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Performance Evaluation of Distributed Extended KDamper Devices 

for Seismic Protection of Mid-Rise Building Structures 

This study proposes a novel seismic protection strategy that applies and 

distributes extended KDamper devices (d-EKD) along the height of an existing 

mid-rise building structure. The performance of the d-EKD is assessed on a set of 

real earthquake records and is compared to a system with optimally distributed 

Tuned Mass Dampers (d-TMD). The proposed framework with the d-EKDs 

manages to outperform the d-TMDs, regardless the number of installed devices, 

further reducing the structure’s dynamic responses by more than 15%, using 10 

times lower total additional masses, rendering it a realistic and compelling 

alternative for passive seismic protection. 

Keywords: Negative Stiffness; Seismic Protection; KDamper; Multiple Tuned 

Mass Dampers; Vibration Control Mechanism. 

1. Introduction 

During the latest years, structural damage and collapse of infrastructure and buildings 

due to severe earthquake excitation, has led to extensive research and alteration of 

seismic codes, aiming to achieve resilient structures with enhanced dynamic 

performance. The primary concern is to protect human lives as well as material content 

and maintain serviceability of the structural system. Mid and high-rise structures with 

large height-to-base ratio suffer from increased horizontal movement during earthquake 

excitation and consequently, are considered vulnerable to seismic motion (Naeim 1998). 

Current practice focuses on increasing structural mass, strength, and rigidity as well as 

ductility of crucial members of such structures, allowing in this way substantial inelastic 

behavior and increased damping. Permanent drifts and increased top storey 

accelerations, however, are unavoidable in the case of a relatively strong motion; the 

result is loss of serviceability, material and equipment damage, as well as potential 

degradation of the structural members. To this end, seismic isolation has been one of the 



main approaches to decouple the superstructure from the foundation level and thus, 

protect the structure from the loads transferred during earthquake excitation (Farag, 

Mehanny, and Bakhoum 2015; Naeim and Kelly 1999; Symans et al. 2007; Warn and 

Ryan 2012). The main drawback of such approach is the required large base 

displacement and complex implementation, rendering the system expensive and 

inadequate for retrofitting of existing structures. 

State-of-the-art in seismic protection includes the development of passive, 

active, semi-active, and hybrid energy dissipation and vibration control devices, which 

among others include shape memory alloys, (R. Kamgar, Heidarzadeh, and Babadaei 

Samani 2021; Mane and Kondekar 2021), steel infill plates, (Reza Kamgar and Samani 

2021), adaptive string-mass systems (Acar and Yilmaz 2013) and more. The so-called 

Tuned Mass Damper (TMD) is considered perhaps the most popular and mature 

approach for passive vibration control. The TMD mechanism includes the incorporation 

of an additional oscillating mass attached to the primary structure, a stiffness element, 

as well as an additional damper. First introduced by Frahm (Frahm 1911) and optimized 

by Den Hartog (Den Hartog 1956), the TMD was designed for an undamped single-

degree-of-freedom (SDOF) structure, subjected to harmonic excitation. Several 

researchers have employed the TMD in various structural systems and have reported 

significant improvements in their dynamic behavior (Dadkhah et al. 2020; De 

Domenico and Ricciardi 2018; Elias and Matsagar 2015; Hoang, Fujino, and Warnitchai 

2008; Reza Kamgar et al. 2020; Reza Kamgar, Samea, and Khatibinia 2018; Kareem 

1983; Kareem, Kijewski, and Tamura 1999; Khatibinia, Gholami, and Kamgar 2018; 

Salimi, Kamgar, and Heidarzadeh 2021; Taniguchi, Der Kiureghian, and Melkumyan 

2008; Xiang and Nishitani 2014). However, even if the TMD has been widely studied 

and introduced in real life applications, it demonstrates two major drawbacks: (a) its 



efficiency is highly dependent on the optimum frequency as well as the selected 

damping properties of the additional damper elements (Nagarajaiah and Sonmez 2007; 

Weber and Feltrin 2010) and (b) it requires heavy parasitic oscillating masses that 

occupy substantial space and burden the superstructure by generating additional static 

forces. In addition, research indicates that the use of a single TMD (STMD) for the 

seismic protection of buildings is not always efficient  as earthquakes usually cover a 

broad spectrum of frequencies and consequently induce vibration not only in the 

fundamental but also in higher modes of building structures (Clark 1988; Sladek and 

Klingner 1983).  

Aiming to overcome the disadvantages of single TMD systems, researchers have 

proposed the application of multiple TMDs (MTMDs), either placed at top floor or 

often distributed along different levels of a structure (d-MTMDs). Initially, Ayorinde 

and Warburton (1980) introduced the concept of MTMDs -  already used in mechanical 

engineering - in civil engineering applications for seismic control. Within the years, 

optimization of the parameters of MTMDs, located at the top of the structure, has been 

studied by several researchers, indicating that these systems may be more efficient 

compared to the STMD, even for equal total additional mass (Abé and Fujino 1994; 

Igusa and Xu 1994; Kareem and Kline 1995; Suresh and Mini 2019; Xu and Igusa 

1992; Yamaguchi and Harnpornchai 1993). The conclusion is that increasing the 

number of the optimized MTMDs, the control frequency bandwidth increases. The same 

applies for increase of the total additional mass of the dampers. Recently, research has 

been extended on the distribution of MTMDs spatially, not only to increase the 

efficiency of the system, but also to decrease the required concentrated additional mass 

that stresses the structure and occupies significant space. Chen & Wu (2001) studied the 

application of d-MTMDs on a six-storey structure subjected to seismic excitation. 



Distribution was selected according to the acceleration modal response of the building. 

Xiang & Nishitani (2013) showcased that d-MTMDs are effective in earthquake 

vibration control of low-rise buildings with closely spaced eigen frequencies. Research 

has shown that distribution of the MTMDs and control of different modal responses 

based on the excitation frequency and eigenfrequencies of the structure leads to better 

structural performance compared to controlling only the fundamental modal response 

(Elias, Matsagar, and Datta 2016; Elias, Matsagar, and Datta 2017; Radmard Rahmani 

and Könke 2019). 

Although the application of MTMDs for the mitigation of ground motion 

appears promising, the introduction of hefty oscillating masses to increase damping and 

consequently the performance of the vibration control system, remains an issue. As a 

consequence, amplification of the inertia and hence increase of the vibrational response 

of mechanical and structural systems is of key significance to achieve enhanced 

dynamic behavior and applicable damping technologies. Towards this direction, Smith 

et al. (Smith 2002) introduced the inerter, an innovative levered mass mechanism that 

takes advantage of the amplified inertia in order to achieve vibration control. Many 

research works have introduced the inerter and other amplification mechanisms as a 

means to enhance the performance of conventional dynamic systems and reduce mass 

requirements (Bhowmik and Debnath 2021; Cheng et al. 2020; Chowdhury, Banerjee, 

and Adhikari 2022; Jangid 2021; Kalderon et al. 2022; Kalderon, Mantakas, and 

Antoniadis 2023; Kalderon, Paradeisiotis, and Antoniadis 2021; Konstantinos A. 

