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Extreme modeling of triple friction pendulum isolator and its effect on the behavior
of superstructure
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ABSTRACT: Sliding articulated isolators are well-known types of seismic control tools, that extensive
observations have shown their effective role in reducing seismic damages in structures. Although this tool
significantly improves the performance of the structure at different seismic levels, but the existence of
uncertainties in the limited behavior of this isolator in earthquakes with long return periods has attracted
the attention of researchers in recent years to model their ultimate behavior. When the isolator reaches its
displacement capacity, the sliding parts strike the side edge of the sliding surfaces and the performance of
the structure affects by this special condition. In this study, after implementing the equations governing
the behavior of these isolators, we proceed to mathematically model their ultimate behavior and study its
effects on the dynamic response of the superstructure. So, by designing and modeling a sample structure,
we examine the superstructure dynamic response at different scales of several earthquake records. The
results show that the average ground acceleration at the beginning of the contact behavior under the
studied records, is about 1.25MCE, the elastic base shear is about 0.48 superstructure weight and the
maximum elastic drift of the superstructure is about 0.0038. By increasing the level of acceleration, the
amount of base shear increases to the levels that the superstructure shows the nonlinear behavior. Also,
by performing analysis on models with and without ultimate behavior, converting ratio are presented for
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1- Introduction

Triple Friction Pendulum isolators (TFPs) that a sample
section cut of them is shown in Figure 1 are well-known types
of isolators and have adaptive behavior, as shown in Figure
2. Sliding isolators have a specific displacement capacity. In
rare earthquakes, which may have a severity beyond the MCE
level, the displacement demand of the friction isolator can
exceed its capacity and the isolator components can strike
each other. This contact can make the structure resemble a
fixed base structure and extremely increase the responses of
the superstructure in comparison to the pre-strike stage. A
few numerical models of the behavior of these isolators are
presented by Fenz and Constantinou [1], Becker and Mahin
[2], Dao et al.[3] and Sarlis and Constantinou[4]. In a study
with experimentally modeling an isolated structure, Becker
et al. [5] studied the TFP isolator’s failure modes, the average
earthquake severity at the moment of contact and increased
responses of the structure. Also, Tomek et al. [6] provided a
simple way to model the ultimate contact behavior of sliding
isolators in LS-DYNA software.

*Corresponding author’s email: ttaghikhany@aut.ac.ir

Due to limited studies, uncertainties and the extent of
the ultimate behavior issues and its effects on the forces
and deformations of superstructures, this field is still under
discussion and needs further studies.

2- Methodology

The most comprehensive and accepted model for
modeling sliding isolators has been introduced by Sarlis and
Constantinou [4], which models the ultimate contact behavior.
This model, by simultaneously solving the differential
equations, provides the ability to calculate displacements,
rotations and velocities of each particular part of friction
isolators. By writing the differential equilibrium equations of
these parts and using them in state space Equation 1. This
equation, along with the differential equations governing the
behavior of the superstructure can be solved in MATLAB
software. The superstructure model of this study includes a
three-story bracing structure in accordance with Chapter 12
of FEMA P-751.
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Fig. 1. Sample Section Cut of a TFP
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In this study, to investigate the effect of ultimate contact
behavior of isolator on superstructure, it is analyzed by two
ultimate and non-ultimate bearings model. Figure 3 shows
the difference in the hysteretic behavior of isolators in these
two models.

The structural models of the study are examined under the
records presented in Table 1 in accordance with FEMA P695.
The maximum acceleration of records is scaled to 0.8MCE
and then their scale ratio incrementally increased to reach
1.7MCE. Later their responses are studied before and after
contact in both ultimate and non-ultimate models.
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Fig. 3. Ultimate and Non-Ultimate Models for TFP
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Table 1. Selected Accelerometers in This Study

Earthquake Station Year
Imperial Valley El Centro 1979
Landers Coolwater 1992
Northridge Beverly Hills 1994
Manyjil Abbar 1990
Friuli Tolmezzo 1976
Kobe Nishi-Akashi 1995

San Fernando LA - Hollywood 1971

3- Results and Discussion

The average ground acceleration in the moment of ultimate
contact under the introduced records was observed about
1.25MCE, which is equivalent to 0.65g. The most important
superstructure results at before and after the ultimate contact
event are presented as follows.

