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1. Introduction 
 

In recent years, structural control systems have been 

successfully developed for vibration mitigation of structures 

against dynamic loads such as strong wind and earthquake 

excitations. The traditional linear tuned mass damper 

(TMD) system is one of the common passive control 

systems to control vibration in the mechanical and structural 

application. The TMD system consists of a mass, a linear 

spring, and a viscous dashpot. Optimum tuning of these 

parameters has a direct effect on the responses of the main 

system (Warburton 1982). Therefore, some researchers 

applied the numerical methods (Tsai and Lin 1993, Sadek et 

al. 1997, Chang 1999, Bakre and Jangid 2007, Salvi and 

Rizzi 2012, Brzeski et al. 2016, Keshtegar and Etedali 

2017) and metaheuristic optimization algorithms (Hadi and 

Arfiadi 1998, Lee et al. 2006, Leung and Zhang 2009, 

Kaveh et al. 2015, Etedali and Mollayi 2017) to perform 

parametric studies and optimum tuning of the TMD 

parameters. In the presence of uncertainties of the model, 

the optimum design of TMD parameters is addressed in  
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(Gholizad and Ojaghzadeh Mohammadi 2017, Lin et al. 

2017). The TMD frequency is often tuned with a vibration 

frequency close to the first natural frequency of the main 

structure (Etedali and Tavakoli 2017), whereas SSI effects 

modify the characteristics of the main structure such as 

natural frequencies, damping ratios, and shape modes 

(Shourestani et al. 2018). Since the performance of the 

structures equipped with TMD is often studied based on the 

rigid base assumption without considering SSI effects, some 

studies recently are focused on the SSI effects on the 

performance and time responses of the structures equipped 

with TMD (Farshidianfar and Soheili 2013, Bekdas and 

Nighdeli 2107, Khatibinia et al. 2016).  

In order to enhance the performance of TMD in the 

seismic application, active and semi-active TMD have also 

been considered in some studies (Heidari et al. 2016, 

Etedali et al. 2013, Etedali et al. 2018), nevertheless, 

complexity and the high cost of the devices, researchers 

have led to improving the efficiency of existing passive 

TMD systems. Energy dissipation using friction dampers is 

an effective strategy for mitigation of seismic vibrations of 

the structures. In order to enhance the performance of 

TMDs, a combined system of the traditional linear TMD 

with the idea of friction damper, namely FTMD, is 

proposed that in fact, it represents a nonlinear TMD system. 

Although many attempts have been made to investigate the 

design and application of traditional linear TMDs, the study 

on the nonlinear TMDs is still in the developmental stage. 

Ricciardelli and Vickery (1999) investigated the harmonic 
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response of a single-degree-of-freedom (SDOF) system 

equipped with a TMD with linear stiffness and dry friction 

damping. Gewei and Basu (2011) used a statistical 

linearization method to replace the nonlinear friction of an 

FTMD by an equivalent viscous damping. The applied the 

statistical linearized solution to analyze dynamic 

characteristics of a structure-FTMD system. Pisal and 

Jangid (2014) investigated the performance of multiple 

friction tuned mass dampers in comparison with a single 

FTMD.  

The slip force of the FTMD as a passive device is 

typically a constant value. If the slip force is tuned too 

large, the FTMD will not be able to slide and waste the 

energy for weak or moderate earthquakes. One way to 

overcome this disadvantage is to lower the slip force level 

of the FTMD. In this case, due to a small sliding force, the 

dampers will not be able to waste enough energy for strong 

earthquakes. Hence, design the slip force level of the 

FTMDs is a crucial and difficult issue for the designer. On 

the other hands, passive friction devices usually reduce the 

displacement of floors at the cost of an increase in the 

acceleration of floors. A good trade-off between the 

conflicted structural responses can be created using a meta-

heuristic multi-objective optimization algorithm. Moreover, 

the previous studies indicate the seismic behavior of 

structures is significantly affected by the soil-structure 

interaction. The SSI effects significantly modify the 

dynamic characteristics of the structures, while considering 

the rigid base assumption for the structures; these changes 

have been ignored in the design process of the FTMDs. 