Kapasakalis, Antoniadis, and Sapountzakis 2021b; Paradeisiotis, Kalderon, and 

Antoniadis 2021). In Marian & Giaralis (Marian and Giaralis 2014) and Giaralis & 

Taflanidis (Giaralis and Taflanidis 2018) an inerter-enhanced TMD has been proposed. 

This Tuned Mass Damper Inerter (TMDI) incorporates an inertance element that 



introduces an apparent increase of the damper’s inertia without any addition to its actual 

mass. Very recently, Chen et al. (2022) evaluated the performance of multiple tuned 

inerter-based dampers for seismic vibration control.  

Apart from the existing inerter based methodologies, the introduction of 

negative stiffness (NS) elements has been proposed as an artificial way to increase the 

inertia of oscillators and to improve the dynamic response of traditional TMDs. 

Antoniadis et al. (Antoniadis et al. 2018) have proposed the KDamper, a novel passive 

NS-based absorber that is based on the combination of stiffness, mass and damping 

elements, including a negative stiffness element. The incorporation of the NS element 

achieves an enhanced dynamic behavior of the oscillating mass of a TMD, leading to 

extraordinary damping properties without the need of additional heavy parasitic masses. 

The concept has been applied in various vibration control applications, such as seismic 

mitigation of bridges, buildings and wind turbines (Andreas et al. 2020; Kampitsis, 

Kapasakalis, and Via-Estrem 2022; K.A. Kapasakalis, Antoniadis, and Sapountzakis 

2020; K. Kapasakalis, Antoniadis, and Sapountzakis 2019; Konstantinos A. 

Kapasakalis, Antoniadis, and Sapountzakis 2022; Syrimi et al. 2017). The influence of 

spatially varying ground motions (SVGMs) was studied by Jiang et al. (Jiang et al. 

2023) to the response of large-spanning bridges equipped with KDampers, revealing 

that the KDamper effectiveness is more evident when SVGMs are considered, 

compared to the uniform ground motions, and should be considered when large 

structures are investigated (Emami and Tayefeh Mohammad Ali 2022). Kapasakalis et 

al. (K.A. Kapasakalis, Antoniadis, and Sapountzakis 2021), introduced an extended 

version of the KDamper, namely the EKD, to mitigate vibration of low-rise buildings 

due to earthquake excitation. In addition, Mantakas et al. (Mantakas et al. 2022) have 

introduced and optimized the EKD device as a means of seismic retrofitting of existing 



residential buildings, by applying the concept between the foundation and the 

superstructure. Finally, an extended work has been conducted in terms of the 

optimization of the KDamper devices aiming for the minimization of the structural 

accelerations while ensuring static structural integrity, increased damping capabilities 

and the containment of the relative base displacements (static and dynamic) both for 

vertical (M. Kalogerakou, Paradeisiotis, and Antoniadis 2023; M. E. Kalogerakou et al. 

2023; Konstantinos A. Kapasakalis, Antoniadis, and Sapountzakis 2021a) and 

horizontal excitations (K.A. Kapasakalis, Antoniadis, and Sapountzakis 2021; 

Konstantinos A. Kapasakalis, Antoniadis, and Sapountzakis 2021b), respectively. 

In this paper, the EKD is extended and applied to multiple floors of an existing 

mid-rise 10-storey benchmark building, inspired by the MTMDs concept. More 

specifically, a number of EKDs are installed and distributed (d-EKDs) along the height 

of the aforementioned structure, and aim to seismically protect it in terms of floor 

absolute accelerations, floor displacements, floor drifts and total base shear. In order to 

avoid burdening the building with large parasitic masses, which is the main 

disadvantage of all mass related vibration control approaches (TMDs, KDampers, etc.), 

the design of the d-EKDs foresees significantly small total additional masses. The 

spatial allocation and optimal parameters of the distributed devices are obtained 

following a constrained optimization approach based on a Harmony Search (HS) 

algorithm, with proper constraints and limitations imposed by the structure as well as 

the constructability of the system. In addition, static and dynamic stability conditions 

are imposed in the optimization procedure, to ensure the stability of the examined 

structure, as the d-EKD concept introduces negative stiffness (NS) elements.  A 

database of Eurocode 8 compatible artificial accelerograms is generated and introduced 

as input to the optimization process in order to obtain optimal EKD parameters for the 



benchmark structure. Finally, the performance of the controlled benchmark building 

with the d-EKDs is assessed on a set of performance criteria for the dynamic responses, 

evaluated for a set of real earthquake records and is compared to a controlled structure 

with optimally designed d-TMDs.  

The novelties of the proposed vibration control approach in this research work 

are summarized as follows: 

(1) A novel passive retrofitting strategy is proposed for the seismic protection of 

mid-rise building structures. 

(2) The proposed d-EKD design is based on a constrained optimization approach 

based on engineering criteria and accounts for constraints and limitations 

imposed by the structure. 

(3) The NS elements are realized by articulated mechanisms that employ 

conventional positive stiffness elements. In addition, a variation in the value of 

the generated NS is foreseen, and static and dynamic stability conditions are 

imposed in the d-EKD design to ensure the stability of the examined structure. 

(4) The implemented passive seismic protection devices do not burden the structure 

with large parasitic masses, and do not weaken the building structure or 

significantly alter its structural properties, even though the d-EKD introduced 

additional masses and NS elements. 

The key features of the d-EKD design implemented in the benchmark building, 

as compared to the original structure and a controlled one with optimally designed d-

TMDs are the following: 

(1) Based on the numerical results obtained, the d-EKD retrofitting strategy, as 

compared to an optimally designed d-TMD concept, outperforms the d-TMD in 



reducing the structural dynamic responses for all the artificial and real 

earthquake excitations. 

(2) The total added oscillating masses introduced by the d-EKD approach is one 

order of magnitude lower than that of the d-TMDs. 

(3) The stiffness and damping parameters of the implemented devices are in realistic 

ranges, as the optimization procedure followed for the design of the d-EKDs 

accounts for limitations imposed by the constructability of the system. 

