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ABSTRACT 

This paper studies the use of a new Tuned Mass Multi-Sliding Friction Damper (TMMSFD) to increase the damping 
capacity of seismic isolators installed on a two-story base-isolated building to limit their lateral deformations. The proposed 
TMMSFD consists of a set of several masses that are laterally attached to the superstructure floor through linear springs. 
These masses are placed on top of each other one by one and are allowed to slide with respect to each other during the 
earthquake. The bottom mass that carries the weight of upper masses is in contact with the superstructure floor. The 
damping of system is supplied by the friction generated along the sliding friction surfaces. The TMMSFD has a low cost 
of installation, operation, and maintenance compared to common TMDs that use viscous fluid dampers for energy 
dissipation. The mechanical model of TMMSFD is installed on the numerical model of a two-story base-isolated building 
equipped with elastomeric rubber bearings in order to evaluate its performance in limiting the displacement of base floor. 
These models are created by the OpenSEESPy package which is a Python 3 interpreter of OpenSEES. A parametric study 
is performed to obtain the optimum design parameters of the TMMSFD including its total mass, frequency, and static 
friction coefficients of the siding surfaces for energy dissipation. The results of time-history analysis of numerical model 
show that the TMMSFD is capable of limiting the displacement of base floor with a little amount of friction implying its 
potential as a cost-effective tool for seismic protection. 

Keywords: Vibration control, Tuned mass damper, Friction, Energy dissipation, and Seismic isolation. 

1. INTRODUCTION

In recent years, significant progress has been made in improving the functional capabilities of civil structures and 
protecting it against the natural disasters like powerful earthquakes and strong winds. The idea of structural control systems 
has indeed made great strides in civil engineering. Different types of control systems, including active, passive, semi-
active, and hybrid, are commonly employed. For instance, passive control systems have been put into practice in various 
high-rise building structures [1]. Of all the passive control techniques available, the tuned mass damper (TMD) stands out 
as one of the most effective and reliable control mechanism [2]. 

A tuned mass damper (TMD) is a type of passive control system that, in its most basic form, is composed of a mass, a 
spring, and a damping element attached to a structure to mitigate its dynamic response [3]. In the past, viscous dampers 
were widely utilized as the damping component in TMDs and have received extensive research and examination by many 
researchers. Viscous TMDs have been employed in a wide range of vibration control applications, including observatory 
towers, tall buildings, and other structures. Although, they are simple and efficient, however, viscous TMDs have some 
limitations too. Viscous TMDs dissipate energy through the viscous fluid in the damper, which can result in a large amount 
of heat being generated. This heat can cause the fluid to lose its viscosity, reducing the damping effect over time. They 
require regular maintenance to ensure that the fluid remains at the correct viscosity and that the damper is functioning 
properly. This can be time-consuming and expensive. Such TMDs are typically larger and heavier than other types of 
TMDs, making them less practical for use in small or lightweight structures. The dynamic stiffness of a viscous TMD is 
dependent on the viscosity of the fluid, which can change over time. This can result in a change in the damping behavior 
of the damper. Frictional TMDs (FTMDs) are often used to control vibrations in tall buildings, bridges, and other structures 
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that are susceptible to seismic or wind-induced vibrations. Due to their dependable solid-based energy dissipation 
mechanism, FTMDs have been demonstrated to be highly effective in dissipating seismic energy input in civil structures. 
Moreover, their low installation and operation costs, as well as their long-term durability, make them easy to manage. 
FTMDs have some advantages over other types of TMDs, such as viscous TMDs [4]. For example, FTMDs do not require 
any fluid or other consumable material, making them less prone to maintenance problems. They are also typically smaller 
and lighter than viscous TMDs, making them more practical for use in certain applications. 

