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ABSTRACT

In this paper, attempts are made to compare the seismic fragility and the
probability of failure of steel structures supported on different types of
friction pendulum isolators. These isolators including single friction, dual
friction pendulum and triple friction pendulum are designed to have
similar effective periods as a prominent characteristic of them. The
designed bearings have 3- to 5-second effective period and supports 3-
and 6-story moment framed steel structures. These two superstructures
represent short-range and intermediate-order buildings based on HAZUS
technical manual. Three-dimensional nonlinear models of the structures
are idealized in a finite element framework and nonlinear time history
analyses are performed. In order to compute the fragility of the structure,
the probable uncertainty sources in an isolated building such as
earthquake record, modeling, design, and properties of materials in a
probabilistic framework are considered. Furthermore, incremental
dynamic analysis (IDA) is performed and the fragility curves of the
structure are obtained in slight, moderate, extensive and collapse damage
states (DS). Calculating the failure probability according to FEMA P-695,
it is showed that all the isolated structures have less than 10% collapse
probability. In addition, it is revealed that the triple concave friction
pendulum (TCFP) has greater collapse margin ratio (CMR) than other
kind of friction bearings. Growing the effective period of TCFP from 3 to
5 seconds, increases the CMR nearly 70 percent.
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15 Incremental Dynamic Analysis
16 Damage State
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Damage State DS1 DS2 DS3 DS4
Peak Floor Acceleration 0.45g 0.9g 1.89 3.6g
Maximum Interstory Drift 0.006 0.012 0.03 0.08
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No Record Station Soil Type Mw Max. PGA (g) Max. PGV (cm/s) Epicentral (km)
1 Northridge-01 Canyon Country-WLC D 6.7 0.52 63 13.3
2 Northridge-01 Beverly Hills-Mulhol D 6.7 0.48 45 26.5
3 Duzce Bolu D 7.1 0.82 62 41.3
4 Hector Mine Hector C 7.1 0.34 42 26.5
5 Imperial Valley-06 Delta D 6.5 0.35 33 33.7
6 Imperial Valley-06 Elcentro Array #11 D 6.5 0.38 42 29.4
7 Kobe Nishi-Akashi (o] 6.9 0.51 37 8.7
8 Kobe Shin-Osaka D 6.9 0.24 38 46
9 Kocaeli, Turkey Duzce D 7.5 0.36 59 98.2
10 Kocaeli, Turkey Arcelik C 7.5 0.22 40 53.7
11 Landers Yermo Fire Station D 7.3 0.24 52 86
12 Landers Cool Water D 7.3 0.42 42 82.1
13 Loma Prieta Capitola D 6.9 0.53 35 9/8
14 Loma Prieta Gilory Array #3 D 6.9 0.56 45 31.4
15 Manjil, Iran Abbar C 7.4 0.51 54 40.4
16 Superstition Hills El Centro Imp. Co. D 6.5 0.36 46 35.8
17 Superstition Hills Poe Road (temp.) D 6.5 0.45 36 11.2
18 Cape Mendocino Rio Dell Overpass D 7 0.55 44 22.7
19 Chi-Chi, Taiwan CHY101 D 7.6 0.44 115 32
20 Chi-Chi, Taiwan TCU045 C 7.6 0.51 39 715
21 San Fernando LA- Hollywood Stor D 6.6 0.21 19 39.5
22 Friuli, Italy Tolmezzo C 6.5 0.35 31 20.2
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o Slasin (MM?) ol MM sy 3o (MM®) (7 (o 30 o (MM?) 2y coluo (Kg) oy (KN) ¢339
C ogm 5.0x10° 6.851x107 1.0x108 5.0x 108 0 0
R, 5.0x10° 1.0x101 1.0x108 5.0x 108 0 0
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F b 435mm 0.06-0.13 64mm
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17 Engineering Demand Parameter
18 Intensity Measure