2. Mathematical Modeling  

In this study, a ten-storey shear frame structure with uniform mass and stiffness for all 

storeys, taken from Singh  et al. (Singh, Matheu, and Suarez 1998) is considered. The 

structure represents a typical medium-sized multi-storey building whose floor weights 

correspond to about 400 m2 of floor area. The assumptions made for the analytical 

formulation are: (i) the structure is considered to remain within the elastic limit under 

earthquake excitations, (ii) the building is subjected to a single horizontal (uni-

directional) component of the ground motion, and (iii) the effects of soil-structure-

interaction are not taken into consideration. The building parameters (mass and stiffness 

of each floor) have been slightly modified as in Hadi and Arfiadi (Hadi and Arfiadi 

1998). The mass of each storey is equal to FM = 360 tn, the stiffness of each storey is Fk

=650 MN/m, and the height of each storey is assumed 3.2 m. A schematic representation 

of the examined multi-storey building structure, along with the lumped mass dynamic 

model and the first five natural modes is presented in Figure 1. 

 



 

Figure 1. Schematic representation of the examined multi-storey building structure, 

the lumped mass dynamic model, and the first five eigen forms. 

The N degrees of freedom (DoF) benchmark building (N=10 in our case) is installed 

with n number of dynamic vibration absorption (DVA) devices (TMDs, KDampers, 

EKDs, etc.), thereby, the total DoFs of the controlled system with the DVAs becomes 

(N+n). In general, the governing equations of motion of the structure installed with the 

DVAs are obtained by considering the equilibrium of forces at the location of each DoF 

(structural floors and installed devices) as follows: 

            GM X C X K X M r X+ + = −  (1) 

where [M], [C], and [K] are the mass, damping, and stiffness matrices of the controlled 

structure, respectively, considering the effect of the implemented DVAs. These matrices 

are defined as: 
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     STR DVAC C C= +  (2.b) 

     STR DVAK K K= +  (2.c) 

Indexes STR and DVA in Eq. (2.a-c) indicate the DoFs of the NC (no-control) building 

structure and of the implemented DVAs, respectively. Further details regarding the 

matrices related to the NC shear building, modelled as a lumped mass system, as well as 

the vectors introduced in Eq. (1) can be found in Appendix A.  

Modal analysis is conducted to determine the natural frequencies, mode shapes, 

and modal mass participation factors of the original NC building. The natural 

frequencies of the 10-storey benchmark structure are determined to be: 

  1.01, 3.01, 4.94, 6.76, 8.43, 9.91, 11.17, 12.19, 12.92, 13.37if Hz =   . In Figure 1 

the first five natural modes are presented. Only the first two (2) modes are presented in 

bold, as they predominantly influence the total dynamic response of the NC structure, 

having a sum of modal mass participation factors equal to ninety percent or more. The 

damping matrix is defined under the assumption of modal damping. The damping ratio 

in each mode is assumed to be proportional to the frequency of the associated structural 

mode of the NC building, with a maximum of 10% critical damping in any vibration 

mode. The damping ratio of the first mode f1 (fundamental) is assumed to be ζ1 = 3.03% 

(Etedali and Rakhshani 2018). Therefore, damping of the ith mode is given by: 
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The damping matrix of the NC structure is thus defined as: 
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(4) 

 

where  STR  is the matrix of the modal shapes. 

3. Proposed Retrofitting Strategy with Distributed Extended KDampers  

Seismic isolation is considered perhaps the most popular approach to earthquake-

resistant design (Naeim and Kelly 1999). However, the large required base 

displacements prohibit retrofitting. Increasing the damping of the base isolated system, 

to reduce displacements (Symans et al. 2007), cannot be considered as a mainstream 

alternative due to the technological requirements and the subsequent increase of the 

inter-storey drifts and floor accelerations (Kelly 1999). As a result, alternative vibration 

absorption devices have been developed and investigated for seismic retrofitting of 

existing structures. One of  the most popular passive retrofitting strategies for  seismic 

protection is the use of a single TMD (STMD). However, the use of an STMD is not 

always effective as real ground motions usually have a broad frequency content and 

consequently induce vibration not only in the fundamental but also in higher modes of 

building structures (Clark 1988; Sladek and Klingner 1983). To this aim, the application 

of multiple TMDs (MTMDs), either placed at top floor or often distributed along 

different levels of a structure (d-MTMDs) is examined, in order to increase the 

frequency bandwidth of the retrofitting strategy. Even though the implementation of 

MTMDs appears promising, introducing multiple heavy oscillating masses remains an 

issue. For this reason, in this paper we examine the installation of multiple distributed 

EKD devices, as previous research (K.A. Kapasakalis, Antoniadis, and Sapountzakis 

2020; K.A. Kapasakalis, Antoniadis, and Sapountzakis 2021) indicates that KDamper-



based designs present an overall superior dynamic behavior over TMD related 

configurations, with significantly less additional masses. A schematic representation of 

the installation of an EKD (or a TMD) device number (i) between the floors (j) and (j-1) 

is illustrated In Figure 2. In the following paragraphs, the analytical procedure of the 

installation of a DVA (EKD or TMD) is presented, along with the modification of the 

property matrices of Eqs. (2) that account for such DVAs. 

 

 

Figure 2. Implementation of a DVA number (i) (Tuned Mass Damper – TMD or 

extended KDamper – EKD) between the floors (j) and (j-1) of the N-storey building 

structure. 

For each EKD number (i) installed between the floors (j) and (j-1), as presented in 

Figure 2, the additional oscillating mass MD-i is attached to the floor (j) with a negative 

stiffness element kN-i and an artificial damper cN-i, as well as to the floor (j-1) with a 

positive stiffness element kP-i and an artificial damper cP-i. The property matrices that 

account for such an EKD can be formed as follows: 
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( ),DVA N i P iK N i N i k k− −+ + = +  (5.a) 

( ),DVA N iK N i j k −+ = −  (5.b) 

( ),DVA N iK j N i k −+ = −  (5.c) 

( ),DVA N iK j j k −=  (5.d) 

( ), 1DVA P iK N i j k −+ − = −  (5.e) 

( )1,DVA P iK j N i k −− + = −  (5.f) 

( )1, 1DVA P iK j j k −− − =  (5.g) 

( ),DVA i TOTM N i N i M+ + =  (6) 
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M
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1

N

TOT iM M=  (8) 

( ),DVA N i P iC N i N i c c− −+ + = +  (9.a) 

( ),DVA N iC N i j c −+ = −  (9.b) 

( ),DVA N iC j N i c −+ = −  (9.c) 

( ),DVA N iC j j c −=  (9.d) 

( ), 1DVA P iC N i j c −+ − = −  (9.e) 



( )1,DVA P iC j N i c −− + = −  (9.f) 

( )1, 1DVA N iC j j c −− − =  (9.g) 

where μi is the mass ratio of each EKD number (i), defined in Eq. (7.a) and is expressed 

as a percentage of the total superstructure mass MTOT, defined in Eq. (8), and μ is the 

total mass ratio of all the installed EKD devices, as defined in Eq. (7.b). To verify the 

effectiveness of the d-EKD retrofitting strategy, the existing structure is also examined 

with distributed TMD devices (Elias, Matsagar, and Datta 2016; Elias, Matsagar, and 

Datta 2017; Sladek and Klingner 1983; Xiang and Nishitani 2013). Further details 

regarding the property matrices that account for d-TMDs are presented in Appendix B.  