There have been several research studies conducted on FTMDs over the years. These studies have focused on various 
aspects of FTMDs, including their design, performance, and effectiveness in controlling vibrations in structures. Despite 
extensive studies on the design and implementation of traditional linear TMDs, the evaluation of nonlinear FTMDs for 
controlling the response of structures during earthquakes continues to be a subject of ongoing research interest. Etedali et 
al. examined how soil-structure interaction impacts the efficiency of TMDs and FTMDs in minimizing vibrations in tall 
buildings during near-field earthquakes [5]. Their results demonstrated that FTMDs are effective in reducing the peak 
kinetic and strain energies of the main structure, thus affirming that FTMDs are more capable of mitigating seismic energy 
and minimizing damage to tall buildings during near-field earthquakes compared to TMDs. Carmona et al. constructed a 
TMD that utilizes friction as its damping mechanism [6]. The TMD was implemented on a dynamic platform with low 
natural frequencies, which experienced excessive vibrations induced by human walking. To alleviate the amplitude 
vibrations produced when the platform is stimulated by human activities like walking or jumping, a passive control device 
was suggested that could be utilized in commercial buildings to decrease excessive vibrations caused by rhythmic human 
activities. Ricciardelli and Vickery investigated a single degree of freedom (SDOF) system with a tuned mass damper 
(TMD) that had linear stiffness and dry friction damping [7]. They also established guidelines for the design of friction 
TMD systems when evaluated under harmonic excitation. Salimi et al. sought to assess the benefits of the optimal design 
of friction TMD over conventional TMD for tall structures [8]. They evaluated the seismic performance of a 40-storey tall 
building and compared the results in terms of structural responses and energy. Gewei and Basu, in contrast, analyzed the 
dynamic properties of an SDOF system with an FTMD, using both harmonic and static linearization methods [9]. In 
addition, Pisal and Jangid examined the seismic response of a multi-story building equipped with multiple tuned mass 
friction dampers and evaluated the performance of FTMDs based on key factors such as mass ratio, tuning frequency ratio, 
and slip force [10]. 

In this study, a new FTMD with multi-sliding friction surfaces is proposed to increase the damping capacity of a two-story 
base-isolated building, reducing the lateral deformation of its isolation system. This passive control system is termed as 
Tuned Mass Multi-Sliding Friction Damper (TMMSFD) consisting of several masses attached to the superstructure floor 
with linear springs. These masses are arranged vertically and are allowed to slide with respect to each other during an 
earthquake, generating the friction that provides damping to the system. The bottom mass supports the weight of the upper 
masses and is in contact with the superstructure floor. The objective of this paper is to study how the multi-sliding friction 
surfaces enhance the energy dissipation capability of a FTMD and its effects on the seismic performance of primary 
structure overall.  

2. DYNAMIC MODEL
2.1. Configuration of the proposed TMMSFD 

Figure 1(a) shows the 3DOF dynamic model of a two-story base-isolated building with elastomeric rubber bearings and 
equipped with a typical FTMD installed on the roof of superstructure under an earthquake with the horizontal acceleration 
ẍg. This model is designated as “Model 1” in which the displacement at the superstructure floor is denoted by xs, the base 
floor by xb, and the displacement of the FTMD by xd all measured with respect to the ground. The displacement of FTMD 
with respect to the superstructure is defined as ud=xd-xs. The normal force Nf0 is constant and equal to the weight of FTMD 
as Nf0=mdg in this model. The friction force Ff0 is generated when the mass slides on the surface of the superstructure floor. 
Figure 1(a) also indicates that mb, ms, and md are the mass of base floor, superstructure, and FTMD, respectively, whereas 
cb, cs, and cd are the damping coefficients of base floor, superstructure, and FTMD, respectively. Lastly, kb, ks, and kd 
shown in the figure describe are the stiffness coefficients of the base floor, superstructure, and FTMD, respectively. Model 
1 has only one sliding friction surface. 

Figure 1(b) shows a 4DOF dynamic model of the two-story base-isolated building equipped with the proposed TMMSFD 
that here it is assumed to have only two masses (nd=2): the lower mass md1=md/2 and the upper mass md2=md/2 both 



installed on the superstructure floor. This model is designated as “Model 2”, which compared to Model 1 that has only one 
sliding friction surface, it has two sliding friction surfaces allowing the lower mass to slide over the surface of the 
superstructure floor with the constant normal force Nf1=Nf0=(md1+md2)g and the upper mass to slide over the top of the 
lower mass with the normal force Nf2=Nf0/2=md2g.  

It should be noted that, in the proposed TMMSFD, the number of masses is not necessarily equal to 2 and can be increased 
(nd>2). These masses are placed on top of each other one by one and are allowed to slide with respect to each other during 
the earthquake. Here, the bottom mass that carries the weight of upper masses is in contact with the superstructure floor.  

Figure 1. A FTMD mounted on the top floor of a base-isolated building subjected to horizontal ground motion with the (a) single 
sliding friction and (b) multi-sliding friction surfaces (nd=2). 

