@ Springer Journal of
Mechanical
Science and

Technology
Journal of Mechanical Science and Technology 23 (2009) 1132~1141

www.springerlink.com/content/1738-494x
DOI 10.1007/512206-008-1214-y

Dynamic analysis of fiber-reinforced elastomeric isolation structures '

Gyung Ju Kang' and Beom Soo Kang*"

'School of Mechanical Engineering, Pusan National University, Busan 609-735, Korea
2Dept. of Aerospace Engineering, Pusan National University, Busan 609-735, Korea

(Manuscript Received January 28, 2008; Revised December 16, 2008; Accepted December 18, 2008)

Abstract

This paper presents an analysis of seismically isolated buildings using fiber-reinforced elastomeric structures that are
subject to excitations caused by earthquakes. In analyzing the vibrations, the buildings are modeled by lumped mass
systems. The fundamental equations of motion are derived for base isolated structures, and the hysteretic and nonlin-
car-clastic characteristics are included in the numerical calculations. The earthquake waves used as the excitation forces
are those that have been recorded during strong earthquake motions in order to examine the dynamic stability of build-
ing structures. The seismic (nonlinear) responses of the building are compared for each restoring force type and, as a
result, it is shown that the building’s motions are not so large from a seismic design standpoint. Isolating structures are
shown to reduce the responses sufficiently allowing the building’s motions to be controlled to within a practical range.
By increasing the acceleration of the earthquake, the yielding forces in the concrete and steel frames can be determined,
which shows the advantages of performing nonlinear dynamic analysis in such applications.

Keywords: Fiber-reinforced elastomeric isolator (FREI); Steel reinforced elastomeric isolator (SREI); Earthquake; Base isolation;

Vibration of building

1. Introduction

Recently, worldwide earthquake induced damage
in countries such as Iran, Japan, India, Southeast Asia
and North America has been increasing and the dam-
age in low-rise housing properties of 2-3 floors is
especially huge. For example, following the incidents
in Turkey, Greece, Taiwan, etc. during 1999, low-rise
housing buildings suffered casualties of more than
90%. To avoid these damages base isolation methods
have been proposed for a long time. The main idea of
base isolation is to shift the fundamental frequency of
a building structure away from the dominant frequen-
cies found in typical earthquake-induced ground mo-
tions. In addition, the aim in adding the isolation sys-
tems is to provide energy dissipation mechanisms so

T This paper was recommended for publication in revised form by
Associate Editor Dae-Eun Kim
‘Corresponding author. Tel.: +82 51 5102310, Fax.: +82 51 518 4370
E-mail address: bskang@pusan.ac.kr
© KSME & Springer 2009

that the accelerations transmitted into the building
superstructure are reduced. Thus, base isolation sys-
tems are designed to essentially decouple the structure
from the ground during earthquake excitation.

Current seismic isolation systems of building struc-
tures are usually of two types: steel-reinforced multi-
layer elastomeric systems and mechanisms employ-
ing sliding bearings. The rubber bearings form has
been used extensively in Japan and South America.
The early development of seismic isolation systems
using bearings can be backdated to the late 1960s in
New Zealand but the concept was considered to be
very impractical by most structural engineers in those
days. Nowadays, it has become a major strategy for
designing earthquake-resistant buildings to protect
human lives in United States, Europe and Japan [1-3].
Rubber has been used as the base bearings in the past
three decades, following the developments of Kelly
[4] in 1976. At present, owing to the tremendous cost
of implementing base isolation techniques, applica-
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tions can only be seen in structures with critical or
expensive contents. In order to apply seismic isolation
for common buildings and public housing, the cost
and weight of the isolators need to be drastically re-
duced. The main reason for the high cost of the isola-
tors is the process used in preparing the steel plates
and bonding them to the rubber layers. Also, the high
weight of the isolators is due to the same steel plates.
Kelly [5] suggested that both the weight and cost of
building isolators can be reduced by substituting the
steel reinforcing plates with fiber reinforcement of
high elastic stiffness. Moon et al. [6] designed and
manufactured fiber-reinforced multilayer elastomeric
isolators using different kinds of fibers such as carbon,
glass, nylon and polyester. From these studies, it was
concluded that the performance of carbon fiber-
reinforced isolators was even superior to that of the
steel-reinforced isolators in view of vertical stiffness,
and that they were able to provide effective damping.
Kang et al. [7] investigated carbon fiber-reinforced
isolator specimens with and without hole and lead
plugs. The result of this study was that the hole and
lead plugs in fiber -reinforced elastomeric isolators
have little effect on improving the effective stiffness
and the resulting damping.