4. Optimal Design of the d-EKD  

The optimum design of most vibration control approaches is strongly dependent on the 

tuning of the installed devices and the implemented damping ratios of the artificial 

dampers. Numerous approaches have been proposed in the literature for the selection of 

the optimal system parameters (Abé and Fujino 1994; Bakre and Jangid 2007; Fahim et 

al. 1998; Hoang, Fujino, and Warnitchai 2008; C. Li 2002; Warburton 1982; Zuo, Bi, 

and Hao 2017). However, the complexity and the number of the design variables of the 

d-EKD DVA concept renders the conventional min-max H approaches (Den Hartog 

1956) ineffective.  

The parameters of the EKD are evaluated using constrained Optimization 

Algorithms (K.A. Kapasakalis, Antoniadis, and Sapountzakis 2021), as it is an efficient 

approach to design effective and practical devices for vibration mitigation. The 

Harmony Search (HS) algorithm, a novel metaheuristic algorithm is employed (Zong 

Woo Geem, Joong Hoon Kim, and Loganathan 2001). The parameters inherently 



involved in the HS algorithm, are selected according to relative literature, and are 

HMS=75, HMCR=0.5, and PAR=0.1. Details regarding the design variables, dependent 

and independent, are provided in the following subsections.  

4.1 Negative Stiffness and Stability Esurance  

Since the proposed vibration control strategy includes negative stiffness elements, it is 

necessary to ensure that the controlled system will remain statically and dynamically 

stable. For an EKD number (i) installed between the floors (j) and (j-1), the equivalent 

static stiffness of the (j) floor is obtained from the following equation: 

 

,

j N i P i
EQ STAT F

N i P i

k k
k k

k k

− −

− −


= +

+
 (10) 

where kF is the original stiffness of the (j) floor. Although theoretically the value of the 

NS element kN-i is assumed to be constant, manufacturing tolerances and non-linear 

behaviors may present variations in practice, as almost all negative stiffness designs 

result from unstable non-linear systems (H. Li, Li, and Li 2020). In order to ensure the 

dynamic stability of the controlled structure, the variation of the kN-i is accounted for by 

introducing the variation factor VN-i in Eq. (11): 

 

( ),

j N i N i P i
EQ DYN N i F

N i N i P i

V k k
k V k

V k k

− − −
−

− − −


= +

+
 (11) 

Thus, two parameters are introduced as stability conditions (SC) (static and 

dynamic) and are defined as the stiffness ratio, between the equivalent stiffness of the 

(j) floor over the initial value of the NC building structure: 
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k
SC

k
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j
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k

−
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In this work, the negative stiffness element is realized with a mechanical 

configuration that implements conventional pre-compressed springs and an articulated 

mechanism. Further information regarding the analytical design procedure can be found 

in Antoniadis (Antoniadis et al. 2018). The value of the VN-i parameter is selected to be 

equal to 1.1 (+10%) and accounts for both manufacturing tolerances and non-linearities 

due to the non-linear behavior of the NS mechanism, as in Kapasakalis (K.A. 

Kapasakalis, Antoniadis, and Sapountzakis 2021) it is proven that by properly selecting 

the NS configuration parameters, the generated NS is close to constant. More 

specifically, the NS element kN-i is realized with a mechanical configuration that 

incorporates a single conventional positive stiffness element which connects the 

additional oscillating mass with the floor (j), using an articulated mechanism 

(Antoniadis et al. 2018; K.A. Kapasakalis, Antoniadis, and Sapountzakis 2021). The 

proposed device is schematically presented in Figure 3a. The generated NS of this 

design is given by: 

 

, 3/2
2

1

1

I i
N i N i POS

N i

N i

c
k k

X

a

−
− −

−

−

 
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 
 = − +
   
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 (14) 

NS i STR j EKD iX X X− − −= −  (15) 

where cI-i is a non-dimensionalized design variable that correlates the constant 



geometric properties of the mechanism, and aN-i is the rod length of the articulated 

mechanism. XN-i is the NS stroke, defined as the relative displacement between the NS 

terminals of the EKD number (i) installed between the floors (j) and (j-1) (the additional 

mass MD-i is attached to the floor (j) with the NS element kN-i). kN-i,POS is the required 

conventional positive stiffness in order to generate the desired NS kN-i. The NS 

mechanism is illustrated in Figure 3 in its initial equilibrium position, as well as in a 

randomly deformed state. 

 

 

(a) (b) 

Figure 3. (a) Conceptual representation of the EKD device, installed between floors 

(j) and (j-1), and (b) detailed sketch and annotation of the envisaged negative 

stiffness mechanism. 

4.2 Dependent and Independent Design Variables  

Each EKD number (i) introduces in total five additional parameters-elements, the 

oscillating mass MD-i, the stiffness elements kN-i and kP-i, and the artificial dampers cN-i 

and cP-i. In order to avoid adding large parasitic masses in the structure, as in the d-

TMD concept, the additional mass of each EKD is selected to be equal to 0.1% of the 

total structural mass MTOT, Εq. (8). In addition, the equivalent frequency of the (j) floor 

is introduced to better observe the effect of the installed EKD device in the structural 
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As a result, the value of the positive stiffness element kP-i, assuming that the value of the 

NS element kN-i is known, can be obtained from Eq. (16). The artificial damper cN-i and 

cP-i can be expressed with respect to their damping ratios as follows: 

 

( )2 j

N i N i j D i EQc M M − − −= +  (17.a) 

( )2 j

P i P i j D i EQc M M − − −= +  (17.b) 

Thus, the free (independent) design variables of the d-EKD system are (4×n) in total. 

These are the following: 

(1) The value of the NS element kN-i.      (×n) 

(2) The value of the equivalent frequency j

EQf .     (×n) 

(3) The value of the artificial dampers cN-i and cP-i (or equivalently ζN-I, ζP-i).  (×2n) 

4.3 Optimization Process, Manufacturing Constrains and Limitations  

Having established the equations of motion Eqs. (1) for the controlled building structure 

with distributed EKD (d-EKD) devices, the next objective is to determine the optimal d-

EKD parameters in order to attain the best possible passive retrofitting strategy. For the 

design to be efficient and realistic as possible, proper constraints regarding the structural 

dynamic response, as well as limitations to the design variables must be applied: 

(1) The controlled structure’s maximum (absolute value) drift is set as the objective 

function. 



(2) Since the d-EKD concept considers distributed EKD devices along the height of 

the structure, a small additional mass of 0.1% for each device is selected in order 

to avoid burdening the structure with parasitic masses (Konstantinos A. 