2.2. Equation of motion 

The governing equation describing the motion of Model 2 in Figure 1(b) when subjected to an earthquake with the 
horizontal acceleration ẍg may be written into the following matrix form, 

𝐌𝐌𝐔̈𝐔 + 𝐂𝐂𝐔̇𝐔 + 𝐊𝐊𝐊𝐊 + 𝚲𝚲f𝐅𝐅f = −𝐌𝐌𝛊𝛊g𝐱̈𝐱g (1) 

where Ff={Ff1,Ff2}T is the friction force vector; 𝐔𝐔 = {xb, xs, xd1, xd2}T is the displacement vector; 𝛊𝛊g = {+1, +1, +1, +1}T 
is the ground acceleration influence vector; and 𝚲𝚲f, M, C, and K are the friction forces influence, mass, damping, and 
stiffness matrices which are defined as, 

𝐌𝐌 = �

mb 0 0 0
0 ms 0 0
0 0 md1 0
0 0 0 md2

� ,𝐂𝐂 = �

cb + cs −cs 0 0
−cs +cs 0 0

0 0 0 0
0 0 0 0

� ,𝐊𝐊

= �

kb + ks −ks 0 0
−ks ks + kd1 + kd2 −kd1 −kd2

0 −kd1 +kd1 0
0 −kd2 0 +kd2

� , and 𝚲𝚲f = �

0 0
−1 0
+1 −1
0 +1

� 

(2) 

where mb, ms, md1=md/2, and md2=md/2 are the masses of base floor, the superstructure, the lower moving mass, and the 
upper moving mass, respectively; cb and cs are the damping coefficients of elastomeric rubber bearings in the base floor 
and the superstructure, respectively; and kb, ks, kd1, and kd2 are the stiffness coefficients of elastomeric rubber bearings, the 



superstructure, and the springs attaching the lower and upper moving masses to the superstructure, respectively. The 
damping and stiffness coefficients of the elastomeric rubber bearings and the superstructure can be written as, 

cb = 2ξb(mb + ms)ωb, kb = (mb + ms)ωb
2 , cs = 2ξsmsωs and ks = msωs

2 (3) 

where ξb and ωb are the critical damping ratio and natural frequency of the elastomeric rubber bearings, and ξs and ωs are 
the critical damping ratio and natural frequency of superstructure. The friction forces Ff1 and Ff2 are described by the 
Coulomb friction model defined below [11], [12]: 

Ffi = μfNfisgn(u̇dfi) (4) 

where μf is the coefficient of friction that is same for all the sliding friction surfaces (same friction materials), Nfi is the 
normal force acting on the i-th sliding friction surface with Nf1=(md1+md2)g and Nf2=md2g, and u̇dfi is the sliding velocity 
of mass that for lower mass (i=1) is u̇df1 = u̇d1 and for the upper mass is u̇df2 = u̇d2 − u̇d1. It is worth mentioning that 
the friction model described by Equation (3) does not take the stick-slip motion into account [13].  

Table 1 shows the values of these parameters as recommended by Ramallo et al. (2002) for a smart base isolation system 
[4], [14]. 

Table 1. Key parameters of the base-isolated model shown in Figures 1(a) and (b) [4]. 
Parameter Value Unit 

ms 29485 kg 
ωs 20.944 rad/s 
ξs 2 % 
mb 6800 kg 
ωb 2.513 rad/s 
ξb 2 % 

3. NUMERICAL MODEL
3.1. Finite element model 

A two-dimensional finite element (2D FE) model of Model 2 is created by OpenSEESPy to solve the equation of motion 
described by Equation (1). Figure 2 shows the details on the FE model.  

Figure 2. 2D FE model of Model 2 developed in OpenSEESPy.



As can be seen, the FE model consists of five nodes labeled from 1 to 5 representing the fixed support for the elastomeric 
rubber bearings, the base floor, the superstructure floor, and the lower and upper moving masses of the proposed 
TMMSFD, respectively. The masses mb, ms, md1, and md2 are lumped at nodes 2 to 5, respectively, and while they are 
allowed to move freely in the x-direction, their motions are restrained in the y-direction.  

The Zero-length element (ZLE) object in OpenSEESPy is used to model the developments of restoring and damping forces 
in the elastomeric rubber bearings and the superstructure, and the developments of the springs restoring forces and friction 
forces in the proposed TMMSFD. It should be noted that a ZLE object is defined by two nodes with the same coordinates. 
For this reasons, nodes 1 to 5 all are placed at same location but with different labels. In addition, the ZLE objects used to 
model the force-displacement behaviors of the linear springs (ZLEs) and frictions (ZLEf) in the proposed TMMSFD act in 
parallel.  

Figure 3. Modeling of the force-displacement behavior of friction developed on the sliding friction surfaces in OpenSEESPy: (a) 
Steel 02 Material (b) Coulomb friction model. 

