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Abstract.  A CFPBS (Cone-type Friction Pendulum Bearing System) was developed to control the 
acceleration delivered to a structure to prevent the damage and degradation of critical communication 
equipment during earthquakes. This study evaluated the isolation performance of the CFPBS by numerical 
analysis. The CFPBS was manufactured in the shape of a cone differenced with the existing FPS (Friction 
Pendulum System), and a pattern was engraved on the friction surface. The natural frequencies of the 
CFPBS were evaluated from a free-vibration test with a seismic isolator system consisting of 4 CFPBS. To 
confirm the earthquake-resistant performance, a numerical analysis program was prepared using the 
equation of the CFPBS induced from the equations of motion. The equation reported by Tsai for the rolling-
type seismic isolation bearings was proposed to design the equation of the CFPBS. Artificial seismic waves 
that satisfy the maximum earthquake scale of the Korean Building Code-Structural (KBC-2005) were 
created and verified to review the earthquake-resistant performance of the CFPBS by numerical analysis. 
The superstructural mass of the CFPBS and the skew angle of friction surface were considered for numerical 
analysis with El Centro NS, Kobe NS and artificial seismic waves. The CFPBS isolation performance 
evaluation was based on the numerical analysis results, and comparative analysis was performed between 
the results from numerical analysis and simplified theoretical equation under the same conditions. The 
validity of numerical analysis was verified from the shaking table test 
 

Keywords:   cone-type friction pendulum bearing; friction pendulum system; seismic performance; seismic 

isolation; shaking table test 

 
 
1. Introduction 
 

The Northridge Earthquake (1994), Kobe Earthquake (1995) and other recent large-scale 

earthquakes have caused billions of dollars of damage to power and communication equipment in 

major cities (Murota et al. 2005, Japan Electric Association 1999). This damage can hinder 

emergency measures and functional recovery of damaged areas due to the suspension of power 

supply and damage of communication devices after an earthquake. During an earthquake, the 

major damage to a large communication device involves damage to the internal parts of 

communication devices by the transfer of an earthquake impact load due to the excessive 
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anchorage or damage to anchorage device that fixes the main body. In addition, the device can turn 

over if the communication device is not anchored or is unstable. Therefore, it is essential to 

enhance the seismic performance by applying a seismic isolation system at the lower part of major 

communication devices and reduce the internal damage to communication devices by minimizing 

the impact load from an earthquake by isolating the major communication devices from 

earthquakes. 

Among the various seismic isolation system, FPS (Friction Pendulum System) was proposed by 

Zayas et al. (1987), and Mokha et al. (1990). The FPS is a seismic isolation system used widely to 

isolate the building structure, communication devices and electronic devices from earthquakes. 

Jang et al. (2008) developed a FPS that can prevent the overturn of upper structures and reduce the 

response displacement by applying a shear key, rubber pad and uplift restrainer to a transformer. 

Hwang et al. (2008) examined a FPS that uses magnetism, which can enhance the seismic 

isolation performance by replacing the properties of materials with the repulsive power of the 

magnetic force. The FPS is a seismic isolation system that isolates the structure from an 

earthquake using the characteristics of a pendulum, and can determine the unique frequency of the 

structure by designing the curvature radius, angle of inclination and friction with a frictional 

surface for the friction panel, and accordingly reduce the response due to seismic motion. 

An isolation method using free-rolling rods under the basement of structures was proposed by 

Lin and Hone (1993). Also, A sloped rolling-type bearing (RTB), which utilizes the concept of a 

steel cylinder rolling on a V-shape surface, has been proposed (Lee et al. 2003, Wu et al. 2004). 

Tsai et al. (2007) investigated performance of RTB by using seismic table tests. The dynamic 

behavior of a rolling-ball bearing which consists of a steel ball sandwiched between two conical 

steel load plates, has been studied and tested (Kasalanati et al. 1997, Kesti et al. 2010, Nacamuli et 

al. 2011). effectiveness of double concave Friction Pendulum Bearings and effect of soil-structure 

interaction for a building isolated with FPS was studied by  Sevket (2012), Krishnamoorthy (2013) 

respectively.   