Although previous studies have addressed and re-
solved important aspects, there is a need for assessing
the key characteristics influencing the dynamic re-
sponses of structures with fiber-reinforced elas-
tomeric isolators. In particular, it is important to ex-
amine the dynamic responses of buildings against
strong earthquakes when fiber-reinforced elastomeric
isolation systems have been added to them. Conse-
quently, it is also necessary to explore specific fea-
tures of the fibers as reinforcement of the isolator
structure. In this paper, the dynamic characteristics of
building structures with fiber-reinforced elastomeric
isolators under earthquake excitation are examined.
After introducing the design procedures of fiber-
reinforced elastomeric isolators, the numerical models
and dynamic responses needed in this investigations
are described.

2. The manufacturing of elastomeric isolator
and experiments

The steel-reinforced and fiber-reinforced elas-
tomeric isolators have been fabricated to compare
their respective performances. As the stiffness of
carbon fiber is higher than that of steel, it has been

widely used in fiber-reinforced elastomeric.

2.1 Modelling of steel-reinforced elastomeric isola-
tors

The steel-reinforced elastomeric isolator is com-
posed of layers of rubber and steel plates. The plates
protect from lateral bulging of the rubber layers yet
allow the rubber layers to undergo shear deformation.
The horizontal and the vertical stiffness values are the
key performances; the horizontal stiffness (Kj) and
vertical stiffness (Kj) of an elastomeric isolator are
given as follows:
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where G is elastic coefficient of rubber; 4 is the cross-
section area of the isolator; ¢. is the total thickness of
the rubber layers; E,. is the incidental compression
stiffness under specific vertical loads in the steel-
reinforced isolator. The value of E, for a single rubber
layer is controlled by its shape factor (S) defined as
Eq. (3), which is a dimensionless measure of the as-
pect ratio of the single layer of the elastomeric isola-
tor:

loaded area
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The shape factor (S) of a circular pad with radius R
and thickness ¢ is S=R/2t. The model of steel-
reinforced elastomeric isolators is shown in Fig. 1.

2.2 Modelling of fiber-reinforced elastomeric isola-
tor

The modelling and design concept for realizing fi-
ber-reinforced elastomeric isolators relies on eliminat-
ing the steel reinforcing plates and replacing them
with fiber reinforcement of high elastic stiffness, so
that the weight and cost of the isolators can be re-
duced. Fig. 2 shows the model of fiber-reinforced
elastomeric isolators. The vertical stiffness of an iso-
lator is the same as Eq. (2), but the effective compres-
sion stiffness is given by that shown in Eq. (3), [8]
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where, G is the elastic coefficient of rubber; v is
Poisson’s ratio; ¢ is the thickness of the rubber layer;
E;is the elastic coefficient of reinforcement; # is the
thickness of the reinforcement; and S is the shape
factor. In the case of rigid reinforcement, the com-
pression stiffness is £~=6GS. Therefore, with flexible
reinforcement, the compression stiffness decreases
and accordingly the vertical stiffness also decreases.