Kapasakalis, Antoniadis, and Sapountzakis 2021b).  

(3) The position of the EKD number (i) device varies from 1:N, where N is the 

number of floors (N=10). 

(4) The input motion in the optimization procedure is selected from a database of 

artificial accelerograms (K.A. Kapasakalis, Antoniadis, and Sapountzakis 2021) 

(30 in total), designed to be spectrum-compatible with the EC8 acceleration 

response spectrum. 

(5) The static and dynamic stability of the structure is ensured by imposing a 

conservative lower limit to the non-dimensionalized stability-condition 

parameters: 

0.5j

STATSC   (18) 

0.2j

DYNSC   
(19) 

 

(6) The (absolute) value of the NS element and the NS stroke are constrained with 

an upper limit based on Kapasakalis et al. (Konstantinos A. Kapasakalis, 

Antoniadis, and Sapountzakis 2021b): 

50 / /N ik kN m tn−   
(20) 

0.18NS iX m−   
(21) 



(7) The damping ratio of the artificial dampers has an uuper bound based on 

previous research work (K.A. Kapasakalis, Antoniadis, and Sapountzakis 2021) 

and manufacturing restrictions: 

 

, 20 %N i P i − −   
(22) 

 

(8) The equivalent frequency of the (j) floor is selected to vary in the range: 
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(23) 

 

where kF and MF are the stiffness and mass of the jth floor, respectively. This range is 

selected to avoid significant alterations in the structural properties, and thus endanger 

the stability of the building. The design process as well as the manufacturing constrains 

and limitations for a realistic and optimized design are depicted in the flowchart of 

Figure 4. 



 

Figure 4. Flowchart briefly presenting the design and optimization process of the d-

EKD components. 

4.4 Distributed TMD (d-TMD) Design  

The effectiveness of installing multiple distributed TMDs in a building depends on the 

total mass ratio 
1

n

i = , where n is the total number of implemented TMDs, between 

the total added mass of the TMDs, and the total mass of the building, MTOT (Eq. (8). The 

deciding criterion for the number of the TMDs to be installed, as in Elias et al.  (Elias, 

Matsagar, and Datta 2017), requires that the modal mass participation is greater than 

90%, resulting in vibration control of the first two modal responses. An additional TMD 

that controls the 3rd mode is implemented to examine if further devices manage to 

increase the effectiveness of the d-TMD control strategy. The tuning frequency ratio of 

each TMD is calculated such that: 
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where ωTMD-i is the tuning frequency of the TMD number (i), and Ωi is the 

eigenfrequency of the ith mode of the NC building structure to be controlled. The tuning 

frequency of the TMD number (i) is expressed as follows: 

( )
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−
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= =  
(25) 

The optimum tuning frequency ratios ( ), 1:opt

TMD it i n− =  are calculated for a base excited 

building structure based on the formula given by Elias et al. (Elias, Matsagar, and Datta 

2017): 

1
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1 1
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(26) 

where μi is the mass ratio of the TMD number (i), ζi is the damping ratio of the ith mode 

of the structure, and φi is the amplitude of the first mode of vibration for a unit modal 

participation factor computed at the location of the TMD (i). The damping ratio of the 

TMD (i) device is obtained from the following equation, as provided by Elias et al. 

(Elias, Matsagar, and Datta 2017): 
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(27) 

Finally, the value of the artificial damper is calculated as: 

2 opt opt

D i TMD i D i D ic M − − − −=  
(28) 

5. Numerical Study  

An analytical framework is developed aiming to calculate reliably the seismic 



performance of the uncontrolled structural system and compare it with the performance 

of the system with the d-TMDs and the d-EKDs. To this end, design and optimization of 

the d-EKD parameters is undertaken based on the framework described in section 4. 

Three different systems are studied herein: a) a system with 1-EKD, b) 2-EKDs, c) 3-

EKDs. The parameters of the devices as well as their spatial allocation along the height 

of the building are selected according to the HS optimization algorithm. A 

corresponding system upgraded with a) 1-TMD, b) 2-TMDs and c) 3-TMDs is 

generated and designed based on the analytical solutions provided by Elias (Elias, 

Matsagar, and Datta 2017). Time-history analyses are subsequently undertaken for the 

generated 30 artificial accelerograms and the dynamic behavior of the different systems 

in terms of accelerations, inter-storey drifts and absolute displacements is assessed.     

5.1 Design and Optimization Results  

Optimization of the d-EKD proposed framework has been conducted by adopting the 

HS optimization algorithm and 30 artificial, Eurocode 8 compatible, accelerograms. 

Optimal parameters and spatial allocation of the mechanisms on the benchmark 

structure considering one, two and three installed devices, distributed along the height 

of the building are provided in Table 1. In addition, the corresponding d-TMD 

optimized parameters are presented in Table 2. 

Figure 5 presents the first three natural modes of the NC structure, as well as the 

natural modes of the controlled building with distributed 3-TMDs and 3-EKDs, 

respectively. Results depict minimal effect of the vibration control systems on the 

modes of the structure, indicating no significant alteration of the structural properties 

and eigenfrequencies due to the installation of the vibration control devices, despite the 

addition of masses and negative stiffness elements. 



Figure 6-8 present the envelopes of the relative to the ground displacements of 

each storey, inter-storey drifts for each level, as well as absolute accelerations for the 30 

artificial accelerograms. A comparison between the dynamic response of the 

uncontrolled structure and the response of the upgraded building with d-TMDs and d-

EKDs is depicted herein.  

Specifically, Figure 6 illustrates a significant reduction of the storey 

displacements for the cases of the controlled buildings with d-TMDs and d-EKDs, 

respectively. A decrease of approximately 34% of the upper-storey displacements is 

indicated for the case of the d-TMDs (Figure 6a). However, minimal enhancement of 

the performance is observed as the number of TMDs increases. On the contrary, as the 

number of the d-EKD devices increases, a clear improvement of the superstructure’s 

response is observed; for the case of 3-EKDs, a dramatic upper-storey displacement 

reduction of approximately 47% is achieved (Figure 6b). In Figure 6c, a comparison 

between the relative to the ground displacements for the building with 3-EKDs, 3-

TMDs and the original uncontrolled structure is presented, showcasing the superiority 

of the d-EKD concept.  

Similar behaviour is observed for the case of inter-storey drifts (Figure 7). Both 

d-TMD and d-EKD systems demonstrate an enhanced behaviour compared to the 

original structure; the system with 3-EKDs presents a first-storey drift reduction of 

approximately 47% while the system with 3-TMDs a decrease of approximately 30%. 