In this study, the slope of the friction surface designed as a cone-type with a geometrical pattern 

was used to develop a CFPBS that can control the acceleration response and displacement 

response by earthquakes, confirm its performance through a shaking table test and dynamic 

numerical analysis, and propose a design equation. 

 

 

2. Theoretical background 
 

To evaluate the seismic performance of CFPBS, a theoretical equation based on a MATLAB 

7.0-based numerical analysis program was established from the motion equation. Fig. 1 shows the 

pattern of the CFBPS friction surface and aseismic device composed of 4 CFPBS’s. Fig. 2 shows 

the CFPBS during an earthquake load application, where the motion equation can be drawn from 

Fig. 2, as shown in Eq. (1), where m is the mass, c is the reductive coefficient, k is stiffness, u(t) is 

the relative displacement, ( )u t is the relative acceleration, and ( )gu t is the ground acceleration. 

 ( ) ( ) ( ) ( ) 0gm u t u t cu t ku t         (1) 

For the CFPBS, there is no viscosity reduction and hardness, and friction and gravity work. 

Therefore, a free-body diagram like Fig. 3 can be drawn, and the motion Eq. (2) could be found. 

Eq. (3) shows the vertical load of the slope. Substituting Eq. (3) into Eq. (2) leads to Eq. (4). By  
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Fig. 1 Aseismic device composed of 4 CFPBS’s(Cone-type Friction Pendulum Bearing System) 
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Fig. 2 Conceptual diagram of the CFPBS 
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Fig. 3 Free-body diagram of the CFPBS 

 

 

expressing Eq. (4) as a motion equation for force during time, ∆t, it can be expressed as Eq. (5) 

(Jeon et al. 2011), where μr

 
is the ratio of the ball radius to the cloud friction coefficient and θ is 

the slope angle of the CFPBS. 
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Fig. 4 Calculation of the displacements 
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The changes in the relative displacement, relative velocity and relative acceleration defined in 

Newmark-β method can be expressed as Eqs. (6), (7) and (8). 

2 2
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                                                  (8) 

The mass (m) can be found from the load to apply to the bearing, and μr is an arbitrary value. 

For an initial relative displacement, relative velocity and relative acceleration of 0, the seismic 

load (m∆ügi) is used to apply a free vibration. In such cases, the relative acceleration response 

relative velocity response and relative displacement response are found from Eqs. (8), (7) and (6), 

respectively. The acceleration response, velocity response, and displacement response from Eqs. 

(6), (7) and (8) are the relative responses of the lower panel and upper panel of the bearing. On the 

other hand, an absolute response is necessary for seismic response analysis. As confirmed in the 

CFPBS (Fig. 4), the absolute response was determined using Eqs. (9), (10) and (11). Here, u(t)
 
is  

the absolute displacement response, ( )tu t  is the absolute velocity response, and ( )tu t is the  

absolute acceleration response. 

( ) ( ) ( )t

gu t u t u t                                                              (9) 

( ) ( ) ( )t

gu t u t u t                                                            (10) 

( ) ( ) ( )t

gu t u t u t                                                             (11) 

2 2cos ( )sin cos cos sin sin ( )r r g gmg mu t mg m u t         
              

      (12) 
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Fig. 5 Time history of El Centro(NS component, 1940), PGA=0.348g 
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Fig. 6 Time history of Kobe(NS component, 1995), PGA=0.835g 

 
 
3. Input seismic wave 
 

Among the representative seismic waves actually measured in the past, those with high utility 

for seismic analysis due to the comprehensive frequency characteristics of the acceleration 

response, as in Figs. 5 and 6, such as El Centro NS (NS component, 1940, PGA=0.348g) and Kobe 

NS(NS component, 1995, PGA=0.835g), which greatly damaged Japan, were used as the input 

seismic waves to evaluate the seismic performance of CFPBS. 

