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Abstract

Recent earthquakes have enforced the engineering community to design seismically more
efficient buildings through the energy dissipation systems. For this purpose, this paper
investigates the seismic behavior of a high-rise building with a series of base isolation systems.
Firstly, a 20-storey steel frame is selected as a fixed-base building, and then equipped with
lead rubber bearings (LRBs). In the modelling of LRB, isolation period is alternatively varied
as 4, 4.5, and 5 sec to evaluate the effectiveness of the isolator characteristic on the seismic
performance of the high-rise base-isolated buildings. The seismic responses of the fixed-base
and base-isolated buildings evaluated through a series of time-history analyses are performed
using natural ground motion records. The analysis results are compared using engineering
demand parameters such as storey displacement, isolator displacement, relative
displacement, roof drift, interstorey drift ratio, absolute acceleration, base shear, base
moment, input energy, and hysteretic curve. It is revealed that adjusting the isolation period
in the design of LRB improved the seismic performance of the base-isolated high-rise steel

buildings.

1. Introduction

The last devastating earthquakes in Turkey (e.g.,
[zmir 6.9 Mw, Malatya 5.7 Mw, Bingél 5.9 Mw, Elazig 6.8
Mw) reminded the expected major Istanbul earthquake
that is to be 7+ Mw, resulted in the rupture of North
Anatolian Fault, and caused thousands of fatalities and
destructions [1]. Following the Marmara Earthquakes 7.4
Mw in 1999 that had struck off Istanbul, a series of
legislative regulations/provisions on the seismic design
codes were implemented through TEC (2007) [2] and
TBEC (2018) [3]. The latter also includes the
specifications for the base isolation systems (BIS). The
increase of urbanization leads to the construction of
high-rise buildings; however, they are much more
susceptible to structural vibration under earthquakes
and wind-induced seismic forces [4]. Likewise, the
utilization of BIS for the retrofitting of existed buildings
and designing of the newly structures significantly
reduced the likelihood of casualties and structural
damages during even major earthquakes and storms [5].

The idea behind the design of BIS is that decoupling the
main structure from the foundation level and
implementing a piece of flexible equipment made of
either elastomeric or sliding bearings [6].

The BIS are generally categorized according to the
energy dissipation mechanism namely rubber or friction-
based bearings [7]. Among the former bearings, the lead
rubber bearing (LRB) has favorable technique due to
providing additional energy dissipation by lead core [8].
LRB is consisted of thin vulcanized steel plates, lead plug
perpendicularly centered through the elastomeric
rubber sheet as shown in Fig. 1 [9].

The isolator displacement demand of LRB depends
on the shear modulus of the rubber material while the
bearing capacity of the isolator is based on the vertical
stiffness of the lead core consumed the external forces
exerted by seismic actions [10]. The bilinear diagram
represented in Fig. 2 can be constructed by two different
models for rubber layer and lead plug of LRB. The former
describes the linear viscoelastic behavior while the latter
presents a linear elastic perfectly plastic model [11].
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Figure 1. Typical configuration of LRB [9]
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Figure 2. Hysteretic behavior of LRB isolator [11]

Many studies have been performed to the seismic
performance of the base-isolated buildings with LRB.
Kazeminezhad et al. [12], focused on the designing a new
LRB model resisting all possible ground motions using
performance point method in which a flowchart was
presented to determine the isolation parameters by
iterative procedure. The modified procedure decreased
the base shear as 82 %. Dering6l and Giineyisi [13]
evaluated the seismic performance of the regular and
irregular frames with LRB considering such isolation
parameters that effect the nonlinear response of the
isolator. The use of proper LRB model significantly
yielded the great interstorey drift reduction not only
regular but also irregular frames. In the study of Shakouri
et al. [14], the seismic performances of the base-isolated
low and mid-rise buildings with LRB were evaluated
trough time-history analyses considering the effect of
ductility level and connection type. It was pointed out
that both of them remarkably affected the maximum
storey drift. But they recommended that the study should
be extended for high-rise buildings. Ye et al. [15],
proposed a design procedure based on the direct
displacement method in order to satisfy the predefined
displacement and drift values for the buildings with LRB.
The flowchart was presented to simplify the application