2.3 Comparison of nylon FREI and SREI

Some fiber-reinforced elastomeric isolator speci-
mens have been designed and fabricated to compare
the characteristics of isolators according to their rein-
forcing fibers. The dimensions of the specimens are
shown in Table 1. In this section nylon is used as the
reinforcing fiber. For the sake of comparison, steel-
reinforced elastomeric isolator specimens and fiber-
reinforced elastomeric isolators with nylon were fab-
ricated and the deformations under vertical load were
compared as shown in Fig. 3(a). Under equal vertical
loading, the deformation of nylon FREI is higher than
that of SREI, which indicates that the vertical loading
capacity of nylon FREI is lower than that of SREL
Fig. 3(b) shows the comparison of the horizontal
stiffness of SREI and FREI. The tests were carried
out using a forcing signal at a frequency of 0.020Hz
on each specimen; each test involved the application
of a force consisting of four full sine wave cycles.
The applied vertical load on the top and bottom plates
was 13,000kgf. The rubber layer’s thickness was
60.0mm and maximum deformation allowed in the
tests was 50% of this rubber thickness. The experi-
mental tests in the fabricated specimens were carried
out with a bearing test machine which is capable of
subjecting a single bearing to vertical and horizontal
loadings simultaneously and is able to develop the
maximum axial load of 3,000tonf on the bearing, as
shown in Fig. 4. The effective horizontal stiffness, K,
corresponding to each loading cycle, was computed
from the secant line, measured from peak-to-peak in
each loop.

— Fmax — Fmin (5)
. Dmax - Dmin

Here F. and Fp;, are the maximum positive and
negative shear forces, respectively, and the subscripts,
max and min represent the maximum positive and
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Fig. 2. Model of a fiber-reinforced elastomeric isolator (FRET).
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Table 1. Dimensions of steel- and fiber-reinforced elastomeric
isolator bearings.

Dimension Isolator section
Rei:llicr)lrtce- :)El;l:ie r{in;‘ltferr th;l;i;aelss
layer | of rubber
SREI| lz;"iql);;;?’ 2T X19EA 125;;5 ;(TEXA 60T

Table 2. Test results comparing nylon- and steel-reinforced
structures.

Vertical test Horizontal test
Reinforce
ment Vertical Effective Equivalent
stiffness | Tan(y ) | stiffness | Damping(3 )
(kgf/mm) (kgf/mm) (%)

Nylon 5 55 0.5 262 11.16
Fiber

Steel 9,600 0.5 28.6 6.19

negative shear displacements, respectively. The equi-
valent viscous damping was computed by measuring
the energy dissipated in each cycle (EDC), which is
composed of the area that is enclosed by the hystere-
sis loop. The formula to compute A, is given as
follows [9]:

EDC

- D
2 max 6
27K, A ©

B

where K, is obtained from Eq. (5), and A} is the
average of the positive and negative maximum dis-
placements. Ky and g of SREI under 50% shear
deformation are 26.2kgf/mm and 6.19%, respectively.
Ky and g of FREI under 50% shear deformation
are 28.6kgf/mm and 11.16%, respectively. The test
results show that the vertical stiffness of nylon FREI
is lower than that of SREI and the damping of nylon
FREI is two times higher than that of SREI. The ver-
tical and horizontal test results are shown in Table 2.

2.4 Comparison of carbon FREI and SREI

In the previous section it was shown that the verti-
cal stiffness of nylon-reinforced elastomeric isolators