The force-displacement hysteresis loop of the Coulomb friction model has an ideal rectangular shape (See Figure 3(b)). 
The Steel02 material in OpenSEESPy with isotropic strain hardening is used to create this rectangular shaped hysteresis 
loop. Figure 3(a) shows the typical force-displacement curve generated by Steel02 material and its key parameters which 
are: ufy=yielding displacement, Ffy=yield strength, and bf=strain-hardening ratio that is defined as the ratio of post-yield 
stiffness (kf2=bfkf1) to the initial elastic stiffness (kf1=Ffy/ufy). In this study, it is assumed that: ufy=0.01 mm, Ffy=μfNf, and 
b=10−9 to idealize the rectangular shape of the hysteresis loop of friction force in terms of displacement.  

Table 2. Ground motion acceleration record used for the response history analysis [4]. 

RSN Name Year Magnitude 
(M) Station Component PGA 

(g) 
PGA 
(g) 

0169 Imperial Valley 1979 6.5 Delta DLT352 0.350 0.384 

3.2. Ground Motion Record 

To study the time history response of a base-isolated building model, a far-field ground motion acceleration record from 
the PEER database is selected [4]. Table 2 shows the main properties of this record.  The wavelet adjustment method, 
proposed by Hancock et al. (2006) [15], is utilized to modify and scale this record, so it matches the ASCE 7-10 Maximum 
Considered Earthquake (MCE) design response spectrum. The MCE represents an earthquake with a return period of 
approximately 2475 years, and it characterizes the seismicity of an area located in California with site class B, critical 
damping ratio of 5%, and PGA of 0.876g. The matching process is performed for the period range of Tn=0.5-5 s, as 
illustrated in Figure 4 (taken from [4]). This period range properly covers the period range of 0.5TD to 1.25TM 
recommended by ASCE 7-10. Here, TD and TM are the effective periods of the base-isolated building at the design and 
maximum displacements, respectively, where TD<Tb and TM<Tb with Tb=2π/ωb=2.5 s. 



Figure 4. Acceleration design spectra of the ground motion record for 5%-damping (a) un-scaled (b) scaled to the ASCE 7-10 
MCE design response spectrum for Tn=0.5 s to Tn=5.0 s [4]. 

4. RESULTS AND DISCUSSION
The key parameters of the proposed in addition to the number of mass used (nd=2) are: (1) the mass ratio, μd=md/(md+ms), 
(2) the frequency ratio, fd=ωd/ωb, and (3) the coefficient of friction, μf.

Figure 5. Comparison between the time history response of system for µf=0.02 and µf=0.075 in Model 1: (a) displacement of the 
base floor, (b) displacement of moving mass, (c) time history response of friction force, and (d) friction force-displacement 

hysteresis loop. 

4.1. Time history analysis 

In this section, first, we conduct a nonlinear time history response analysis on the two-story base-isolated building model 
equipped with a single sliding friction surface, i.e., Model 1 as shown in Figure 1. The parameters of the FTMD are 



assumed to be fd=0.93, µd=0.050, and µf=0.02 (case 1). The results are compared to the case with fd=0.93, µd=0.050, and 
µf=0.075 (case 2).  

Figure 5(a) compares the time history displacement of the mass in case 1 with that in case 2. It is seen that the maximum 
displacement of the base floor in case 2 is equal to xbmax=50 cm which is about 30% higher than that in case 1 that is about 
xbmax=35 cm. This shows that although increasing the friction force in case 2 increases the energy dissipation capacity of 
the FTMD, it will not improve the seismic response of primary structure. The FTMD with lower friction force performs 
much better as it has a lower breakaway friction (Ffbr=μfNf0) that allows the mass to slide continuously during the ground 
motion, even when the intensity of ground motion is low. For example, see Figure 5(b) comparing the time history of 
displacement of the mass in case 1 to that in case 2. This figure shows the lack of slippage in the FTMD in case 2 when 
the intensity of ground motion is low which happens in the beginning (t<15 sec) and end (t>80 sec) of the earthquake. 
Figures 5(c) and (d) also compare the time history of the friction force and the force-displacement hysteresis loop of 
friction in these two cases, where the friction force has been normalized to the value of normal force Nf0.   

Figure 6. Comparison between the time history response of system for µf=0.02 and µf=0.075 in Model 2: (a) displacement of the 
base floor, (b),c displacement of the moving masses, (d,e) time history of friction forces, and (f,g) friction force-displacement 

hysteresis loops. 