steps of the methods. The reliability of the design method
was proved using nonlinear time-history analysis
whether a series of benchmark buildings with LRB
reaching the target values. Gupta et al. [16] investigated
the effect of vertical force of the earthquakes on the base-
isolated buildings with LRB. The drawbacks such as
amplification on the isolator and residual displacements
were overcome with additional shape memory alloy
bearings. Habib et al. [17], studied on the irregularities
(i.e., heavy and soft storey) of the low-rise base-isolated
buildings with LRB considering various PGA/PGV ratios
of near-fault earthquakes. The soft storey model with
lower PGA/PGV ratios introduced the better nonlinear
response of LRB. Altalabani et al. [18] proposed a new
novel LRB model in which typical form of bearing (i.e.,
cylindrical) modified as rectangular and increased the
number of lead core was evaluated by the seismic
reliability analysis. The rectangular type LRB attenuated
the first vibration mode and decreased occurrence of the
structural damage. Zhang and Li [19] experimentally
assessed the loading rate behavior of LRB by means of
shear, compression, and relaxation mechanical tests. The
stiffness of LRB increased when implemented the shear
test with the higher loading rate. Deringdl and Glineyisi
[20] evaluated the influence of the damping ratio on the
seismic performance of the base-isolated steel frames
with rubber bearing through the nonlinear analyses. It
was shown that the increase in the effective damping
ratio decreased the interstorey drifts.

It can be observed from the previous literature
review that LRB is capable of improving the the seismic
response of low and mid-rise buildings. On the other
hand, there have been limited studies on the conformity
of the high-rise buildings with base isolation systems
examining the favorable isolation parameters which is
still scarce subject especially for LRB. Therefore, this
study focused on the effectiveness of LRB characterized
with different isolation parameters to design seismically
more effective base-isolated high-rise steel buildings. To
this, 20-storey steel frame considered as a benchmark
fixed-base building, and then upgraded with various LRB
having a series of the isolation periods (e.g., T = 4, 4.5, and
5 sec) are produced to enhance the nonlinear response of
the high-rise buildings. The seismic performance of the
fixed-based and base-isolated buildings are evaluated
through nonlinear analyses using a set of earthquakes to
compare the seismic response of the high-rise buildings
with and without LRB. The obtained analysis results are
elaborately presented in terms of engineering demand
parameters.

2. Analytical modelling and nonlinear analysis

The considered case study building is 20-storey
moment resisting frame originally designed by [21] as
high ductility level convenient with Eurocode 8 [22]. The
storey height and bay width of the frame are 3.2 and 8 m,
respectively, while the height is 4 m at the ground level.
The beam and columns are subjected to the gravitational
loading, graded with S275 and S355, designed with W
sections, respectively, and illustrated in Fig. 3. The first
period of the building is 3.75 sec. The building is assumed
to be designed with peak ground acceleration of 0.35 g
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and constructed in ground type B. The building
importance factor and behavior factor are to be Il and 6.5,
respectively. The inherent damping ratio is considered as
3 %.

20-storey frame considered as fixed-base and then
isolated with LRB (see Fig. 3(a) and (b)) considering the
relevant standards like [3,22,23]. According to ASCE [24]
and FEMA 356 [25], the plastic hinge mechanism is
assumed to be formed at nodes of the beam and column.
In addition, the panel zones and rigid diaphragm
constraints are imposed for each storey for distributing
the lateral forces proportionally to the structural
members in the design of steel MRF. The nonlinear
response of the fixed-base frame characterized with the
lumped plasticity method. The modelling of the fixed-
base and base-isolated frames are performed through
finite element program of SAP2000 (2017) [26]. LRB has
steel plates centered at the top and bottom of the bearing,
also includes alternating layers, steel shims, and lead
core located mid of the elastomeric plate as shown in Fig.
1 [9]. Authors selected the LRB as base isolation systems
since the elastomeric rubber material is capable of lateral
flexibility, the lead core contributes to the energy
dissipation, the inner steel shims support the upcoming
immense axial loads from high-rise building [27]. In the
design of the base-isolated frame, LRB are modelled with
nonlinear link element of “Rubber Isolator” because it
perfectly describes the bilinear response (see Fig. 2) of
the base isolators as recommended by [28-29].

