	Peak Ground Displacement










Appendix A


The equations of motion of the controlled base isolated structure with the examined VCS are presented in Equation (4). The matrices of mass, stiffness, and damping can be expressed to include any examined VCS as follows:


     M  V C S     ( n + 2 ) × ( n + 2 )   =        M  S T R     n × n       0   n × 1       0   n × 1         0   1 × n      m  B − B      m  B − V C S         0   1 × n      m  V C S − B      m  V C S − V C S        



(A1a)






     K  V C S     ( n + 2 ) × ( n + 2 )   =        K  S T R     n × n       0   n × 1       0   n × 1         0   1 × n      k  B − B      k  B − V C S         0   1 × n      k  V C S − B      k  V C S − V C S        



(A1b)






     C  V C S     ( n + 2 ) × ( n + 2 )   =        C  S T R     n × n       0   n × 1       0   n × 1         0   1 × n      c  B − B      c  B − V C S         0   1 × n      c  V C S − B      c  V C S − V C S        



(A1c)






     M  V C S     ( n + 2 ) × ( n + 2 )   ( e f f )   =        M  S T R     n × n       0   n × 1       0   n × 1         0   1 × n      m  B − B   ( e f f )      m  B − V C S   ( e f f )         0   1 × n      m  V C S − B   ( e f f )      m  V C S − V C S   ( e f f )        



(A1d)







Appendix A.1. TMD-Based VCS


In the case where a TMD is implemented at the base level, the components of the matrices presented in Equation (A1) are defined as:


   m  B − B   =  m B   



(A2a)






   m  B − V C S   =  m  V C S − B   = 0  



(A2b)






   m  V C S − V C S   =  m  T M D    



(A2c)






   c  B − B   =  c B   



(A3a)






   c  B − V C S   =  c  V C S − B   = −  c  T M D    



(A3b)






   c  V C S − V C S   =  c  T M D    



(A3c)






   k  B − B   =  k B   



(A4a)






   k  B − V C S   =  k  V C S − B   = −  k  T M D    



(A4b)






   k  V C S − V C S   =  k  T M D    



(A4c)






   m  B − B   ( e f f )   =  m B   



(A5a)






   m  B − V C S   ( e f f )   =  m  V C S − B   ( e f f )   = 0  



(A5b)






   m  V C S − V C S   ( e f f )   =  m  T M D    



(A5c)







With the inclusion of the inerter in the TMD configuration (TMDI VCS), Equation (A6) are modified as:


   m  B − B   =  m B   



(A6a)






   m  B − V C S   =  m  V C S − B   = 0  



(A6b)






   m  V C S − V C S   =  m  T M D I   +  b  T M D I    M  t o t    



(A6c)








Appendix A.2. KDamper-Based VCS


With the introduction of the KDamper as a supplement to the isolation base, the elements of the matrices in Equation (A1) are the following:


   m  B − B   =  m B   



(A7a)






   m  B − V C S   =  m  V C S − B   = 0  



(A7b)






   m  V C S − V C S   =  m  K D    



(A7c)






   c  B − B   =  c B  +  c  P S    



(A8a)






   c  B − V C S   =  c  V C S − B   = −  c  P S    



(A8b)






   c  V C S − V C S   =  c  P S    



(A8c)






   k  B − B   =  k B  +  k R  +  k  P S    



(A9a)






   k  B − V C S   =  k  V C S − B   = −  k  P S    



(A9b)






   k  V C S − V C S   =  k  P S   +  k  N S    



(A9c)






   m  B − B   ( e f f )   =  m B   



(A10a)






   m  B − V C S   ( e f f )   =  m  V C S − B   ( e f f )   = 0  



(A10b)






   m  V C S − V C S   ( e f f )   =  m  K D    



(A10c)







Employing the extended version of the KDamper (EKD VCS), the mass components (Equations (A7) and (A10)) remain the same with the KDamper case, while the stiffness and damping related elements of Equation (A1) are modified as:


   c  B − B   =  c B  +  c  N S    



(A11a)






   c  B − V C S   =  c  V C S − B   = −  c  N S    



(A11b)






   c  V C S − V C S   =  c  N S   +  c  P S    



(A11c)






   k  B − B   =  k B  +  k R  +  k  N S    



(A12a)






   k  B − V C S   =  k  V C S − B   = −  k  N S    



(A12b)






   k  V C S − V C S   =  k  P S   +  k  N S    



(A12c)







With the enhanced EKD with inerter elements (ENKD VCS) the stiffness, damping, and effective mass components (Equations (A10)–(A12)) remain the same with the EKD case, while the mass elements of Equation (A1) are modified as:


   m  B − B   =  m B  +  b R   M  t o t   +  b  N S    M  t o t    



(A13a)






   m  B − V C S   =  m  V C S − B   = −  b  N S    M  t o t    



(A13b)






   m  V C S − V C S   =  m  K D   +  b  N S    M  t o t    



(A13c)
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Figure 1. Schematic representation of a multi-story base isolated building structure supplemented with VCS, and VCS configurations: (i) KDamper, (ii) EKD, (iii) ENKD, (iv) TMD, and (v) TMDI. 






Figure 1. Schematic representation of a multi-story base isolated building structure supplemented with VCS, and VCS configurations: (i) KDamper, (ii) EKD, (iii) ENKD, (iv) TMD, and (v) TMDI.