19 Vamvatsikos & Cornell

20 Stepping Algorithm
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21 Cumulative Density Function
22 L og-Normal
23 Zhang & Huo
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Isolator Teri(seC) Parameter DS1 DS2 DS3 DS4
Mean 0.143 0.248 0.382 0.5239
3 [ 0.162 0.211 0.2015 0.1849
Sa-50 0.0946 0.189 0.3379 0.49403
FPS Mean 0.1053 0.164 0.2447 0.335
4 c 0.1433 0.152 0.145 0.1419
Sa-50 0.0624 0.1211 0.21058 0.30882
Mean 0.09176 0.17625 0.2707 0.3882
5 c 0.0949 0.1781 0.2128 0.2845
Sa-50 0.06377 0.1239 0.2129 0.31319
Mean 0.1298 0.2514 0.38599 0.5328
3 c 0.1423 0.2392 0.2263 0.20622
Sa-50 0.0875 0.1821 0.3329 0.497
DCFP Mean 0.1015 0.1648 0.2501 0.34521
4 o 0.13113 0.15722 0.15631 0.15114
Sa-50 0.06213 0.11932 0.21209 0.31623
Mean 0.09112 0.13257 0.18722 0.2586
5 c 0.1443 0.14821 0.14503 0.14009
Sa-50 0.04863 0.08838 0.14801 0.2273
Mean 0.13337 0.25335 0.393614 0.554166
3 c 0.1429 0.239698 0.229731 0.213635
Sa-50 0.090953 0.184036 0.33995 0.517074
TCFP Mean 0.09176 0.176249 0.270734 0.388286
4 c 0.094936 0.1781 0.212781 0.284527
Sa-50 0.063771 0.123974 0.212886 0.313199
Mean 0.08585 0.136407 0.195308 0.292657
5 c 0.12411 0.146088 0.1458 0.234003
Sa-50 0.04884 0.093094 0.156508 0.228574
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Isolator Tesi(SeC) Parameter DS1 DS2 DS3 DS4
Mean 0.12937 0.23816 0.36868 0.50132
3 c 0.1555 0.2135 0.19725 0.17728
Sa-50 0.082772  0.17734 0.32508 0.47264
Fps Mean 0.105829  0.16156 0.23796 0.31135
4 c 0.155414 0.14725 0.13846 0.13049
Sa-50 0.059565  0.1194 0.20568 0.28715
Mean 0.088779  0.3015 0.18336 0.23187
5 c 0.132997 0.12743 0.12778 0.12682
Sa-50 0.049289  0.09299 0.15043 0.20344
Mean 0.123858 0.24418 0.37679 0.51624
3 c 0.142072  0.23835 0.22389 0.20891
Sa-50 0.081392  0.17474 0.32393 0.47854
DCFP Mean 0.099455  0.1633 0.24196 0.32874
4 c 0.127829 0.15592 0.14997 0.14854
Sa-50 0.061072  0.1181 0.20566 0.29958
Mean 0.090907  0.1301 0.17621 0.23559
5 c 0.1446 0.14133 0.13356 0.1181
Sa-50 0.048384  0.08812 0.14043 0.21061
Mean 0.128587  0.24778 0.38646 0.55161
3 c 0.141046  0.23978 0.22448 0.21538
Sa-50 0.086631  0.17805 0.33418 0.51384
TCFP Mean 0.106447  0.16939 0.25821 0.36844
4 c 0.147093  0.16206 0.16107 0.17101
Sa-50 0.062406  0.1224 0.21908 0.3342
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Mean 0.086138 0.13206 0.19625 0.26575
5 c 0.123808 0.13238 0.14546 0.15662
Sa-50 0.049194 0.09327 0.15766 0.22895

b Slaz glgil b (2l gdaww 5o Glinb gLl 730 (gaumm Lo F-)

&9 abe anlio odal Cewts Joy S &9 9 S Wasl Jeuilh sl Slax glgl (gl ool plxl IDA J[HPRPES R

