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Dynamic Response of Fixed-baseCore-tube and
Base-isolated Frame Structure Subjected to
Strong Earthguake Motions
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Abstract—Considering the merits and limitations of energy
dissipation system, seismic isolation system and suspension system, a
new earthquake resistant system is proposed and is demonstrated
numerically through a frame-core structure. Base isolators and story
isolators are installed in the proposed system. The former “isolates”
the frame from the foundation and the latter “separates’ the frame
from the center core. Equations of motion are formulated to study the
response of the proposed structural system to strong earthquake
motion. As compared with the fixed-base building system, the
proposed structural system shows substantial reduction on structural
response.
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|. INTRODUCTION

ONVENTIONAL earthquake resistant systems rely on

strengthening  key structural members to resist the
horizontal force due to earthquake and to avoid collapse (e.g.
capacity design). Recently, other structural systems have been
introduced to reduce the structural response and possible
damage by absorbing the earthquake energy and/or
counteracting the damaging earthquake. These systems include
energy dissipation system, seismic isolation system, and other
systems.

Energy dissipation systems are designed to use dampers and
corresponding amplification devices to provide supplemental
damping to structures [1]-[3]. Commonly used dampers
include, but are not limited to, metallic dampers, friction
dampers, viscoelastic dampers and fluid dampers [1, 4].
Generally speaking, energy dissipation dampers can increase
structures energy dissipation ability to reduce structural
response to earthquakes. However, it has been pointed out by
many researchers these dampers have some disadvantages [1].
For example, fluid dampers, viscoelastic dampers and friction
dampers may have reliability problems and replacement is
necessary for metallic dampers after earthquake [1]. In
addition these energy dissipation dampers and corresponding
amplification devices can be invasive and may adversely affect
the useable floor area.

Seismic isolation systems have been introduced to reduce
low-rise buildings response and possible damage. Generaly
speaking, seismic isolation systems comprise one or several
types of seismic isolators and energy dissipation devices.
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These seismic isolators and devices are usually installed
between the foundation and base floor to provide small lateral
stiffness to shift the building's predominant frequency away
from dangerous resonance [5]. Although seismic isolation
systems have many successful applications in low-rise
buildings, it is usually considered that seismic isolation
systems are less effective for high-rise buildings [6]. One
reason is seismic isolators are deficient in providing
overturning resistance and have limited abilities to bear tensile
stresses. Y et, tensile stresses and overturning may occur when
a high rise building is under strong earthquakes [7]. Previous
observations have also proved the ineffectiveness of seismic
isolation systems in high-rise base-isolated buildings. An
example is the MT building in Sendai City, a base-isolated
high-rise building in Japan. The acceleration data recorded at
the 18th floor of this building during the off Miyagi earthquake
on May 26, 2003, are larger than ground acceleration [8]. In
addition, tall base-isolated buildings could be sensitive to wind
excitations which may cause habitability problems[9].

Besides the above mentioned two structural systems, many
suspended buildings have been built (eg. Westcoast
transmission building, Vancouver, Library of Tongji
University, Shanghar and Standard Bank  Centre,
Johannesburg), in the past few decades. A suspended building
is mainly composed of three parts, namely, main load-bearing
part (e.g. one or more core-tube), suspenders (e.g. cantilever or
truss) and suspended part. The main load-bearing part provides
vertical and lateral resistance capability for the suspension
system. Mezzi [10] summarizes three different suspended
buildings schemes which are (A) rigid connected system, (B)
pin connected system by cable and (C) pin connected system
by a balancing beam or truss with cable. Recently a core-
suspended isolation system comprising a concrete core and a
suspended structure is proposed and constructed in Tokyo,
Japan [11]. At the top of the center core is a double layer
rubber bearing which supports a suspended frame [11]. Studies
on this core-suspended isolation system show response of the
suspended part is reduced and the response of the core is
amplified [11].

Without connecting to ground, the suspended part of a
suspended building can be separated from ground motions and
thus improve this part’s earthquake behavior. But a suspended
building doesn't have multi-defense lines. So, a single failure
of one critical member or one joint in the suspender could lead
to progressive collapse [12].