were lower than those of the SREI ones; this results
from the fact that the tensional stiffness of nylon is
lower than that of steel. The tension stiffness of the
nylon can be strengthened by using high carbon fiber,
and the seismic characteristics of the new isolator
have been investigated. The horizontal and vertical
loading tests were carried out on both carbon FREI
and SREI samples, and Fig. 5 shows that the vertical
stiffness of carbon FREI and SREI under varying
vertical loads from 190(tonf) to 370(tonf) were
320,857(kgf/mm) and 107,322(kgf/mm), respectively.
The test results indicate that the vertical load of car-
bon FREI is three times higher than that of SREI. The
horizontal and vertical test results are shown in Table
3 and the horizontal test results (see Fig. 6) of Carbon
FREI and SREI show that the effective horizontal
stiffness and damping of FREI are 330(kgf/mm) and
15.85%, respectively; the effective horizontal stiff-
ness and damping of SREI are 350(kgf/mm) and
6.20%, respectively. These results indicate that the
effective damping of carbon FREI is over two-times
higher than that of SREIL The vertical test results
shows that vertical stiffness of carbon FREI is three-
times higher than that of SREI. Because the rubber
layers between the fibers are thin, there is little bulg-
ing of the rubber and also the tension stiffness of car-
bon is higher than that of steel plate. It is known that
the effective damping of carbon FREI is 2.5 times
higher than that of SREI, which means that more
earthquake energy can be absorbed using FREI struc-
tures.

2.5 Result analysis and dynamic analysis condition

The comparative investigation test results of nylon
FREI, carbon FREI and SREI are summarized in
Table 4. The results show that for nylon-reinforced
structures, both the vertical and horizontal stiffness is
decreased, and in case of carbon reinforcement, the
stiffness is also increased compared with SREI. Using
these test results the dynamic analysis was deter-
mined in the vertical and horizontal directions. How-
ever, because the horizontal response is the most
dominant, our results focus on the horizontal analysis.
Egs. (1) and (2) imply that the horizontal stiffness and
the vertical stiffness are independent of the rubber
material’s property, G. Our dynamic analysis was
carried out under varying reinforcement stiffness
conditions.
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3. Theoretical background of dynamic analysis
3.1 Governing equation of motion

The building structure model with fiber-reinforced
elastomeric isolator as shown in Fig. 7 consists of a
building superstructure and a base isolation structure.
The building superstructure has a nonlinear recover-
ing force and the base isolation mechanism was mod-
eled as an elasto-plastic model with spring plus
damper characteristics. The shear force of elasto-
plastic models against excitations caused by earth-
quakes between the i" and i—1" floor is OFK{xi—xi.;1)
+,0; and has a damping coefﬁcient.tis C,, where K;
denotes the elastic stiffness of the ! floor; * and
Y represent the coordinates. Note that & was as-
signed as a constant damping coefficient. The govern-
ing equivalent equation for the i" floor can be ob-
tained as follows:

l’}’p'é, +C()€ _).Cr—l)+c+l ()9 _59+|)+K‘ ()9 _').Cz—l)-l_KH ()‘5 _5%1)
+yQ_yQH Z_nyo (l =17233’ : ;]\])

™

Fig. 4. Test machine in operation.
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Fig. 5. Comparison of the vertical stiffness of SREI and FREIL.

The governing motion equation shown in Eq. (7)
can be expressed in matrix form as.

M{x}+C{i}+K{x}+H{, 0} =-ME{3,) ®)

where {x}:[xl oox o x "

o=1,9 - 0 an]T, E=[l - 1 - I]T’
1 -1 o ¥
. 1 -1 Ve "

1 ”‘l”

GiGe ¢ O [KeE

€ GG +* KK
GG & K+K K
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Table 3. Test results comparing carbon- and steel-reinforcements.

Vertical Horizontal test
test
Reinforcement | yertical Effective | Equivalent
stiffness |Tan(y )| stiffness |Damping(i3 )
(kgf/mm) (kgf/mm) (%)
Carbon Fiber | 320,857 | 0.5 330 15.85
Steel 107,322 | 0.5 350 6.20

Table 4. Carbon- and nylon-reinforced elastomeric isolation
structures.

Nylon/steel | Carbon/steel
Vertical test | Vertical stiffness 0.5 3
. Effecti
Horizontal test . ective 0.9 0.9
stiffness
Damping 2 2
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Fig. 6. The hysteresis effect due to the isolators.