L aS cd,5 amis les oo oo oold ylis slaJSi 4y ax g5 b .l oo ools iales A JS 10 8 9 ¥ slaojle (sl ool s
eV olp maw )0 asl 0 Golid 0,90 L (FPS) (& SKasl Slas jo Jlis glgie 4.l oo (iols Sa jlade ojle glas,l yil33l
odalive A IS slajloges jo oS jshiles ail g0 G plp /- FAY ail 1l ojle sl 90 plp /- PYVY 4l ¥ o5lu gl ailes
o ole gyl s g all o K0 £ 90 3l iy (S SKasl gle Slas o ojle glay)l gl L Sa jralS e 098 o0
WOl Goluw Lo yai ojle 90 50 miel Al polie ¢ oyl Slaux 56 (TCFP) 4lfaw 3 (DCFP) ailfgs  SKlasl sle Sloo
[V] asds cliios o .ol FolisS o5l 4 cams oYU Slib jo Glid (og yie 5ol ojlug, ;0 Sa LmalS Lo o yiege
A S (§ o i ard ST LS @il O 5 F Gl ley b sl STas 1o zmen 9 YU o> zokaw j0 ool ool lis
WsSlan adl aidl oo 3l 6 5S> SA yo ¢ 095 ol mhaw paads Gleojle jo cplplo o)l S maw 4 o, o iy
ol wads 5l Slas (o5 ghaw (il b g el golo ool ;508 51 i FPS Slas glls sloejle (sl alins ol o o,Lsl oS
4B O ool ol LTCFP Slax ;o diges gl canl oo, Pla> 4y g4.050 (ol TCFP sl Slax 10 a5 (5 5k 4 098 oo atwlS
el el 006y +/YYEQ § < NOAG ¢+/+AYQ /- FFg i aib £ oY ojlu 90 ;0 Sl YUY Ll5 zobhw (o i olis aile
Slojy oS Slaiz 050 ojle Slids slass asiyl g o)l 508 paudy slaejle Sl J,uS )0 TCFP Slas Ul 5l olis g4.540

laslas o

Wolisto ygo Cgld oy b ilise (sl S Taer (g Lo F-Y

50 Sglite Pae wgls ley b caliee slo, gVl 5l ool Cuvay lagwl aile 1 IS jo oals cols las sle logad o
a5 Cl pazmin b S cpl 4y azgi b col ol ools lis a5 0,65, YY o (DS) ol o mhaw [l b adds il g 4w slaojle
$3399 s o el ol o o 5 ool K255 S (sDls 55 Sl oo ity gl ol b SISl (slo Slaz pales s
5 Slae (sline 4 WL sl oloj b o Tl 5 S pob Blite SA ke o S il 0 ilie 5 sl & i
Olee 9 8)0,55 2 6 50l 69959 loj ) Lol 5l oy Flaz cnl oslisnl 9,50 slaal 15l el 4y 4z gi b asly e L] apnd
et oS5 SShol Sl S8 ke aizred el 8055 gl loj b sla Sz 5 e b Sl (ol 3 415 595,553
Sl a4 s alfge 5 alfan SEhol sl Slax g o Sles oais (lid a5 all o alfan 5 Al SKaol sloSlax
Slojloged Cunl onalie BB gy 4l O ol by b glaSlaz 55, 2 4kl 4w ojle ;5 ged5e (nl Wilipe (S SElasl
il oo el o8 p Loyl 5 o0 wlin alfan 5 Alfss lo Slax

NF 630 axmio 1 1R Jlu ¢F 0 3los <Y 0,99 il g 03w (ki (g 33 — (ol 4 g \+A



Jleolo

Ol 21 0 3lw (qwiigo o2l

Ds3

Ds2

Ds1

YEE'O
reeo

see'o

OvE'0
€EE°0
see’o NN

0S-eS
8LT°0
SLT0
Lro I
v81°0
2870 ¢ i
681°0 I
05-es
g o
23 %
n .
£80°0
T80°0 @i
€80°0 N
1600
880°0

5600 I

0S-8S

6STORY

3STORY

6STORY

3STORY

6STORY

3STORY

T o =35

T =35

T .4 =3S

Ds2

Ds1

Ds4

[44

T'0

8TIT°0
6rro N

¥ZT1'o

6IT°0

1zro I

0S-Bs

€900

190°0
0s00 NN

90°0

€900

2900

0s-8s

rIS0

L15°0

6L1°0

ecvo [N

Let'0

ver0 I

05-85

6STORY

3STORY

6STORY

3STORY

6STORY

3STORY

T o =45

T =4S

T.4=35

Ds1

6¥0°0
810°0

6v0'0

vEE0

Ds4

Ds3

E1E0
9TE'0 i
60£'0 N

0s-es

6TC0

2120

90z’0 NN

€TI0

9020

zal

0S-es

6STORY

T 4 =55

3STORY

6STORY

3STORY

6STORY

3STORY

T .4=45

T .4 =4S

622°0
112°0
ual

DSs4

62C°0

Leeco

ere’0 I
05§
85T°0

ovT'0 i
ost'o I

DsS3

LST0
8r1°0
e1z0 I

05S-es

€60°0
880°0

€600 |INEG—_——

DS2

€600
880°0
vzr'o I

05-es

6STORY

3STORY

6STORY

3STORY

T o =55

T =55

6STORY

T.4=3S

3STORY

&y liso rabw g1y 4l B g F ¥ g0 Ogls loj b (Sl b Slas glgil sl dileo ol Hlogad :A JSi

