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Reduction of structural response to near fault earthquakes by
seismic isolation columns and variable friction dampers

Y. Ribakov†

Department of Civil Engineering, Ariel University Center of Samaria, Israel

Abstract: This paper focuses on the investigation of a hybrid seismic isolation system with passive variable friction 
dampers for protection of structures against near fault earthquakes. The seismic isolation can be implemented by replacing 
the conventional columns fi xed to the foundations by seismic isolating ones. These columns allow horizontal displacement 
between the superstructure and the foundations and decouple the building from the damaging earthquake motion. As a result, 
the forces in the structural elements decrease and damage that may be caused to the building by the earthquake signifi cantly 
decreases. However, this positive effect is achieved on account of displacements occurring in the isolating columns. These 
displacements become very large when the structure is subjected to a strong earthquake. In this case, impact may occur 
between the parts of the isolating column yielding their damage or collapse. In order to limit the displacements in the isolating 
columns, it is proposed to add variable friction dampers. A method for selecting the dampers’ properties is proposed. It is 
carried out using an artifi cial ground motion record and optimal active control algorithm. Numerical simulation of a seven-
story structure shows that the proposed method allows effi cient reduction in structural response and limits the displacements 
at the seismic isolating columns.
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1   Introduction

Seismic isolation has been  widely used to decouple 
structures from the impact of damaging earthquakes 
to reduce the absorption of the earthquake’s energy 
by the superstructure. In some isolators, additional 
dampers are further supplied to improve the seismic 
behavior of the superstructure. In isolated structures, 
displacement is concentrated at the isolators, and the 
superstructure’s inter-story drifts decrease. It was proven 
that seismic isolation enhances the structures’ safety and 
signifi cantly reduces the design seismic forces (Mayes, 
1989). Performance of base isolated buildings during 
recent earthquakes proved that seismic isolation is 
an effective alternative to conventional earthquake-
resistant design. Laminated rubber bearings and sliding 
friction pendulums (Al-Hussaini et al., 1994) became 
classic solutions for seismic isolation in thousands of 
buildings all over the world. A wide review on known 
base-isolation systems is given by Kelly (1981, 1991), 
Buckle and Mayes (1990), Zayas et al. (1990), Soong 
and Constantinou (1994), Naeim and  Kelly (1999), 
Stewart et al. (1999) and others.

Briman and Ribakov (2006, 2009) studied typical 
buildings with soft stories in the Mediterranean area. As 
a rule, these buildings have an RC frame and infi ll walls 
at all fl oors except at the ground fl oor. The rigidity of 
the ground fl oor is much lower than the fl oors above. It 
was proposed to use seismic isolating columns (SIC) as 
alternative devices yielding a similar effect as elastomeric 
bearings or friction pendulums. The main advantages of 
the SIC are that they do not require additional space, 
their lifetime is comparable with that of the structure 
and no service is required during that period.

As is well-known, the positive effect of seismic 
isolation is generally achieved on the expanse of 
big displacements occurring at the isolating devices. 
These displacements become larger as the magnitude 
of the earthquake increases. The displacement at the 
isolator is an especially important parameter for seismic 
isolating columns, because under a strong earthquake, 
it may be so big that impact will occur between the 
parts of the isolating column causing damage or even 
collapse. Hence, the seismic isolating columns are 
usually designed for a zone with known seismic activity 
(Briman and Ribakov, 2009). 

A known method for decreasing displacements at 
the isolators is the addition of supplemental dampers. 
Passive damping devices are effective in reducing both 
displacement and base shear for structures that have 
moderately long periods. Fluid dampers with steel springs 
that were used with a seismic base isolation system were 
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discussed by Tezan and Civi (1979). In this case, the 
spring shifted the natural frequency of the structure and 
the dampers were used to reduce the amplitudes of the 
vibrations. However, addition of viscous dampers to 
base isolators reduces base displacement at the expanse 
of increasing fl oor accelerations and inter-story drifts 
(Kelly, 1999). 

