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ABSTRACT: The probabilistic analysis could effectively apply the effects of uncertainty in the
structural analysis, where fragility curves are a well-established technique for the probabilistic evaluation
of the structural performance. Notably, incremental dynamic analysis (IDA) is one of the most common
analytical methods for obtaining fragility curves. In this study, the statistical and probabilistic seismic
performance of 3- and 9-story steel buildings are investigated under 22 pairs of far-fault records
introduced in FEMA P695. The seismic performance of both uncontrolled and controlled buildings with
LRB is studied using IDA. Then, a general mathematical equation corresponding to each structure will
be determined for all damage states known as the probabilistic seismic demand model (PSDM) of the
structures. Using this equation, the collapse fragility curve of the structures will be determined for both
uncontrolled and controlled structures with LRB. To evaluate the possible impact of different levels of
seismic intensities on the performance of the isolated structure, the collapse fragility curves for three
different levels of intensities of the benchmark records are presented. According to the collapse fragility
curves, in addition to the effect of different levels of seismic intensity on the seismic performance of
the structure, it is possible to see the positive effect of the LRB in reducing the probability of collapse.
Also, the collapse margin ratio (CMR) in the 3- and 9-story buildings has increased by 100% and 81%,
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respectively, which indicates the better performance of the LRB isolators in low-rise structures.

1- Introduction

Several studies have focused on evaluating the seismic
performance of base isolators in controlling the basic seismic
structural responses such as roof displacement, story drifts,
acceleration of stories, etc. However, limited studies have been
carried out based on the control of more developed responses
including the aleatory uncertainty of the earthquake and the
epistemic uncertainty of the structural parameters. Moreover,
these studies are more limited in the discussion of the seismic
performance of isolated buildings and show the need for more
studies. Also, the studies that have specifically studied steel
structures with different heights and under standard records
with an appropriate number of records have been very limited
due to the high computation costs.

Because SAC structures and FEMA-P695 records
are benchmark buildings and natural ground motions
respectively, the use of these buildings and records provides a
more effective comparison platform with the results of other
conducted research or ongoing research. The far-fault record
set of FEMA-P695 contains 22 pair of natural ground motions,
which can provide researchers with an adequate number of
records to account for record-to-record uncertainty. Also, in
this study, two 3- and 9-story steel buildings without isolator
and with isolators, have been analyzed statistically and
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probabilistically. Therefore, in addition to deriving fragility
curves for 3- and 9-story benchmark buildings, which are
usually considered in the seismic risk studies, in this study, the
performance of the LRB to control the seismic responses of
steel buildings is evaluated based on the probable indicators.
Moreover, the effect of peak ground acceleration (PGA) on
the seismic probabilistic performance of both benchmark
buildings has been investigated to evaluate the effect of PGA
uncertainty.

2- Methodology

3. In this study, 3- and 9-story benchmark buildings of
the SAC project have been modeled to assess the seismic
behavior of the isolated steel buildings. Due to the symmetry
and simplicity, the two-dimensional model of the buildings is
analyzed for both uncontrolled and controlled buildings with
LRB [1]. The LRBs are designed based on the Iranian design
guide for the implementation of seismic bearing systems in
buildings (standard No. 523). Consequently, the designed
parameters including the cross-sectional area of the bearing,
the height of the bearing, the cross-sectional area of the lead
core, shear modulus, and yield stress are reported in Table 1.
Also, the KikuchiAikenLRB code is used to model the LRBs
in OpenSEES software [2].
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Table 1. Characteristics of the designed LRBs

A- H- A- Shear Yield

Rubber Rubber Lead modulus  stress

(m? (m) (m? (N/m?)  (N/m?)

S_A3C 0.3421 0.18 0.0093 6.4x10° 8x10°
S_AgC 0.8355 0.5 0.0235 6.4x10° 8x10°

The records provided in the FEMA P695 i.e., 22 far-
fault earthquakes with both horizontal components for
each earthquake which results in 44 earthquake records are
selected to assess the probabilistic seismic performance of the
buildings using IDA and generating fragility curves [3].