The Korean Building Code-Structural (KBC-2005) (Architectural Institute of Korea 2005) 

suggests the design response spectrum shown in Fig. 8, and this report created and used seven 

artificial seismic waves that satisfy it. To create an artificial seismic wave, the trapezoid-shaped 

envelope function of ASCE 4-98 (American Society of Civil Engineers 1999) shown in Fig. 7 was 

used. To determine the coefficient representing the characteristics of the envelope function, the 

values of magnitude 7.0-7.5 were used by referring to Table 1. Fig. 9 shows a comparison of the 

design response spectrum and acceleration signal and response acceleration spectrum for one of 

the produced artificial seismic waves. The artificial seismic wave was amplified up to 1~3 fold to 

observe the response change in the CFPBS according to the amplification of the seismic wave with 

the same response spectrum. 

According to the aseismic design specifications of Korea, the correlation coefficient of two 

input earthquakes, as shown in Eq. (13), were under 0.3 when seismic response analysis was 

performed by simultaneously applying the seismic input for two horizontal directions. Such a 

standard has also been applied to nuclear power generation facilities, which can be said to have the 

strictest aseismic design (Kim et al. 2004). 
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Fig. 7 Duration envelope function 

 

 
Fig. 8 Design response spectrum of KBC-2005 

 
Table 1 Parameters of the duration enveloping function 

Magnitude Rise time (t1) Duration of strong motion (t2−t1) Decay time (t3−t2) 

7.0-7.5 2 13 9 

6.5-7.0 1.5 10 7 

6.0-6.5 1 7 5 

5.5-6.0 1 6 4 

5.0-5.5 1 5 4 

 

 

 

00
lim ( ) 0.3ij ij

T
  

 
                                                        (13) 

  

   

1

2 2

1 1

( ) ( )

( ) ( )

i

i i

N

i m i j m jm

ij
N N

i m i J m Jm m

x t x t

x t x t

  


 



 

  


 



 
                                  

(14) 

The correlation coefficient ρij(τ)
 

between the artificial seismic wave ẍi(τ)
 
and ẍj(τ) can be 

calculated using Eq. (14) because the two seismic wave time series follow the Gaussian 

probability distribution. Here, tm=m∆t, and μi

 
and μj are respectively, the average for the time axes 

of ẍi(τ)
 
and ẍj(τ), and are generally 0. Table 2 lists the correlations of seven seismic waves 

generated previously, and the correlation coefficient of the generated artificial seismic waves all  
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Table 2 Correlation of artificial earthquakes 

 1 2 3 4 5 6 7 

1 1 - - - - - - 

2 0.0326 1 - - - - - 

3 0.0585 0.0690 1 - - - - 

4 0.0007 0.0000 0.0963 1 - - - 

5 0.0242 0.0220 0.0469 0.1246 1 - - 

6 0.0157 0.0607 0.0123 0.0768 0.1719 1 - 

7 0.113 0.0177 0.0907 0.0353 0.0495 0.0850 1 
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Fig. 9 Artificial earthquake (Rock (SB), Seismic area (1)) 
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Fig. 10 Cross-section diagram of the CFPBS 

 

 

appeared to be under 0.3. Therefore, the seven artificial seismic waves fulfill the aseismic design 

specifications of Korea. 

 

 

4 Shaking table test 
 

The CFPBS used in numerical analysis and the shaking table test was created with a cone-type 

friction surface, as shown in Fig. 10, and can control the acceleration response and displacement 

response to an earthquake using the slope of the friction surface. The upper structures cannot be 

balanced with just one single CFPBS. Therefore, the aseismic device comprised of 4 CFPBS’s, as 

shown in the figure on the left of Fig. 1, was used in the shaking table test. The maximum load was  
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Fig. 11 CFPBS and censors arrangement for the shaking table test 
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Fig. 12 CFPBS and accelerometers arrangement for the shaking table test 

 

 

over 2000 kg, and the allowed displacement was 20 cm. The CFPBS was prepared with and 

without patterns on the friction surface, and the weight of the upper mass was set to 800 kg 

because the weight of the communication rack generally used is within 1000 kg. Concrete was 

placed within the rack to secure the mass to prevent the noise from internal impact during seismic 

input. 