Once again, a superior behaviour of the d-EKD system is observed as the number of 

EKDs increases (Figure 7b) while the number of TMD devices displays minimal effect 

on the response of the structure (Figure 7a). However, a slight increase of the 5th-storey 

drifts is presented for the case of the d-EKDs, at the location of the first EKD device. 

This is attributed to the decrease of the floor’s stiffness, resulting to a relatively softer 



localized behaviour, leading to a higher displacement demand. Nonetheless, in terms of 

inter-storey drifts, the d-EKD system still outperforms both the original structure and 

the d-TMD upgraded building (Figure 7c).  

Finally, Figure 8 demonstrates results of all storey accelerations, for the 30 

artificial accelerograms. Results indicate the improved performance of the d-EKDs 

compared to the original structure and the system with the d-TMDs, showcasing that 

significant vibration mitigation is achieved by adopting such a vibration control system 

with minimal additional masses, compared to the d-TMD approach. Specifically, the 

system with 3-EKDs presents a top-storey acceleration decrease of approximately 43% 

while the system with 3-TMDs displays a top-storey acceleration decrease equal to 

approximately 32%.  

Table 1 Optimal parameters of the d-EKD concept considering one, two, and three 

installed devices. 

System #Device/floor ( )%N i

F

k
k

−  ( )%P i

F

k
k

−  ( )j

EQf Hz  ( )%N i −  ( )%P i −  ( )%i  

1-EKD #1/floor 5 -0.122 0.162 4.78 0.136 0.023 0.1 

2-EKDs 

#1/floor 5 -0.121 0.160 4.79 0.137 0.023 0.1 

#2/floor 4 -0.096 0.123 4.99 0.131 0.022 0.1 

3-EKDs 

#1/floor 5 -0.127 0.171 4.78 0.137 0.023 0.1 

#2/floor 4 -0.104 0.133 4.92 0.133 0.022 0.1 

#3/floor 3 -0.085 0.106 5.10 0.129 0.021 0.1 

 

 

 

 

 



Table 2 Optimal parameters of the d-TMD concept considering one, two, and three 

installed devices. 

System #Device/floor ( )opt

TMD if Hz−  ( )%opt

TMD i −  ( )%i  

1-TMD #1/floor 10 0.998 12.95 1 

2-TMDs 

#1/floor 10 0.998 12.95 1 

#2/floor 4 2.9726 10.67 1 

3-TMDs 

#1/floor 10 0.998 12.95 1 

#2/floor 4 2.9726 10.67 1 

#3/floor 6 4.859 15.56 1 

 

 

Figure 5. First three natural modes of the NC structure, as well as the controlled 

building with distributed 3-TMDs and 3-EKDs, respectively.  
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Figure 6. Relative to the ground floor displacement envelopes, for the (a) d-TMDs, 

(b) d-EKDs, and (c) 3-TMDs and 3-EKDs, against the NC structure. 

 

Figure 7. Floor drift envelopes, for the (a) d-TMDs, (b) d-EKDs, and (c) 3-TMDs and 3-

EKDs, against the NC structure. 
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Figure 8. Absolute floor acceleration envelopes, for the (a) d-TMDs, (b) d-EKDs, and 

(c) 3-TMDs and 3-EKDs, against the NC structure. 

5.2 Selection of Real Ground Motions & Performance Criteria  

Aiming to validate the efficiency of the d-EKDs proposed methodology and examine 

the dynamic performance of the system, an ensemble of eight (8) recorded, real 

earthquake motions is adopted as input seismic excitation to the benchmark structure. 

The selected records from the US, European and Asian region cover a wide range and 

variety of key seismic characteristics, such as PGA, magnitude (Mw), broad frequency 

content, duration as well as number of significant acceleration cycles. The 

characteristics of the selected seismic excitations are provided in Table 3. Time-history 

analyses are subsequently undertaken for all selected records and a comparison between 

the performance of the initial/uncontrolled structure, the building with TMDs and the 

buildings with the d-EKDs is undertaken. 
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Table 3 Properties of selected real ground records. 

No Earthquake Year Station Ground 

Motion 

Mw PGA  

(g) 

PGA/PGV 

(g×sec/m) 

Rjb  

(km) 

DUR 5-75% 

(sec) 

1 Northridge 1994 N Hollywood Near fault 6.69 0.3087 1.4389 7.89 7.0 

2 L’Aquila 2009 V. Aterno Near fault 6.3 0.4018 1.2548 0.0 4.7 

3 Kocaeli 1999 Izmit Near fault 7.51 0.1651 0.7396 3.62 8.2 

4 Tabas 1978 Tabas Near fault 7.35 0.8540 0.8639 1.79 8.3 

5 Kobe 1995 Amagasaki Near fault 6.9 0.2758 0.8214 11.34 6.9 

6 Landers 1992 Joshua tree Near fault 7.28 0.2736 1.0125 11.03 21.7 

7 Duzce 1999 Lamont 1059 Near fault 7.14 0.1524 1.1844 4.17 10.4 

8 Friuli 1976 Tolmezzo Near fault 6.5 0.3571 1.5629 14.97 2.5 

The behavior of the benchmark building is assessed based on a set of dynamic response 

performance criteria (PCi), evaluated for the previously mentioned real earthquake 

records. The first criterion (PC1) is a non-dimensionalized measure of the structure floor 

displacement relative to the ground, which is provided by: 

( )
1 max

max
max , 1: , 10

i

NC

X t
PC i N N

X

  
= = = 
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(29) 

where ( )
iX t  is the absolute ith floor displacement value of the time-history response of 

the structure with the DVAs, and 
max

NCX  is the maximum displacement of any floor of 

the NC building. The second performance criterion (PC2) is the maximum floor drift 

ratio. The drift ratios are non-dimensionalized by normalizing with respect to the 

associated floor height of each storey. Thus, the PC2 performance criterion is given by: 

 

( )
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i i

NC

d t h
PC i N N

d
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    
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where ( )
id t  is the absolute value of the inter-storey drift of the ith floor with the 

DVAs, hi is the height of the associated storey, and max

NCd  is the maximum inter-storey 

drift ratio of the uncontrolled NC structure. The third performance criterion (PC3) is the 

maximum absolute floor acceleration, which is given by: 

( )
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= = = 
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(31) 

where ( )
iX t  is the absolute maximum value of the time history ith floor absolute 

acceleration, and max

NCX  is the maximum value of the absolute floor acceleration of the 

NC building. The fourth and final performance criterion (PC4) related  to the structural 

dynamic response is the maximum non-dimensionalized base shear: 

( )
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
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where max

NCVB  is the maximum base shear of the NC structure, and Mi is the seismic mass 

of the ith floor. To assess the performance of the distributed EKD devices, two 

additional performance criteria are formed. The first one (PC5) is the negative stiffness 

(NS) stroke XNS-i, which is defined as the relative displacement between the terminals of 

the kN-i and is critical for the realistic design of the configuration that generates 

controlled NS, given by: 

( )
5 lim

max
max , 1: , 3

NS i

NS

X t
PC i n n

X

−
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= = = 
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(33) 

where XNS-i is the NS stroke of the EKD number (i). The second performance criterion 

(PC6) of the EKD device is the relative to the ground displacement of the additional 



oscillating mass of the controller device, which is given by: 
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(34) 

5.3 Performance Assessment of the d-EKDs Against Real Seismic Records  

In this section, an assessment of the response of the d-EKDs against the 8 selected real 

seismic records is undertaken and results are provided for a set of performance criteria, 

described in the previous section of this paper. A comparison of the system with the d-

EKD upgrade mechanism against the d-TMDs, as well as the uncontrolled structure is 

provided herein and results showcase the beneficial vibration control properties of the 

proposed mechanism. 

