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Abstract – In recent decades, considerable attention has been paid to research and development of structural control with 

the use of passive structural control devices. Nonlinear viscous dampers are generally well suited to vibration control of 

civil engineering structures subjected to seismic excitations. The results of several studies on the effects of supplemental 

viscous damping on the response of structures have showed that they are efficient and very effective in mitigating the 

seismic responses. This paper presents the response analysis of two parallel buildings coupled by nonlinear viscous 

damper. The base excitation considered is Imperial Valley, 1940 recorded excitation. The coupled buildings are assumed 

to be symmetric with their symmetric planes in alignment. The governing equations of motion of the coupled system are 

derived and are solved by Newmark’s time stepping method for displacement, velocity and acceleration responses of the 

coupled buildings. MATLAB programs are developed to determine the time history analysis of the dynamic motion of the 

system. The results of the coupled buildings are compared with that of the single building equipped with nonlinear viscous 

damper and it is found that the nonlinear viscous damper is very effective in reducing the displacement, velocity and 

acceleration responses of the parallel coupled buildings. 

 

Index Terms – Structural Control, parallel buildings, nonlinear viscous damper, seismic responses. 
________________________________________________________________________________________________________  

I. INTRODUCTION 

Earthquakes are one of nature’s greatest hazards to life and property on this planet and have destroyed a wide number of cities 

and villages on virtually every continent. The damage caused by earthquakes is almost entirely associated with the manmade 

structures. During the major earthquakes, damage of life and property is caused by landslides and by the structure failure but also 

many earthquakes give very little or no warning before occurring. If the earthquake occurs in a populated area, it may cause many 

deaths, injuries and extensive property damage. As the time passed on population of cities increased and cities began to grow up 

horizontally and vertically. Number of buildings in modern cities became higher along the rapidly increasing of human’s needs. 

Due to increasing buildings and other structures, there are chances of major damages. Mutual pounding can occur between two 

parallel buildings during the earthquakes. Structural control of structures is necessary to prevent the damage during the 

earthquakes. 

The methods of structural control on the bases of energy consumption are active control system, passive control system, semi-

active control system and hybrid system. The passive control system is commonly used, because it does not require an external 

power source to develop the control forces. This system consists of various damping devices that effectively reduce the vibrations 

of the structures. Viscous damper, viscoelastic damper, friction damper and metallic damper etc. are the examples of passive 

control system. 

 

Nonlinear viscous damper 

Viscous fluid dampers are commonly used as passive energy dissipation devices for earthquake protection of structures.  

These dampers consist of a hollow cylinder, which is filled with fluid (silicone).  When the damper piston rod and piston head are 

stroked, fluid is forced to flow through orifices either around or through the piston head.  The resulting differential in pressure 

across the piston head (very high pressure on the upstream side and very low pressure on the downstream side) can produce very 

large forces that resist the relative motion of the damper.  The fluid flows at high velocities, resulting in the development of 

friction between fluid particles and the piston head.  The friction forces give rise to energy dissipation in the form of heat.  The 

associated temperature increase can be significant, particularly when the damper is subjected to long-duration or large-amplitude 

motions. 
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Figure 1 Viscous fluid damper (taylordevices.com) 

 

In the last two decades, the use of viscous fluid damper has become increasingly widespread in the design and retrofit of civil 

structures excited by wind and earthquake loads, because viscous dampers are having capability of mitigating undesirable aspects 

of the structural response.  Experimental and analytical studies have showed that viscous dampers placed inside the buildings or 

between adjacent buildings permit to control and significantly mitigate the displacement, motion amplitude and absolute 

accelerations induced by earthquake forces and also to decrease the dynamic response [5, 7, 14, 19].  Both researchers and 

earthquake engineers have begun to focus on fluid viscous dampers exhibiting nonlinear force-velocity relationship because of 

their ability to limit the peak damper force at large structural velocities while still providing sufficient supplemental damping [1, 

4, 13, 24].  Experimental investigation on dynamic characteristics and seismic response of adjacent buildings linked by fluid 

dampers has been carried out and the results showed that the installation of fluid dampers of proper parameters could significantly 

increase the modal damping ratios and reduce the seismic responses of both buildings while the natural frequencies of both 

buildings remain almost unchanged [27]. 

II. MATHEMATICAL FORMULATION 

The equation of motion is first formulated for a single-degree-of-freedom (SDOF) building equipped with the nonlinear viscous 

damper. Later, the equations are formulated for the two SDOF buildings coupled by nonlinear viscous damper. 