Mar and Tipping [13] proposed a smart frame story
isolation system which consists of a gravity bearing frame and
alateral load resisting frame. The two frames are connected by
an assembly of springs and passive dampers. The smart system
can be tuned (e.g. changing the stiffness and damping of the
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springs and passive dampers) to optimize the grérame’s
fundamental periods and to reduce the frame’s respdo
earthquake [13].

In this study, a new earthquake resistant systemt wi

performance compatible to the above-mentioned ssstis
proposed. As schematically shown in Fig. 1, theppsed
system includes a lateral resisting core-tube anttase-
isolated frame. Response of the new system subjéztstrong
earthquakes is studied as follows.

I1. PROCEDURE FORPAPER SUBMISSION

Representing a simplified thirty storey commerdiailding,
structural scheme of the fixed-base core-tube @se-isolated
frame system proposed in this paper is shown in Eidt is a
tube-frame system which comprises a fixed-basefareiad
concrete center core and a base-isolated framenatg@ids.
The fixed-base core-tube and the base-isolated eframe
connected at each floor level by story isolatordctvhare
replaceable and acting as energy dissipation dewdeen
subjected to winds or earthquakes. Similar eneigsifhtion

method was studied by Luoc and De Barros [14]. They

proposed a structural system which comprises fiestiernal
structure and a flexible internal structure. Thivge structures
are connected by dampers to reduce seismic respbhsby
absorbing energies.

Cross-sections of the columns and beams used sméw
structural system are 1mx1im and 0.6mx0.6m, respheti
Floor system uses traditional two-way beam-slabstantion
of 200 mm thickness. Grade C40 concrete is assamédhe

Modulus of elasticity is 32.5 GN/nlt has a total mass of

3.63x10 ton and a total weight of 355.74 MN.
The load transferring mechanism is as follows:
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Fig. 1 Arrangement of fixed-base core-tube and fissated frame
structure: (a) Typical plan (b) Elevation (c) Basaators (d) Storey
isolators connected to core-wall

A. Core-tube Model

The fixed-base core-tube can be seen as coupled shds
which bear both flexural deformation and shear deéion.

(1) Both the center core and the isolated frame wi§° in this study, Timoshenko beam [15] is usedrmte the

contribute to transfer the gravity load.

(2) The center core will provide the necessary rédte
stiffness to limit the lateral deflection and teepent possible
wind induced oscillation.

(3) Under earthquake action, core-tube will beghacipal
lateral load resisting system and the frame wilpb&tected by
the base isolators. The storey isolators can dissipnergy to
reduce response.

I1l. ANALYTICAL MODEL AND EQUATIONS OFMOTION

It is assumed that the fixed-base core-tube ane-isatated
frame structural system is subjected to ground onoith one
direction only. Without considering torsional effecthe
proposed system can be simplified to a two dimeraio
model. In the analysis, the core-tube and the fraane
assumed to behave linear elastic throughout thairiga
history.

fixed-base core-tube taking first-order shear dwufdion
effects into consideration. So Timoshenko beam efesare
chosen to simulate the core-tube in this papersk®yn in
Fig. 2, the core-tube is divided into a number ejreents at
each floor level.

These segments are connected at nodal points.

1. Timoshenko Beam Element

Suppose the Timoshenko beam element lengthl, is
transverse displacement is and bending rotation i® at x
place (as shown in Fig. 3 (a)), and simple linehape

functionsN;=1-x/I andN;=x/I are used. Then the Timoshenko

element’s consistent mass matrix [15]-[17] is

A 0 18/ o
|; " 0 Ve (1)

Ié/
0 3 0
IV IV
6 0 /3
wherep is the density of the core-tub,is the section area
andl is the moment of inertia.