Inclusion in base isolation systems of passive friction 
dampers with constant slip-force is not effective at lower-
level earthquakes, because a damped isolation system 
may be too stiff and so heavily damped that it will not 
move. To improve the performance of passive dampers, 
various semi-active dampers were proposed. Barbat 
et al. (1995) studied a hybrid seismic control system 
combining a class of passive nonlinear base isolator 
with an active control system. In such a structure-base-
isolator system, signifi cant reduction in the absolute 
base displacement was achieved, but a slight increase in 
the response of the structure was reported. 

Gluck . (2000) proposed to add a variable 
stiffness damper to a base isolation system and  
developed a selective control approach and applied the 
optimal control forces just when the displacement at the 
isolators exceeded a certain threshold value. It yielded 
essential improvement in structural response and saved 
the energy required for activation of the dampers.  
Narasimhan and Nagarajaiah proposed a short time 
Fourier transformation control algorithm for reducing 
the response of base isolated buildings with variable 
stiffness isolation systems in near fault earthquakes. It 
was shown that the controller was effective in reducing 
the base displacements and interstory drifts without 
increasing fl oor accelerations.

Ribakov and Gluck (2002), Loh et al. (2003), Choi 
et al. (2008) investigated the application of a semi-active 
control method utilizing a magnetorheological (MR) 
damper to reduce the response of an isolated structure 
subjected to earthquake excitations. Selective and fuzzy-
logic control algorithms were applied for calculating 
the damping required forces. Results of numerical 
simulations indicated that the proposed algorithms were 
useful in reducing the seismic response of base-isolated 
structures. 

Ruangrassamee et al. (2006) proposed a viscous-
plus-variable-friction damping force algorithm, to 
combine advantageous features of typical viscous 
and friction dampers, in which the damping force was 
realized by a MR damper. It was found that with this 
algorithm, a good accuracy at the excitation frequency 
of 1 Hz could be achieved. It was also shown that 
with the use of the damping force algorithm, the base 
displacement could be reduced by 20%–50%; however, 
the fl oor acceleration increased by 20% under some 
recorded ground motions.

Wongprasert and Symans (2005) experimentally 
studied a model of a steel frame with a base isolation 
system consisting of laminated rubber bearings and 
variable-orifi ce fl uid dampers. The dynamic behavior 

of the dampers was modulated in accordance with 
an H∞ optimal feedback control algorithm. The test 
results demonstrated that the adaptive isolation system 
could signifi cantly reduce the superstructure response 
compared to a conventional passive isolation system. 

Lin et al. (2007) carried out large-scale experimental 
tests on a mass equipped with a base-isolation system 
consisting of rubber bearings and a magnetorheological 
damper. Various types of passive and semi-active 
control strategies were compared. It was shown that 
a combination of rubber bearings and MR dampers 
could provide robust control of vibration for large civil 
engineering structures. 

Nagarajaiah and Sahasrabudhe (2006) analytically 
and experimentally investigated the effectiveness of 
a new semi-active independently variable stiffness 
device under near fault earthquakes. They  developed an 
average nonlinear tangential stiffness control algorithm 
for control of the device. It was shown that the device 
could vary stiffness continuously and smoothly between 
minimum and maximum stiffness, thus reducing bearing 
displacements, while maintaining isolation level forces 
and superstructure responses at the same level as the 
passive minimum stiffness case.

Casciati et al. (2007) introduced a base isolation 
device consisting of two disks, one vertical cylinder 
with an upper enlargement sustained by three horizontal 
cantilevers, and at least three inclined shape memory 
alloy (SMA) bars. The SMA bars limit the displacement 
between the base and the superstructure, dissipate energy 
and guarantee the re-centering of the device. A model of 
the device was tested on shaking table. It was shown that 
for cyclic loading, the super-elastic behavior of the alloy 
results in wide load-displacement loops, where a large 
amount of energy is dissipated.