 

Assumptions and Limitations 

Some assumptions are necessary for highlighting the important features of nonlinear viscous damper connected to parallel 

buildings. Two buildings are assumed to be symmetric buildings with their symmetric planes in alignment. The symmetric 

parallel buildings with torsion effects are neglected. Each building is modelled as a linear single-degree-of-freedom system where 

the mass is concentrated at the floor of building and the stiffness is provided by the columns. The ground acceleration under both 

the buildings is assumed to be same. 

Any effects due to spatial variations of the ground motion or due to soil structure interactions are neglected. The spatial 

difference of the ground motion can be neglected because the total plan dimensions of the buildings in the excitation direction are 

not large. The buildings remain elastic and linear under the selected earthquake excitations. 
 

Equation of Motion of a SDOF Building Equipped with Nonlinear Viscous Damper 

Consider a single-degree-of-freedom building structure which is equipped with a nonlinear viscous damper as shown in Fig. 2. 

Let m, c and k be the mass, damping coefficient and stiffness of the building, respectively. Let ω = √𝑘 𝑚⁄  be the natural 

frequency and ξ = 𝑐 2𝑚𝜔⁄  be the damping ratio of building. 
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Figure 2 Structural model of a SDOF building equipped with nonlinear viscous damper. (a) A SDOF building equipped with a 

nonlinear viscous damper. (b) Mathematical model. 

 

The governing equation of motion for SDOF building equipped with a nonlinear viscous damper can be written as 

 

𝑚𝑢̈(𝑡) + 𝑐𝑢̇(𝑡) + 𝑘𝑢(𝑡) + 𝐶𝑑|𝑢̇(𝑡)|𝛼𝑠𝑔𝑛(𝑢̇(𝑡)) = −𝑚𝑢̈𝑔                             (1) 

 

where 𝑢(𝑡), 𝑢̇(𝑡) and 𝑢̈(𝑡) are the floor displacement, velocity and acceleration of the building, respectively, 𝑢̈𝑔 is the ground 

acceleration, 𝐶𝑑 is the damper coefficient, α is the exponent function and sgn is signum function. 

 

Equations of Motion of Two Parallel SDOF Buildings Coupled by Nonlinear Viscous Damper  

Consider two parallel single-degree-of-freedom (SDOF) building structures connected with a nonlinear viscous damper as 

shown in Fig. 3. Let m1, c1, k1 and m2, c2, k2 be the mass, damping coefficient and stiffness of the buildings 1 and 2, respectively. 

Let ω1 =  √𝑘1 𝑚1⁄  and ω2 = √𝑘2 𝑚2⁄  be the natural frequencies of the buildings 1 and 2, respectively. Let ξ1 = 𝑐1 2⁄  𝑚1𝜔1 and 

ξ2 = 𝑐2 2⁄ 𝑚2𝜔2 be the damping ratios of buildings 1 and 2, respectively. The inertia force generated due to ground motion is 

related with mass of structure and the damper force depends on the relative velocity of the damper ends, which is related with 

fundamental natural frequency of the connected buildings. 

 

Let ƞ and λ be the mass and frequency ratio of both buildings respectively, expressed as 

 

                                                  ƞ =  
𝑚1

𝑚2
                                                                 (2) 

 

                                                  λ = 
𝜔2

𝜔1
                                                                   (3) 
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(b) 

Figure 3 Structural model of two parallel SDOF coupled buildings. (a) Two parallel SDOF buildings connected by nonlinear 

viscous damper. (b) Mathematical model. 

Force in Nonlinear viscous Damper 

The force in a nonlinear viscous damper can be expressed as [1] 

                                       𝐹𝑑 = 𝐶𝑑|𝑢̇𝑟|𝛼sgn(𝑢̇𝑟)                                            (4) 

 

where 𝑢̇𝑟 is the relative velocity of damper ends. 

The relative velocity of the damper ends 𝑢̇𝑟 is given by 

                                     𝑢̇𝑟 =  𝑢̇1 − 𝑢̇2                                                                (5) 

The exponent α is a representative of the nonlinearity of a viscous damper. For α = 1, Eq. 4 becomes 𝐹𝑑 = 𝐶𝑑𝑢̇𝑟, which 

represents force in a linear viscous damper. The exponent constant 𝛼 = 0 represents a pure friction damper. For seismic 

applications the value of α ranges from 0 to 1. 