The isolation parameters of LRB were determined
considering the iterative method presented by [30]. First,
the isolator displacement was assumed while the yield
displacement was omitted, and then the iteration was to
be proceeded until reached the presumed displacement
value. The post yield stiffness ratio, is the ratio of the
post-yield stiffness (ki) to the initial stiffness (kz),
considered as 21 convenient with the study of [30]. LRB
designed with isolation periods of 4, 4.5, and 5 sec. Thus,
three base-isolated buildings have been developed to
evaluate the isolator characteristics of LRB. The other
isolation parameters were calculated and presented in
Table 1.

Table 1. Properties of LRB for the outer columns of the
base isolated frames

Variables LRB (4 sec) LRB (4.5sec) LRB (5 sec)
Ketf (kN/m)  1442.6 1139.8 641.1

Wa (k]) 162.6 162.6 112.9

Q (kN) 119.4 106.1 66.3

kz (kN/m) 1097.4 867.1 487.7

Dy (mm) 5.4 6.1 6.8

D (m) 0.346 0.389 0.432

Fy (kN) 125.4 111.4 69.6
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Figure 3. Elevation views of 20-storey; a) fixed-base
[21] and b) LRB base-isolated frames

The force-displacement curve of the LRB (see Fig. 2)
plotted by the following equations [30]

The effective stiffness, kegf;

o W 2.1
eff—g-(T) (1)

hysteresis loop (the energy dissipated per cycle), Wp;
WD = 2.T. keff' Beff' D [2)
characteristics strength, Q;

im0y v

post-yield stiffness of the isolator, k;

ko = ket ()
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yield displacement, Dy is given by;

Q
D, =——— 5
VT -k )
effective period, Teff
W
Toee = 2. T 6
eff T Kerr. 8 (6)
damping reduction factor, B;
1
E = 025(1 - lnBeff) (7)
displacement of isolation, D
D= g Sa- Teff2 (8)
B. 412
and yield strength, Fy
F, =Q+k,.Dy 9)

Table 2. Characteristics of the ground motions used

where target period is T, spectral acceleration is S,,
damping reduction factor is B, gravitational acceleration
is g, characteristic strength is Q, total weight on the
isolator is W, gravitational force is g, yield displacement
is Dy, elastic stiffness is ki, post-yield stiffness is kz, and
effective damping ratio is Ber. The nonlinear response of
the presented fixed-base and base-isolated high-rise
steel frame models was evaluated by means of SAP 2000
(2017) by which the nonlinear time-history analyses
were carried out with direct integration method. The
earthquake records of Gazli 1976, Tabas 1978, Cape
Mendocino 1992, Chi-Chi 1999, and San Salvador 1986
presented in Table 2 were obtained from Pacific
Earthquake Engineering Research Centre [31].

It is worthy to note that the force transmissibility of
the LRB is an important issue and mainly depends on the
ratio of dominating earthquake period to LRB base
isolated building period. Based on the elastic design
spectrum, the lengthening of the period could decrease
the pseudo acceleration and therefore the earthquake
induced forces in the buildings by increasing the
deformation of the isolation systems. For the base
isolation systems to be influential in diminishing the
forces in the structures, isolated buildings period should
be longer than the fixed base building period and
similarly the dominant period of the ground motions
[32].

Variables Gazh Northridge Chi-Chi San Salvador Supers. Hills
Year 1976 1994 1994 1987 1987
Station Karakyr Sylmar-Olive TCU065 Geotechlnvestig Poe Road
Mechanism Unknown Reverse R.-Oblique Strike-Slip Strike-Slip
Mw 6.8 6.69 5.8 6.54

Rjb (km) 3.9 0 2.1 0.9

Rrup (km) 5.5 5.3 6.3 0.9

Vs30 (m/s) 659.6 251.2 305.9 545 348.7
PGA (g) 0.59 0.79 0.84 0.41

PGV (cm/s) 64.94 93.29 127.80 62.23 106.74
PGD (cm) 24.18 53.29 93.22 10.01 50.54

Note: Mw: Magnitude; Rjb: Surface projection distance; Rrup: Rupture distance; Vs30: Mean shear velocity over the top
30 m; PGA: Peak ground acceleration; PGV: Peak ground velocity; PGD: Peak ground displacement.