To perform IDA, first, a suitable intensity measure (IM)
is selected according to the characteristics and location of
the structure. The IM can be peak ground acceleration, peak
ground velocity and spectral acceleration corresponding to
the main period of the structure, etc. Among the mentioned
IMs, since the spectral acceleration of the first mode is
related to the characteristics of the structure, it provides more
favorable results and the dispersion of the results in this IM
is less [4]. Next, the engineering demand parameter (EDP)
is selected. This parameter can be the maximum rotation
of plastic joints, the maximum acceleration of the roof, the
maximum base shear, the maximum roof displacement ratio,
the maximum inter-story drift ratio, etc. Then, a suitable
algorithm is selected to implement the analysis. In this
research, Hunt & Fill technique is applied to scale records of
IDA. This algorithm is one of the most suitable algorithms to
choose the IM-level [5]. Finally, although there are various
distributions to obtain the fragility curves, the lognormal
probability distribution is preferred in this study.

3- Results and Discussion
First, an IDA curve is obtained considering three different
intensity levels of PGA. In this study, the spectral acceleration
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Fig. 1. IDA of the uncontrolled 3-story building under
far-fault records with high PGA
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of the first mode and the maximum inter-story displacement
ratio is selected as the IM and EDP, respectively. The IM is
scaled based on the Hunt and Fill algorithm. In these graphs,
each corresponding point is a step of IDA, and the values of
the intensity measure corresponding to that step are plotted
against the maximum story drift (EDP) during the entire
analysis time. Increasing the values of the intensity measure
has continued until reaching the maximum story drift which
is 10%. (Figure 1). The parameters that are necessary to
describe the lognormal distribution are logarithmic median
(IMm) and logarithmic standard deviation (BD), which were
estimated by performing the linear regression analysis of
In(DM) on In(IM) (Figure 2).

The equation of these lines represents the probabilistic
seismic demand models (PSDMs) of each structure. Using
these PSDMs, it is possible to obtain the fragility curve
corresponding to all damage states without performing new
analyzes. In this research, the collapse fragility curve has
been obtained for both isolated and non-isolated buildings for
different levels of PGA intensities (Figure 3).

For the 3-story building, the spectral acceleration of the
structural collapse corresponding to the 10%, 50% and 100%
probability of the collapse of the structure for the case of
controlled buildings with LRB has increased by 13%, 34%
and 52%, respectively. Moreover, among the important
parameters that can be obtained from IDA and fragility
curves is the collapse margin ratio (CMR). The larger CMR
means the lower the probability of the damage. This ratio is
obtained by dividing the median of the spectral accelerations
of the collapse with a probability of 50% by the spectral
acceleration of the maximum considered earthquake (MCE).

with different PGA intensity levels

The CMR for a 3-story building without and with LRB
is equal to 1.56 and 3.14, respectively. Also, for the 9-story
building, the spectral acceleration corresponding to the 10%,
50% and 100% probability of structural collapse for the
buildings with LRB has increased by 28%, 51% and 98%,
respectively. Additionally, the CMR for the 9-story building
without and with LRB is calculated as 1.52 and 2.75,
respectively.
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Fig. 2. Logarithmic curve of PSDM for 3-story building
with LRB under far-fault records with high PGA
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Fig. 3. Collapse fragility curve of uncontrolled & controlled 3-story building under far-fault records with
different PGA intensity levels

4- Conclusions

According to the results obtained from the response
history analysis performed on the 3 (9) story building, the
roof displacement of the building with LRB compared to the
building without LRB has decreased on average 73% (45%)
with a standard deviation of 9 % (16%). The maximum and
minimum response reduction values of the roof of the 3 (9)
story building with LRB compared to the building without
LRB are 88% (69%) and 41% (11%), respectively under
the set of investigated records. The reduction of the roof
displacement of the building is due to the reduction of seismic
demand and the increase of damping of the building. Notably,
both in terms of reducing the average displacement of the
roof and in terms of reducing the uncertainty of the record-to-
record, the LRB has performed better in the 3-story building,
which is due to the lower period of the 3-story building and
the greater effect of the LRB in the low rise structures. Also,
the LRB causes the vibration amplitude to decrease faster
over time and the building to enter the nonlinear region less,
which has reduced the residual displacement in the buildings
by reducing the seismic demand and increasing the damping.