G. J. Kang and B. S. Kang / Journal of Mechanical Science and Technology 23 (2009) 1132~1141

High Damping
Rubber Bearing

® @
[ [ [
® o @
6@4=24C(m)
(a)
O 4

Oyi

Fig. 8. Analysis model: (a) Arrangement of FREI; (b) D-

trilinear model.

(b)

\

[ A=

i

Kl

Fig. 9. El-Centro (NS) earthquake wave forces.

Hleed)

1137

3.2 Numerical analysis of the seismic response

The numerical methods used in studying seismi-
cally isolated structures will be briefly explained to-
gether with the equations of motions that need to be
handled. When deformation, velocity and acceleration
are independent variables, after expanding the gov-
erning motion equation in a Taylor’s series, it can be
expressed as follows:

T T(da T
um+l =u +va+7am = =u +wm+7a(t/)’
m 2 6\ & - m 2
7 (d , ©)
V=V | — | =v +7(f
ml m am 2 ( (,#jtf " ( )

where ¢ and ¢ are points of time between the in-
terval(z,, t,+1) which can be expressed by using super-
position of the values of at both ends a,,,, a,,+1

a(ty=(1-2p)a, +28,.,

a(t") = (1~ )a, + a, , 1o

This scheme is the Newmark-3 method. In case it
is 3 =1/6, acceleration varies linearly in the section.
The value of 11 was used as 0.5. With this method, the
displacement vector, the velocity and the acceleration
were expressed as follows:

{x}=D, {x}=Viz, {i}|=4/7 (11)
From the relation of Egs. (9) and (10) the following
equations are obtained:

D (12)

m+l

=D, +, 411120 A, +284,.,]

|4

m+l

1
=V, +5(Am +4,.) (13)

From Eq. (8) the following equation can be ob-
tained:

M4,/ T+, e/ THE,uD, +Han+1 =-ME 'j}(),,», .(14)

Substituting Egs. (12) and (13) into Eq. (14), we can
obtain:
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(1-2p
2
+(C/T+Km+l)l/;n +Km+le +Han+l =_W'j}0

mtl

(M4 Clr B ) A+ Clre S A,

(15)

In this paper, the hysteresis characteristics between
the interval were assumed to be constant for
convenience in performing the calculations. From Eq.
(15) the acceleration at the (m+1) step can be calcu-
lated, and from Egs. (12) and (13) the displacement
and velocity can be calculated. From calculated dis-
placement at the (m+1) step, the hysteresis character-
istics can be obtained, without repeating the calcula-
tion of the results reflected in the next step. Therefore,
higher precision calculated results can be obtained by
shortening the time interval between the steps.

m?“m+l

4. Dynamic analysis of buildings with fiber-
reinforced elastomeric isolator

4.1 Modeling of building structure with fiber-rein-
forced elastomeric isolator

A dynamic analysis was performed of building
base isolated structures with 12 isolators which are
located on principal frames of low storey building as
shown in Fig. 8(a). The recovery force of the building
superstructure is shown in Table 5. The building su-
perstructure was assumed to have a D-trilinear recov-
ery characteristic as shown in Fig. 8(b). The damping
coefficient of the building and that of the isolator are
0.02 and 0.005, respectively. The yield points of the
the D-trilinear Q,1, O,, relations are selected to allow
comparisons with the characteristics of the D-trilinear
values arising due to the El-Centro (NS) earthquake
wave.

Table 5. Design parameters of a building superstructure.

Weight | High K |Qyl
(tonf) | (m) | (tonf/em) |(tont)