3. Results and Discussion

The seismic performance of the fixed-base and base-
isolated high-rise steel buildings are investigated
considering the effect of the isolation period on the
nonlinear response of the lead rubber bearing through
time history analyses. The analysis results are discussed
in terms of storey displacement, isolator displacement,
relative displacement, roof drift, interstorey drift ratio,
absolute acceleration, base shear, base moment, input
energy, and hysteretic curves.

20-storey fixed-base frame and base-isolated frame
with LRB having the isolation periods of 4, 4.5, and 5 sec
were tested through time history analyses within a series
of ground motion records and those maximum storey

displacements were presented in Fig. 4. The maximum
storey displacement of the fixed-base frame under Gazl
earthquake was recorded as 100.3 cm, but fortunately it
was reduced up to 55.7, 52.7, 51.2 cm by means of LRB
with 4, 4.5, and 5 sec, respectively. The reduction effect
of LRB on the storey displacement demand of the fixed-
base frame was also testified when subjected to
Northridge, Chi-Chi, Salvador, and Hills earthquakes. For
example, the greatest reductions of 49, 14, 24, 28, and 23
% were experienced when 20-storey base-isolated frame
with LRB having isolation period of 5 sec subjected to
Gazl, Northridge, Chi-Chi, Salvador, and Hills
earthquakes, respectively. Similarly, the average
maximum storey displacement of the fixed-base frame is
recorded as 102.64 cm whileitwasas 77.9,76.1,and 74.2
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cm for the base-isolated frame with LRB of 4, 4.5, and 5
sec, respectively. It was noted that the excessive storey
displacements of the fixed-based frame were alleviated
by means of equipment of LRB having the greater
isolation period.

W Fixed Hase

m LEH (4 sec)

W LRB (45 5ec) |
LEB {5 sec)

Gazh Northridge  Chi-Chi Salvador Hills Average
Figure 4. Maximum storey displacement of the case
study frames under earthquakes
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Figure 5. Variation of the storey displacement of the case
study frames against storey height

The variation of the maximum storey displacements
against storey height of high-rise frame with and without
LRB under the effect of Northridge earthquake was
illustrated in Fig. 5. The non-uniform storey distribution
of the fixed-base frame was regulated if LRB was used.
Compared to the lower isolation periods, LRB with 5 sec
enhanced the storey displacement demand, in which the
most uniform storey displacement pattern was
experienced as well. However, the roof storey
displacement of the fixed-base frame significantly
reduced from 62.4 cm to 55.9, 54.9, and 53.7 cm
corresponded to the reductions of 10, 12, 14 % for the
isolation periods of 4, 4.5, and 5 sec, respectively.

The maximum isolator displacements of the base-
isolated frames under earthquakes were presented in
Fig. 6. The utilization of the greater isolation period in the
design of LRB induced the lower stiffness for the bearing
(see Table 1), thus the base-isolated frame can be easily
swayed. For example, when subjected to Northridge
earthquake, the maximum isolator displacements were
obtained as 21.7, 25.4, and 28.9 cm for LRB with 4, 4.5,
and 5 sec as shown in Fig. 6, those isolation periods
corresponded to the effective stiffness of the bearing as
1442.6, 1139.8, and, 641.1 kN/m (see Table 1),
respectively. As for the average maximum isolator
displacement, similar trend was also recorded as 31.9,
35.4, and 38.5 cm (see Fig. 6), which was lower than the
isolator displacement capacities as 34.6, 38.9, and 43.2

cm for LRB with 4, 4.5, and 5 sec (see Table 1),
respectively.