Four acceleration sensors were attached to the upper panel of the aseismic device, two each in 

two directions of the axes, and the CFPBS response acceleration by seismic motion was measured.  
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Table 3 Plan of the shaking table test 

Load case Details 

1 
∙ Ambient test using white noise signals 

∙ Uni-axial test (x direction) 

2 
· Artificial earthquake (scale up : 1~ 3 ) 

· Uni-axial test (x direction) 

3 
· Artificial earthquake (scale up :

 
1~ 3 ) 

· Bi-axial test (x ,y direction) 

4 
· El Centro(NS component, PGA=0.348g) 

· Uni-axial test (x direction) 

5 
· Kobe(NS component, PGA=0.835g) 

· Uni-axial test (x direction) 

6 
· Ambient test using white noise signals 

· Uni-axial test (x direction) 

 

 

For convenience, the horizontal direction was defined as the x-axis and y-axis, respectively, in Fig. 

12. The specimen comprised of the CFPBS aseismic device and an 800kg rack was arranged along 

the longitudinal x-axis of the rack, as shown in Figs. 11 and 12. The displacement was measured 

for both the x-axis and y-axis using a vision-based measurement system developed by Seong-Wan 

Kim, and a mobile digital camcorder was used as the sensor to measure the remote displacement 

response. The digital image correlation (DIC) technique was used for the digital image processing 

method, and image transform function (ITF) correcting the geometrical distortion between the 

modified image and non-modified image was applied to calculate below the unit pixel and 

determine the displacement response (Kim et al. 2012). 

The shaking table test was performed on Shake table B, which is the triple-degree of freedom 

shake table system of the Seismic Simulation Test Center, Pusan University, and the order of 

execution is shown in Table 3. The seismic test by white noise for a single axis (x-axis) was 

performed to review the changes in the dynamic characteristics of CFPBS before/after the shaking 

table test. The CFPBS was expected to have the same performance for all horizontal directions 

because the friction surface was designed in the cone-type. The shaking table test was conducted 

using actually measured seismic waves of the El Centro NS and Kobe NS only with a single axis. 

On the other hand, as for an artificial seismic wave, the single-axis and double-axis were 

conducted to determine the influence of double-axis excitation on the response of CFPBS. 

 

 

5 Results of shaking table test 
 

5.1 Changed in dynamic characteristics due to shaking table test 
 

To review the changes in the dynamic characteristics of CFPBS due to the shaking table test, 

the seismic test by white noise with a PGA of 0.1 g was conducted before the test, and after the 

test, the seismic test by the same white noise was conducted again without other changes to the 

specimen. Figs. 13 and 14 show the acceleration response of the CFPBS before/after the test in the 

power spectral density function through the ensemble average. According to the characteristics of  
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Fig. 13 PSD function of the none-patterned CFPBS from the ambient test 
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Fig. 14 PSD function of the patterned CFPBS from the ambient test 

 

 

the CFPBS, where the specific frequency changes according to the location of the ball, the specific 

frequency does not appear around a certain frequency but changes from 1~10Hz. Regarding the 

none-patterned CFPBS, the tendency of the specific frequency distribution before/after the test 

was similar. Therefore, it appears that the cave-in phenomenon of the friction surface by the ball 

due to the effect of the upper mass did not have a significant effect on the changes in the dynamic 

characteristics of the CFPBS. For the patterned CFPBS, however, the cave-in phenomenon of the 

friction surface by the ball and upper mass changed the pattern and had a large influence on the 

dynamic characteristics of the CFPBS. 

