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Abstract. Seismic isolation systems have been used to retrofit existing buildings. However
seldom studies have focused on retrofit existing building groups by isolation system. This study
uses base isolation technologies and story isolators to retrofit an existing tube connected building
group. Base isolators are designed to protect the frames from strong earthquakes. Story isolators
are chosen to provide lateral resistance and dissipate energies from serious earthquakes. Equations
of motion are formulated to study the responses of the new building system to strong earthquake
motions. Simulation results show the maximum drifts of the tubes and the maximum drifts of
frame are very small. Maximum relative displacement between the tube and frame is much less
than the seismic joint limit.
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1. Introduction

Seismic isolation systems isolate structures from strong ground motions so as to reduce the
energies transmitted from the ground to the structures and reduce the structural responses [1].
Seismic isolation technologies have been widely used to retrofit existing buildings [2-4]. For
example Los Angeles City Hall, San Francisco City Hall and Oakland City Hall have been
strengthened by seismic isolation systems [5-7]. Generally speaking, the retrofit process includes
four steps: (1) set up temporary system to support the building to be retrofitted; (2) cut the original
support elements (e. g. columns) at isolation level; (3) install the isolation devices; (4) remove the
temporary support system [8, 9]. Sometimes it is necessary to construct a new raft to connect all
seismic isolators together to form a base isolation layer [8, 9].

Conventional seismic isolation system isolates only one building structures. There are limited
studies on strengthening an existing building group. There are two main differences between
retrofitting an individual building and retrofitting a building group. The first one is that a building
group usually is bigger and heavier. As a result, it is rather difficult to temporarily support a
building group. The second difference is since generally speaking a seismic isolated building has
large lateral displacements during strong earthquakes, pounding may occur within a building
group retrofitted by seismic isolation systems. So it is necessary to take measures (e. g. connection
dampers) to avoid pounding within a building group.

This study focuses on retrofitting a special type of building group by base isolators and story
isolators. The building group consists of buildings connected by several circular tubes which act
as entrance and exit passages. The Hong Kong Polytechnic University building group is similar
to this type of building group. Except that there are no base isolators and story isolators, Fig. 1
schematically shows the building group before retrofitting. Corbels of the tubes support the floors
of the two frames at connection regions. Such a building group is rather complicated to be
temporarily supported and it is dangerous to horizontally cut the tubes to install seismic isolation
devices. On the other hand, tube structures are commonly considered as good in resisting lateral
forces [10]. Consequently, this study proposes to use base isolation systems to protect the frames
and to use story isolators to link the tubes and frames to reduce large seismic responses and prevent
poundings between the tubes and frames. The following mainly include three parts: first, the
retrofit scheme is stated; then reduced order analysis model is established and numerical
simulation results are analyzed at last.
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2. Retrofit scheme

The retrofit scheme is schematically shown in Fig. 1. Details of story isolators are shown in
Fig. 2. As compared with the original building group, in the new system (a) base isolators are
installed at ground level to protect the frames above these seismic isolation devices; (b) the
connection between the tubes and ground remains intact; and (c) the fixed-base tubes and the
seismic isolated frame are connected at each floor level by story isolators. The story isolators are
replaceable and acting as energy dissipation devices when subjected to winds or earthquakes. The
story isolators can both absorb energies and transmit the weight of the frames to the tubes.
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Fig. 1. Tube connected building group

The load transferring mechanism is as follows:

(1) Both the tubes and the isolated frame transfer the gravity load. The pressure caused by the
weight of the frame transmitted to the tubes benefits the tubes by eliminating or reducing the
vertical tensile stress in the tubes when the tubes are subjected to lateral forces.

Floor

Beam

Story isolator

Corbel

Tube
Fig. 2. Story isolators connected to tube wall

Corbel

(2) Under wind loading, tubes will provide the necessary lateral stiffness to limit the lateral
deflection and to prevent possible wind induced oscillation.
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(3) Under earthquake motion, tubes will be the principal lateral load resisting system and the
frames will be protected by base isolators. The story isolators can dissipate energy to reduce
responses.

3. Analytical model

Assuming the new building system is subjected to one direction ground motion and without
considering torsional effects, then the system can be simplified to a two dimensional model. In
analysis the tube and the frame are assumed to be linear elastic throughout the loading history.