Nevertheless, there is no a comprehensive parametric study 

on the optimum FTMD parameters including soil-structure 

interaction effects. The present paper aims to investigate the 

SSI effects on seismic performance of the structures 

equipped with FTMD. For this purposes, the seismic 

performance of a three-story structure in three cases of the 

uncontrolled structure, the structure equipped with TMD, 

and the structure equipped with FTMD are considered. The 

governing differential equations of motion of the structures 

including SSI effects are formulated for time history 

analyses of the structure subjected to earthquake 

excitations. In addition to the fixed base case, three types of 

soils include of soft, medium and dense soils are considered 

for investigation the SSI effects on performances TMD and 

FTMD. A parametric study is conducted on optimum 

TMD/FTMD parameters include of frequency ratio, 

damping ratio and friction coefficient for a vast and 

practical range of the TMD/FTMD mass ratio. A MOPSO 

algorithm as a powerful tool is employed for optimum 

tuning of the FTMD parameters and the influences of the 

optimum parameters of TMD and FTMD on seismic 

performance of the structure are studied for different 

conditions of ground state. At the end, the performances of 

TMD and FTMD are compared for the structure subjected 

to four well-known earthquake excitations. 
The remainder of the paper is organized as follows. 

Section 2 developed the mathematical model of a structure 
equipped with an FTMD including SSI effects. An 
overview of MOPSO algorithm is introduced in Sections 3. 
The parametric and numerical studies are carried out on a 
three-story building equipped with an FTMD in section 4. 

The simulation results are discussed in Section 5. The 
concluding remarks are summarized in Section 6. 
 

 

2. Mathematical models 
 

A linear three-story structure subjected to ground 

acceleration, 𝑢̈𝑔(t) , is assumed. Considering an FTMD 

situated on the top floor of the structure, only the degree-of-

freedom of the main structure is added by one. Fig. 1 shows 

the ideal mathematical models of the structure equipped 

with a FTMD for two cases: a) without SSI effects and b) 

including SSI effects, which is considered for numerical 

studies. The governing dynamic equations of the seismic-

excited structure equipped with FTMD in two cases are 

developed for the both without and with SSI effects in this 

Section. 

 

2.1 Dynamic equations of motion for a seismic-
excited structure equipped with an FTMD  
 

The equation on motion of the structure for the case of 

without SSI effects can be written as 

 (1) 

where m, c, and k represent the mass, damping, and 

stiffness matrices of the structural system, respectively. 

Also,  𝒓 and 𝒃  are the location vectors for the seismic 

excitation and friction force, respectively. 𝒙(𝑡), 𝒙̇(𝑡) and 

𝒙̈(𝑡)  are the relative displacement, velocity and 

acceleration vectors, respectively. Considering the studied 

structure, they are defined as follows 

 

(2) 

 

(3) 

 

(4) 

 (5) 

 (6) 

 
(7) 

where M𝑖, 𝐶𝑖 and 𝐾𝑖  (i=1,2,3) represent respectively the 

mass, damping and stiffness of the ith floor. Also, the FTMD 

parameters include of 𝑀𝐹𝑇𝑀𝐷 , 𝐶𝐹𝑇𝑀𝐷 and 𝐾𝐹𝑇𝑀𝐷 , represent 

the mass, damping and stiffness of the FTMD system. 

Furthermore, 𝑋𝑖 
(𝑡) is the relative displacement of the ith 

floor and 𝑋𝐹𝑇𝑀𝐷 
(𝑡) is the relative displacement of the 

FTMD system. In Eq. (1),  the friction force of the 

528



 

A numerical study on optimal FTMD parameters considering soil-structure interaction effects 

 

 

FTMD, 𝐹𝑠, is given by the following equation 

 (8) 

where 𝑋̇𝐹𝑇𝑀𝐷 is the velocity of the FTMD and 𝑋̇3 denotes 

the velocity of the top story. Using the hysteretic model 

proposed by Constantinou et al. (1990) and Wen’s equation 

(1976), the damper force is given by the following equation  

 (9) 

where fs represents the limiting friction force or slip force 

of the damper and Z is the non-dimensional hysteretic 

component, which satisfies the following first-order non-

linear differential equation. 

 
(10) 

in which q is the yield displacement of frictional force loop, 

and A, β, τ, and n are non-dimensional parameters of the 

hysteretic loop, which control the shape of the loop. The 

values of the parameters are adopted in such a way that it 

provides typical Coulomb-friction damping. The hysteretic 

displacement component, Z, is bounded by peak values of 

±1 to consider the conditions of sliding and non-sliding 

phases. 

The limited frictional force or slip force,fs, is stated in a 

normalized form by a coefficient of friction  

 
(11) 

where MFTMD, g and Rf  represent the mass of FTMD, 

gravitational acceleration and coefficient of friction, 

respectively.  

 

2.2 Dynamic equations of motion for a seismic-
excited structure equipped with FTMD including SSI 
effects  

 

As can be seen from Fig. 1(b), considering soil-structure 

interaction effects, two degrees of freedoms,  𝑋0 
(𝑡) and 

𝜃0 
(𝑡) , which respectively represent the displacement and 

rotation of the foundation, should be added to the degrees 

 

 

of freedoms of the structure.  