 

5.2 Response of shaking table test 
 

The shaking table test was conducted in the order shown in Table 3, and the maximum values 

for each axial direction among the acceleration signals obtained from the acceleration sensor 

installed on the specimen and the input acceleration signal were compared with the results of 

numerical dynamic analysis of CFPBS. Figs. 15 and 16 present the PSD function of the CFPBS 

response acceleration signal during the vibration of an artificial seismic wave (Uni-axial test, 

PGA=0.25 g). The area of 0.5~10 Hz is believed to be the mode with a large contribution. The 

specific frequency of the CFPBS is concentrated around the low frequency area <4Hz because of 

the characteristics of the CFPBS with a certain slope that is not a pendulum. Therefore, the mode 

exceeding 10Hz was regarded as noise by the friction surface pattern and other environments, and 

a 10Hz low pass filter was applied to all response signals.  
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(c) 10Hz low pass filtered PSD function 

Fig. 15 Response signals of the none-patterned CFPBS at an artificial earthquake uni-axial test, PGA=0.24 g 

 

 

Table 4 lists the shaking table test results, and the Kobe NS seismic wave was not recorded 

exceeding the allowed displacement during the shaking table test. Table 4 shows that the CFPBS 

has weak seismic performance for small-sized earthquakes. On the other hand, for large-sized 

earthquakes, whose input seismic wave has a PGA over 0.3g, the CFPBS showed outstanding 

seismic performance with excellent response acceleration. Moreover, the response acceleration for 

the double-axis seismic test was found to be smaller. Tables 5 and 6 list the maximum 

displacement response signal measured using vision-based system for a single-axis seismic test 

and a double-axis seismic test, respectively. The displacement response increased in proportion to 

the PGA of the input seismic wave in all cases. 
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Fig. 16 Response signals of patterned CFPBS at an artificial earthquake uni-axial test, PGA=0.24g 

 
Table 4 Maximum response accelerations of the CFPBS by the shaking table tests (θ=4°, 10Hz low pass 

filtered signal) 

 

Peak Acceleration 

of Table motion  [g] 

Maximum response accelerations of CFPBS [g] 

None-pattern Pattern 

Direction Direction Direction 

X Y X Y X Y 

Artificial uni-

axial×1 
0.151 · 0.159 · 0.151 · 

Artificial uni-

axial ×1.5 
0.242 · 0.161 · 0.152 · 

Artificial uni-

axial ×2 
0.321 · 0.178 · 0.159 · 

Artificial uni-

axial ×2.5 
0.401 · 0.121 · 0.153 · 
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Table 4 Continued 

Artificial uni-

axial ×3 
0.481 · 0.183 · 0.181 · 

Artificial bi-

axial ×1 
0.161 0.159 0.161 0.229 0.111 0.138 

Artificial bi-

axial ×1.5 
0.242 0.242 0.129 0.188 0.152 0.211 

Artificial bi-

axial ×2 
0.322 0.321 0.092 0.121 0.13 0.19 

Artificial bi-

axial ×2.5 
0.402 0.401 0.071 0.042 0.102 0.132 

Artificial bi-

axial ×3 
0.479 0.48 0.071 0.061 0.101 0.093 

El Centro NS 0.348 · 0.062 · 0.141 · 

 
Table 5 Maximum response displacements of the CFPBS by uni-axial shaking table tests 

 
Peak Acceleration 

of Table motion [g] 

Maximum Response Displacements of CFPBS [cm] 

Pattern None-pattern 

X (target 2) Y X (target 4) Y 

Artificial uni-axial×1 0.151 5.655 · 6.661 · 

Artificial uni-axial×1.5 0.242 8.393 · 6.334 · 

Artificial uni-axial×2 0.321 10.272 · 11.285 · 

ElCentro NS 0.348 13.102 · 15.741 · 

Artificial uni-axial×12.5 0.402 15.487 · 17.187 · 

Artificial uni-axial×13 0.479 17.590 · 14.856 · 

Kobe NS 0.835 18.789 · 17.790 · 

 
Table 6 Maximum response displacements of the CFPBS by bi-axial shaking table tests 