3 4624 | 7.02

Kylk| 2

(tonf) Ky2/k

1902.9 |2100.0f 0.300 {3700.0{ 0.01

106103 3700.0 0.200 | 7900.0 | 0.01

1 10294 | 124

Isolator | 1940.8 3999 [ 00| 1.0 0.0 1.0

4.2 Analysis input data

The seismic response of a multi-storey base-
isolated building is investigated under realistic earth-
quake ground motions. The earthquake motions se-
lected for the study are the NS component of 1940 El-
Centro earthquake wave (Fig. 9). The peak ground
acceleration (PGA) of the El-Centro earthquake mo-
tion is 439 gal(which is a unit of acceleration used
extensively in the science of gravimetry and is de-
fined as 1 centimeter per second squared (1 cm/s?)).
Fig. 10 shows the acceleration response spectrum
caused due to the earthquake, which indicates that
there are high acceleration components within 1 sec-
ond and low acceleration components above 1.5 sec-
ond. The propagation of the earthquake wave was
assumed to be in the longitudinal direction and the
analysis was carried out for 30 seconds. The domi-
nant frequency of the earthquake’s motions is 3.7-
4.5Hz.

4.3 Analysis results

Fig. 11 shows the acceleration responses of each
storey of the building isolated by fiber-reinforced
elastomeric isolators subjected to the El-Centro, 1940
earthquake’s motions. The figure indicates that the

(gal)
1000 T =

800 IN/ -
00— |
400
200

%

Fig. 10. Building acceleration response spectrum.
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Fig. 11. Time history response of acceleration (1f, 2f, and 3f
from bottom graph, respectively).
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vibration period with isolator becomes long and the
inter-storey deflection decreases, which implies that
the fiber-reinforced elastomeric isolator is quite effec-
tive for protecting buildings under earthquake excita-
tion. To investigate the dynamic behavior of base-
isolated building structures with fiber-reinforced elas-
tomeric isolators, investigations according to the ver-
tical and horizontal stiffness of the isolator, the mode
shape responses, the inter-storey absolute acceleration
responses and the shear force responses have been
carried out. Also, in order to examine the dynamic
responses according to acceleration magnitude, the
acceleration of the El-Centro (NS) wave was used
from half- to two-times magnitude of peak ground
acceleration of the El-Centro’s data (namely 439gal).
The mode shape is plotted in Fig. 12 where it is ob-
served that the second and third order modes are
comparatively lower within 5% of the first order
mode. The figure indicates that the first mode is

& 1st Mode
@ 2nd Mode
< 3rd Mode
1
\‘\“\‘\()(]‘\‘\
-04-02 0 02 04 S0 100 Xt0*m/m
Fig. 12. Mode shape.
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Fig. 13. Absolute time response.
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clearly dominant and the building superstructure
moves without torsion. Fig. 13 shows that the abso-
lute acceleration responses of 1f, 2f, and 3f are almost
the same with varying isolator stiffness. The analysis
with low stiffness implies that the dynamic analysis
for low stiffness isolators such as nylon FREI and
also high stiffness ones indicate the case of carbon
FREL It is observed that in low stiffness cases, the
absolute acceleration response is comparatively low.
The inter-storey shear forces are compared for vary-
ing isolator stiffness, and the results are shown in Fig.
14. The figure indicates that the shear forces are high
at lower storeys, which means that the possibility of
collapse is high for comparatively low storeys. Also,
it is observed that at low stiffness values, the shear
force is low. Fig. 15 shows the absolute acceleration
response for various accelerations, and it is observed
that the absolute acceleration increases when high
magnitude accelerations are applied.
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Fig. 14. Shear force response of each storey.
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5. Conclusions

The analytical seismic response of multi-storey
buildings isolated by fiber-reinforced elastomeric
isolators is investigated under strong earthquake con-
ditions. The recorded earthquake wave El-Centro
(NS) is used to investigate the variation of the top
floor acceleration and bearing displacement of an iso-
lated building. The response of the isolated building
structure is plotted under different magnitudes of
earthquakes. From the results obtained, certain trends
and conclusions may be drawn. As the frequency of
the building structure increases, accordingly the inter-
storey deformation decreases. FREI with low stiffness
fiber such as nylon shows low acceleration responses,
but on the other hand with high stiffness such as ob-
tained using carbon fiber shows high acceleration
responses. The motion of the building superstructure
with isolator is smoother than that without an isolator.
The value of the acceleration responses increases in

accordance with the magnitude of the earthquake input.