 (12) 

in which M, C, K and 𝑴∗ denote the mass, damping, 
stiffness and acceleration mass matrices of the structural 
system equipped with FTMD including SSI effects, 
respectively. Using Lagrange’s equation, they are given by 

 

(13) 

 

(14) 

 

(15) 

 

(16) 

in which M𝑖, 𝐶𝑖, 𝐾𝑖 and Ii represent respectively the mass, 

damping, stiffness and mass moment of inertia of the ith 

floor. In addition, h𝑖 (i=1,2,3) refers to the height of the ith 

floor of the structure from the base level.  The mass 

foundation, mass moment of inertia of the foundation are 

denoted by M0 and I0, respectively. Also, MFTMD, CFTMD 

and KFTMD  are the mass, damping and stiffness of the 

FTMD. The swaying damping and stiffness of the 

foundation are also represented by Cs and  Ks. Similarly, 

the rocking damping and stiffness of the foundation are also 

indicated by Cr and  Kr.  
In addition, 𝑹 and 𝑩 are the location vectors for the 

seismic excitation and friction force of the FTMD, 
respectively. Also,  𝑿(𝑡) ,  𝑿̇(𝑡)  and 𝑿̈(𝑡)  represent the 
relative displacement, velocity and acceleration vectors, 

 
(a) Without SSI effects (b) Including SSI effects 

Fig. 1 The mathematical models of the seismic-excited structure equipped with FTMD 
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respectively. Considering the studied structure, they are 
defined as follows 

 (17) 

 (18) 

 (19) 

where Xi 
(t) is the displacement of the ith floor and X0 

(t) 

and θ0 
(𝑡)  are the displacement and rotation of the 

foundation, respectively.  
 

 

3. An overview of multi-objective particle swarm 
optimization 
 

PSO as a population-based stochastic optimization 

algorithm is proposed based on the behavior of swarms in 

nature such as birds, fish (Kennedy 2011). The status of a 

particle in the search space can be characterized by two 

factors: position and velocity. Considering the d-

dimensional search space, the position and the velocity of 

the ith particle can be represented by the vectors 𝑥𝑖 =
(𝑥𝑖1, 𝑥𝑖2, … , 𝑥𝑖𝑑)  and 𝑣𝑖 = (𝑣𝑖1, 𝑣𝑖2, … , 𝑣𝑖𝑑) , respectively. 

Each particle has its own best position (pbest) 𝑝𝑖 =
(𝑝𝑖1, 𝑝𝑖2 , … , 𝑝𝑖𝑑)  corresponding to the personal best 

objective value obtained so far at time 𝑡. The global best 

particle is also represented as 𝑔, which denotes the best 

position found so far at time 𝑡 in the whole swarm. The 

new velocity of each particle and the position of the i-th 

particle are then updated using Eqs. (20) and (21), 

respectively (Shi 2001). 

 (20) 

 (21) 

where the constants 𝒄𝟏  and 𝒄𝟐  are acceleration 

coefficients which influence the convergence speed of each 

particle and are often set to 2.0 according to the past 

experiences. Furthermore, 𝒓𝟏 and 𝒓𝟏 are two independent 

random numbers uniformly distributed in the range [𝟎, 𝟏], 
𝒘 is the inertia weight factor  which is often in the range 

[𝟎. 𝟏, 𝟎. 𝟗]  and it can be obtained using the following 

updated equation for improving the convergence 

 
(22) 

in which  𝑤𝑚𝑎𝑥  and 𝑤𝑚𝑖𝑛 are denoted the maximum and 

minimum weights. Also, 𝑛𝑖  and 𝑛𝑚𝑎𝑥  is the current 

generation number and the maximum generation number of 

generation, respectively (Shi and Ebehart 1998). 

Coello Coello and Lechuga (2002) introduced multi-

objective particle swarm algorithm (MOPSO) for solving 

multi-objective optimization problems. MOPSO is based on 

Pareto dominance, which every non-dominated solution is 

considered as a new leader. In MOSOP, the non-dominated 

solutions are stored in a repository. When the particles want 

to move, a member of the repository is selected as their 

leader. This leader must be both non-dominated and a 

member of the repository. Repository members represent 

Pareto front and contain non-dominated particles. It is 

notable that no repository exists in PSO because there is 

only one objective function, and that is a particle, which 

represents the best solution. On the other hand, there are 

several particles in MOPSO, which are non-dominated and 

are placed in the solution set. The implementation of this 

algorithm is as follows: 

1) The MOPSO parameters are adopted 

2) The initial population is created. 

3) The best personal experience of each particle is 

determined. If the new position of the particle dominates the 

best experience, then the new position will replace the best 

experience, and if none of them dominate the other one, one 

of the above positions will be randomly considered as the 

best experience. 

4) Non-dominated members of the population are 

isolated and stored in the repository. 