“g i — (ols 4 g

1P G0 amio 1138 Jlo oY o ki <Y 099 ccdlw g0 jlw (wiigo



O 21 03l (quwigo (ool Jbeleolo

DS4-3STORY DS3-3STORY DS2-3STORY DS1-3STORY
0.6 04 02 0.1
0.35
05 0.08
oa 03 0.15
§ - 025 e B £006 o
%03 " g o2 701 7
4, . @015 & & 004
’ DCFP 01
01 005 0.02
TCFP 0.05
0 0 0 0
3 4 5 3 4 5 3 4 5 3 4 5
T
T T g T off
D4-65TOY D3-6STORY D2-6STORY DI1-6STORY
0.6 0.4 0.21 0.1
035
05 0.18 0.08
03 015
£ 04 2025 Lo £ 0.06 &
z o - @
T 03 g w02 % 009 4
@ T =0 ;
& 015 & & 0.04
0.2 G ot 0.06
- 0.02
0.03
01 0.05
0 0
0 0 3 4 5 3 4 5
3 4 5 3 1 5 T
T T T off

sl g )l b aib (fd g aw glrojle )0 Wglise g 0gld ploj b aliso sla Sl )0 @598 ailo p3lie (G Lo A S5

FEMAP-540 ol oo | dalao 039y 9,9 Jlos>! F-Y

ol )l oo, 5l C by 9,9 ¥ 2l alaw jo (SBasl sla Slax glal L oud gilulaz sloojlu o Sles (o) 2 sl
Sl BT 51 oslitl U g Ui, o0 gl o bbojles 0 Shes ooy p2 41 Ly ol sl 0 aslit] FEMA P-695 Lasll giaus
e Slacank i sl 135 518,55, 3 20 (slacalad it s ople ol s t] 5 iz 53,2050 (IDA) ol
ot Sy slo Sl 5] ol A5 Coabi pie e 55 B 55 50 o] e 0 5 ol cllae el 5 ke o
5 45 dante slos)sS, 18,5 a5 o b lss (oo ) Jlade (nl ol e 955, 5o (S8 Slgizme 5 (T alex I il slas S
Snse e 55 il st i 5l o Slagshe o Loppn oalah i 335 (s ol Saaliss b 5T slo i s
2 b gl bl Cliogas (390 Lol aauly 4 wllas Conlad poc 9 09,5 o0 Bl o iy BB 58 g a3 Lil cunss
2 0l @Uls g ookl 0550 (Lol Jao CoaeS ap (S 53 g3ldin @ bgrje Conld pue 00,5 Bl cunS 4y bgyye arle
2 SHSE (fomie 595 Sy IDA SIGT il 51 ey G295 02l 5 aloye (sl 005 o0 abgpo ojls slagly BB s i
D5 se o3l (B35 98 Jlat e ol (e s )0 2l A Sy Jlre 5l s, l @b g el (B 98 Sl e
Vg )3 a5 A 958 st e (oo Ol s Sl leslinal b Ladd g o0 5L 050 sla Joe (SuiSE (e (nlple
odmlice BB Ve IS 0 adlio o ¥V oolu by b (SElasl slo Slax glsl ol b gome (] diged .ol odel Caway 00ys,5 48l
g0 Llod ] 50 YU a5, sla caabad pae 516 00,5 o usead ¥ alayl) 5l ool b oo ol das al> o 50 ]

SCT:‘S-ACT . Aror \p

5&.14.;@1.“_]&)3&]@}55 S Agor WMC‘*""’-‘)‘ Jd g o gww SA,:T5.5'CT4.14,,|) ol e
:ob;u’_a wwv@‘)bﬁw‘ o)LwGLSM.‘aSﬁJQb)J‘)J)LAMJ‘)JU‘

