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ABSTRACT: This research deals with the application of lead rubber bearing isolation (LRB) systems
in reducing the seismic risk of buildings located in Tehran metro city from technical and economic points
of view. In this regard, first, three separate 5-, 10-, and 15-story buildings with the steel moment resisting
frames system are considered. These models are designed in two separate scenarios: with and without
the base isolation system. Next, all the active faults of Tehran and its surrounding area are considered
to generate the probable earthquake scenarios in the 50-year life span of the buildings. This simulation
contains the probable mainshock-aftershock event scenarios and the corresponding accelerograms for
each of the generated events. Afterward, by adopting the Monte-Carlo simulation technique, an adequate
number of random earthquake hazard scenarios are generated. Then, the buildings’ performances are
evaluated under mainshock-aftershock sequences using the nonlinear dynamic time history analysis
approach. In addition, by using the damage and loss models considering the fatality and injury, building
physical damage, and time-dependent economic losses, the lifetime seismic risks of buildings are
estimated. The outcomes highlight that the LRB system is well capable of improving the building
behavior and hence reducing the life-cycle cost of buildings tangibly which will be elaborated in this
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1- Introduction

Nowadays, the number of building projects constructed
with the vibration control systems is growing very fast in
the area prone to the high seismic hazard level, as a verified
practical solution for mitigating the imposed risk. However,
the application of such systems in developing countries are
facing some problem from an economic point of view. Many
clients of construction projects are not interested in applying
such devices since they believe that they should pay more
for these systems. However, it is not correct, since they only
consider the initial cost of their building. Therefore, it is vital
to deal with the application of vibration control systems,
specifically base isolation systems, in terms of their lifetime
seismic risk.

By reviewing the literature, there are several works [1,2 ]
that only deal with the application of vibration control systems
through a technical perspective. Besides, in some other
research works, Kumar et al. [3], and Yu et al. [4] worked on
the seismic risk of nuclear power plants equipped with base
isolation systems. The main shortcoming of these works was
the ignorance of the aftershocks’ effects. On the other side,
Khansefid et al. [5], and Zhai et al. [6] attempted to simulate
the effects of aftershocks on the seismic performance of the
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isolated building. Unfortunately, none of these works did
the analysis through risk-based approaches. More recently,
Khansefid [7] tried to propose a more advanced approach to
estimate the lifetime seismic risk of buildings with vibration
control systems.

This study is an attempt to deal with the lifetime seismic
risk of base-isolated structures with LRB system under future
probable mainshock-aftershocks (MA) via developing the
vulnerability curves. In this regard, 3 sets of 5-, 10-, and
15-story buildings located in Tehran metro city are considered.
The seismic hazard scenarios during the building life span
are developed using advanced methods [8-10]. Afterward,
via the nonlinear dynamic time history analysis approach, the
response of building models to the MA hazard scenarios, and,
consequently the building damages and losses are estimated.

2- Methodology

For the lifetime seismic risk assessment of isolated
buildings, three sets of 5-, 10-, and 15-story typical building
models in Tehran metro city are considered. They are designed
without/with the lead rubber bearing isolation systems
optimally. Afterward, through the Monte-Carlo simulation
approach and by using the advanced model proposed by
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Khansefid and Bakhshi [8], 6000 random earthquake hazard
scenarios in Tehran are simulated. This model works by
generating random event scenarios including probable
mainshocks and aftershocks during the building lifetime [9]
by considering 12 active faults of Tehran province including
Mosha, North Tehran, Kahrizak, Robat Karim, Eshtehard,
etc. Afterward, nonstationary stochastic accelerograms
corresponding to each of generated random events are
simulated [10]. In the next step, the response of each of
the building models is obtained for each of the earthquake
scenario realizations taking the whole MA sequences into
account by performing nonlinear dynamic time history
analysis, while the structural behavior of buildings is modeled
using the nonlinear multi-degree of freedom mass-spring
system [11]. Afterward, the structural damage of models is
estimated by using the available fragility curves [12]. Finally,
by considering the building physical damage, occupant injury
and death, and the income interruption, the lifetime seismic
loss and risk of buildings are estimated through available loss
models of buildings [12-14].

3- Results and Discussion

In this part, the main outcomes of the research are
presented. Figure 1 shows the exceedance probability of
the estimated lifetime loss values of all building models
with/without isolation systems. By considering the 10%
probability level which is also called probable maximum
loss, it is revealed that the usage of LRB system will lead to a
significant (35%) reduction in the estimated loss, on average.
In other words, the owner of buildings could invest up to
18% of it is total project cost for the base isolation system
economically.