M€=p
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Fig. 3 Timoshenko plane beam element: (a) Timoshd@am
(a) (b) (c) element (b) Timoshenko beam section
Fig. 2 Core-tube and simulation model: (a) Corest(lh
Timoshenko beam model (c) Model in ETABS 2. Equations of Mation of Core-tube
The vertical Timoshenko beam elements are assdntble
Element stiffness matrix [15]-[17] is yield the following equations of motion [16, 20]:
Ke=Kg+K¢ @ McXe+CoXc+KeXe==MglcXq ()
0000 Where X, Xcand X. are acceleration vector, velocity
Wherng= | 8 é 8 61 is stiffness related to vector and displacement vector of the core-tubspeetively.
0-10 1 Subscript ¢ denotes core-tube.

M., C.and K. are mass matrix, damping matrix and stiffness

bending deformation. matrix of core-tube, respectively.

}/ % _}/ % Xg is the ground acceleration.
I L — T
/ Position vectot .= (1,010---10)" .
Ks=UGA] / % 4 % 4 lis stiffness related to . ¢ ( ) ) : ,
% Rayleigh damping is adopted with the first and selco
}/ / }/ / modal damping ratio&; at 0.03.
6 /4 2 /4 Seismic response of the core-tube (e.g. acceleratio
shear deformation. velocity, and displacement at any time t) can b&iokd by

whereE is Young's modulusG is shear modulus andis the ~ solving (5) using the Newmark-method [21]. The numerical
shear coefficient of the Timoshenko beam [15]-[1Fgr thin procedure has been programmed using MATLAB softvioyre
walled hollow rectangular section, the shear coigffit is the authors.

10(1+v ) (1+3m)? .

= OL+V)C 5 ) in which Vis the Poisson 3. Model Validation
Py +UP, +10mn< (3+r+3m) To verify the reliability of the Timoshenko beam deb,
ratio [18, 19]. The two coefficients andp, can be calculated dynamic response of a 90m high core-tube subjettiei|
by the following two equations [19]: Centro earthquake is calculated by using the alsowstions
_ 2 3 and compared with the results in ETABS. Shell elemare
P =12+72m+150m" +90m () used to simulate the core-tube in ETABS as showRign 2
Py =11+66m+135m2 +90m°> @) (c). The maximum shell element size is 0._833m><0_.'5ah1|e 1

compares the periods and the maximum displacements
tx(ly_ty) . computed by the two methods.

Where coefficient™ equals to and coefficient

t (| +t ) The maximum difference is less than 1%. As shown,
yrx X Timoshenko beams can be used to simulate fixed-base
|y —ty _ __ tube with high accuracy.
Nequals to——= in which t, ,ty,IX .ty are section sizes
x Ty TABLE |
as shown in Fig. 3 (b). In this study, thicknesshef coretube PERIODS DISPLACEMENTS COMPARISON
is0.4m TimoshenkcBeamMode ETABS Error
’ ' Fundamental period( 1.948"'m 0.92¢ 0.22%
Second period( 0.323(m 0.322 0.45%
Maximum top floor displacement 0.4121m 0.412 -0.08%
Minimum top floor displacement -0.3746m -0.3750.00%
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B. Base-isolated frame model

The base-isolated frame is modeled by a multi-cegof
freedom floor shear model. Masses and lateralnesf are
given in Table 2. The masses are assumed to beetlirap
each floor level.

Natural rubber bearings and lead rubber bearingsuaed
as base isolators in this paper. Lateral stiffnassbase
isolation layer is the sum of the lateral stiffne$§sotal natural
rubber bearings and the total initial stiffnessledd rubber
bearings or the sum of the lateral stiffness o#ltatatural
rubber bearings and the total post-yield stiffrefsigad rubber
bearings. Fig.4 (a) shows a typical hysteresis lofop natural
rubber bearing subjected to sinusoidal force. Téeivalent
damping ratio for natural rubber bearings is assltode 3%.
Lead rubber bearings are modeled by bilinear md@els23].
As shown in Fig. 4 (b), the properties of the leatber
bearings are defined by 3 parameters: total lednbeu
bearings yield forcdy, total initial shear stiffnesk; and post

yield shear stiffnesk,. Total initial shear stiffness of the lea

rubber bearings is assumed to be 10 times the ypeldt-

stiffness [24] which meang=10k; in this paper. The frame’s

lateral stiffness is provided by axially inextersilzolumns
and is calculated bp-value method [25].