[l

o855 838388

m LRB (4sec)
® LEB (45 sec)
I —— LRE(Ssec)

M. Iselator Disp. (cm)

Gazh .ant]u‘iclge. Chi-Chi Salvador Hills Average
Figure 6. Maximum isolator displacement of the case
study frames under earthquakes

The lateral displacement of any storey in the building
with respect to the ground level was defined as relative
displacement [33]. The maximum relative displacements
of the case study frames were computed and presented
in Fig. 7.

E200 ® Fixed Base
B LEEB (4.5 sec)

m LRB (4sec)
E a0 LRB (5 sec)
I In
ﬁ 0 . - - h_ . -

Gazhh Northridge Chi-Chi  Salvador Hills Average

Figure 7. Maximum relative displacement of the case
study frames under earthquakes

The utilization of LRB with 4 sec mitigated the
excessive relative displacement of the fixed-base frame
from 100.3 to 27.2 cm (73 %), 62.4 to 34.2 cm (45 %),
215.4t092.7 cm (57 %), 22.9t0 11.8 cm (48 %), 112.1 to
64.2 cm (42 %), furthermore the greatest reductions of
LRB with 5 sec were recorded as 80, 60, 67, 58, and 53 %
under Gazli, Northridge, Chi-Chi, Salvador, and Hills
earthquakes, respectively. The variation of the relative
displacement height of the case study frames under
Northridge earthquake was presented in Fig. 8. The
relative displacements on the roof storey were as 62.4,
34.2, 29.6, and 24.9 cm for the fixed-base frame, isolated
frame with 4, 4.5, and 5 sec, respectively. It can be seen
LRB with the greater isolation period performed not only
the more uniform pattern but also the lower relative
displacement.

it —

18 Northridge

[
(=g

Storey Level

—~Fixed Base

= LRE (4 sec)

-=- LRB (4.5 sec)
LRB (5 sec)

= S e Oy T

0 10 20 30 40 50 60
Relative Displacement (cm)
Figure 8. Variation of the relative displacement of the
case study frames against storey height
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The interstorey drift ratio is a significant index
diagnosed the seismic performance of the buildings,
which can be computed by subtracting the displacements
of the adjacent storey and normalized by the storey
height [34]. The maximum interstorey drift ratios of the
fixed base frame and isolated frames with LRB were
presented in Fig. 9. The former was as 2, 3, 2, 5, 1, and 4
% under Gazli, Northridge, Chi-Chi, Salvador, and Hills
earthquakes, however, they were reducedup to 1, 2, 3, 1,
and 1 % by LRB with 5 sec, which corresponded to 64, 23,
44, 50, and 66 % reduction in the maximum interstorey
drift ratio, respectively. Moreover, LRB with 4.5 sec
provided the interstorey drift reductions as 56, 46, 21,
47, and 63 % compared to the fixed-base frame as shown
in Fig. 8. The greatest reductions of 62, 63, and 66 % were
observed when used LRB with 4, 4.5, and 5 sec under
Hills earthquakes, respectively.

)
4, ]

® Fixed Base
® LRB[4sec]
B LRB[45sec

Max, Int. S, I.\l'_ll'l R. (%)

— W

Gazh - Northridge  Chi-Chi - Salvador Hills Average
Figure 9. Maximum interstorey drift ratio of the case
study frames under earthquakes

The effectiveness of the greater isolation period was
also experienced in Fig. 10, which described the variation
of the interstorey drift ratio with respect to the height of
the case study frames under Northridge earthquake. The
scattered interstorey drift pattern of the fixed-base
frame was regulated by means of LRB. The most uniform
interstorey drift ratio distribution was observed in LRB
with the isolation period of 5 sec. The isolation period of
4.5 sec was tended to behave much more uniform trend
especially in high-rise/upper storeys as shown in Fig. 10.
It is worthy to note that the response of the structures
under earthquakes depends on the fundamental period
and the spectral acceleration of the ground motions
corresponding to the periods, therefore, for different
natural earthquakes varying responses were observed.