Lu et al. (2008) studied a sliding base isolation 
system with controllable stiffness. They proposed to use 
a semi-active control method developed based on active 
feedback control to vary the stiffness of the isolation 
system. It was reported that the proposed system was 
able to reduce the base displacement and the acceleration 
of the isolated structure simultaneously.

As mentioned above, recent studies have indicated 
the high effi ciency of hybrid isolation systems. It is 
evident that applying a control force to the isolation 
system is required mainly when the displacement at the 
isolator exceeds a certain threshold value, but for small 
displacements at the isolator, no control force is needed. 
Based on this requirement, the current paper focuses 
on investigating the effi ciency of passive variable 
friction dampers (Ribakov et al., 2006) for reduction of 
displacements in seismic isolating columns.

2   Description of the seismic isolating columns

The seismic isolation column (Briman and Ribakov, 
2009) is based on a friction pendulum principle. The 
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isolator consists of two V-shape elements (A and B), 
connected to each other by a tie (C) as shown in Fig. 1. 
The tie is attached to the column at the narrow ends 
(D and E). The V-shape elements are located one into 
another with a plane turning of one of them by 90 
degrees relative to another one around the vertical axis. 
The elements have equal height, that is, about 10–15 mm 
shorter than the entire height of the isolator. It allows 
mutual horizontal displacements between the elements. 
A more detailed description of the seismic isolation 
column, its construction, properties and installation was 
given by Briman and Ribakov (2009).

A ship chain is attached between the V-shaped 
elements of the isolator to achieve a pendulum effect. 
Using ship chains has the advantage that the design 
load for a standard ship chain is enough for getting the 
vertical load carried by a single column. Additionally, 
the internal radius of the curvature of a chain link is 
very close to the chain cross section radius. Hence 
sliding friction between the links yields effective energy 
dissipation.

The connection joint of the tie to the V-shape 
elements carries all vertical and horizontal loads, 
allows rotations around any horizontal and vertical 
axis crossing the joint, and represents a zone where 
energy dissipation mainly occurs. The isolator has no 
disadvantages related to technical implementation of 
the ball and socket connections, i.e., no manufacturing 
diffi culties due to high accuracy requirements, special 
materials for providing load carrying capacity for all 
vertical and horizontal forces, etc. 

According to Mayes (1989), the natural vibration 
period of a building with seismic isolation, T1–1, should 
satisfy the following condition: T T1 1 15 1 5 2 25− > > . ... . s, 
where T1 is the dominant natural vibration period of 
a fi xed-based structure. Additionally, damping in an 
isolated structure should be between 20% and 30%. 
Following these requirements, parameters of SIC can 
be determined.  The main parameters defi ning the SIC 
properties are: the length of the suspension bracket, the 

radius of the hinges, and the internal space required for 
free displacements (Briman and Ribakov, 2009).

Practically speaking, buildings with such isolators 
are designed for an earthquake with a certain peak 
ground acceleration (PGA). Under a stronger 
earthquake, the displacement between the V-shaped 
elements may exceed the designed peak value and it 
may yield an impact between the V-shaped elements 
and cause damage to the isolator. This undesired impact 
would be avoided if, in addition to the isolating columns, 
the structure  is incorporated with dampers.

Note that the maximum permitted horizontal 
displacement of the base isolator depends on the section 
dimensions and geometry of the V-shaped elements and 
should be calculated taking into account real dimensions 
in each individual case. For example, for a column with 
a vertical load capacity of 1000 kN, designed for a 
seismic zone with PGA of 0.2 g, soil type coeffi cient of 
1.2 and near-fi eld coeffi cient of 1.0, the outside size of 
the isolation column is about 90 cm and the maximum 
horizontal displacement, for which impact between the 
parts of the isolator is prevented, is up to 20 cm (Briman 
and Ribakov, 2009).

3   Description of the variable friction damper 
     and its properties

A passive variable friction damper (VFD) was 
proposed by Ribakov et al. (2005, 2006). The main 
distinction of this damper from others is that it uses a 
wedge-form part, aimed to change the friction force as a 
function of the displacement transferred to the damper. 
An additional advantage of this damper is a possibility 
to design it such that a centering capacity would be 
provided.