TABLE Il
MASSES AND LATERAL STIFFNESS AT EACH FLOOR LEVEL

Mass (ton) Lateral Stiffness (MN/m)
Ground floo 1.04976 x1° Total base isolator stiffne
Other floor: 1.17936x1° 2.211x168
Top flool 1.04976 x13 2.211x1¢
F F

ko
ky
D ? D
(a) (b)
Fig. 4 Models of natural rubber bearings and ledober bearings:

(a) Hysteretic shape of natural rubber bearing8{liear model of
lead rubber bearings

Equations of motion [20] of the base-isolated frazae be
written in the following form:

M X¢ +Ct Xt +K¢ X +R.==M¢ I Xg (6)

I+ is a unit vector.

M;:,C; and K;iare mass matrix, damping matrix and
stiffness matrix of the base-isolated frame, retpely.

M= O e )
0 0 0 mg
Where My, M, ..., Mgpare masses at each floor level.
k2+kNRB _k2 0 0
k2 k2+k3 _k3 t O
{K}f: 0 -ks kgtks -+ O (8)
: : .0
0 0 0 0 kg

Where Kyrgis the total natural rubber bearing stiffness at

gisolation layer an#,, K3 ..., Kzpare lateral stiffness at each

floor level.
Rayleigh damping is adopted for the frame abovkigm

layer with the first and second modal damping safiQrg at
0.03. Stiffness proportional damping is adopted at isofat

2
layer (i.e. mkNRB)- Total base isolator stiffness is
UWsolatior

used to calculate the first circular frequency bé tbase-
isolated framé&Jsolation -

C.Model of the proposed structural system and equations of
motion

Fig. 5 shows the simplified analytical model of fireposed
structural system. The core-tube is modeled by dicet
cantilevered beam and the base-isolated frame delad by
floor shear model. Lead rubber bearings are dedigsestorey
isolators to connect the frame and core-tube a$ aglto
absorb energies. These storey isolators are sieduldly
bilinear model.

Equations of motion [20] of the proposed structagdtem
as shown in Fig. 5 are in the form of:

MX +CX +KX +R_rg =—MI¥q

Where mass matrix M={MC 0

0 M¢
. ~_|C. O
matrGC—{0 Cf}

©)

} and damping

WhereX; , X¢ and X; are acceleration vector, velocity RLRB is @ vector representing the nonlinear restorangef of

vector and displacement vector of the base-isoldtanhe,
respectively.

Subscriptf denotes the frame.

R, is a vector representing the nonlinear restorimgefaf the
lead rubber bearings at base isolation level.

the lead rubber bearings at base isolation layer.
i I
Position vectol ={| C} .
f
Ke+KE

KSi

Stiffness matriXX = i

si .
K } in which Kg',
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KS  and KfSiare three components and supers@ipt

denotes storey isolators.
These three storey stiffness matrix can be calkedlay the
following three equations:

k¢ 0 0 0--- 00
000O0-- 00O

. |0 0kj0- 00

{K}¢=y0 00000 (10)
oo .00
000O0O0KkgGO
00000 00,

Where Kg; is the total storey isolator stiffness at eactorflo

level. It should be noted thadtg; equals to the initial stiffness

of the total storey isolators when in elastic reagémd equals to
the post-elastic stiffness of the total storeydsmis when in
post-elastic region.

ks O - 0O
0O 0 -~ 00
g 0 kg - 00

{K}=10 0 .- 00 a1
0 0 kg O
0 0 -+ 0 0]y
kg O - O

TR 12
0 0 - Ky 30x30

.ﬁ_fli m,
Ko |
& | |
/ My.1
n-1) :
K Lﬂﬂ_l -
.ﬁ M2
K" Lﬂﬂ_z ko
v v
Ko
Cs ks
‘—57 m
K@ . L}j—\
o ||
.—%’ m
KD |
isolation kisolation
e s

Fig. 5 Analytical model

Since bilinear model is used to simulate lead rubbe
bearings, it is more convenient to rewrite (9) meremental
form:

MAX +CAX +KAX +AR=—MI 4%,

WheredX , AX , AX and AXg are respective system’s

acceleration increment vector, velocity incremergctor,

displacement increment vector, and ground accéberat
increment. All elements ofJR equal to zero except the 61th
onedr which represents restoring force increment. The

restoring force Arequals tK rpDXsolation  and

K| rp equals to initial stiffness when the lead rubbeares

at isolation layer are elastic and post-yield s&ffs when the
lead rubber bearings at isolation layer are inphbst-elastic

region. Misolation iS displacement increment of the isolated

frame at base isolation layer.