According to the results of the fragility curve, the LRB
has reduced the damage to both 3- and 9-story buildings by
reducing the seismic demand and as a result, the story drift.
According to the analysis, the spectral acceleration of the
10%, 50% and 100% probability of the collapse for the 3-
(9) story isolated building has increased 13%, 34% and 52%
(28%, 51% and 98%). It should be noted that the period of
the building with LRB changes differently for the building

without LRB for 3- and 9-story building and as a result the
percentage of the seismic demand reduction is also different.
Therefore, the comparison of the percentage increase in
the spectral acceleration of the structural collapse obtained
from the fragility curve of these two buildings cannot be a
suitable criterion to compare the seismic performance of
the controlled buildings with LRB in the two 3- and 9-story
buildings. For this purpose, the local index of CMR, has also
been compared for both 3- and 9-story buildings and in both
cases of controlled buildings without and with LRB.
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Fig. 1. 3-Story benchmark building of the SAC project. A) Plane B) East frame
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Table 1. Beam Sections of the 3-story building
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Table 2. Column Sections of the 3-story building
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Fig.2. 9-Story benchmark building of the SAC project. A) Plane B) East frame
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Table 3. Beam & column sections of the 9-story building
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Table 4. Verification of the 3- & 9-story building responses
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Fig. 3. Typical configuration of LRB
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Table 5. Specifications of the designed LRB for 3- & 9-story buildings

Shear modulus Yield stress

A-Rubber (m®)  H-Rubber (m) A-Lead (m?) (N/m?) (N/m?)
SAC-3 0.3421 0.18 0.0093 6.4x10° 8x10°
SAC-9 0.8355 0.5 0.0235 6.4x10° 8x10°
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Table 6. List of benchmark earthquakes

IIJ)) M Year Name Station name ;IJ)) M Year Name Station name
1 6.7 1994 Northridge Beverly Hills- 12 7.3 1992 Landers Coolwater
Mulhol
2 6.7 1994 Northridge Canyo\r}\l”(fguntry— 13 6.9 1989 Loma Prieta Capitola
3 7.1 1999  Duzce, Turkey Bolu 14 6.9 1989 Loma Prieta Gilroy Array 3
4 7.1 1999 Hector Mine Hector 15 7.4 1990 Manyjil,Iran Abbar
Imperial Superstition
5 6.5 1979 Valley Delta 16 6.5 1987 Hills El Centro Imp Co.
6 6.5 1979 I$552?1 El Centro Arraull 17 6.5 1987 Suplt_:lrisﬁ;tlon Poe Road(temp)
7 6.9 1995 Kobe, Japan Nishi-Akashi 18 7.0 1992 Cape‘ Rio Dell Overpass
Mendocino
8 69 1995  Kobe, Japan Shin-Osaka 19 76 1999  Chichi CHY101
Taiwan
9 75 1999  Rocuelh Duzce 20 76 1999  Chichi TCU04S
urkey Taiwan
10 75 1999  Kocacli Arcelike 21 66 1971  SanFemando ~ /Holbywood
Turkey Stor
11 7.3 1992 Landers Yermo Fire Station 22 6.5 1976 Friuli, Italy Tolmezzo
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Fig. 4. Verified force-displacement curve of LRB
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Fig. 7. IDA of the uncontrolled 3-story building under far-fault records with different PGA intensity levels: A) low
B) medium C) high
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Fig. 8. IDA of the controlled 3-story building under far-fault records with different PGA intensity levels: A) low B)
medium C) high
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Fig. 9. Logarithmic curve of PSDM for 3-story building without LRB under far-fault records different PGA intensity
levels: A) low B) medium C) high

0
-1
— -2 00 Q@ ©
2 3 R - 00 o
% © 8 OO/CQ'O
-5 6 PR 8 (©) ’O‘@/ P S b3
rd
6 %o |y =1.3006x-4.3885 | o - [ y=1.2511x-4.5242]
) | 0 I 2 2 | 0 I 2
Ln (Sa (T,,5%)) Ln (Sa (T,,5%))
() (ah
0
-1
-4 Py
2 5 od ,§@§ 3
= 4 80700
_-og 8
- é’ [ y=1.5151x-4.0979]
6
105 0 05 1 1.5
Ln (Sa (T,,5%))
(&)