5) Every particle of the repository selects a leader and 

flows (i.e. its velocity and position is updated). 

6) The best personal experience of each particle is 

updated. 

7) Non-dominated new members are added to the 

repository. 

8) Dominated members of the repository are eliminated. 

If the termination condition is not fulfilled, the 

algorithm will be repeated from step 5. 

 

 

4. Numerical studies 
 

A three-story shear building equipped with an FTMD 

situated on the top floor, shown in Fig. 1, is considered for 

numerical studies. The mass, stiffness, height and moment 

of inertia of each floor are adopted as 𝑀𝑖 = 30 × 103 kg 

، Ki = 3.46 × 106 N/m  ,  ℎ𝑖 = 3.5 𝑚  and 𝐼𝑖 = 1.6 ×
105 kg. m2, respectively. To investigate the SSI effects, a 

rigid circular foundation on the ground surface is adopted. 

The values of the swaying damping and stiffness of the 

foundation, and the rocking damping and stiffness of the 

foundation are dependent on the soil properties include of 

Poisson’s ratio 𝜐, density 𝜌𝑠, shear wave velocity 𝑉𝑠 and 

shear modulus 𝐺𝑠 and radius of foundation R. They can be 

given by the following equations (Spyrakos et al. 2009).  

 
(23) 

 
(24) 

 
(25) 

 
(26) 

The specifications of the dense, medium and soft soils, 
considered in this study for investigation SSI effects, are 
inserted in Table 1. For a vast and practical range of the 
TMD/FTMD mass ratio, three types of soils include soft, 
medium and dense soils, as well as the fixed base case, a 
parametric study based on MOPSO algorithm, is performed  

530



 

A numerical study on optimal FTMD parameters considering soil-structure interaction effects 

Table 1 The parameters of soil and foundation  

Soil type 
Poisson’s ratio 

- 
Soil density 

(kg/m3) 
Shear-wave 

velocity (m/s) 
Shear modulus 

(N/m2) 

Dense soil 0.33 2400 500 6.00×108 

Medium soil 0.48 1900 300 1.71×108 

Soft soil 0.49 1800 100 1.80×107 

 
 

on the optimum TMD/FTMD parameters include of 
frequency ratio, damping ratio, and friction coefficient. 
Furthermore, to compare the performance TMD with 
FTMD in vibration mitigation of the structure subjected to 
earthquakes with different intensities and frequencies four 
well-known earthquakes are also considered in the 
numerical studies. The numerical studies are carried out for 
different conditions of ground state. 

Optimum design of passive devices for a particular 
earthquake cannot provide a guarantee to be effective for 
other earthquakes. Considering seismic events as 
probabilistic events, it is required several time-consuming 
analyses to access reliable results in the optimum design 
process. In order to overcome this problem, an artificial 
acceleration of the ground motion is simulated for modeling 
the possible earthquakes (Etedali 2017). It is generated by 
passing a Gaussian white noise process through the well-
known Kanai-Tajimi filter. The power spectral density 
function of the filter is given by (Mohebbi et al. 2013) 

 

(27) 

in which 𝜉𝑔 and  𝜔𝑔 are the damping ratio and angular 

frequency of the ground, respectively. In the study, the 

angular frequencies of the ground considered as 𝜔𝑔 

=5, 10 and 15 𝑟𝑎𝑑
𝑠𝑒𝑐⁄  for soft, medium and dense soils, 

respectively. The corresponding damping ratios of the 

ground are adopted as 𝜉𝑔=0.2, 0.4 and 0.6, respectively 

(Zerva 2016). The output of this filter simulates the 

earthquake, which has been used for optimum design the of 

TMD and FTMD devices.  

Passive friction devices usually reduce the maximum 

floor displacement at the cost of an increase in the 

acceleration of floors. In order to create a good trade-off 

between the conflicted structural responses, a meta-heuristic 

multi-objective optimization algorithm based on MOPSO is 

employed for optimum tuning of TMD and FTMD 

parameters. For this purposes, two optimization problems 

are defined for optimum design of TMD and FTMD 

parameters in the seismic excited structure studied in this 

paper.  

The first optimization problem is defined for optimum 

design of TMD parameter, including frequency ratio, 𝑓𝑇, 

and damping ratio, 𝜉𝑇, as follows 

 

(28) 

where 𝑚𝑎𝑥‖𝑥𝑖(𝑡)‖  and 𝑚𝑎𝑥‖𝑋̂𝑖(𝑡)‖  represent the 

maximum floor displacement of the structure equipped with 

TMD and the corresponding responses for the structure 

without TMD. Similarly, 

𝑚𝑎𝑥‖𝑋̈𝑖(𝑡)‖   and 𝑚𝑎𝑥 ‖𝑋̈𝑖
̂ (𝑡)‖ refer to the maximum floor 

acceleration of the structure equipped with TMD and the 

corresponding responses for the structure without TMD. 