 
Peak Acceleration 

of Table motion [g] 

Maximum Response Displacements of CFPBS [cm] 

Pattern None-pattern 

X (target 2) Y (target 5) X (target 4) Y (target 7) 

Artificial bi-axial ×1 0.161 0.159 5.106 4.432 6.263 5.006 

Artificial bi-axial ×1.5 0.242 0.242 5.548 1.931 6.015 6.241 

Artificial bi-axial ×2 0.322 0.321 9.278 13.104 8.026 9.267 

ElCentro NS 0.348 · 13.071 · 15.822 · 

Artificial bi-axial ×2.5 0.402 0.401 10.408 12.296 8.517 10.636 

Artificial bi-axial ×3 0.479 0.48 13.429 14.461 11.057 13.459 

Kobe NS 0.835 · 18.895 · 18.243 · 

 

 

6. Results of numerical analysis  
 

6.1 Characteristics of CFPBS 
 
The response signal of numerical dynamic analysis determined by substitution of an arbitrary μr 

and the response signal obtained from the free vibration test conducted by changing the upper  
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Fig. 17 P-δ curve of CFPBS response with El Centro(NS component, 1940) at μr=0.004, θ=4° 

 

 

 

mass of the CFPBS were compared to predict μr according to the changes in the upper mass. 

Numerical dynamic analysis was performed using μr. 

Fig. 17 shows the P-δ curve of the CFPBS for the El Centro NS seismic wave, and the 

displacement characteristics can be found. CFPBS does not protect the structure from earthquakes 

by dissipating the seismic energy, but uses the slope and friction to change the specific frequency 

of the structure and determine the response acceleration. Therefore, its ability to dissipate the 

seismic energy is limited, and there are some break points due to the cone-type friction surface. 

Fig. 18 presents the maximum acceleration response of the ball structure as a function of μr and 

the angle of inclination θ of CFPBS when numerical analysis was conducted using each seismic 

wave. Fig. 19 shows the maximum displacement response in the same situation. The CFPBS 

showed the same acceleration response once μr and θ were determined for different input seismic 

waves. At a low μr, the CFPBS increases linearly, and for a higher μr, the slope decreased slightly 

but did not have a large effect on the overall linearity, which can be seen from Fig. 18. Fig. 19 

shows the arrangement of the maximum displacement response of the CFPBS according to the 

slope and μr for each seismic wave, and Fig. 19 (a) and (b) presents cases of actual seismic waves 

with a large energy. Among them, in the case of the El Centro NS seismic wave, it exceeded the 

allowable displacement for a low μr, but when a mass over a certain amount was placed over the 

upper panel, μr

 
increased to fulfill the allowable displacement. On the other hand, for the Kobe NS 

seismic wave with the largest seismic wave energy, it exceeds the allowable displacement in most 

cases. For artificial seismic waves with small energy, it fulfills the standards in all cases, as shown 

in Fig. 19 (c). 

 

6.2 Calculation of the response acceleration reduction rate of CFPBS using a 
numerical analysis program 

 

The CFPBS reduction rate γ was defined as the ratio of the PGA and CFPBS maximum 

acceleration response, as expressed in Eq. (15). Fig. 20 shows the attenuation rate when the PGA 
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(a) El Centro (NS component, 1940) 
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(b) Kobe (NS component, 1995) 
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(c) Artificial earthquake 

Fig. 18 Maximum response accelerations based on μr

 
and θ 

 

 

was amplified while fixing θ to 4°
 
for each seismic wave. The μr value was taken arbitrarily to be 

0.004, 0.007 and 0.011. For each seismic wave, the CFPBS maximum acceleration response was 

determined from numerical analysis. Eq. (15) was used to arrange the reduction rate. The CFPBS 

reduction rate with the same performance appears to be a single exponential function according to 

the size of μr regardless of the size of the seismic wave. 

max,

,max

1 100
CFPBS

g

a

u


 
   
 
 