A schematic view of the VFD is shown in Fig. 2. The 
damper consists of a square section tube (1), a double-
wedge (2), two elastic strip elements (3) and a bolted 
connection clip (4). The wedge is located partially inside 
the tube and can move ahead and back along its axis. The 
strips have a cantilever static scheme and are fi xed on 
the tube by the connection clip, forming an elastic strip 
system. The stiffness of this system may be regulated by 
changing the location of the connection clip along the 
tube. The free ends of the cantilever strips have a contact 

Fig. 1  Internal view of the isolator (following Briman and 
               Ribakov, 2009)
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Fig. 2   Schematic view of the VFD (following Ribakov et al., 
              2006)
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with an inclined surface of the wedge. 
The damper can be attached at the soft fl oor level 

as follows. The wedge can be connected through a 
brace to the foundation, and the tube - to the slab of the 
isolated superstructure as shown in Fig. 6(b). Alternative 
connection schemes can also be used. When an 
earthquake affects the building, the superstructure starts 
to move relative to the foundation, the displacement at 
the isolated fl oor is transferred to the damper and friction 
forces are developed. 

The infl uence of the wedge inclination angle and the 
elastic strips fl exibility was investigated experimentally 
and analytically by Ribakov et al. (2005, 2006). The 
experimental results were in a good agreement with 
those predicted by a theoretical model. It was shown that 
the damping force, depending on the friction between 
the wedge and the elastic strip elements and the wedge 
geometry, can be expressed as follows (Fig. 3):

FD= 2R(sinα + f sign(x′)cosα)                           (1)

where R is the reaction of the elastic strip element, f is 
the friction coeffi cient, α is the wedge inclination angle, 
and x′  is the velocity of the wedge. Defi ning F = R f and 
ρ = arc tan f, where ρ and f are the friction angle and the 
friction coeffi cient, respectively

f = tan ρ                                       (2)

Equation (1) can be rewritten as follows:

FD = 2 R (sin α cos ρ + sign(x′) cos α sin ρ) / cos ρ =
 2 R sin (α + sign(x′) ρ) / cos ρ              (3)

The reaction of the elastic strip element

R = (FD / 2) cos ρ / sin (α + sign(x′) ρ)          (4)  

Assume a positive wedge displacement and velocity 
and decompose the forces acting on the elastic strip 
element (Fig. 3) to X and Y components. For this case, 
sign(x) = 1 and

X = R (sin α + f  cos α);  Y = R (cos α -  f  sin  α)   (5)

Using simple trigonometric perturbations and 
substituting  f  from Eq. (2), yields

X = R (sin α cos ρ + cos α sin ρ) / cos ρ =
     R sin (α + ρ) / cos ρ = FD / 2                           (6)

Y = R (cos α cos ρ - sin α sin ρ)/cos ρ =
    R cos (α + ρ)/cos ρ = (FD/2) cot (α + ρ)          (7)

To obtain the displacement of the elastic strip element 
along the wedge (Fig. 4), let w and v be displacements in 
X and Y directions, respectively. In this case 

w = X δ11 + Y δ21 = (FD / 2) [δ21 / tan (α + ρ) + δ11]                    
   (8)

v = Y δ22 + X δ21 = (FD / 2) [δ22 / tan (α + ρ) + δ21]                    
 (9)

where δij (i = 1, 2; j = 1, 2) are the fl exibility coeffi cients; 
1 and 2 are the horizontal and vertical directions, 
respectively.