Parametric studies indicate that both inter-storey de-
formations and floor accelerations increase with the
strength of the earthquake. In order to ensure low ac-
celeration responses, comparatively high damping
isolators are suggested as potential practical protec-
tions mechanisms of building against strong earth-
quakes. The results reported herein could provide a
better understanding to develop more advanced fiber -
reinforced elastomeric isolators. Moreover, it is be-
lieved that this study can be utilized to provide the
dynamic properties of fiber-reinforced elastomeric
isolators.

Acknowledgment

This work has been supported by the Korea Sci-
ence and Engineering Foundation (KOSEF) NRL
Program grant funded by the Korea Government

(MEST) (No. ROA-2008-000-20017-0). Also the last
author would like to acknowledge the partial support
by grants-in-aid for the National Core Research Cen-
ter program from MOST/KOSEF (No. R15-2006-
022-02002-0).

References

[1] J. M. Kelly, Seismic isolation of civil buildings in
the USA, Progress in Structural Engineering and
Materials, 1 (3) (1998) 279-285.

[2] A. Martelli and M. Forni, Seismic isolation of civil
buildings in Europe, Progress in Structural Engi-
neering and Materials, 1 (3) (1998) 286-294.

[3] T. Fujita, Seismic isolation of civil buildings in
Japan, Progress in Structural Engineering and Ma-
terials, 1 (3) (1998) 295-300.

[4] J. M. Kelly, Earthquake-resistant design with rub-
ber, Second Ed. Springer, London, U.K., (1997).

[51 J. M. Kelly, Analysis of fiber-reinforced elastomeric
isolators. J. Seismol. Earthquake Eng., 2 (1) (1999)
19-34.

[6] B. Y. Moon, G. J. Kang, B. S. Kang and J. M. Kelly,
Design and manufacturing of fiber reinforced elas-
tomeric isolator for seismic isolation, J. Mater.
Process. Technol, 130/131 (2002) 145-150.

[7] B. S. Kang, G. J. Kang and B. Y. Moon, Hole and
lead plug effect on fiber reinforced elastomeric iso-
lator for seismic isolation, J. Mater. Process. Tech-
nol., 140 (2003) 592-597.

[8] J. M. Kelly, Analysis for fiber-reinforced elas-
tomeric isolators. Annual Report to Engineering Re-
search Center for Net-Shape and Die Manufactur-
ing Pusan National University Korea. (2000).

[9] B. Y. Moon, G. J. Kang, B. S. Kang and K. S. Kim,
Design and experimental analysis of fiber reinforced
elastomeric isolator, Transactions of the KSME, A.,
26 (10) (2002) 2026-2033.



Gyung-Ju Kang received a
B.S., M.S. and Ph.D degrees in
Aecrospace Engineering from
Pusan National Univer-sity,
Korea, in 1997, 1999 and 2005,
respectively. Dr. Kang’s re-
search interests are in the area
of seismic bearing design, base

isolation, cold forging, and steel structure.

G. J. Kang and B. S. Kang / Journal of Mechanical Science and Technology 23 (2009) 1132~1141

%

1141

Beom-Soo Kang received a B.S.
degree in Mechanical Engineer-
ing from Pusan National Univer-
sity, Busan, Korea in 1981. He
then went on to receive his M.S.
degree in Aerospace Engineer-
ing from KAIST (Korea Ad-

vanced Institute of Science and Technology) Seoul,
Korea, in 1983 and Ph.D. degree in Mechanical Engi-
neering from University of California at Berkeley in
1990. Dr. Kang is currently a Professor at Department
of Aero-space Engineering at Pusan National Univer-
sity. He is currently serving as the Director of ILIC
(Industrial Liaison Innovation Cluster). Dr. Kang’s
re-search interests include flexible forming, un-
manned system design, multi-stage deep drawing, and

cold forging.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