Next, the most important outcome of this research is the
loss curves of buildings which are shown in Figure 2 for all
models considering the aftershock effects. Generally, the
application of LRB system reduces the estimated loss value
considerably, especially in the more intensive earthquake
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Fig. 1. Exceedance probability curve of the estimated
loss value of 5-, 10-, 15-story buildings with/without
lead rubber bearing isolation system
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scenarios (PGA>6m/s?). However, in the low-intensity levels
(PGA<Im/s?), there are no significant differences between
the estimated loss of uncontrolled (Fix) and isolated (Iso)
buildings. This is observed due to the inactivation of LRB in
low-intensity earthquakes.

Last but not least is the effect of aftershocks on the
estimated seismic risk shown in Figure 3. As it is depicted,
by neglecting the effects of aftershocks, the seismic risk is
estimated 40% and 48% less than the case of considering
them for isolated and uncontrolled buildings, on average.
In addition, among different loss types, the physical
losses (47% underestimation) are more sensitive to the
consideration of aftershock effects than the economic loss
(40% underestimation).
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Fig. 1. Phase velocity dispersion curves for a steel pipe
with outer diameter of 220 mm and wall thickness of
4.8 mm

4- Conclusions

The main outcome of this research paper was the
developed vulnerability curves for the isolated buildings in
Tehran considering the lifetime seismic hazard scenarios.
In addition, outcomes of this research work proved both
technical and economic superiority of lead rubber bearing
systems in comparison with the traditional uncontrolled
building. The application of LRB reduced the estimate
lifetime risk of building by 35%, enjoying its capability in
reducing both structural drift and acceleration responses of
building, simultaneously. In the end, it is shown that among
all active faults in Tehran province, North Tehran, Kahrizak,
and Robatkarim have the highest contribution to the estimated
risk.
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Fig. 2. Pareto fronts of optimal design of 5-, 10-, and 15-story isolated building models.
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Table 1. Final outcomes of optimal design of 5-, 10, and 15-story isolated building models.
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Fig. 3. Schematic of Bouc-wen nonlinear behavior model.

obai Ay glw oo -F

28 A en gilwand b bl ) ere jlaw Slegose I (S
o Sy daold 26 4 b Jodllygins § lalss > g Clllae el
Job > )5 (A8l sl jliwr 31 (3505 Llod alis el 438,55 18
b olyar g ol o5) S 51 e ol il oo &5 el nlezi s yos
Ol 93 e 48285 (ol (8,5 )l )5 jslaie 4y Al 05 ) sy (635 Sl
5 Sl g & (loj)) (slag s (Slodend (ng5 ) I (GaS
o) Soilesd diged a5 s Snlgs 48 S 0500 ol o &5l [YA] i
Jo 35 93 51 S 5 @8l > e cpl il o ooy Lislei & JSS 5o
kol o5 Jolis 1) (slaslas) oo (slags sl g5 & Ll o7
9333 Al B Slojo)9d (sl g e oo Sy o))
CSOLS Sy 0ad (siluand gladls) IS 2 (sl gan pB
b Jso pj cpl 93 s debdl 13 S o Wg e byl b )5k 80las
b plgd S pale Ojge &

oi o) ol Jsl Jaem s )0 il o)Ll &5 jolalon
Condr Sl pslaio cpl d b dalss (giluand ol adate sl Joioee
Ngd o ojgn Joe SLbI b sy JuS Clasuie 5 Cusdge U
(swlidoj ) Slasule (piman o7 S )3 oS SlSe Cundge 4t

LYA] Sloas BI1Y oo )3 s il 039350 (sly 50 Lmt'j

Siilosd )90 4y 4 Sl (@) ) & 96 (Do o 5 (F) ool
i duw Cpl il Jbdy (g5lo Jde 350 50 less edly isled ¥ S 5o
ool Cowd & tily oo hgy S8 b ol clib ) S el
Sloas &)1 Y Cavgo 10 Jsl syl 93 gl 5,8 o )48 oolaiwl 350 o
G Al 10 5 Ve D (slaojles sl 35 () BT eyl 3590 )3
30 jlulis ,Ld) 3560 )3 Wlodel Caws 4 +/YD g +/YY /Y 3lie
I lya 025 L IYV] TGy gy 3 55 ol (D (alymn (il Jao
) o0 odlasiwl D}Lug) Y 9 ) ‘_glm.)sn dl).)
Jbo @l como 8l lupebl car @ i ol Gl
S50 S oyl oS ad b olil 4y s 8 g e (sl
B398 SYoleo o bawgi )b G adb 0 o3l Jide sl 48,5 )13 oalatul
o sl 00 i Luads ol 53 a8 WYAY o s A5 cos
S o Bl 3 o] S 5 i o Ja 03 3l g oS
¥ USE s asmls sl ord dwolie o ols g adle TeS] muge jplo
Jde 93 2 ol Slib sllae Glid § 75,5 diius ol Cul asuie