Defi ning Cw = δ21 / tan (α + ρ) + δ11 and  Cv =  δ22 / 
tan (α + ρ) + δ21, Equations (8) and (9) obtain the 
following forms:

w = (FD / 2) Cw ,    v = (FD / 2) Cv                (10)
 

The overall vertical displacement of the strip end is

Fig. 3   Forces acting on the elastic strip elements (following 
              Ribakov et al., 2006)
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Fig. 4   Displacements calculation scheme (following Ribakov 
              et al., 2006) 
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v = (x – w) tan α                       (11)

Substituting Eq. (10) into Eq. (11) yields:

(FD / 2) Cv / tan α  = x – (FD / 2) Cw        (12)
or

(FD / 2) (Cw + Cv / tan α ) = x                  (13)

Hence, the damping force as a function of wedge 
displacement is:

FD = 2 x / (Cw  + Cv cot α)                  (14)

As mentioned above, this equation is valid for 
positive wedge displacement and velocity (x > 0, x′ > 0). 
However, when the velocity changes its sign, the friction 
force acts in an opposite direction. Hence the loading 
and unloading paths are different. A typical force 
– displacement relationship in a VFD is shown in Fig. 
5, where FFR, max represents the maximum friction force 
that is achieved at maximum wedge displacement, 
xVFD, max. FD, max is the maximum damping force, obtained 
at maximum displacement in the VFD according to 
Eq. (14). These three parameters are used for design of 
the VFD as discussed below.  

Fig. 5   Relationship between damping forces and displacement 
           in a VFD (following Ribakov et al., 2006)
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Ribakov et al. (2006) demonstrated experimentally 
that the hysteretic loops area for VFD may be 
increased almost three times by appropriate changing 
of the damper’s parameters. In this study, a method for 
selecting the parameters of the VFD aimed at achieving 
effi cient reduction in structural seismic response and 
decreasing the displacement at the SIC is proposed.

4   Selection of VFD parameters

In selecting the properties of the VFD to be attached 

to the isolation system to limit the displacement at 
the SIC within an allowed value, the response of the 
structure with SIC and active dampers to an artifi cial 
white noise earthquake is calculated. The force in 
the active dampers can be obtained using an optimal 
active control algorithm. In this study, it was calculated 
using the instantaneous closed loop control algorithm 
presented in detail by Soong (1990).

Following this algorithm, the response of a base 
isolated structure with active dampers can be described 
by the following dynamic equilibrium equation:   

Mx Cx Kx Lf Du( ) ( ) ( ) ( ) ( )t t t t t+ + = +e c       (15)

where M, C, and K are the mass, the damping, and the 
stiffness matrices, respectively; x (t), x( )t , x( )t are the 
displacement, the velocity and the acceleration vectors, 
respectively; uc  is the vector of control forces in the 
supplemental devices; fe is the external excitation; D and 
L are the location matrices of the control and excitation 
forces, respectively.

According to the instantaneous control rules, a 
time-dependent performance index, J(t), defi ned by the 
following equation is introduced

J t t t t t( ) ( ) ( ) ( ) ( )= +z Qz u RuT
c
T

c          (16)

where R and Q are weighting matrices which defi ne 
the priorities between the energies dissipated in the 
structural elements and in the dampers. In this study, the 
matrices R and Q are assumed to be 

    R = 10 - m  I                Q = I 2 n  × 2 n                 (17)

where I is a 2n 2n unit diagonal matrix, and m is a 
parameter which keeps the damping forces within the 
dampers’ practical capacity. This parameter is selected 
so that the displacement at the SIC would remain within 
the allowed limit.

This second order differential equation (Eq.(15)) may 
be transformed into the space state form as follows:

z Az Bu Hf( ) ( ) ( ) ( )t t t t= + +c e               (18)

where z x x( ) ( ), ( )t t t= [ ]T
 is the 2 n space state vector of 

the displacements and velocities for each of the n DOFs 
of the structure, A is the system‘s matrix, B defi nes the 
control location, and H is the excitation forces location 
matrix:

A
0 I

M K M C
=

− −
⎡

⎣
⎢

⎤

⎦
⎥− −1 1

,  B
0

M D
=

⎡

⎣
⎢

⎤

⎦
⎥−1 ,

       H
0

M L
=

⎡

⎣
⎢

⎤

⎦
⎥−1                            (19)

Following Soong (1990), the force in the active 
dampers
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         u R B Q zc
T( ) ( )t t t= − −Δ