Two above normalized responses are considered as 

objective functions in the design process using MOPSO. To 

conduct a parametric study, the design process of TMD 

parameters are carried out for a vast and practical range of 

the preselected TMD mass ratio  0.01 ≤ 𝜆 ≤ 0.1 . For a 

preselected mass ratio of TMD, 𝜆 , the optimum TMD 

mass, damping and stiffness are calculated as 𝑀𝑇𝑀𝐷 =

𝜆𝑀𝑠, 𝐶𝑇𝑀𝐷 = 2𝑀𝑇𝑀𝐷𝜉𝑇𝑓𝑇𝜔𝑠  and  𝐾𝑡𝑚𝑑 = 𝑀𝑡𝑚𝑑𝑓𝑇
2𝜔𝑠

2 , in 

which 𝑀𝑠 = ∑ 𝑀𝑖
𝑁
𝑖=1  and 𝜔𝑠  are the total mass and the 

fundamental frequency of the primary structure. 

The second optimization problem is defined for 

optimum design of FTMD parameter, including frequency 

ratio 𝑓𝐹, damping ratio 𝜉𝐹, and coefficient of friction 𝑅𝑓 , 

as follows 

 

(29) 

in which 
  𝑚𝑎𝑥‖𝑋𝑖(𝑡)‖ 

  𝑚𝑎𝑥‖𝑋̂𝑖(𝑡)‖ 
  represents the maximum floor 

displacement of the structure equipped with FTMD 

normalized to the corresponding responses for the structure 

without FTMD. Similarly, 
  𝑚𝑎𝑥‖𝑋̈𝑖(𝑡)‖ 

𝑚𝑎𝑥‖𝑋̈𝑖
̂(𝑡)‖

    refers to the 

maximum floor acceleration of the structure equipped with 

FTMD normalized to the corresponding responses for the 

structure without FTMD. The design process of FTMD 

parameters are done for a vast and practical range of the 

preselected FTMD mass ratio  0.01 ≤ 𝜆 ≤ 0.1 . The 

optimum FTMD mass, damping and stiffness can then be 

obtained as 𝑀𝐹𝑇𝑀𝐷 = 𝜆𝑀𝑠 , 𝐶𝐹𝑇𝑀𝐷 = 2𝑀𝐹𝑇𝑀𝐷𝜉𝐹𝑓𝐹𝜔𝑠 

and   𝐾𝐹𝑇𝑀𝐷 = 𝑀𝐹𝑇𝑀𝐷𝑓𝐹
2𝜔𝑠

2 , in which 𝑀𝑠 = ∑ 𝑀𝑖
𝑁
𝑖=1  and 

𝜔𝑠 are the total mass and the fundamental frequency of the 

primary structure. The slip force, fs, can be calculated from 

Eq. (11). 

The population size, the initial inertia weight, the final 

inertia weight, the acceleration constants of the MOPSO 

algorithm, used for numerical study on optimum parameters 

of TMD are set as 70, 𝑤𝑚𝑖𝑛 = 0.4, 𝑤𝑚𝑎𝑥 = 0.9, 𝑐1 =
𝑐2 =2. Similarly , these parameters are considerd as 100, 

𝑤𝑚𝑖𝑛 = 0.4, 𝑤𝑚𝑎𝑥 = 0.9, 𝑐1 = 𝑐2 =2 for optimum tuning 

FTMD parameters.  
MATLAB/ Simulink software [38] is employed for 

simulation the nonlinear behavior of force-deformation of 
the FMFD and time-history analyses of the structure 
equipped with FTMD.  Furthermore, to solve the 
optimization problems given by Eqs. (28) and (29), an 
optimization program based on MOPSO is written in 
MATLAB (2000).  

 
 

5. Results and discussion 
 
Considering the structure subjected to the artificial  
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earthquake, the MOPSO algorithm is applied to solve the 

optimization problems defined for optimum tuning of TMD 

and FTMD parameters  for different preselected of 

TMD/FTMD mass ratios λ=0.01, 0.02, 0.03, 0.04, 0.05,  

 

 

 

0.06, 0.07, 0.08, 0.09, 0.1 and different conditions of 

ground state. Overall, 80 multi-objective optimum tuning of 

TMD and FTMD parameters are obtained to carry out a 

comprehensive numerical study. For example, Fig. 2 shows  

  

  

Fig. 2 The Pareto-optimal front diagram for optimum tuning of TMD parameters for λ=0.05 and different conditions 

of ground state 

  

  