The damping coefficient 𝐶𝑑 is expressed in terms of normalized damping coefficient as 
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                                        𝜉𝑑 = 
𝐶𝑑

2𝑚1𝜔1
                                                                   (6) 

where 𝜉𝑑 is the normalized damping coefficient of the damper. The governing equations of motion for the two SDOF building 

structures connected by nonlinear viscous damper can be written as 

 

  𝑚1𝑢̈1(𝑡) + 𝑐1𝑢̇1(𝑡) + 𝑘1𝑢1(𝑡) + 𝐶𝑑|𝑢̇𝑟|𝛼sgn(𝑢̇𝑟) = − 𝑚1𝑢̈𝑔(𝑡)                      (7) 

 

 𝑚2𝑢̈2(𝑡) + 𝑐2𝑢̇2(𝑡) + 𝑘2𝑢2(𝑡) − 𝐶𝑑|𝑢̇𝑟|𝛼sgn(𝑢̇𝑟) = − 𝑚2𝑢̈𝑔(𝑡)                      (8) 

 

where 𝑢1(𝑡) and 𝑢2(𝑡) are the displacements relative to the ground of buildings 1 and 2 respectively. In matrix form, the 

governing equations of motion can be written as 

 

     [
𝑚1 0
0 𝑚2

] {
𝑢̈1

𝑢̈2
} + [

𝑐1 0
0 𝑐2

] {
𝑢̇1

𝑢̇2
} + [

𝑘1 0
0 𝑘2

] {
𝑢1

𝑢2
} + {

 𝐶𝑑|𝑢̇𝑟|𝛼𝑠𝑔𝑛(𝑢̇𝑟)

−𝐶𝑑|𝑢̇𝑟|𝛼𝑠𝑔𝑛(𝑢̇𝑟)
}  = − [

𝑚1 0
0 𝑚2

] {
1
1

} 𝑢̈𝑔      (9) 

 

                                                               M𝑈̈  + C𝑈̇ + K𝑈 + 𝐹𝑑 = −ME𝑢̈𝑔                                              (10) 

 

where 𝐹𝑑 = {
𝐶𝑑|𝑢̇𝑟|𝛼𝑠𝑔𝑛(𝑢̇𝑟)

−𝐶𝑑|𝑢̇𝑟|𝛼𝑠𝑔𝑛(𝑢̇𝑟)
} and E = {

1
1

} ; M, C and K are the mass, damping and stiffness matrices, respectively; 𝑈, 𝑈̇ and 𝑈̈ 

are the floor displacement, velocity and acceleration vectors, respectively. 

III. RESULTS AND DISCUSSION 

For the present study, a SDOF building equipped with nonlinear viscous damper is considered first and then two parallel SDOF 

buildings coupled by the nonlinear viscous damper are considered. The floor mass and stiffness are considered to be uniform for 

both buildings. The damping ratio of 5% is considered for the SDOF building and same for both of the coupled buildings. The 

frequency ratio λ is considered equal to 2 (i.e. ω1 = π rad/sec and ω2 = 2π rad/sec). The earthquake time history selected to examine 

the seismic behavior of the two buildings is Imperial Valley, 1940.                                                            

                                      
Figure 4 Variation of peak displacement and peak acceleration against normalized damping coefficient (ξd) for a SDOF building 

equipped with nonlinear viscous damper (ω1 = π rad/sec). 

                 
Figure 5 Variation of peak displacement and peak acceleration against normalized damping coefficient (ξd) for a SDOF building 

equipped with nonlinear viscous damper (ω2  = 2π rad/sec). 

 

Figure 4 and 5, shows the variations of peak displacement and acceleration responses of the SDOF building against the 

normalized damping coefficient ξd for two different natural frequencies (i.e. ω1 = π rad/sec and ω2 = 2π rad/sec). It is observed that 

with the increase in ξd, the peak displacement decreases and the peak acceleration reduces first and attains a minimum value, then it 
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increases with the increase in ξd. This indicates that there exists an optimum value of the damper damping which provides the 

minimum responses. 

 

                                        ω1 = π rad/sec                                                                                  ω2 = 2π rad/sec 

                                                                                                       
 

       
 

      
Figure 6 Time histories of displacement, velocity and acceleration of the SDOF building for two different natural frequencies. 