2
1                  (20)

Analysis of the building’s response at discrete time 
steps to an artifi cial white noise ground motion yields 
the optimal forces for each time increment. The VFD 
attached to the structure will yield similar reductions in 
the displacements at the SIC if the damping force in the 
VFD will be as close as possible to the force developed 
by an optimally controlled active device. However, the 
force-displacement relationship in VFD is different 
from active controlled devices. Hence it was assumed 
in this study that the maximum displacement in the 
active controlled building equals that of VFD, xVFD, max. 
An additional assumption is that the maximum force 
that was applied to the isolated structure by the active 
controlled device should be equal to the maximum 
damping force, produced by the VFD, FD, max. It was 
further assumed in this study that the parameters of VFD 
should be selected so that the damping force would be 
equal to zero on unloading branch (Fig. 5) when the SIC 
returns to its initial static equilibrium position.

5   Numerical example

5.1  Description of the structure

In order to examine the effi ciency of the hybrid 
seismic isolation system including VFD, a numerical 
simulation of a seven-story building was carried out. 
The response of a plane frame with stiff beams shown 
in Fig. 6 was analyzed. Passive base isolation is known 
to be a more effective method for low rise buildings 
and for medium or high rise buildings using dampers, 
distribution along the height may be recommended. 
However, recent advances in seismic isolation devices 
have enabled the base isolation technique to also be 
applied to high-rise buildings (Nobuyuki et al., 2006, 

Ariga et al., 2006). Using seismic isolation columns 
with VFD yields lower cost and, as demonstrated 
below, provides the desired effect.  All simulations were 
performed using originally developed routines, written 
in MATLAB, and using the Control System Toolbox 
(Control System Toolbox For Use with MATLAB, 
1999). An initial damping ratio of 1% was assumed for 
all vibration modes of the uncontrolled structure. 

The following matrices characterize the structure:

M I= × ×8 75 104
7 7.   [kg-mass] 

 K =

−
− −

− −
−

29 28 14 64 0
14 64 31 59 16 95

16 95 30 96 14 01
14 01 28 0

. .

. . .
. . .

. . 22 14 01
14 01 25 13 11 12

11 12 22 24 11 12
0 11 12 11 12

−
− −

− −
−

⎡

⎣

⎢
⎢

.
. . .

. . .
. .

⎢⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

×10 7 [N / m]

where M is the mass matrix of the structure, I 7 × 7 is a unit 
diagonal matrix and K is the structural stiffness matrix. 
An initial damping ratio of 1% was assumed for all 
vibration modes of the uncontrolled structure.

In the numerical example, the following cases will 
be considered and compared:

- Case 1: an uncontrolled fi xed-base structure;
- Case 2: a structure with SIC without dampers;
- Case 3: a structure with SIC and active controlled 
               devices;
- Case 4: a structure with SIC and passive VFD. 
Following Mayes (1989), the natural vibration period 

of the isolated structure was assumed to be equal to 5T1. 
The isolating columns were designed for a seismic 
zone with PGA = 0.2 g and the maximum horizontal 
displacement at the isolated fl oor for this case without 
impact between the parts of the isolation columns is up 
to 20 cm (Briman and Ribakov, 2009). Hence, the limit 
value of the displacements in the SIC is assumed to be 
20 cm to achieve the desired seismic isolation effect.  

For design purposes, in order to exceed this limit, 
the structure with SIC (cases 2 and 3) was further 
subjected to an artifi cial white noise ground motion 
with a PGA = 0.3 g. Maximum forces in active dampers 
and appropriate displacements were obtained and the 
properties of equivalent VFD were selected. Then, 
response of a structure with VFD (Case 4) to the artifi cial 
ground motion and to real earthquakes was compared to 
that with active devices (Case 3).