Fig. 3 The Pareto-optimal front diagram for optimum tuning of FTMD parameters for λ=0.05 and different conditions 

of ground state 
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Fig. 4 Optimum TMD parameters for different mass ratios in the case of the fixed base, and  the corresponding 

normalized responses of the structure 

  

Fig. 5 Optimum TMD parameters for different mass ratios in the case of dense soil, and  the corresponding 

normalized responses of the structure 

  

Fig. 6 Optimum TMD parameters for different mass ratios in the case of medium soil, and the corresponding 

normalized responses of the structure 

  

Fig. 7 Optimum TMD parameters for different mass ratios in the case of soft soil, and the corresponding normalized 

responses of the structure 
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the Pareto-optimal front diagrams of MOPSO algorithm 

forTMD mass ratio λ=0.05 in the cases of without SSI, 

dense, medium and soft soils. Similarly, the Pareto-optimal 

front diagrams for optimum design of FTMD for λ=0.05 are 

illustrated in Fig. 3. It is obvious that two objective  

functions, the normalized responses in the terms of the top 

floor displacement and acceleration of the structure, are in 

conflict with each other. MOPSO algorithm is able to create 

an appropriate trade-off between two conflicting objectives 

and generates a set of possible solutions for designers that 

form the so-called Pareto front. Each member of the Pareto 

front can be represented by a vector in the design space. 

The vector that has the shortest distance to the origin is  

 

 

 

 

taken as the best tuning TMD/FTMD parameters. 
Fig. 4 illustrates the optimum TMD parameters obtained 

from MOPSO for different TMD mass ratios in the case of 
fixed base i.e., the case of without SSI effect. The 
corresponding normalized responses of the structure are 
also displayed in the figure. Similarly, the optimum TMD 
parameters for different mass ratios in the cases of dense, 
medium and soft soils are shown in Figs. 5-7, respectively. 
The normalized responses of the structure are also  
represented in the figures. It is found that by increasing the 
TMD mass ratio, the optimum tuning frequency ratio is 
slightly decreased while the optimum-damping ratio often 
increases. In addition, by increasing the TMD mass ratio, 
the normalized responses in the term of maximum top floor  

  

Fig. 8 Optimum FTMD parameters for different mass ratios in the case of the fixed base, and the corresponding 

normalized responses of the structure 

  

Fig. 9 Optimum FTMD parameters for different mass ratios in the case of dense soil, and the corresponding 

normalized responses of the structure 

  

Fig. 10 Optimum FTMD parameters for different mass ratios in the case of medium soil, and the corresponding 

normalized responses of the structure 
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displacement of the structure experience a decreasing trend, 

while increasing the TMD mass ratio is not able to provide 

a significant reduction in the normalized responses of the 

structure in the term of maximum top floor displacement. It 

can also be seen that there are slight differences between the 

optimum parameters of TMD in different conditions of 

ground state. 

Figs. 8-11 show optimum parameters of FTMD and 
normalized responses of the structure for different ratios of 
FTMD in the cases of the fixed base, dense soil, medium 
soil and soft soil, respectively. The results indicate that the 
SSI influence on the optimum parameters of FTMD. It is 
also found that by increasing the mass ratio of FTMD, the 
optimum friction coefficient of the FTMD often decreases. 

 

 

 
 
Unlike TMDs, the seismic performance of the structure 
equipped with FTMD does not enhance by increasing the 
mass ratio of FTMD. At lower mass ratios, the FTMDs 
often perform better than TMD with demand greater 
optimum friction coefficients in the design process. In the 
cases, the friction force of the FTMD plays a key role in the 
reduction of the structural responses of the seismic-excited 
structure. By increasing the mass ratio of FTMD, the 
optimum friction coefficient of FTMD is reduced. In the 
case of large mass ratios, it may be that the FTMDs are not 
able to slide. Therefore, they demand smaller friction forces 
for sliding in the optimum design process and may not be 
able to waste enough energy for the artificial earthquakes. 
As can be seen, the FTMD for the cases of 𝜆 ≤ 0.03 

  

Fig. 11 Optimum FTMD parameters for different mass ratios in the case of soft soil, and the corresponding 

normalized responses of the structure 

Table 2 Optimum TMD and FTMD parameters given by MOPSO algorithm for the case of 𝜆 = 0.03 

 TMD FTMD 

 𝑓𝑜𝑝𝑡 𝜉𝑜𝑝𝑡 𝑓𝑜𝑝𝑡 𝜉𝑜𝑝𝑡 𝑅𝑜𝑝𝑡 

Without SSI 0.8483 0.0885 0.8546 0.1945 0.2344 

Dense Soil 0.8271 0.0914 0.8489 0.1753 0.1397 

Medium Soil 0.8243 0.0993 0.8608 0.1647 0.2479 

Soft Soil 0.8358 0.0882 0.8589 0.1882 0.2566 

Table 3 Maximum seismic responses of the structure subjected to different earthquake excitations 

  Soft soil Medium soil  Dense soil Fixed base 

Earthquake Control case Max Disp. (m) 
Max Acc. 