A nonlinear time history response analysis is carried out on the two-story base-isolated building model equipped with the 
proposed TMMSFD with two sliding friction surfaces, i.e., Model 2 as shown in Figure 1. The parameters of the FTMD 
are assumed to be fd1=1.18, fd2=0.93, µd=0.050, and µf=0.02 (case 1). The results are compared to the case with fd1=1.18, 
fd2=0.93, µd=0.050, and µf=0.075 (case 2).  

Figure 6(a) shows the time history of displacement of base floor in case 1 to that in case 2. The maximum displacement of 
base floor in case 2 is higher than the corresponding value in case 1, as in the Model 1, this is due to the larger value of 
breakaway friction in case 2 implying the lack of a continuous slippage in the FTMD especially in the lower mass that has 
a higher breakaway friction force compared to that of the upper mass. This clearly can be observed in Figures 6(c) and 



6(d) showing the time history displacements of the lower and upper masses. Figures 6(d) to 6(g) also compare the time 
histories of the friction forces and the force-displacement hysteresis loops of frictions developed on both the sliding friction 
surfaces in cases 1 and 2, where the friction forces have been normalized to the values of their corresponding normal 
forces, i.e., Nf1 and Nf2.  

4.2. Parametric study 

In this section, a numerical searching approach is employed to optimize the parameters of FTMD systems in Model 1 and 
Model 2 shown in Figure 1. First, the performance of FTMD in Model 1 is evaluated in terms of the tuning frequency ratio 
and friction coefficient under the 1979 Imperial Valley earthquake. Figures 7(a-c) show the variation of maximum 
displacement of base floor versus the tuning frequency ratio and friction coefficient for μd=0.025, μd=0.050, and μd=0.075. 

Figure 7. Variation of the maximum displacement of base floor (a-c) and the maximum displacement of the mass (d-f) with the 
tuning frequency and the friction coefficient in Model 1 for µd=0.025, 0.050, and 0.075. 

Figure 8. Variation of the maximum displacement of base floor with the tuning frequencies of lower and upper masses in Model 
2 for µf=0.02 and µd=0.050. 

This figure shows that the FTMD in Model 1 displays its best performance when it is approximately in resonance with the 
isolation system and the coefficient of friction is very low (μf<0.05). For larger values of friction coefficients, the risk of 



sticking increase in the FTMD as the breakaway friction increases that causes the FTMD to stop dissipating and storing 
the seismic input energy. The optimum parameters of the FTMD for μd=0.050 (md=1814 kg) are obtained as µf=0.02 and 
fd=0.93, which results in a maximum displacement of base floor of xbmax=35.6 cm. This shows 52.5% reduction in the base 
floor of base-isolated building under the 1979 Imperial Valley earthquake which is about xbmax=75 cm. Figure 7(e) shows 
that the corresponding value for the maximum displacement of FTMD is about udmax=198.7 cm.  

In the second part of this section, the performance of FTMD in Model 2, that represents the proposed TMMSFD, is 
evaluated in terms of the tuning frequency ratios of the lower and upper masses under the 1979 Imperial Valley earthquake. 
Here, it is, however, assumed that both the lower and upper sliding friction surfaces have a friction coefficient same as 
that in Model 1, i.e., μf=0.02. Figure 2 shows the variation of maximum displacement of base floor versus the tuning 
frequency ratios of the lower and upper masses for μd=0.050. It is seen that the FTMD in Model 2 displays its best 
performance when fd1=0.93 and fd2=1.18 which results in the maximum displacement of base floor xbmax=33.8 cm 
indicating 5% improvement compared to FTMD in Model 1. This shows the superiority of proposed TMMSFD in which 
multi-sliding friction surfaces are used to reduce the breakaway friction force and lower the risk of sticking for the same 
amount of mass.  

5. CONCLUSIONS
This paper investigates a novel TMMSFD that can enhance the damping capacity of a two-story base-isolated building, 
with the goal of minimizing the lateral deformation against earthquake. The proposed TMMSFD consists of two masses 
placed on each other and attached to the superstructure floor of primary structure through two linear springs while sliding 
relative to the primary structure through two sliding friction surfaces. It was shown that the proposed TMMSFD is capable 
of limiting the displacement of base floor with a little amount of friction implying its potential as a cost-effective tool for 
seismic protection. The primary result of this study shows that the proposed TMMSFD due to its multi-sliding friction 
surfaces feature is superior to a common type of FTMD with the same amount of mass as it has a lower breakaway friction 
and lower risk of sticking, especially, when the intensity of ground motion is low.  
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