 
5.2  Finding the properties of equivalent VFD using 
       an artifi cial ground motion

In the fi rst stage, the structural response to a white Fig. 6   Seven-story structure

                     (a) Fixed based                (b) With SIC and VFD
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noise ground motion with the following properties was 
calculated for cases 1 and 2: PGA = 0.3g, BW = 10 Hz 
and tf = 70 s. The peak displacement at the SIC for case 
2 was 41.05 cm, which more than twice exceeds the limit 
value. For this reason, the response of the structure for 
Case 2 is not presented as it has no physical meaning. 

In the second stage, the response of the isolated 
structure with active dampers attached at the fi rst fl oor 
was obtained. The aim of the control was to reduce 
the displacements at the SIC below the limit value. 
Following the results of numerical analysis, the peak 
control force for this case was 1301.3 kN and the 
corresponding displacement at the SIC was 6.12 cm. 

As mentioned above, in order to achieve similar 
effects in reducing displacements at the SIC by using 
passive VFD, it was assumed that the damping force in 
the VFD, for this displacement value (xVFD, max = 6.12 
cm) should be equal to the control force, developed 
by active devices (FD, max = 1301.3 kN). In the third 
stage, the response of the structure with equivalent 
VFD was obtained. Peak values of fl oor displacements, 
displacements at the SIC and peak roof accelerations are 
presented in Table 1. Time history of roof displacements 
is shown in Fig. 7. Floor displacements for cases 3 and 4 
in the table and in Table 4 are shown relative to the upper 
SIC end and the peak roof accelerations represent the 
total values (including the ground acceleration).

As it follows from the table and the fi gure, the 

response of the structure with passive VFD is close to 
that with active devices. Selection of parameters of the 
VFD using the proposed approach allowed reduction of 
maximum displacements at the SIC from 8.51 to 6.74 cm. 
The peak displacements in the structure with equivalent 
VFD were reduced almost three times compared to 
the uncontrolled structure. There was no signifi cant 
difference between the peak roof accelerations of the 
isolated structure with active controlled devices and 
that with equivalent VFD. The results, obtained using 
the artifi cial ground motion, were further verifi ed using 
natural earthquake records.

5.3 Structural response to natural earthquake 
        records

The response of the structure to the following near 
fault earthquakes was simulated: Tabas (1978), Loma-
Prieta (1989) and Kobe (1995). Characteristics of 
these earthquakes are given in Table 2. The peak base 
displacements in the SIC for Case 2 under the above-
mentioned earthquakes were 81.23 cm, 34.41 cm and 
84.5 cm, respectively, which exceeds the limit value. 

Time histories of the roof displacements for cases 1, 
3 and 4 under the natural earthquakes are given in Fig. 8. 
Tables 3, 4 and 5 present the peak displacements in 
the structure and peak roof accelerations for the above 
mentioned study cases under the same earthquakes. 

Table 1   Peak displacements in the structure subjected to artifi cial white noise ground motion

Floor
Displacement (cm)

Case 1 Case 3 Case 4
1 2.32 - -
2 4.51 0.72 0.89
3 6.23 1.39 1.61
4 8.00 2.18 2.37
5 9.38 2.82 2.91
6 10.62 3.39 3.41
7 11.27 3.67 3.71

SIC - 6.12 6.74
Acceleration (m/s2)

Roof 5.79 1.81 1.95

Fig. 7   Roof displacements time history under a white noise ground motion
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Table 2   Characteristics of historical ground motions used in this study

Earthquake Magnitude PGA (g) Distance (km)
Tabas (1978) 7.4 0.90 1.2
Loma Prieta (1989) 7.0 0.37 6.3
Kobe (1995) 6.9 1.09 3.4

Table 3   Peak displacements in the structure subjected to Tabas earthquake

Floor
 Displacement (cm)

Case 1 Case 3 Case 4
1    5.60 - -
2 10.85 2.08 2.59
3 14.98 3.82 4.31
4 19.31 5.46 6.15
5 22.95 6.83 7.61
6 23.32 7.82 8.95
7 28.15 8.40 9.82

SIC - 10.18 14.33
Acceleration (m/s2)

Roof 5.25 1.23 1.40

Table 4   Peak displacements in the structure subjected to Loma Prieta earthquake