3 595 g ,55y Codd (Sl — O puw jlwlas LSAC jLas adb ¥ bjlfw w381 ‘_;\n‘.ol}.{b J.ﬁbd «lo ) dl.élij“ SVl Jso g (05 )18 ylaged Y+ JSUS
3 (z) 9 brwgio (&) o8 (W) PGA (slcsad clisro ko b Juud

Fig. 10. Logarithmic curve of PSDM for 3-story building with LRB under far-fault records with different PGA intensity levels:
A) low B) medium C) high

Yo



CLOaS Bliseo Zohuw g1y jlwlas g jlwlas oo Cls gl alb A o ¥ Jlae o5l (glo ) Lol Yl s Jso Y Jgus
32398 3,8es g b Bl (S a8 yldge8 Glasuin s PGA
Table7. PSDMs of 3- & 9-story buildings with & without LRB under different PGA intensity levels & the

lognormal parameters of the collapse fragility curve

PGA bs oYolze Ma  PBo  Peotal
o~ Y=1.0075X-3.4143 Y/;*\ N\ NP
ol JyuS  lwgie  Y=1.0152X-3.3310 YNO NV ¥
oLy  Y=1.0348X-3.1932 YX% NV XNV
SAC-3
s Y=1.2511X-4.5242 OA+ -NO /AN
odd JyuS lwgie  Y=1.3006X-4.3885 FA- N NP
ol Y=1.5151X-4.0979 YNY 0¥ -7
s Y=1.0083X-2.7703 V6% -¥f ¥4
owi JyS  bwgie  Y=0.9527X-2.6220 \/f- YA fY
by  Y=1.0374X-2.1771 <AL YA %)
SAC-9
o~ Y=0.5061X-4.2880 Y/\Y XY ff
oud JyuS  luwgte  Y=0.5509X-3.9962 Yo\ XY o ff
oLy  Y=0.5800X-3.7919 \X# XY off

Glisco ko Jblite 552,58 3055, Jlais) 5 ool 045 gy PGA
odd 03l lis o (gl g jluls e clls gl ol ool
Yol I Md (gly 0dds (5155 polie duolxe (slp Cpiomed ol
Cuol ygo pl 4 Md dple 0556 .l ois odlatnl V' Jodn bolas
5 sl 00 0303 J13 (£V+) U33y0,8 2 Lin jluie Y jielyl gl & o
lie cul IR b 3o )3 (Ln(Md Jlao Xy (sl
Iy Md jlade e o S 25 0 (Jorzme S dolro SO 4 a5 dalso
23,5 dolee ddlre o (gly
oY ol ol (Sealod Judoo (lalases VW o VY S5 o
555 5 3 b (St — o ol b g ol 0 o il
$lo2)sS ) degeme alod sl s o glyie & Ve cdp
ol paw ) PGA clacnds calises golaw SS&5 oty JuS 51 90
e b glaclid sly (39,8 2103y Jloinl e dls yo 55
S i 3 oslinal b l (Seslus cslo s 51 easl cons &
55, VY &S Gl lp W USG p0 el odd dwle Loy
olitul ©ad il zohaw SSE (o g lojer Sjgo 4 e
5 jlolis an clls g (gl dab ¥ oojle (SuiSs slbbges (o

ol 0l POURVIN W d)lmbb

Y] sl 315 639y 5| (8L Copalad pac DP g ojl cud )b 4y by o
5 088 (silubiz ojle slp OB Jlade o)Sen 5 (5y9ate 4oyl b
SIDP sl (gl [Fr ] sl o a28 )3 jlas 3+ /Y jlade jlolis el
Swolind oo gbaodly slas N alasly cpl 55 .Cowl oiis edlaiwl & dlayl,
s Jse g il Seoliy oo slaedly polie BWSIA 4 iol53)

[9V] canl loj ) slolss Y Laas

Bt = P52 (o)

L)’ )

Po =\ "Nz

e ol 045 Mbu alisee .E.:]).w dl).» LJ“’)")?)S .))S.lo.f— &‘a.w
Y oojle Lijygyd (SAuss Hlses VY S o Wedly cpl il eslazel b
Gl paw dw (gly ol (gilwls g jlelis e adl A