Equation (13) is solved using the Newm@rkaethod [21],
and responses (e.g. acceleration, velocity andatisment) at
any time t can be obtained numerically. In the ysig) center
core and frames are assumed to behave linearlyticelas
throughout the loading history and lead rubber ingar
behave nonlinearly by bilinear model.

(13)

IV. EARTHQUAKES INPUT AND ISOLATOR PARAMETERS
A. Earthgquakesinput

The building group is assumed to be located in diune
soft area with seismic intensity at the VIII degrée
accordance with the Chinese code [26]. Three ecaaltep
used in this paper are the I-ELC180 component gdfelmal
Valley 1940 earthquake recorded at El Centro, TAF11
component of Kern County 1952 earthquake recordehé
Lincoln School, TAZ090 component of Kobe 1995 equidke
recorded at Takarazuka station, respectively. Pgakind
accelerations of the earthquake records are sdaletin/s2
representing rarely occurred earthquakes.

B.Baseisolators and story isolators

Fig. 6 shows the displacement response spectra%at 5
damping ratio. It's observed that for Kobe earthgudhe
suitable period is larger than 4 seconds, for Ehtfe
earthquake the suitable period is around 4.8 se;aamt for
Taft earthquake the displacement response remdatdes
when period varies from 2 seconds to 4.2 secondsn khe
above observation, it is concluded that the suwetgd®riod is
around 4 seconds.

In order to set the fundamental period of the systeound
suitable period 4 seconds, 28 LNR-D1200 isolatard 4
LRB-D1200 isolators are designed to act as badetiss and
124 LRB300-60 isolators are used as story isolasrshown
in Table 3 and Fig. 1 (c). When the initial stiféseof all lead
rubber bearings is used the fundamental periodeo§ystem is
3.22 seconds, and when the yielded stiffness déatl rubber
bearings is used the fundamental period of theesyss 4.77
seconds. For equivalent stiffness of the lead rulbearings,
the system’s fundamental period is around 4.23rs#x0

592



International Journal of Architectural, Civil and Construction Sciences
ISSN: 2415-1734
Vol:6, No:8, 2012

S 45

:,C: 40 - El Centro
g 35 —. Taft

§ 30 Kobe

o

2

a

~

0 1 2 3 5 6

Periods)
Fig. 6 Displacement response spectra for the thesign earthquakes
at 5% damping ratio

TABLE Il
MECHANICAL PROPERTIES OF ISOLATORS

ki (MN/m) k; (MN/m) f, (KN) Capacity (MN)Total Amount

LNR-D1200 1.838 - - 16.965 28
LRB-D120C 18.7¢ 187¢ 360.¢ 16.96¢ 4
LRB30(-60  4.3% 0.43¢ 25.4¢ 0.707 124

V. RESULTS AND COMPARISON

Equation (16) is solved by Newmagk-method in
MATLAB. In consideration of the nonlinear propedief the
base isolators, small time interval = 0.01/100 = 1x10s is
used.

A. Results of analysis

Fig. 7 shows the maximum drift of the core-tube anel
frame at each floor level. Maximum drifts of theredube
occur at the top floor level. The maximum driftstbé core-
tube under the three earthquakes are 11.58mm, hh02nd
8.54mm. The corresponding storey drift angles ai2b9,
1/250 and 1/351, respectively.

The maximum drifts of the frame occur around thedte
of the frame and the values are 5.05mm, 6.16mn6aB&MM.
Corresponding storey drift angles are 1/594, 1/48d 1/459,
respectively.