11F G20 axivo AFR] Jlu <Y o ot (¥ 0390 (Clu 90 jlw (wiigo (i g 33 — (oke 49 gt “



O 21 03l (quwigo (ool Jbeleolo

Bror =+ Birz + B + Bip + Bitne ®
Gildas 5 dlas Slogas (b Wil; los,ss, lacaakd pae i & Pupr Br, PFor < FrraVl akl,y 5o

Jley S slagsss Jlre Sl b sl FEMA diogs a0 Lo alj); slod,S ) Cuslad pae jlade iagy cnl 5o [YY] axsl e
(b caabd pac o ls cibllae (/T B /Y ) asl ool 5o Jglaie ool ;53 polie b aS el oo (5,8 IDAILT 51 ool s
oud 4188 a0 IV g Y o)) 4 s (sillaz loojle (gl Aslipn] et dnogi 4 L s (ludae 5 llas Slogas

IvY] el snalie BB Ve JS5 50 b Slax gloil (gl ond promas (Saiisld gionie ciogs (nl b ol

1.00 | TCFP-3§ J—— 1.00 - TCFP-4S e i 1.00 | TCFP-5s —
0.80 , g 0.80 i 0.80 ohd
2 2 Z
060 - ’ = 060 - 4 £ 060 - 4
-] =
3 ’ 3 ’ g ’
S 0.40 - IDA S 0.40 - /4 040 /]
o / & [
0.20 / — = FEMA P695 0.20 4 0.20 4
P / /
0.00 ~— : 0.00 =" : 0.00 ~— : :
05 1 15 2 25 3 0 65 1 15 2 25 3 0 05 1 15 2 25
Sa (T=Tq) (g) 5a (T=Teq) (g) 5a (T=Teq) (8)
1.00 DCFP-35 - - 1.00 - DCFP-4S — — 1.00 4 DCFP-55 —==
0.80 , - 0.80 s 0.80 P
Z Z Z
= 0.60 Vs £ 0.60 7 £ 0.60 4
2 / 3 3
§ 0.40 § 0.40 4 § 0.40 Vi
0.20 / 0.20 7 0.20
P 7/ /
0.00 = . 0.00 =" i 0.00 = i i
05 1 15 2 25 3 0 o5 1 15 2 25 3 0 05 1 15 2 25
Sa (T=Tq) (g) 5a (T=Teq) (g) 5a (T=Teq) (8)
1.00 FPS-3S -——— 1.00 FPS-4S - 100 FPS-5S -
0.80 P - 0.80 P - 0.80 P =
z P z s Z -’
£ 060 £ 0.60 £ 0.60
5 ’ 3 ¢ 3 7
'§ 0.40 - / g 0.40 - 4 -E 0.40 - /
o a /4 a 7
0.20 /, 0.20 - 0.20 -
/ / ’
0.00 == v 0.00 4 : 0.00 & : :
0o 05 1 15 2 25 3 0 o5 1 15 2 25 3 0o 05 1 15 2 25 3
Sa (T=Tq) () Sa (T=Teq) (8) 5a (T=Tex) (8)

Shol sl Slax glgil &l FEMA P-695 (33llae o geammad g oSoioseis o )+ S5

L)”‘ aS Cowl 6)9TOb Le m}/ ] ML?LA J.:L‘B J.\A BLA) (Pf) u»“)-i) 5)5 69.95 JLN}‘ R GM (T 6L».~o »

0333,5 dule sdwl Cwds ASCE 7 aaliipn] MCE (il 5l a8 Slas jo e wols yley b ,blie (Sa) sloj,) o sl Jlea

&losle FEMA P-695 aol vl gulo .l 0030 5 &SI Y Jgo j0 Gubizs (ol 50 oolatwl 0,50 sla Jow sl Lo, 9,8 Jlois! .ol

|y carolae Loyl oolitul )50 (gla Jow coled Jgaz ol llas sl <1V 51 5eS ol e, 52 Jlaiol 45 ] oglhan o1,k 4L 5|

ol g 0,Skae 3 Slo oS Ail o 2aS 150 £55 90 4 s A5 s Shasl (gla Tlax 5 Jlais g wlansls o),k Llsd ;)
sl Slar gy