V&



VAF B VST s AF Y o ) o)l O 0593 S yual lyos  cwdiges 4 il

SAC-3
10 -,:.-‘-~-‘~~“"':'"""' 10 [ .5<PGA (jlloz 3353)
ERc =+ =(.75<PGA<1.5 (jlolaz ;50)
0.8 0.8 [*=ree PGA<0.75 (jlulaz 509)

1.5<PGA (lula> L)
= =0.75<PGA<L.5 (lola= L)
~~~~~~~~~ PGA<0.75 (jlula> L)

e
o
e
o

o 5<PGA (Lol ;5%)

Probability of Collapse
Probability of Collapse

0.4 = ®2<PGASS (x5 0.4
ssssens PGA<D (}L.;Lx? Qs-\e)

0.2 5<PGA (jlola> L) 0.2
=+ = 2<PGASS (jlulax L)
......... PGA<2 (jlilax |

0 ( ) 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
S.(11,5%) (g) S.(13,5%) (g)
(<) (N

oo ol (5150 00w (g3lwlae g jlwlie o Cls (610 SAC jlre allb A (&) 9 V(W) 05w (19595998 (SaSl 15905 1Y UK
JuS 5 493 038> 53,65, PGA gy
Fig. 11. Collapse fragility curve of uncontrolled & controlled 3- & 9-story building under far-fault records with dif-
ferent PGA intensity levels

2.5 | |
5 s |
3 — |
=1
e 1. — |
n ﬁ
S -
%% %/
0.5 = = |
1
0 L= | |
]
0 0.02 0.04 0.06 0.08 010 0 0.02 0.04 0.06 0.08 0.10
Maximum interstorey Drift Ratio Maximum interstorey Drift Ratio
(<) (&

Shlaa e alb ¥ ylro 05l (ouiia 1531 (Suoliad Judoi 13900 () 9 o (g5l alub ¥ ylero 05l (ouiia 1531 (Suoliad Judoxi 13905 (A1) I Y S5
PGA boind dlisen ol SUSET (g

Fig. 12. IDA of 3-story building A) with LRB & B) without LRB under all earthquakes

ywy



VAY B ASY asas NF-Y JL» Al o)L,..;: HO 0)9d 6):45)-:.0] u])o.c (e Ayl

4 |

=
/ D9
1
3 / 1
( —— .
pmm—"
= -
— —
/ —_—
1 7 !
1
— ;
0 0.02 0.04 0.06 0.08 0.10 0 0.02 0.04 0.06 0.08 0.10
Maximum interstorey Drift Ratio Maximum interstorey Drift Ratio
(<) (alh

aib A jlro 05w (o] 33] (Suoliad Judoxd 13905 () g 00d (g5l alb A jlro 05l (o] 33 (Suwolind Judoxi ldg05 (1) VY JSUS
PGA boiad dlisen ol SuSET o jLwlas g

Fig. 13. IDA of 9-story building A) with LRB & B) without LRB under all earthquakes

—_
\0
4

e e
o o

Probability of Collapse
o oo
e |

0.4
0.3
0.2
i
0 0.5 1 1.5 2 2.5 3 3.5 4
S,(T,,5%) (g) S,(T,,5%) (g)
(<) ()

it gbw SUSW g jlwlis b g jlwlua faus Cle 619 SAC Lo 4kl A (&) o ¥ (1) 03w (W35 5958 (S WSl 15900 IV F JSS
PGA o

Fig. 14. Collapse fragility curve of A) 3-story & B) 9-story buildings with & without LRB under all earthquakes

YA



ol (9 05w 4 S 0l (5Ll jlome 4B T 05l (612 (155299, (A DS L1331 0,0 A Jgae

Table 8. The increase of spectral acceleration of the collapse limit state for 3-story with and without LRB
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Table 9. The increase of spectral acceleration of the collapse limit state for 9-story building with and without LRB
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Table 10. Collapse marging ratio of the 3- & 9-story buildings with & without LRB
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Fig. 15. Response history of the roof displacement of the 3- & 9-story buildings with & without LRB
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