         (15) 
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(a) El Centro(NS component, 1940) 
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(b) Kobe(NS component, 1995) 
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(c) Artificial earthquake 

Fig. 19 Maximum response displacements based on μr

 
and θ 
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Fig. 20  Attenuation rate when the PGA was amplified while fixing θ
 
to 4°
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Fig. 21  Attenuation rate when the PGA was amplified while fixing μr

 
to 0.05
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Fig. 22 Maximum response acceleration comparison of the design equation and numerical analysis (μr=0.05)
  

 

Figs. 18, 20 and 21 confirmed that decreases in θ or μr reduce the maximum acceleration. The 

maximum displacement response decreases at higher μr, and θ does not have a very large 

influence. Fig. 18 shows that CFPBS used in this study was designed to have a maximum 

acceleration response converging to approximately 0.075g for the input seismic wave in the case 

of μr was 0.01. The aseismic design specifications of domestic civil infrastructure are 0.154 g, and 

the PGA of an artificial seismic wave fulfilling the Korean Building Code-Structural (KBC-2005) 

is approximately 0.15 g. Therefore, the maximum acceleration response of the CFPBS used in this 

study converging to 0.075 g indicates that the reduction rate for the PGA of an artificial seismic 

wave fulfilling the Korean Building Code-Structural (KBC-2005) is approximately 45%, as shown 

in Fig. 18. Therefore, the reduction rate is satisfactory against the standards used in the aseismic 

design of domestic infrastructure. The reduction performance of the CFPBS improved with 

increasing PGA of the input seismic wave (Figs. 20 and 21). 

 

 

7. Design equation of the CFPBS  
 

Eq. (16) was used as the design equation to determine the maximum acceleration response of 

the upper panel of CFPBS. Eq. (16) was suggested by Tsai et al. (2007) for rolling-type seismic 

isolation bearings. To compare with the response of numerical analysis performed previously, the  
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(a) El Centro(NS component, 1940) 
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(b) Kobe(NS component, 1995) 
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(c) Artificial earthquake 

Fig. 23 Maximum acceleration response of the CFPBS by amplifying the PGA of each seismic wave 

(Artificial earthquake uni-axial test, PGA=0.25 g, μr=0.05)
  

 

PGA (Peak Ground Acceleration) üg,max
 
value was set to 0.15 g, 0.347 g and 0.821 g, which are the 

PGA values for the artificial seismic wave created in this study, El Centro NS, and Kobe NS, 

respectively, and μr was substituted arbitrarily with 0.05. By formalizing the relationship between 

the slope and maximum acceleration response of the CFPBS, Fig. 22 shows that the response 

calculated from Eq. (16) and the response determined by numerical analysis are similar. 

2

max, ,maxcos ( tan )( tan )CFPBS r ga g u                 (16) 

Fig. 23 shows the calculation of the maximum acceleration response of CFPBS through 

numerical analysis by amplifying the PGA of each seismic wave by 0.5~4 fold. Here, μr

 
was fixed 

to 0.05. Eq. (16) only considered the PGA of the seismic wave but did not consider the energy of 

the seismic wave. Therefore, the maximum acceleration response of the CFPBS considering the  
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Fig. 24 Comparison of the maximum response acceleration of the design equation and numerical 

analysis by amplifying PGA(μr=0.05, θ=4.5°)
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Fig. 25 Comparison of the attenuations from numerical analysis and the shaking table test
  

 

energy of the seismic wave was determined by conducting numerical analysis with an actual 

seismic wave PGA amplified in multiples. As shown in Fig. 23(c), for the artificial seismic wave 

with a small amount of energy, the numerical analysis results largely coincide with the results of 

the equation, but there were some differences observed for an actually measured seismic wave of 

(a) and (b). The responses in Fig. 23 were organized not by multiples but by the PGA, as shown in 

Fig. 24. As the seismic wave is amplified, the maximum acceleration response of the CFPBS 

converges at approximately 0.14 g, which is similar to the results shown in Figs. 18 and 22. On the 

other hand, the angle of inclination θ
 
was 4.5°, and μr

 
was 0.05. Seismic waves mostly have a PGA 

below 1 g, so it appears that Eq. (16) can be used as the design equation of the CFPBS. 