AhIyg5 e Sl |l

1 Pushover

2 Rayleigh
3 Seismostruct
4 Drift

yodg



YEAY B YOAR ais 0¥+ ) Jlo &V o)loud @F 0,93 ey sl (3lpos swigen 4 s

5wk ?
_— e
. Y~
il bt 5 m.m:?:
T
Y oaillb

=N
3™ u.a'l:) Gﬂﬁo

1 aib
' Slahaor s 35,
P
s § o
(<)
(b)
1
0.5}
4
C
0.5F
1 g
0 5 10 15 20 25 30 35
©®) ol
@
()
6 6
5 5
4 . s S lyosle
4 3 \ ]
é« 3 j“ 3 \ @allaz,o iz Joo
2 2
1 1
0 0
0 1 2 3 4 5 6 7 0 0.35
m/ s (m);, 5
(o) )

() ()

(S fnslgo 30l 1591 0.5 Jao s (61030 5Ll 4 3o 030 b e (53151 3 33 (Soliz o Jo gl i ¥ IS5
98 algo CulOL (g jlw (b e 58 g 05 Joo Soilowd (0 8T ilgo jlw 5 alab 0 (ylodid b (i dw Juo JSU ()
i 3l dinsber i g5 (5 s 305 5 (5 ¢ b oK 53 s 430

Fig. 3. Result validation of nonlinear multi degree of freedom building model equipped with the base isola-

tion system with the Seismostruct model, a) 3D 5-story building model in Seismostruct, b) Schematic of the

nonlinear structural mass-spring model, c) Tabas accelerogram recorded in Tabas station, d) Story drift
results, ¢) Story maximum absolute acceleration results.
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Fig. 5. Schematic of seismic scenario generated by the Khansefid-Bakhshi [28] model.
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Fig. 6. Faults map surrounding the building model in Tehran province.
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Table 2. Seismological characteristics of Tehran province faults.
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Fig. 7. Random generated mainshock-aftershock scenario due to the fault F04 activity.
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Fig. 8. Statistical features of seismological characteristics of randomly generated events and accelerograms.
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Table 3. Building repair cost for different damage states of different damage types per percent of build-
ing replacement cost [39, 40].
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Fig. 9. Time distribution of occupant’s presence in the building during the whole day.

FEMA-P58 slpiiy wlol p 3 ol lo ;3 31,81 jouis 66300yl
33l g loj 6sSI b akad g 4y Sl oMol plbl | [FA]
(A JS) conl a5 )13 okl 3)00 G5 o 50 53 S 5
Ologi Ggskee ¥¥+ iy b sl S b 1 86 4 e izen
D5 e 4B
b ojlus by o] @t 4 b S bolus S ey
iy dlasly 4 3155l ey Glalo sal)d Jlo gdlio I (gaion s pis
WS 5 0 S o plabls ()8 55 4ty Ll ]
dxgio oloj Jobo 53 5 )l am ol (S0 ©)lud 58 53 el 003

A5 e yie Ol Geben Y L ply bagie g0 4 &S el
L5’|)> &9 le)" P“J u.’])> C.b»a.\!bLM JL@.OI plelj Ll 045 4.».9;
ol ol s b o )85l can 4 Sos8 St (S el L
ol 0as 031> yioles ¥ Jodo 3 g Cowl a8 )5 1,8 eolaiwl 550 [V 4
4 0p5 5 sl 3)90 Wlios J5 b g gy Ojlud bl
028 ) (e 53 39 o0 485 000 (V) dlasly (len 517 l (s
4,8 F Sl ol )8l ded jaas loj jd ( Slaidle Jdo o j0 a8 24 0

)go?M_C Ju..wb M‘.))}‘ab ul.o..>Lw).) uidb))) X0 Yo Voo )mdl)l

Yoo



[Fe g FY] (3o (2] ;3 Cnlad s (11> (S puiio (10 Jbo 589 Jloin] 23395 @b (ST cu pod 9 uSilo .F Jooo

Table 4. Mean and coefficient of variation of lognormal probability density function for variables with
uncertainty in this research work [40,42].
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Fig. 10. PGA of records of selected mainshock-aftershock scenario.

25 0.06
2 0.05
—e—Fix-5ST
: 0.04
‘g. 15 e -0~ [SO-58T
A 0.03 ;
— z° —a— Fix-10ST
wn
g 1 - --& - 1SO-10ST
= . —B—Fix-158T
0.01

-4 - ISO-158T

i 599/ b 05 D! g2 5l 0 ) pa—03,) (SLa3Ias 5 (oled 53 05l SR Ly 53 g DS Al (eSS Ty ) JSU
1o jlwlaa
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rubber bearing isolation system.
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Fig. 13. Loss curves of building models per PGA as an intensity measure, a) S-story building with consider-
ing aftershocks, b) 10-story building with considering aftershocks, c¢) 15-story building with considering
aftershocks, d) 5-story building without considering aftershocks, e) 10-story building without considering

aftershocks, f) 15-story building without considering aftershocks.
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Fig. A.1. Mechanical properties of building stories, a) Story stiffness, b) Story yielding force.
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