Specifically, in Figs. 9-12 a plot of each performance criterion (PC1 to PC4) 

versus the number of employed devices is provided for all earthquake records and for 

both upgrade frameworks (d-TMDs and d-EKDs). Results show that the proposed 

mechanism presents superior (or similar) vibration control properties compared to the d-

TMD system, for all seismic cases. This is a clear indication that the d-EKDs may act as 

an enhanced TMD without the need of heavy additional masses (the d-EKDs obtain 

only 10% of the d-TMDs total mass). In addition, it appears that the installation of more 

than 1-TMD devices does not significantly alter the dynamic response of the structure. 

This is attributed to the fact that for this mid-rise structure the fundamental 

eigenfrequency of the building affects significantly the dynamic response of the 

structure and hence, seeking to mitigate vibration due to the remaining eigenmodes is 

not substantially effective. However, as clearly observed in the performance criteria 

results, the d-EKD concept is more effective as the number of EKD devices increases; 

the EKD is a stiffness-based vibration control device that is not frequency dependent 



and provides damping properties to a broad bandwidth (K.A. Kapasakalis, Antoniadis, 

and Sapountzakis 2020). Consequently, increasing the number of the optimized d-EKDs 

provides additional damping to the system without the need to alter the 

eigenfrequencies of the structure. 

For the selected performance criteria, we observe the following: 

• For the case of the d-EKDs total displacements (PC1) are reduced 

approximately at a range of 10-50%, floor drifts (PC2) are reduced from 10-

55%, accelerations (PC3) from 20-55%, and base shear (PC4) is decreased from 

10-55%. 

• For the case of the d-TMDs total displacements (PC1) are reduced 

approximately at a range of 0-30%, floor drifts (PC2) are reduced from 0-35%, 

accelerations (PC3) from 10-40%, and base shear (PC4) is decreased from 0-

35%. 

 

Figure 9. Variation of PC1 – total displacement with respect to the number of 

installed devices (d-TMDs, d-EKDs) for all the considered real ground motions. 
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Figure 10. Variation of PC2 – floor drift with respect to the number of installed 

devices (d-TMDs, d-EKDs) for all the considered real ground motions. 

 

 

Figure 11. Variation of PC3 – absolute acceleration with respect to the number of 

installed devices (d-TMDs, d-EKDs) for all the considered real ground motions. 
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Figure 12. Variation of PC4 – base shear with respect to the number of installed 

devices (d-TMDs, d-EKDs) for all the considered real ground motions. 

A summary of the average reduction of the absolute displacements, drifts, absolute 

accelerations and base shear for all selected real earthquake records, for the system with 

the d-EKDs and the d-TMDs respectively, is presented Table 4. Specifically for the 1-

EKD, 2-EKDs, and 3-EKD the structural dynamic responses (mean of max values for 

all the examined real earthquakes) are improved approximately by 15%, 23%, and 30%, 

while when 1-TMD, 2-TMDs, and 3-TMDs are installed, the respective reductions in 

the dynamic responses are 12%, 13%, and 14%. 
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Table 4: Average reduction (based on the performance criteria PC1-4) of total 

displacements, drifts, absolute accelerations, and base shear for all selected real 

earthquake records, for the d-EKD and d-TMD systems.  

System 

Total Displacements 

Reduction (%), (PC1) 

Drifts  

Reduction (%), (PC2) 

Absolute Acceleration 

Reduction (%), (PC3) 

Base Shear 

Reduction (%), (PC4) 

1-EKD 14.9 15.4 15.2 15.7 

2-EKDs 22.7 23.6 22.5 23.4 

3-EKDs 29.7 30.2 29.0 30.1 

1-TMD 11.9 12.2 11.4 12.2 

2-TMDs 12.3 13.3 13.5 13.4 

3-TMDs 12.5 13.4 14.4 13.7 

Fig. 13 illustrates indicative time-history analyses results for the case of Northridge 

(1994) and Kobe (1995) earthquake records. The plots present a comparison between 

the uncontrolled structure and the building with 3-TMDs and 3-EKDs respectively. By 

all means, for both cases the d-EKD system outperforms the traditional d-TMDs, 

highlighting the efficiency of the system.  The dynamic responses of the NC system and 

the system with the d-TMDs and the d-EKDs can be found in Appendix C. 



 

Figure 13. Comparative time history results between the NC system and the system with the 

d-TMDs and the d-EKDs in terms of top floor displacements, accelerations, first floor drifts, 

and base shear for the Northridge, and Kobe earthquakes respectively. 
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6. Conclusions  

In this research work, a framework towards the seismic protection of a mid-rise building 

with distributed extended KDamper (d-EKD) devices is examined. The d-EKD 

vibration control concept is designed with significantly small additional oscillating 

masses in order to avoid burdening the structure. In addition, the system parameters are 

selected following a constrained optimization approach that imposes proper constraints 

and limitations to the structural dynamic response, as well as in the values of the design 

variables. In addition, static and dynamic structural stability is ensured with the 

presented stability conditions. The performance of the controlled structure is assessed 

with real strong ground motions, and by adopting several performance criteria, 

commonly used in the literature. A comparison with distributed Tuned Mass Dampers 

(d-TMDs) is undertaken in order to prove the efficiency of the proposed seismic 

protection approach. Based on the dynamic analysis and the results obtained, the 

following major concluding remarks are highlighted: 

(1) The design of the d-EKD is realistic, as it foresees variation in the value of the 

negative stiffness element to ensure stability, assumes minimal additional mass, 

and imposes limitations to the design variables, rendering the design feasible 

within reasonable technological capabilities. 

(2) The controlled with the d-EKD superstructure’s dynamic behavior is superior to 

that of the d-TMD regardless of the installed devices, introducing significantly 

smaller additional masses (ten times smaller). More specifically, for the case of 

3 implemented devices, the 3-EKDs further reduce the building structure’s 

dynamic responses (mean of max values for all the examined real earthquakes) 

by more than 15%, as compared to the 3-TMDs. 