3.1. Tube model

Elastic tube can be modeled by beam elements [11]. The classical beam model can simulate
bending moment effects on deformations without transverse shear effect. The Timoshenko model
developed the classical beam theory with first-order shear deformation effects with the assumption
that cross sections remain plane and rotate about the same neutral axis as in the classical beam
model, but do not remain normal to the deformed longitudinal axis [12]. The tube bears both
flexural deformation and shear deformation when subjected to lateral forces. The Timoshenko
beam elements are therefore chosen to simulate the tube in this study. As shown in Fig. 3, at each
floor level the tube is divided into a number of segments which are connected at nodal points.

Floor n

Timoshenkofbeam element

simplified into >

Floor 3

Timoshenkojbeam element

e

(a) Core tube (b) Cantilevered beam (c) Model in ANSYS
Fig. 3. Tube and simulation model

3.1.1. Timoshenko beam element

Suppose the Timoshenko beam length is [, transverse displacement is u, bending rotation is 6
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at x place (as shown in Fig. 4(a)), simple linear shape functions N; =1 —x/land N, = x/l are
used, then the Timoshenko element’s consistent mass matrix [12] is:

14/3 0 14/6 0
0 u/;3 o /e
e
“Pliaze 0 1473 0 ( @
0 u/6 0 U3

M

where p is the density of the tube, A is the section area and I is the moment of inertia [12, 13].
Element stiffness matrix is:

0 0 0 0 1 l/2 -1 l/2
El')o 1 0 -1 uGA!z/z 12/4 —1/2 12/4l
e e e _ ___ _
K*=Ks + K, = 70 o o of(t 7 )1-1 -1/2 1 =1/2( @)
0 -1 0 1 1/2 1?/4 -—1/2 1?/4

where E is Young’s modulus, G is shear modulus and u is the shear coefficient of the Timoshenko
beam. For the thin walled hollow circular section, the value of shear coefficient is

_ 6(1+9)(1+m?)? . . . . . _
K= Grenarmbir@orizayme N which 9 is Poisson ratio [12, 13]. The coefficient m equals to

Z—: in which d, t are section size as shown in Fig. 4(b).
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Fig. 4. Timoshenko plane beam element

3.1.2. Equations of motion of the tube

All the vertical Timoshenko beam elements can be assembled to yield the following equations
of motion [14]:

M X, + C X, + K X, = —MI.%,, 3)

where superscript t denotes tube. X,, X, and X, are acceleration vector, velocity vector and
displacement vector, respectively. M,, C, and K, are mass matrix, damping matrix and stiffness
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matrix of the tubes, respectively. X, is the ground acceleration. Position vector
I, = {1,0,1,0,---1,0}".

Rayleigh damping is adopted with the first and second modal damping ratios at 3 %.

Seismic responses of the tube at any time t can be obtained by solving the equations of motion
numerically using the Newmark-8 method [14]. The numerical procedure has been programmed
using MATLAB software.

3.1.3. Error of the tube model

To verify the reliability of the proposed tube model, dynamic responses of the tubes in Fig. 1
subjected to three earthquakes are computed by solving Eq. (3) with MATLAB. The three
earthquakes are shown in Table 1 [15-18]. Peak ground accelerations of the earthquake records
are scaled to 4 m/s? representing rarely occurred earthquakes. The height, diameter and thickness
of the tube are respectively 36 m, 6 m and 0.4 m.

Table 1. Earthquake records used

Earthquake Station Component | Year | Predominant periods (s)
Imperial Valley | El Centro 180 direction | 1940 0.08~0.54
Kern County Taft Lincoln school | TAF111 1952 0.16~0.44
Kobe Takarazuka TAZ090 1995 0.16~0.48

Tube structures can be accurately analyzed by shell elements [19]. To investigate the accuracy
of the proposed tube model, responses of the same tube subjected to the above three earthquakes
are also analyzed by shell elements in ANSYS. Fig. 3(c) gives the simulation model in ANSYS.
The maximum shell element size is 0.5 mx0.5 m. Table 2 compares the periods and the maximum
responses of the tube computed by two methods in the same horizontal direction. The maximum
difference is less than 6.60 %. The above indicates that Timoshenko beam elements can be used
to approximately simulate the tubes.