Fig. 8 shows the maximum relative displacement betw
the core-tube and the frame at each floor leveé Maximum
relative displacement between the core-tube andfrdmae
occur around the fourth floor level. The maximuniues are

129.16mm, 140.92 mm and 90.50 mm under the three

earthquakes, respectively. These values are lems the
design seismic joint width at 311.5 mm accordindCtunese
Code for Seismic Design of Buildings [26].

Floor No.
Floor No.

=g E| Centro
=l Taft
Kobe

=== EI Centrc
i Taft
1 Kobe

0 —

¢ 1 2 3 4 5 6 7
Storey drift (mm!

(@) (b)
Fig. 7 Maximum story drifts: (a) Core-tube (b) Fam

Storey drift (m

Fig. 9 shows the maximum relative displacement hef t
frame with respect to ground. It is observed thatrhaximum
displacement occurs at the top floor level and ntbam 50%
of the largest displacement occurs at base leved.Maximum
displacements at the base are 122.68 mm, 134.8%anun
87.29 mm, respectively. These values are far tleas the
displacement limit of the base isolators whichG® énm.

3¢,

Floor No

=g E| Centr
e Taft
Kobe

25

2

15

1

10C
Displacement (mm)

15C

Fig. 8 Maximum relative displacement between the-¢obe and the
frame against floor level

3¢,

Floor No

=g E| Centr
el Taft
Kobe

[o) I—

LAL

12 15C 18C 21C 24C
Displacement (mm)

60 90

Fig. 9 Maximum displacement against floor level

B. Comparisons

Fig. 10 shows the ETABS model of the fixed-baseetub
frame structure corresponding to the structuralesysstudied
in this paper. This system is similar to the abawentioned
new tube-frame system but without any base isdadod any
story isolators. The fundamental period of thislding is
2.237s. It should be noted that in the ETABS mode
damping ratio for the ith mode is defined as
& =al(2a)+ Bey 12in which ¢y is the circular frequency
of the ith mode anda@ and [ are two coefficients for
Rayleigh damping [20].

Table 4 compares the maximum base shear, maximifim dr
and maximum acceleration of the new system withsého
obtained from corresponding fixed-base earthquasistant
system by ETABS. The following can be observed: the
maximum base shear is reduced by more than 65%, the
maximum drift is reduced by more than 55%, and the
maximum acceleration is reduced by more than 80%. A
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compared with the fixed-base building, the new citmal
system shows substantial reduction on structurgpaese to
earthquake motion.

TABLE IV
RESPONSE COMPARISON
) Proposed Percentage
Fixed Tube-frame Systen Reductior
Maximum E! Centro 72.01 MN 20.70 MN 71.25%
base shear 1aft 62.92 MN 20.99 MN 66.64%
Kobe 59.90 MN 15.68 MN 73.82%
Maximum El Centro 22.06 mm 5.05 mm 77.11%
drift Taft 15.63mm 6.1€ mm 60.58%
Kobe 15.0(mm 6.5 mm 56.47%
Maximum E} Centre 7.67 m/sz 1.15€ m/& 84.93%
acceleration T2t 8.4z m/s 1.55: m/< 81.60%
Kobe 7.5€ m/s? 1.37:m/s 81.84%

VI. CONCLUSIONS

Energy dissipation systems, seismic isolation systnd
suspension systems have their individual uniqudufes.

These three systems have been studies by tremendous composite tall building modelled by two interconteet shear beams,

researchers and there are many successful applisati the
past decades. Incorporating the merits of thesethystems, a
new earthquake resistant system namely composgd-fhase
core-tube and base-isolated frame structural sysism
proposed in this paper. Base isolators are selectearding to
the displacement response spectra for three desighquake
waves and are designed to protect the frame frawngt
earthquakes. Story isolators are designed to peoladeral
resistance and dissipate energy from serious esmkes or
winds. Equations of motion are formulated to stuthe
response of the new system to strong earthquakemsotAs
compared with the corresponding fixed-base buildthg new
earthquake resistant system shows substantial tieduon
structural response to earthquake motions.
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