S e 5 A5 (nl po it slo Slax ¢l ol ol b Bl aib Sl wile 0590 50 @l S medy

tsln O b, Bllae 45 s o) sl o0 oolizsl o @)l FEMA P-695 5105 ;5 45 (CMR) Ui, 57 caies] anil>

L3 ) Gur) o3k Lol 0522 & bgpe MCE ik i 5 Ser) G, 558 (o5 o o slos) ads ailoe o b3l 33,5 0

el 1,95 52 6 5L (Gl 5l S5 3550 05l Wl 15555 S (nl 4z 52 45 Ses e

NF GR0 amio AR Jlo <Y 0 jlowi (Y 0,590 (b g 03w (wiigo (i g 3 — (ods 49 piad



O 21 03l (quwigo (ool Jbeleolo

CMR= Ser/ Sy )

Ggliio gl 090 b (TWol sl Slaz elgil (gl (3598 (o) dmbl g (o305 958 Jlosal oY Jgur

Isolator Terr Fr CMR
3s 0.0228 2.30600
TCFP 4s 0.0277 3.075
5s 0.0122 3.84000
3s 0.0177 1.277
DCFP 4s 0.02327 255900
5s 0.0178 2.128
3s 0.056 3.07438
FPS 4s 0.0894 3.07572
5s 0.0651 3.102756

Ol 1y 7S ol g eli b QLs i sl pley b slayShae a5 0g o Sl (3 ool cesss @l
995 e & 4 by s (s chend o Slae 5V g5 ol L sla Flaz 45 s 5 4 555 ol gl oS5 5 aims e
v oS play axgi b al> o cpl o s zuoro anslae (] ASCE 7 4.l o=l MCE cals olul p Slas ,o (g89,9 oliis
2 Ul caums lis Wl oo CMR Cos (58L w0ads mral FEMA P-695 )5 ouls 53 glaceshd s 4y axgs L Sauss
53,5 sn ot S ol ol 4 45 b il o sanliie LBV Jpaz 3 olie cal al oile i, 5 5 Sl 5 Slax
g b) aeo e i 055 5l (655 0, lae Soiy 958wl y0 g Al Gl el 4l coglis Loy GRl3E L TCFP (gla Slaz o
F¥sb b alFan SEhol Slax> >, FPS Slax o Ll (b s (ialS (Kopp) olie (Topp) Gial3l b ol oley Laslg,y 4
9P el 4l @l 0 4 Yl gl pley (Rl 4 diged lyim S el (Sliz s (el 4Bl Jlade ool loy u
b 3l o el 009wy ) s FPS Slas jo ulidl pl Jg asdl iolidl as js #8 of50 4 DCFP TCFP Slas g0 0
&yl P FPS pgad 05,5 (pl cpniin 1,8l 4y Cod TCFP Slas a5 ol cpl 5L slacgls (Lo 0 TCFP & Sles
S g o7y 5 )k L3 40 5 0isd a8 S g ol 3 an o ol 0> a5 w0l 055 (0 5 T ) S LG sl o
S 2o b sladlgly 5> Skl sla Sl %5 gl & o e S yonis 55 Tl 0l 31 Olsiese okt ol sip
sle Slos L aslie 1o sclino Gloj ) L8 59, o0 ,Ual TCFP Slas L3, yog s iy 4 azg b oplply clls 1, 5V
il azsls DCFP o FPS

(G S Az -0

«giledoe iy 055, Cuabd pae yolii oads (gilulaz ojle Sy 50 35250 slaciakd pae (28,5 Jla o b adllas ol

4.»_‘>|\)).1 ‘;ls.‘a..ol ‘515..\419 (_gl.éjfld} &‘y‘ (_g‘o)).l u;"""&“‘ (_QMLM R Le @YL@.&‘ G‘P)l} o CJLAA k.)LA.»&?.»A} 9 ‘f‘).‘a
059 Gl IS0 L e OB (508 o5lug; £ 90« Sasl Jsaily jlulas sbapiaw gloil (585 a5 o b yiores (ol ool