Table 2. Error of the Timoshenko beam model

(A) ANSYS | (B) Timoshenko beam model | Error
Fundamental period 0.3221 s 0.3204 s 0.53 %
Period for the second mode 0.0626 s 0.0617 s 1.44 %
Maximum displacement under El Centro | 44.50 mm 44.05 mm 1.01 %
Maximum acceleration under El Centro | 19.55 m/s? 18.26 m/s? 6.60 %
Maximum base shear under El Centro 7.32 MN 7.29 MN 0.42 %
Maximum displacement under Taft 56.47 mm 58.85 mm -4.21 %
Maximum acceleration under Taft 21.41 m/s? 20.93 m/s? 2.24 %
Maximum base shear under Taft 8.82 MN 9.12 MN -3.42 %
Maximum displacement under Kobe 34.77 mm 36.42 mm -4.73 %
Maximum acceleration under Kobe 11.99 m/s? 11.80 m/s? 1.56 %
Maximum base shear under Kobe 6.35 MN 6.69 MN -5.39 %

3.2. Model of connection isolators

Lead rubber bearings are installed in the structural system acting as story isolators. Lead rubber
bearings can be modeled by Bouc—Wen models [1, 20]. The properties of the lead rubber bearings
are defined by 3 parameters: total lead rubber bearings yield force £, total initial shear stiffness
k; and post-yield shear stiffness k,,. Total initial shear stiffness of the lead rubber bearings is
supposed to be 10 times the total post-yield stiffness (i. e. k; = 10k,) [1]. At each floor level, two
LRB300 isolators are chosen to connect tubes and frames. The lateral post-elastic stiffness of a
LRB300 is 0.435 MN/m and its yield force is 25.48 kN.
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3.3. Isolated frame model
3.3.1. Base isolator model

1000 mm diameter natural rubber bearings (NRB1000s) are installed between ground and the
isolated frames. Typical hysteresis loops of rubber bearings subjected to sinusoidal force are very
small. Usually equivalent stiffness and equivalent damping ratio method is used to model natural
rubber bearing [20]. In this study the equivalent stiffness and equivalent damping ratio of
NRB1000 are assumed to be 1.485 MN/m and 3 %, respectively.

3.3.2. Floor shear model

Multi-degree-of-freedom shear models can be used to simulate the isolated frames. The masses
are assumed to be lumped at each floor level. Table 3 shows the masses and the lateral stiffnesses
of the two frames shown in Fig. 5. The total masses of the left frame and the right frame are
respectively 7.667x10% tons and 6.835x10° tons. When these frames are fixed to the ground, their
fundamental periods are 1.1326 s and 1.1917 s, respectively.

Table 3. Masses and lateral stiffnesses at each floor level

Left frame Right frame
Mass (ton) | Lateral stiffness (MN/m) | Mass (ton) | Lateral stiffness (MN/m)
Ground floor 638.8 1.8462x10! 569.6 1.5492x10!
Other floor 638.8 1.1286x103 569.6 9.0694x10?

The mass matrix of the isolated left frame is M, = diag(m;,,mp, -, m;12), in which
m;q, My, ..., My 1, are masses at each floor level as shown in Fig. 5.
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Fig. 5. Simulation model
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The stiffness matrix of the isolated left frame is:

Ikz,iso +kia —ki1
—ky kia+ ki
. . 1,12
_kl,12 kl,12 J
where k50, k11, ..., Ky 1, are lateral stiffnesses at each floor level as shown in Fig. 5.

Rayleigh damping is adopted for the frame over isolation layer level with the first and second
modal damping ratios &, at 0.03. The damping of the isolated left frame at isolation layer is:

_ 2Elf,isoklf,iso
le,iso -

(%)
Wit iso
where w5, Is the first modal circular frequency of the left isolated frame. &5 s, is the damping
ratio of base isolation system and is supposed to be 3 %.
The mass matrix, stiffness matrix and damping matrix of the right isolated frame are similar
to the above mass matrix, stiffness matrix and damping matrix of the left isolated frame.

3.4. Model of the new building group and equations of motion

Fig. 5 shows the simplified simualtion model of the building group system. Three tubes are
simulated by three beams and two floor shear models represent the left frame and right frame.
Bouc-Wen models are used to simulate the connection isolators between the tubes and frames.
The stiffness of connection isolators k equals to the initial stiffness of the connection isolators in
elastic region and post-elastic stiffness of the connection isolators in plastic region.