 

 
8. Comparative analysis of the results between numerical analysis and shaking 
table test  
 

The acceleration data obtained from shaking table test in Table 4 was converted to the reduction 
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rate μr

 
by Eq. (15). Fig. 25 compares the reduction rate obtained from numerical dynamic analysis 

and the design equation. The Kobe NS seismic wave beyond the allowed displacement was 

excluded. The none-patterned CFPBS showed better seismic control performance than the 

patterned CFPBS for earthquakes over 0.3 g, and was similar to the numerical dynamic analysis 

results. On the other hand, for a low-level earthquake, the tendencies vary so that the response 

acceleration appears to be largely amplified thus being weak. The CFPBS with a pattern on the 

friction surface shows more than 60% of the reduction rate for an input seismic wave over 0.3 g of 

the PGA, and appears similar to the reduction rate of the design equation and numerical dynamic 

analysis result of case of μr

 
was 0.05 
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Fig. 26 Comparison of the maximum response displacements from numerical analysis and the 

uni-axial shaking table test
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Fig. 27 Comparison of the maximum response displacements from numerical analysis and the bi-

axial shaking table test
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Fig. 26 compares the maximum displacement response of CFPBS calculated from numerical 

analysis and the maximum displacement response measurement from the single-axis shaking table 

test. μr was assumed to be 0.011 for the none-patterned CFPBS and 0.05 for the patterned CFPBS 

just like Fig. 25. The none-patterned CFPBS did not coincide with case of μr was 0.011, and was 

similar to the case of 0.05. Regardless of the existence of the pattern, the response displacement of 

the CFPBS showed a similar tendency, μr

 
was 0.05, but was approximately 5mm greater. Fig. 27 

compares the maximum displacement response of the CFPBS calculated by numerical analysis and 

the maximum displacement response measured using the double-axis shaking table test. Excluding 

the case of the El Centro NS seismic wave, the maximum displacement response showed a similar 

tendency to the case of μr was 0.05. That is, the patterned CFPBS has a similar acceleration and 

displacement to those of the response of numerical analysis. Therefore, if μr

 
can be inferred 

accurately, the CFPBS with frictional capability on the friction surface can determine the seismic 

performance of the CFPBS without undergoing a complex process, such as tests and numerical 

analysis, using the design equation. 

 

 

9. Conclusions 
 

In this study, the motion equation of the CFPBS (Cone-type Friction Pendulum Bearing 

System) was derived, and the Newmark-β method was used to prepare a MATLAB 7.0-based 

numerical analysis program. The design equation that can determine the acceleration response of 

CFPBS was reviewed, and the parameter study and shaking table tests were conducted to confirm 

the validity of the design equation and seismic performance for the horizontal direction. 

The reduction performance of the CFPBS decreased by increasing μr. But when the μr is less 

than 0.01, the range of the change in maximum acceleration response was small.  

The rate of CFPBS reduction with the same performance appears in the form of a single 

exponential function according the size, regardless of the type of seismic wave. The reduction 

performance of the CFPBS increased with increasing magnitude of the seismic wave. 

The response acceleration signal obtained from the shaking table test was estimated to include 

the noise from the patterns and the breakpoint occurring from the cone-shaped friction surface. 

Therefore, the mode over 10 Hz was estimated to be noise due to other environments and the 

pattern of the friction surface, and a 10 Hz low pass filter was applied to all response signals. 

An analysis of the response acceleration signal measured from the shaking table test showed 

that both the displacement response and reduction rate of the acceleration response could not be 

relied upon for none-patterned CFPBS. The patterned CFPBS, however, showed a similar trend of 

the displacement response and reduction rate obtained from the shaking table test, design equation 

and numerical analysis. Therefore, the CFPBS algorithm and design equation approached 

theoretically are reliable. 
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