(m/s2) 

Max. Disp. 

(m) 

Max Acc. 

(m/s2).  

Max. Disp. 

(m) 

Max Acc. 

(m/s2) 

Max. Disp. 

(m) 

Max Acc. 

(m/s2) 

Northridge 

Uncontrolled 0.47 14.30 0.47 14.06 0.47 14.28 0.47 14.24 

TMD 0.45 (-4%) 13.79 (-4%) 0.46 (-2%) 13.55 (-4%) 0.45 (-4%) 13.80 (-3%) 0.45(-4%) 13.78 (-3%) 

FTMD 0.39(-17%)* 12.75 (-11%) 0.39 (-17%) 12.45 (-11%) 0.42 (-11%) 13.17 (-8%) 0.38 (-19%) 12.75 (-10%) 

Rubakdu 

Uncontrolled 0.45 12.13 0.42 11.49 0.44 12.00 0.44 11.82 

TMD 0.33(-26%) 8.22 (-32%) 0.29 (-31%) 7.92 (-31%) 0.29 (-34%) 8.36 (-30%) 0.27 (-39%) 8.00 (-32%) 

FTMD 0.30 (-33%) 8.10 (-33%) 0.25 (-40%) 7.09 (-38%) 0.23 (-48%) 8.14 (-32%) 0.22 (-50%) 7.31 (-38%) 

Newhall 

Uncontrolled 0.38 10.01 0.37 9.82 0.38 10.03 0.38 10.03 

TMD 0.32 (-17%) 9.80 (-2%) 0.28 (-24%) 9.61 (-2%) 0.28 (-26%) 9.82 (-2%) 0.27 (-29%) 9.82 (-2%) 

FTMD 0.27 (-29%) 9.02 (-10%) 0.24 (-35%) 8.54 (-13%) 0.25 (-34%) 9.29 (-7%) 0.21 (-45%) 8.97 (-11%) 

Sylmar 

Uncontrolled 0.29 8.25 0.28 8.11 0.29 8.21 0.29 8.21 

TMD 0.25 (-13%) 8.34 (+1%) 0.24 (-14%) 8.19 (+1%) 0.24 (-17%) 8.30 (+1%) 0.24 (-17%) 8.31 (+1%) 

FTMD 0.23 (-20%) 7.98 (-3%) 0.22 (-20%) 7.14 (-12%) 0.20 (-31%) 8.03 (-2%) 0.21 (-28%) 7.82 (-15%) 
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provides a more favorable performance compared with 
TMD in reduction seismic responses of the structure. As a 
result, the seismic responses of structures equipped with 
FTMD are sensitive to the values of optimum FTMD 
parameters, and unlike TMDs, optimum tuning of FTMD 
parameters for a large preselected mass ratio may not 
provide a best and optimum design. On the other hand, for 
low mass ratios, optimal selection of friction coefficient has 
an important key to enhance the performance of FTMDs. 

The results of the numerical studies on optimum FTMD 
parameters are shown that the best performance of FTMD 
in the reduction of the structural responses of the studies 
structure is given for the FTMD mass ratio 𝜆 = 0.03. For 
this case, the optimum TMD and FTMD parameters given 
by MOPSO algorithm are inserted in Table 2. In order 
tocompare the performance of FTMD with TMD in the 
reduction  of the structural responses of the studies 
structure under real earthquakes with different intensities 
and frequencies, four well-known earthquake excitations 
include of Northridge, Rinaldi, Newhall, Sylmar 
earthquakes, are considered.  

Considering the structure on the fixed base and three 
types of soils, the time history analyses of the structure are 
carried out subjected to the mentioned earthquake 
excitations. The seismic responses of the structure, in the 
cases of the uncontrolled, equipped with TMD and FTMD, 
are compared in Table 3 for different conditions of ground 
state. The values inserted in the brackets represent the 
reduction percentages of the maximum structural responses 
with respect to the uncontrolled case. The best results are in 
bold. It is concluded that the performances of TMD and 
FTMD in the reduction of structural responses of the 
structure are influenced by the input excitation and type of 
soil. The TMD mitigates the structural responses in most 
cases; however, it may not result in a significant effect in 
some earthquake excitations such as Northridge. In 
addition, its efficiency is usually reduced in soft soils. For 
example, TMD results in 17%, 24%, 26% and 29% 
reduction in peak floor displacement of the structure 
subjected to Newhall earthquake for the cases of soft, 
medium, dense soil and fixed base, respectively. TMD is 
not able to provide a suitable performance in the reduction 
of the maximum floor acceleration as much as its 
performance in reducing the maximum floor displacement 
of the structure. The results show that the FTMDs are 
advantageous devices for vibration mitigation of the 
seismic-excited buildings. In comparison with TMD, it is  