Equations of motion [14] of the structural system shown in Fig. 5 are developed in the form of:

MgroupX + CgroupX + KgroupX = _Mgrouplgroupjég + NLRB' (6)

where mass matrix Mgyou, = diag(M,, My, M, M,;,M,), in which M,, M;; and M, are
respectively tube mass matrix, left frame mass matrix and right frame mass matrix. Similarly,
damping matrix Coroup = diag(C, Cif, €y, Crp, Cy) and stiffness matrix
Kjroup = diag(Kt,Klf,Kt,Krf,Kt). Lyroup = {It,Ilf,It,Irf,It}T, in which Iz and I,., are
unit vectors indicating the position of the seismic forces applied on the left frame and the right
frame. NLRB = {fltlf,ll fltlf,Z' ---rflfmt,l: flfmt,Z' ""fmtrf,l' fmtrf,Z' ""frfrt,l' frfrt,Z! }T is the
connection force provided by the story isolators. Subscripts I, If, mt, rf and rt respresent left tube,
left frame, middle tube, right frame and right tube, respectively. The connection force is related to
the relative displacement between the tubes and frames. For example at the first floor the story
isolator force [1, 20] between the left tube and the left frame is:

fipn = ky + (1 — kizygz 1, (7

where k, and k; are the respective yield stiffness and initial stiffness of LRBs.
Xieipq = Xieq — Xip,10 N Which x;, ; and x5 1 are the displacements of the left tube and the left
frame. @ = k, /k;,, is stiffness ratio. z,. ; is hysteretic dimensionless quantity and satisfies the
following relation [1]:

1
Zieif1 = e [Axltlf,l - yzletlf,lsgn(xltlf,lz) - .Bzzxmm], (8)
y
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where d,, is yield displacementand A = 1,y = 0.9 and g = 0.1 [1].

Eqg. (6) may be rewritten in incremental form to be solved by Newmark-# in combination with
Newton-Raphson method [14] to obtain structural responses (e. g. acceleration, velocity and
displacement) at any time t. In the analysis tubes and frames are assumed to behave linearly elastic
throughout the loading history.

4. Earthquakes input and simulation results
4.1. Site condition and earthquakes input

The building group is assumed to be located in a medium soft area with seismic intensity at
the VIII degree in accordance with the Chinese code [18]. Fig. 6 shows the acceleration response
spectra for the three earthquake records at 3 % damping.

-g- I A --==e= E| Centro -

Acceleration (m/s?)

P NWSAO ooy 0O
T T T

0 0.5 . 1 15
Period(s)

Fig. 6. Acceleration response spectra at damping ratio 3 %
4.2. Simulation results

In consideration of the nonlinear properties of the story isolators, small time interval
At =0.01/100 = 1x10* s is used. Fig. 7 shows the maximum drift of the tubes at each floor level
when the system is under three earthquakes. Like a deformed cantilever beam subjected to
transverse force, the maximum drifts of the tubes occure at the top floor level. The maximum drifts
of the frame occur around at the second floor level. The maximum drifts of the building group and
the corresponding story drift angles are shown in Table 4, which shows that the maximum drift
angles are very small.

Table 5 indicates the reduction of maximum acceleration responses of the building group. The
maximum accelerations of the tubes and the frames are reduced by at least 19.91 % and 64.66 %.

In addition, the maximum displacement can also be significantly reduced by the base isolators
and story isolators. As an example the displacement histories of the left frame are shown in Fig. 8.
It is observed that the retrofit strategy is effective in reducing the displacement responses of the
left frame. Excited by three earthquakes before retrofit the root mean square displacement
responses of the left frame are 37.92 mm, 36.16 mm and 14.60 mm, respectively. When base
isolators and story isolators are installed, the root mean square displacement responses of the left
frame are 14.78 mm, 19.04 mm and 9.59 mm, respectively. This indicates that the root mean
square displacement responses can be reduced by more than 34.30 %. Similarly responses of the
right frame can be observed.