NF 630 axmio 1 1R Jlu ¢F 0 3los <Y 0,99 il g 03w (ki (g 33 — (ol 4 g "y



O 21 03l (quwigo (ool Jbeleolo

ool ,b ol slasd 3515 (>l 3550 (18,0 ladsbim] iz polul » (b g Jlos 0y90 (b 5o Sse sloall
o slods K= M M—hb ?9 Y )_v‘).) LQO)LMJ uLQ.».‘o éLQ;)l 9 c\.._'la I\ QSH Y O W) 6)LMJ‘\D 6LQO)L~J k_?‘)]o .)9.').' 390 9o L

dhwgio waas b blis @lize o> o )0 bptagw 8 Slee g Jlosl b Jow 4 o> 8 oailid  Solins sl Ldow aslsl
ol odal Casay gl sl a8 5 18 ) 8550 lojle e g slojle slil sl (FanSs sove LB o o) 9,8 g 00 ,5uS
w\f)tﬁaw)bu)wwum

Ol 58 ol maw b lad e SaHlake 53558 9 wad o5 sl e 4 i 3 sl o L e

~~\eL3.u,-°

zobw 4o sael s Jbop S sla &9 ales g ke e 5l oals loy Jiuli8l L Sl sl Slax> glgil @

ol o ol ey Jloy K 55 5 Shol Jsaily gl Sl glyil sl oo ol IDA 3JUT 4y azgs b @
3o b gloole 1S3 olo 4 45 aily o LialS Sa e ol £l Lili3l b a5 0 S amts ol ge sk # 5 ¥
gl 5o ik Qlis o5 255 O Jdd G foge o5 Wgdin 0)ly S )50 o5 gl @ o) i Slib

!

a8l oo BT iS2sS SAL (S pebaw i gl Loy Ll Slazr (sles yo e

Sgpeino Pr g CMR il 15 550 £45 90 40 Cad TCFP Sl (g5, p ad )3 13 o5le ol Jloixl g sgn 0, Sles @

!

095 3l Sy 0 Ses 3, 9,8 plp j0 9wl liEl sl ails gl bG8l L TCFP sla Slas> 0 @
ool Al Jlade ol Hley ol 5 Vel L 4l anw  SEasl Slas M 5 FPS Slas (o Ll aes o olis

£ Gl 4 TCFP Slam j0 (55598 () adls «adl O 40 ¥ 5l ol (loy (il b oS ol gilais poss
ol 0095 0oV L5 FPS Slas jo ulidl ol Jg aidly ol as jo

&
[1] Tajammolian, H. 2016. Effect of Near Fault Earthquakes on Torsional Behavior of Isolated Structures Mounted on
TCFP Bearing. PhD Dissertation. Amirkabir University of Technology (Tehran Polytechnic).
[2] Loghman, v. 2013. Effect of Vertical Component of Earthquake on Seismic Behavior of Isolated Structures Using TCFP
Bearing. MSc Thesis. Amirkabir University of Technology (Tehran Polytechnic).
[3] Loghman ,V., Tajammolian H. and Khosnoudian F.2017. “Effects of Rotational Components of Earthquakes on

Seismic Responses of Triple Concave Friction Pendulum Base-Isolated Structures”, Journal of Vibration and Control, Vol.
23(9); pp. 1495-1517.

[4] Han R., Li Y. and Van de Lindt J. 2014. Seismic Risk of Base Isolated Non-Ductile Reinforced Concrete
Buildings Considering Uncertainties and Mainshock- Aftershock Sequences. Structural Safety, Vol. 50, pp. 39-56.

[5] Tavares D.H., Suescun J.R, Paultre P. and Padgett M. 2013. Seismic Fragility of a Highway Bridge in Quebec.
Journal of Bridge Engineering, Vol. 18(11), pp. 1131- 1139.

[6] Karim K.R. and Yamazaki F. 2007. Effect of Isolation on Fragility Curves of Highway Bridges Based on Simplified
Approach. Soil Dynamics and Earthquake Engineering, Vol. 27(5), pp. 414-426.

[7] Zhang J. and Huo Y. 2009. Evaluating Effectiveness and Optimum Design of Isolation Devices for Highway Bridges
Using the Fragility Function Method. Engineering Structures, VVol. 31(8), pp. 1648-1660.