Floor
Displacement (cm)

Case 1 Case 3 Case 4
1 2.57 - -
2 5.03 0.87 0.94
3 6.95 1.56 1.74
4 8.94 2.26 2.79
5 10.48 2.88 3.67
6 11.75 3.52 4.61
7 12.39 3.84 5.14

SIC - 7.61 8.51
Acceleration (m/s2)

Roof 4.28 1.44 1.52

Table 5   Peak displacements in the structure subjected to Kobe earthquake

Floor
Displacement (cm)

Case 1 Case 3 Case 4
1 12.67 - -
2 24.42 4.39 4.97
3 33.81 7.79 8.22
4 43.67 11.19 10.61
5 51.57 13.75 12.71
6 58.40 15.99 15.63
7 61.93 17.24 16.77

SIC - 15.60 19.72
Acceleration (m/s2)

Roof 4.82 1.57 1.69
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Fig. 8   Roof displacements time history under near fault earthquakes
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As in the case of the white noise ground motion, fl oor 
displacements for cases 3 and 4 in Tables 3 - 5 and in 
Fig. 8 are shown relative to the upper SIC end.

Note that the roof displacements in the structure are 
similar for cases 3 and 4. They are signifi cantly lower 
than those in a fi xed based structure (Case 1). Using 
VFD selected according to the proposed method (Case 2) 
yields a signifi cant reduction in peak displacements at 
the SIC. For all earthquakes that were used for numerical 
analysis in this study, the peak displacements at the SIC 
were within the allowed limit. It should be mentioned that 
even for the Kobe earthquake having a PGA of 1.09 g, 
the VFD demonstrated high effi ciency and yielded 
signifi cant reduction in structural seismic response. 
For this earthquake, the system with VFD yielded even 
higher reduction of the peak roof displacements than that 
with active controlled devices (see Table 5).

Reductions from 58% to 73% were obtained in peak 
fl oor displacements of the isolated structure with VFD 
(Case 4) compared to the uncontrolled fi xed-base one 
(Case 1). The reduction of peak fl oor displacements 
in a structure with optimal active dampers (Case 3) 
compared to Case 1 was from 69% to 72%. The peak 
displacements at the SIC for Case 4 were lower by 
75% to 82% compared to Case 2. Addition of active 
controlled devices (Case 3) allowed reduction in peak 
displacements at the SIC from 78% to 88%. There were 
no signifi cant differences in the peak values of roof 
accelerations for Cases 3 and 4. This indicates that the 
behavior of the isolated structure was almost the same 
for Cases 3 and 4, demonstrating high effi ciency of 
passive VFD added to SIC.

6    Conclussions

A hybrid seismic isolation system with passive 
variable friction dampers, aimed to protect structures 
from strong earthquakes, was studied. The effect 
of seismic isolation was obtained by replacing the 
conventional columns fi xed to the foundations by 
seismic isolating ones allowing horizontal displacement 
between the superstructure and the foundations. The role 
of dampers is to reduce displacements in the isolation 
system under strong earthquakes. 

A simple method for selecting the dampers’ 
properties was proposed. Properties of variable friction 
dampers were selected using an artifi cial ground motion 
record and optimal active control algorithm. Numerical 
simulation of a seven-story structure shows that the 
proposed method allows effi cient reduction in structural 
response and limits the displacements at the seismic 
isolating columns. 

The structure selected for numerical analysis was 
further submitted to natural near fault earthquakes. It 
was demonstrated that addition of passive dampers 
designed according to the proposed method to a seismic 
isolation system leads to similar behavior as in the case 
of active devices. The peak fl oor displacements and peak 
roof accelerations were signifi cantly reduced compared 
to a fi xed-based uncontrolled structure. The peak 
displacements in the isolating devices were much lower 
relative to a structure with an isolating system without 
dampers. Hence, passive variable friction dampers appear 
to be very attractive for practical implementations in base 
isolated buildings designed for near fault earthquakes.
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