20 .
18 i’%

16 &
E 14 ffL ——Fixed Base
g E | ~ LRB (4 sec) |
g -= LRB (4.5 sec)
@ 6 LRB (5sec) |
4
2 ]
0 Northridge

0.0 0.5 1.0 1.5 2.0 2.5
Interstorey Drift Ratio (%)

Figure 10. Variation of the interstorey drift ratio of the
case study frames against storey height

The maximum absolute accelerations of the case
study frames were given in Fig. 11. The fixed-base frame
had by far the greatest absolute accelerations as 5.4, 7.2,
7.6, 9.1, and 6.4 m/s? when subjected to Gazl,
Northridge, Chi-Chi, Salvador, and Hills earthquakes,
likewise they were reduced up to 3.7, 3.9, 3.5, 4.3, and 4.4
m/s?, respectively, by means of LRB with 4 sec. The
lowest maximum absolute acceleration of 2.8 m/s2 was
observed in case of LRB with 5 sec hit by Chi-Chi
earthquake, which corresponded to 62 % reduction with
respect to the considered fixed-base frame. It was as 54
and 59 % for LRB with 4 and 4.5 sec, respectively.

10

I

® Fixed Base
m LRE (4 sec)
® LRB (455
[ EHB-{5-see]

Abs. Acceleration (m/s

Max.

Gazl Morthridge  Chi-Chi Salvador Hills Average
Figure 11. Maximum absolute acceleration of the case
study frames under earthquakes

Fig. 12 described the variation of the absolute
acceleration toward height of the case studied frames
subjected to Northridge earthquake. Similar to the
interstorey drift ratio variation, LRB having the greater
isolation period tended to describe much more uniform
absolute acceleration distribution. For example, the
greatest storey acceleration was recorded as 7.2 m/s? at
14t storey, which mitigated to 2.1, 1.8, and 1.6 m/s?
through LRB with 4, 4.5, and 5 sec, similarly, they
performed the reductions as 39, 44, and 46 % at the roof
storey absolute acceleration, respectively.

20 ﬂ'l_)‘

Northridge

18
16 |—+pelk
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% 6 X = LRB (45)
4 1 ~ LRB (4.5 s)
2 LRB (5 5)
0

1 2 3 4 5 6 7 8
Absolute Acceleration (m/s?)
Figure 12. Variation of the absolute acceleration of the
case study frames against storey height

The maximum base shears of the fixed base frame and
isolated frames with LRB determined under
earthquakes, and then normalized by building weight
(32090 kN) were presented in Fig. 13. Compared to the
fixed-base frame, LRB with 4 sec mitigated the base
shears as 60, 63, 39, 66, and 54 %, and LRB with 5 sec
satisfied the greatest reductions as 71, 68, 44, 73, and 67
% under Gazli, Northridge, Chi-Chi, Salvador, and Hills
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earthquakes, respectively. In addition, the average
reductions were recorded as 54, 58, and 62 % through
LRB with 4, 4.5, and 5 sec, respectively.

[
&

m lixed Base

LR (4 sec)
® LRB (4.55ec)
LREE (5 sec]

=

015

Morm. Max. Base Shear (V/W)

0.00 4

Gazlh Northridge  Chi-Chi Salvador Hills Average

Figure 13. Maximum base shear of the case study frames

under earthquakes
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-5000
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-7500 [ ]

Figure 14. Time history response of base shear

The time history response of the base shear for the
fixed-base frame and base-isolated frame with LRB
having T of 4, 4.5, and 5 sec under the effect of Chi-Chi
earthquake were presented in Fig. 14. The ranges of the
base shear were observed to be between -6342 and 7097
kN, -4361 and 4139 kN, -4300 and 4194 kN, -3959 and
3807 kN for the fixed-base, LRB with 4, 4.5, and 5 sec
respectively. It was shown that the utilization of the
greatest isolation period was not only decreased the base
shear but also narrowed the scatter time history
response of the fixed-base.

Also, the maximum base moments were computed
and presented in Fig. 15. Similar to the base shear
demands, the use of LRB with 4 sec reduced the
maximum base moment of the fixed-base frame as 57, 22,
30, 38, and 12 % when subjected to Gazli, Northridge,
Chi-Chi, Salvador, and Hills earthquakes, while they were
as 71, 27, 41, 50, and 25 % for LRB with 5 sec,
respectively.