(3) The d-EKD performance is enhanced by increasing the number of implemented 

devices, while for the d-TMD approach the mitigation of the dynamic responses 

is slightly affected. In particular, in the case where the implemented devices are 

1-EKD, 2-EKDs, and 3-EKD, the respective reductions (mean of max values for 

all the examined real earthquakes) in the structural dynamic responses are 

15.3%, 23.0%, and 29.7%, while when 1-TMD, 2-TMDs, and 3-TMDs are 

installed, the respective reductions are 11.9%, 13.1%, and 13.5%. 

(4) The d-EKD offers a more broadband response compared to the d-TMD, as its 

performance is not directly affected by the device tuning frequency but rather by 

the optimal combination of the stiffness elements, positive and negative. 
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9. Appendix A: Shear building structure 

The matrices that are related to the NC shear building structure, modelled as a lumped 

mass system are defined as follows: 
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(35.b) 

The earthquake ground acceleration is represented by the scalar GX  and  r  is the 

vector of influence coefficients and is defined as    ( ) 1 1, 1, ..., 1
T

N nr +  = . The 

dynamic responses of the controlled building structure floor relative to the ground 

displacement, velocity, and acceleration vectors, as well as the respective dynamic 

responses of the installed DVAs oscillating masses can be expressed as follows: 

   1 2 1 2, , ..., , , , ...,
T

STR STR STR N DVA DVA DVA nX x x x x x x− − − − − −=  (36.a) 

   1 2 1 2, , ..., , , , ...,
T

STR STR STR N DVA DVA DVA nX x x x x x x− − − − − −=  (36.b) 

   1 2 1 2, , ..., , , , ...,
T

STR STR STR N DVA DVA DVA nX x x x x x x− − − − − −=  (36.c) 

 

 

 

 



10. Appendix B: Distributed TMDs (d-TMD) 

For each TMD number (i) installed on a floor (j), (Figure 2) the added mass of the TMD 

is attached to the floor (j) with a positive stiffness element kD-i and an artificial damper 

cD-i. The property matrices that account for such an TMD can be formed as follows: 

 

( ),DVA D iK N i N i k −+ + =  (37.a) 

( ),DVA D iK N i j k −+ = −  (37.b) 

( ),DVA D iK j N i k −+ = −  (37.c) 

( ),DVA D iK j j k −=  (37.d) 

( ),DVA i TOTM N i N i M+ + =  (38) 

D i
i

TOT

M

M
 −=  (39.a) 

1

n

i =  (39.b) 

( ),DVA D iC N i N i c −+ + =  (40.a) 

( ),DVA D iC N i j c −+ = −  (40.b) 

( ),DVA D iC j N i c −+ = −  (40.c) 

( ),DVA D iC j j c −=  (40.d) 

where μi and μ are defined similarly to the d-EKD design as the μi is the mass ratio (Eq. 

(39a) of each TMD number (i), expressed as a percentage of the total superstructure 

mass MTOT, and μ is the total mass ratio of all the installed TMDs, defined in Eq. (7.b). 



11. Appendix C: Dynamic responses of the NC system and the system 

with the d-TMDs and the d-EKDs 

 

Table 5 Top floor relative to the ground displacement (cm). 

Earthquake NC 1-TMD 1-EKD 2-TMD 2-EKD 3-TMD 3-EKD 

Northridge 9.90 9.00 8.53 9.23 7.95 9.46 7.45 

L’Aquila 11.16 10.94 10.63 11.01 10.22 11.08 9.79 

Kocaeli 11.80 8.88 9.05 8.46 7.59 8.15 6.44 

Tabas 26.81 24.41 22.90 24.47 21.65 24.24 20.28 

Kobe 37.16 26.78 26.90 25.91 21.78 25.64 18.11 

Landers 14.47 13.04 12.47 13.05 11.50 13.01 10.50 

Duzce 3.37 3.13 3.01 3.08 2.76 3.08 2.51 

Friuli 8.44 8.01 7.57 8.06 6.91 8.07 6.21 

 

 

Table 6 First floor drift (cm). 

Earthquake NC 1-TMD 1-EKD 2-TMD 2-EKD 3-TMD 3-EKD 

Northridge 1.63 1.40 1.33 1.39 1.17 1.42 1.04 

L’Aquila 1.74 1.71 1.64 1.72 1.57 1.73 1.48 

Kocaeli 1.72 1.27 1.30 1.20 1.11 1.19 0.96 

Tabas 3.93 3.58 3.32 3.62 3.12 3.60 2.88 

Kobe 5.58 3.98 4.00 3.85 3.21 3.81 2.70 

Landers 2.09 1.95 1.84 1.93 1.70 1.93 1.55 

Duzce 0.45 0.41 0.41 0.41 0.37 0.40 0.35 

Friuli 1.34 1.28 1.19 1.26 1.11 1.26 1.07 

 

 

 



 

Table 7 Top floor absolute acceleration (g). 

Earthquake NC 1-TMD 1-EKD 2-TMD 2-EKD 3-TMD 3-EKD 

Northridge 0.62 0.57 0.55 0.58 0.50 0.57 0.46 

L’Aquila 0.59 0.56 0.53 0.56 0.49 0.57 0.45 

Kocaeli 0.55 0.44 0.44 0.42 0.37 0.41 0.32 

Tabas 1.33 1.27 1.11 1.29 1.10 1.22 1.11 

Kobe 1.56 1.08 1.10 1.03 0.89 1.00 0.73 

Landers 0.63 0.55 0.52 0.53 0.46 0.52 0.40 

Duzce 0.22 0.21 0.20 0.19 0.19 0.20 0.18 

Friuli 0.53 0.51 0.49 0.49 0.47 0.50 0.45 

 

 

Table 8 Base shear (kN). 

Earthquake NC 1-TMD 1-EKD 2-TMD 2-EKD 3-TMD 3-EKD 

Northridge 10645.0 9267.6 8765.7 9231.3 7742.3 9396.0 6821.5 

L’Aquila 11385.2 11203.6 10719.1 11237.0 10262.1 11327.9 9716.6 

Kocaeli 11193.6 8178.4 8378.4 7761.1 7184.1 7761.7 6195.1 

Tabas 25543.8 23259.3 21592.2 23594.2 20306.4 23447.6 18815.4 

Kobe 36296.1 25912.7 26053.0 25071.5 20910.1 24785.0 17633.8 

Landers 13606.8 12705.3 12005.6 12594.9 11087.9 12572.5 10119.9 

Duzce 2894.6 2668.3 2591.1 2603.1 2425.6 2533.4 2242.3 

Friuli 8780.1 8392.7 7800.6 8244.6 7334.0 8219.8 7051.4 

 