 

 

found that the FTMD provides a better performance in 
reducing the peak floor displacement and acceleration of the 
structure in most earthquakes for different conditions of 
ground state. For example, for Newhall earthquake, FTMD 
results in 29%, 35%, 34% and 45% reduction in peak top 
floor displacement for soft, medium, dense and fixed base 
in comparison with the uncontrolled case. These results 
show that the FTMD performs better than the TMD in 
reduction maximum floor displacement of the structure 
about 16%, 14%, 11% and 22% in Newhall earthquake for 
the cases of soft, medium, dense soil and fixed base, 
respectively. Similarly, in comparison with the TMD, the 
FTMD gives a reduction about 8%, 11%, 5% and 9% in 
maximum floor acceleration of the structure during Newhall 
earthquake, respectively. It is also found that the FTMDs 
are more effective for the dense and hard soil and its 
efficiency is often reduced in soft soils. 

In order to achieve an overall result, the mean reduction 
of the structural responses for the studied earthquakes in the 
terms of maximum floor displacement and acceleration are 
shown in Fig. 12. The results are represented in the cases of 
three types of soils and the case of fixed base. On average, 
the TMD is able to reduce the maximum top floor 
displacement of the structure about 15%, 17.75%, 20.25% 
and 22.25% for the cases of soft, medium, dense soils, and 
fixed base conditions, respectively. 

Similarly, these reductions are given about 24.75%, 
27.5%, 31% and 35.5% for FTMD, respectively. The best 
results in the reduction of maximum floor displacement for 
TMD and FTMD are obtained for the fixed base state and 
their performance decreases with increasing soil softness, so 
that ignoring the SSI effects in the modeling of the structure 
may result in incorrect and unrealistic results of the seismic 
behavior of the structure. It is also seen, on average, the 
FTMD is able to reduce the maximum top floor acceleration 
of the structure about 6%, 10%, 5% and 10% better than the 
TMD for the cases of soft, medium, dense soils, and fixed 
base conditions. Consequently, the FTMD significantly 
provides a better performance in reducing the maximum 
top floor displacement and acceleration of the building in 
all condition of the ground state. 
 

 

6. Conclusions 
 

A numerical study on the optimum tuning of parameters 

of TMD and FTMD include of frequency ratio, damping 

 

Fig. 12 The mean reduction of maximum floor displacement and acceleration of the structure equipped with TMD 

and FTMD in comparison with the uncontrolled case for the fixed base and three types of soils 
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ratio and friction coefficient for a vast and practical range of 

the TMD and FTMD mass ratios was conducted for 

seismic-excited structures considering SSI effects. Three 

types of soils include soft, medium and dense soils were 

considered for investigation the SSI effects on 

performances TMD and FTMD in comparison with the 

fixed base case. A MOPSO algorithm as a powerful tool 

was employed for optimum tuning of the TMD and FTMD 

parameters. It was found that by increasing the mass ratio of 

FTMD, the optimum friction coefficient of the FTMD 

decreases. In other words, for a large mass ratio, the 

FTMDs were not able to slide and therefore a performance 

degradation of the FTMD was observed in this case. For a 

small mass ratio, the friction force of the FTMD played a 

key role in the reduction of the structural responses of the 

seismic-excited structure. In this case, the performance of 

FTMD can enhance by increasing optimum friction 

coefficient of the FTMD and it was effectively able to waste 

the input energy. On the other hand, employing an FTMD 

with a small mass ratio can be an advantage from the 

standpoint of practical and operational. Hence, it is 

recommended that a free parameter search of all FTMD 

parameters, rather than considering a preselected mass ratio 

for the FTMD was conducted optimum design stage of the 

FTMD. At the end, the performances of the optimized TMD 

and FTMD for a 3-story structure were compared with the 

uncontrolled structure for three types of soils and the fixed 

base state and four well-known earthquakes. The simulation 

results showed that the FTMD were able to give a better 

performance in reducing the maximum top floor 

displacement and acceleration of the structure in all 

conditions of the ground state. Furthermore, the results 

indicated that the SSI significant effected on the optimum 

design of the TMD and FTMD, so that the performance of 

the TMD and FTMD decreased with increasing soil 

softness. Therefore, ignoring the SSI effects in the modeling 

of the structure may present an unrealistic estimation of the 

seismic behavior of the structure equipped with TMD and 

FTMD. 
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