The input energy dissipated by regular structural
members (beam, column) for fixed-base frame, while the
most of the input energy nearly 90 % consumed by
energy dissipation device for the isolated frame.
Therefore, the input energy of the base-isolated frame
was much lower than that of fixed-base frame [35]. The
input energy of the fixed-base frame and base-isolated
frame with LRB were determined under earthquakes and
presented in Fig. 16. The input energy of the base-

isolated frames with LRB having greater isolation
periods (i.e., 4.5 and 5 sec) was less than fixed-base frame
and base-isolated frame with LRB of 4 sec. Compared to
the fixed-base frame, LRB with 4.5 sec mitigated the
input energy as 31, 18, 30, 20, and 8 % under Gazl,
Northridge, Chi-Chi, Salvador, and Hills earthquakes,
respectively. As for LRB with 5 sec, the reductions were
38, 20, 42, 22, and 16 %, respectively.
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Figure 15. Maximum base moment of the case study
frames under earthquakes
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Figure 16. Input energy of the case study frames under
earthquakes

When the fixed-base and base-isolated frames were
hit by Chi-Chi earthquake, the time history responses of
input energy were computed and presented in Fig. 17.
The maximum input energies were recorded as 22808,
17767, 160033, and 13348 K] for the fixed-base frame,
base-isolated frame with LRB of 4, 4.5, and 5 sec,
respectively.
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Figure 17. Time history response of input energy
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The force-displacement cycles of the base-isolated
frames with LRB of 4, 4.5, and 5 sec obtained through
time-history analysis with Gazli earthquake were
presented in Fig. 18. The hysteretic curve of outer LRB
with 4, 4.5, and 5 sec produced the yield forces (Fy) as
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122.4,110.6, and 82.5 kN proved the design values of the
bearings (see Table 1). The maximum forces of 417.5,
346.6, 298.3 kN and the maximum isolator
displacements of 0.285, 0.292, and 0.299 m were
experienced in the base-isolated frames with LRB of 4,
4.5, and 5 sec under Gazli earthquake, respectively.
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Figure 18. The force-displacement cycles of LRB with T
of 4, 4.5, and 5 sec under Gazl earthquake

4. Conclusion

Based on the results of the nonlinear analysis, a
number of conclusions can be drawn as follows:

1. The use of greater isolation period reduced the
lateral stiffness of LRB while the maximum storey
displacements were significantly reduced. Compared to
fixed-base frame, on average, the maximum
displacement reductions occurred as 24, 26, and 28 % for
the base-isolated frame with LRB of 4, 4.5, and 5 sec,
respectively. The latter also successfully tended to
behave the most uniform storey displacement.

2. The greatest average maximum isolator
displacements were as 38.5 cm by the base-isolated
frames with LRB of 5 sec.

3. The greatest reductions on the average maximum
relative displacement were as 33, 40, and 48 % when
high-rise frame isolated with LRB of 4, 4.5, and 5 sec,
respectively. The greatest isolation period (T = 5 sec)
presented the most uniform relative displacement
distribution compared to the others.

4. The greater T not only reduced the maximum
interstorey drift ratio but also showed the more uniform
drift distribution. For example, LRB with T of 5 sec
reduced in over half of the the average maximum
interstorey drift ratio.

5. The use of LRB with 4, 4.5, and 5 sec mitigated the
average maximum absolute acceleration as 46, 50, 55 %,
respectively. LRB with T of 5 sec exhibited the best
distribution pattern height of the base-isolated frames.

6. LRB with the greatest T was responsible both for
mitigating the base shear and base moment as 62, 43 %,
respectively.

7. The greatest average input energy mitigations of
18, 25, and 35 % were experienced when isolated with
LRB with T of 4, 4.5, and 5 sec, respectively.

8. Among the ground motions, Chi-Chi being the most
decisive earthquake revealed great difference response
through LRB with 4, 4.5, and 5 sec, while Salvador
earthquake was the steady.

9. The force-displacement cycles proved that the
isolator could be displaced much more as T increased.
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