[image: Buildings 14 00955 g001]







[image: Buildings 14 00955 g002] 





Figure 2. Representation of the (a) 3D model and the (b) floor plan of the examined 5-story building without base isolation. 
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Figure 3. Pareto fronts of the 5-story building equipped with supplemental: (a) KDamper-based VCS and (b) TMD-based VCS. 
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Figure 4. Comparative Pareto fronts of the: (a) KDamper-based VCS with nominal frequency   f B   and the (b) KDamper, (c) EKD, (d) ENKD systems with nominal frequencies   f B   and   f  B − K D   , as obtained from the multi-objective optimization of the 5-story building. 






Figure 4. Comparative Pareto fronts of the: (a) KDamper-based VCS with nominal frequency   f B   and the (b) KDamper, (c) EKD, (d) ENKD systems with nominal frequencies   f B   and   f  B − K D   , as obtained from the multi-objective optimization of the 5-story building.
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Figure 5. Comparative Pareto fronts of the base isolated 5-story building equipped with the ENKD systems with nominal frequencies of   f B   and   f  B − K D    and the TMDI with a mass ratio of   5 %  . 
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Figure 6. Resulting values of (a)   u B   and (b)   a  t o p    of the 5-story building for each real record. Comparison among the BI, TMDI-5%, ENKD-S1 and ENKD-S2 systems. 
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Figure 7. Resulting values of (a)   u B   and (b)   a  t o p    of the 5-story building for each artificial record. Comparison among the BI, TMDI-5%, ENKD-S1 and ENKD-S2 systems. 
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Figure 8. Average ratios (a)   u B  /  u  B , B I    and (b)   a  t o p   /  a  t o p , B I   , from all the real and artificial records. Comparison among the BI, TMDI-5%, ENKD-S1 and ENKD-S2 systems. 
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Figure 9. Time history responses of the (a) relative to the ground base displacement (  u B  ) and the (b) acceleration of the top floor (  a  t o p   ) of the 5-story building during the Northridge-N. Hollywood seismic event. Comparison among the BI, TMDI-5% and ENKD-S2 systems. 
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Figure 10. Time history responses of the (a) relative to the ground base displacement (  u B  ) and the (b) acceleration of the top floor (  a  t o p   ) of the 5-story building during an artificial accelerogram. Comparison among the BI, TMDI-5% and ENKD-S2 systems. 
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Table 1. Information and characteristics of the chosen near-fault earthquake records.
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No

	
Earthquake

	
Year

	
Recording

	
Mw

	
PGA

	
PGD

	
RJB

	
Dur5–95%




	
Name

	
Station

	
[g]

	
[cm]

	
[km]

	
[s]






	
1

	
Friuli

	
1976

	
Tolmezzo

	
6.5

	
0.3571

	
4.588

	
14.97

	
4.9




	
2

	
Kocaeli

	
1999

	
Izmit

	
7.51

	
0.1651

	
11.836

	
3.62

	
15.1




	
3

	
Chi-Chi

	
1999

	
CHY006

	
7.62

	
0.3587

	
16.994

	
9.76

	
26.7




	
4

	
Landers

	
1992

	
Joshua tree

	
7.28

	
0.2736

	
7.704

	
11.03

	
27.1




	
5

	
Northridge

	
1994

	
N. Hollywood

	
6.69

	
0.3087

	
9.023

	
7.89

	
16.0




	
6

	
Kobe

	
1995

	
Amagasaki

	
6.9

	
0.2758

	
26.593

	
11.34

	
19.4




	
7

	
Duzce

	
1999

	
Lamont 1059

	
7.14

	
0.1524

	
10.190

	
4.17

	
15.0




	
8

	
Niigata

	
2004

	
NIG017

	
6.63

	
0.4765

	
12.758

	
4.22

	
36.7




	
9

	
Kozani

	
1995

	
Kozani

	
6.4

	
0.2069

	
1.747

	
14.13

	
8.6




	
10

	
L’Aquila

	
2009

	
V. Aterno

	
6.3

	
0.4018

	
5.268

	
0.0

	
7.6











 





Table 2. Values of the design variables from the selected ENKD VCS.
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VCS

	
Design Variables




	
   f 0   

	
   k NS   

	
   c NS   

	
   c PS   

	
   b R   

	
   b NS   




	
[Hz]

	
[kN/m]

	
[kNs/m]

	
[kNs/m]

	
[%]

	
[%]






	
ENKD-S1

	
0.613

	
−82,383.62

	
5591.83

	
8417.23

	
15.35

	
7.40




	
ENKD-S2

	
0.321

	
−43,989.97

	
515.05

	
10,071.56

	
2.31

	
1.14











 





Table 3. Resulting values of stiffness elements and objective functions from the selected ENKD VCS.
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VCS

	
Resulting Stiffness

	
Objective Functions




	
   k R   

	
   k PS   

	
   u B   

	
   a top   




	
[kN/m]

	
[kN/m]

	
[cm]

	
[m/s2]






	
ENKD-S1

	
155,652.54

	
180,509.82

	
4.101

	
4.031




	
ENKD-S2

	
44,416.86

	
147,592.81

	
10.130

	
1.884











 





Table 4. Values of the selected TMDI-5% VCS and the resulting objective functions.
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Design Variables

	
Resulting Parameters

	
Objective Functions




	
   t TMD   

	
   ζ TMD   

	
   b TMDI   

	
   f TMD   

	
   k TMD   

	
   c TMD   

	
   u B   

	
   a top   




	
[Hz]

	
[%]

	
[%]

	
[Hz]

	
[kN/m]

	
[kNs/m]

	
[cm]

	
[m/s2]






	
1.141

	
49.04

	
14.29

	
0.652

	
1736.80

	
415.83

	
10.848

	
2.278
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