Fig. 9 shows the maximum displacement envelopes of the frames. It is observed that the
maximum displacement happens at the top floor level and the lateral displacement mainly occures
at the isolation layer (the first floor level). These results show the two frames are well isolated
from ground motions.
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Fig. 8. Displacement histories of the left frame under three earthquakes
Table 4. Maximum drift angles of the building group
Earth Left tube Left frame Middle tube Right frame Right tube
nake Before | After | Before | After | Before | After | Before | After | Before | After
q retrofit | retrofit | retrofit | retrofit | retrofit | retrofit | retrofit | retrofit | retrofit | retrofit
El Centro | 1/208 1/695 1/208 | 1/3011 | 1/208 1/857 | 1/208 | 1/3011 | 1/208 1/694
Taft 1/201 1/849 | 1/201 | 1/2977 | 1/201 | 1/1035 | 1/201 | 1/2978 | 1/201 1/842
Kobe 1/191 1/747 | 1/191 | 1/2830 | 1/191 1/746 | 1/191 | 1/2830 | 1/191 1/749
© VIBROENGINEERING. JOURNAL OF VIBROENGINEERING. DECEMBER 2013. VOLUME 15, ISSUE 4. ISSN 1392-8716 1727



1083. STRENGTHENING A TUBE CONNECTED BUILDING GROUP BY BASE ISOLATORS AND STORY ISOLATORS.
Z.D. YANG, EDDIE S. S. LAM

Table 5. Maximum accelerations of the building group (m/s?)

Earth- Left tube Left frame Middle tube Right frame Right tube
uake Before | After | Before | After | Before | After | Before | After | Before | After
q retrofit | retrofit | retrofit | retrofit | retrofit | retrofit | retrofit | retrofit | retrofit | retrofit

El Centro | 17.73 6.97 17.73 2.64 17.73 5.76 17.73 2.64 17.73 6.95
Taft 13.21 5.14 13.21 2.49 13.21 4.60 13.21 2.49 13.21 5.15
Kobe 7.11 5.31 7.11 2.51 7.11 5.69 7.11 2.51 7.11 5.31
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Fig. 9. Displacement envelope of the frames
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Fig. 10 shows the maximum relative displacement between the tubes and frames at each floor
level. The maximum relative displacement response between the tubes and the frames to the El
Centro earthquake is larger than corresponding responses to Taft earthquake and Kobe earthquake.
The maximum relative displacement responses between the left tube and the left frame, between
the left frame and the middle tube, between the middle tube and the right frame, between the right
tube and the right frame are 8.5 cm, 8.3 cm, 7.7 cm and 10.1 cm, respectively. These values are
much less than the minimum design seismic joint width, which is 21 cm according to the Chinese
Code for seismic design of buildings [16].

The aforementioned results show that under three suitable earthquakes the responses of the
building group are small. The relative displacements between the tubes and frames comply with
the Chinese seismic design code. When proper seismic joint width is designed, pounding within
the building group can be prevented.

5. Conclusion

This study explores the feasibility of using base isolation technologies and story isolators to
retrofit an existing tube connected building group. Base isolators are designed to protect the frames
from strong earthquakes. The equivalent stiffness and equivalent damping ratio of the base
isolators (NRB1000) are respectively 1.485 MN/m and 3 %. At each floor two LRB300s are
chosen as story isolators to provide lateral resistance and dissipate energy from serious
earthquakes. The initial stiffness, post-elastic stiffness and yield force of a LRB300 are
4.35 MN/m, 0.435 MN/m and 25.48 kN respectively. Bouc-Wen model is used to simulate the
connection lead rubber bearings. In consideration of Timoshenko model which can simulate shear
deformation effects, the tubes are modeled by Timoshenko beam elements. Then the analytical
model is established to formulate equations of motion of the building group. The structural
responses to strong earthquake motions show that displacements of the frames mainly occure at
isolation layer. As a result the frames are well isolated by base isolators. Numerical analysis
indicates that the maximum drift angle of the tubes and the maximum drift angle of frame are less
than 1/694 and 1/2830, respectively. The retrofit strategy can reduce the maximum acceleration
of the tubes and the frames by at least 19.91 % and 64.66 % separately. In addition the maximum
displacement can also be significantly reduced by the base isolators and story isolators. At last,
the story isolators can control the relative displacement between the tubes and frames. Under three
strong earthquakes the maximum relative displacement is 10.1 cm, which is much less than the
seismic joint limit.
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