 

The time variations of the displacement, velocity and acceleration responses of the SDOF building equipped with nonlinear 

viscous damper for two different natural frequencies are shown in Fig. 6. These figures clearly indicate the effectiveness of the 

damper in controlling the earthquake responses of the building. 

 

Table 1 Seismic responses of the SDOF building for Imperial Valley, 1940 earthquake when equipped with nonlinear viscous 

damper for the natural frequency ω1 = π rad/sec and ξd  = 0.281. 

Earthquake Displacement (m) Velocity (m/sec) Acceleration (m/sec2) 

Unconnected Connected Unconnected Connected Unconnected Connected 

Imperial 

Valley, 1940 

0.13658 

 

0.05902 

(56.78)# 

0.62557 0.29011 

(53.62) 

1.35581 1.02515 

(24.40) 

 

# quantity within the parentheses denotes the percentage reduction. 

 

 

Table 2 Seismic responses of the SDOF building for Imperial Valley, 1940 earthquake when equipped with nonlinear viscous 

damper for the natural frequency ω2 = 2π rad/sec and ξd  = 0.304. 

Earthquake Displacement (m) Velocity (m/sec) Acceleration (m/sec2) 

Unconnected Connected Unconnected Connected Unconnected Connected 

Imperial 

Valley, 1940 

0.11231 0.02736 

(75.63)# 

0.83039 0.26565 

(68.01) 

4.47113 2.14896 

(51.94) 

# quantity within the parentheses denotes the percentage reduction. 
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Figure 7 Variation of peak displacement and peak acceleration against normalized damping coefficient (ξd) for the two parallel 

SDOF buildings coupled by nonlinear viscous damper (ƞ = 1, λ = 2). 

 

Figure 7, shows the variations of peak displacement and acceleration responses of the two coupled buildings against the 

normalized damping coefficient ξd, considering mass ratio ƞ = 1 and frequency ratio λ = 2 (i.e. ω1 = π rad/sec and ω2 = 2π rad/sec). 

It can be observed that the responses of both the buildings are reduced up to a certain value of normalized damping, after which 

they are again increased. Therefore, there exists an optimum damper damping coefficient which provides the minimum responses. 

As the optimum damper damping coefficient is not same for both the buildings, the optimum value is taken as the one, which gives 

the lowest sum of the responses of the two buildings. From the figures, it can be observed that the responses are reduced when the 

value of damping coefficient is 0.576. For the values higher than this, the performance of the damper is reduced. The time 

variations of the displacement, velocity and acceleration responses of the two buildings connected by nonlinear viscous damper are 

shown in Fig. 8. From the figure, it is clear that the nonlinear viscous damper effectively reduces the seismic responses of both the 

buildings. 

                                          Building 1                                                                                              Building 2 

               

              

               
Figure 8 Time histories of displacement, velocity and acceleration of the two connected buildings for Imperial Valley, 1940 

earthquake. 
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Table 3 Seismic responses of the two parallel SDOF buildings for Imperial Valley, 1940 earthquake when coupled with 

nonlinear viscous damper, ξd  = 0.576. 

 

 

Earthquake 

 

 

 

Building 

 

Displacement (m) 

 

 

Velocity (m/sec) 

 

Acceleration (m/sec2) 

 

Unconnected 

 

 

Connected 

 

Unconnected 

 

Connected 

 

Unconnected 

 

Connected 

 

 

 

Imperial 

Valley, 

1940 

 

1 

 

 

0.13658 

 

0.05720 

(58.12)# 

 

 

0.62557 

 

0.28210 

(54.90) 

 

1.35581 

 

0.99890 

(26.32) 

 

2 

 

0.11231 

 

0.02489 

(77.84) 

 

0.83039 

 

0.24324 

(70.71) 

 

4.47113 

 

1.93178 

(56.80) 

 

 

# quantity within the parentheses denotes the percentage reduction. 

 

IV. CONCLUSION 

The seismic responses of the SDOF building equipped with nonlinear viscous damper and that of the two parallel SDOF 

buildings coupled by nonlinear viscous damper are investigated. The nonlinear viscous damper is found to be very effective in 

reducing the seismic responses of the buildings. The results of the single building equipped with nonlinear viscous damper and that 

of the two parallel buildings coupled by nonlinear viscous damper are compared. It is found from the numerical results that the 

displacement, velocity and acceleration responses are reduced more in case of the two coupled buildings. 
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