NF GR0 amio AR Jlo <Y 0 jlowi (Y 0,590 (b g 03w (wiigo (i g 3 — (ods 49 piad



O 21 03l (quwigo (ool Jbeleolo

[8] Siqueira G.H., Sanda A.S., Paultre P. and Padgett M. 2014. Fragility Curves for Isolated Bridges in Eastern Canada

Using Experimental Results. Engineering Structures, Vol. 74, pp. 311-324.

[9] Huang YN, Whittaker AS, Luco N. 2008. Performance Assessment of Conventional and Base-Isolated Nuclear Power
Plants for Earthquake and Blast Loadings. Technical Report No. MCEER-08/0019, State University of New York at
Buffalo: Buffalo. NY.

[10] Tajamoolian, H. Khoshnoudian, F. Rezaei Rad, A. Loghman,V. 2018. Seismic Fragility Assessment of Asymmetric
Structures Supported on TCFP Bearings Subjected to Near- field Earthquakes, Structures, Vol. 13, pp. 66-78.

[11] ASCE 7-10.2010. Minimum Design Loads for Building and Other Structures, ASCE/SEI 7-10. American
Society of Civil Engineers, Reston, VA, USA.

[12] AISC. 2010.Specification for Structural Steel Buildings, ANSI/AISC 360-10. American Institute of Steel Construction,
Chicago, IL, USA.

[13] AISC. 2010. Seismic Provisions for Structural Steel Buildings, ANSI/AISC 341-10. American Institute of Steel
Construction, Chicago, IL, USA.

[14] Fenz D. , Constantinou M. C. 2008. Modeling Triple Friction Pendulum Bearings for Response History Analysis.
Earthquake Spectra, Vol. 24, No 4, pp. 1011-1028.

[15] Morgan T.A. and Mahin S.A. 2010. Achieving Reliable Seismic Performance Enhancement Using Multi-Stage Friction
Pendulum Isolators. Earthquake Engineering and Structural Dynamics, Vol. 39, pp. 1443-1461.

[16] Becker T.C. and Mahin S.A. 2012. Experimental and Analytical Study of the Bi-directional Behavior of the Triple
Friction Pendulum Isolator. Earthquake Engineering and Structural Dynamics, Vol. 41, pp. 355-373.

[17] Loghman V., Khosnoudian F. and Banazadeh M. 2015. Effects of Vertical Component of Earthquake on Seismic
Responses of Triple Concave Friction Pendulum Base Isolated Structures. Journal of Vibration and Control, Vol. 21(11),
pp. 2099-2113.

[18] Fenz D. and Constantinou M.C. 2008. Mechanical Behavior of Multi-Spherical Sliding Bearings. Report No. MCEER-
08/0007, State University of New York at Buffalo,Buffalo, NY, USA.

[19] PEER “Open System for Earthquake Engineering Simulation (OpenSees)” development platform by the Pacific
Earthquake Engineering Research Center(PEER), http://opensees.berkeley.edu , 2008.

[20] Fadi F. and Constantinou M.C. 2009. of Simplified Methods for Analysis for Structures with Triple Friction Pendulum
Isolators”. Earthquake Engineering and Structural Dynamics, Vol. 39, pp. 5-22.

[21] Becker T.C. and Mahin S.A. 2012. Experimental and Analytical Study of the Bi-directional Behavior of the
Triple Friction Pendulum Isolator. Earthquake Engineering and Structural Dynamics, Vol. 41, pp. 355-373.

[22] FEMA P-695. 2009. Quantification of Buildings Seismic Performance Factors. Federal Emergency Management
Agency, Washington, DC, USA.

[23] FEMA-NIBS. 2003. Earthquake Loss Estimation Methodology, HAZUS-MH MR4, Technical Manual. Federal
Emergency Management Agency and National Institute of Building Sciences, Washington, DC.

[24] Vamvatsikos D. and Cornell C.A. 2003. Incremental Dynamic Analysis”, Earthquake Engineering and Structural
Dynamics, Vol. 31, pp. 491-514.

[25] Zhang J. and Huo Y. 2009. Evaluating Effectiveness and Optimum Design of Isolation Devices for Highway Bridges

Using the Fragility Function Method. Engineering Structures, Vol. 31(8), pp. 1648-1660.

N G0 4o 1 138 Jlu ¢F 0 3los ¢V 059 il g0l (owitigo (i g 3 — (ol 49 pid ¥