3- 1- Base Shear Transferred to the Superstructure

The average base shear at the moment of ultimate contact,
is about 0.48 superstructure weight. Figure 4 shows the
maximum base shear transferred to the superstructure for
both models. The results show a sharp increase in values after
the contact occurrence in the ultimate model. But in the non-
ultimate model, no change in the response process because
of approaching superstructure to a fixed base structure can
be seen. This behavior indicates the shortcomings of the
commonly used models in true contact modeling.

3- 2- Maximum drift Recorded in the Superstructure

The average maximum superstructure drifts at the moment
of ultimate contact is about 0.0038. As in the previous section,
the process of results after the ultimate contact in the non-
ultimate model in Figure 5 shows the shortcomings of this
model.

3 08

| 02—l

! I 1 ! 1 I L
0.8 1 1.2 14 1.6 18 0.8 1 12 14 1.6
Tactor of MCE Factor of MCE

Fig. 4. Maximum Superstructure Base Shear (Left)
Ultimate Model (Right) Non-Ultimate Model



M. Esmaeili and T. Taghikhany, Amirkabir J. Civil. Eng., 54(7) (2022) 495-498, DOI: 10.22060/ceej.2021.20367.7423

0.03

1
14

1
1.2
Factor of MCE

L2
Facior of MCE
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3- 3- Conversion Coefficients for Non-Ultimate analysis

The results of the ultimate model have a behavior close
to reality and there is large difference between the results of
the non-ultimate model and the ultimate model. To this end,
it is necessary to correct the results of non-ultimate models.
Figure 6 presents the proposed coefficients in this study for
converting base shear from the non-ultimate model to the
ultimate model.

4- Conclusion

The main results of this study are summarized below.

The average ground acceleration value of 1.25MCE
indicates the need for a very high acceleration for the ultimate
contact to occur.

The wvalues of superstructure responses increase
significantly after the ultimate contact occurs, which indicates
the need to consider the minimum ductility for superstructure.

For structural analysis under rare earthquakes, it is better
to use the ultimate model directly, and if a non-ultimate
model is used, the responses should be adjusted by converting
coefficients.
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Fig. 1. Introduction of Triple Friction Pendulum A) Geometry [1] B) Behavioral Diagram [1] Intro-
duction of Triple Friction Pendulum A) Geometry [1] B) Behavioral Diagram [1]
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Table 2. Dynamic Properties of Superstructure Associated With a Isolator [16]
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Table 3. Characteristics of Selected Accelerometers in This Study

Gl (RSN) coilSiobid ooblais| olod R IAL S Ayl el

RAARVE! \VE Py 9 Jb el
£IYAINQQY AFA Sy JsS 3ud
WANZAKKS 0Y e o THS,
IARIAREE \Tans S oln! Jezie
oISINaYS YO syelss WLyl 55948
TATAREN Y T et UL
YA/ 4V A 25l 99 o 993l 8

&y 5 00 e 1TMCE 1 0.8MCE o}l 55 Jlsia slapls
Odel Mgy cpl Ll odds ealatwl wdd By Jo (Seolid oo
abaod" 305 o Sygo g5 jlulls Al g ok o oS clabasd
alie plye b abod (ul 4 by Glid ubiie 5 ond onal )68 5
@wlaw gloj)) jlulia (b ogs § Cioyld & drgs b ol o e
lolir ol JlB) & ) 5l e 03gi0me (ol (ol Sl o3l (]
ol 3don Joli 1y 3,985 5l ey oy b ad 4 030 3,55
3 G 518) lgie )98 alaxd B adsl lido 0390 )3 o5l Gy
o 5ty plyis 4 VL by ulide codojlo gl 5 (2> 3)95

Lol o 3| jlwlis (sus L8,

Com g i -0

I slegerme o s (Seelas Jebos plsl b Ll
5 sy Bl ol walisie byls )3 g e o)Ll slaculots
(syre c ow )y D50 calidre Il dw 1l 43 g cpl 5wl 00 dulde
2l

2598 4bd 5l Gl s S8, - ) Sl

S5 4 jlolie o8 Gloj )53 dlasd 5l ey e 513, =V s
Cal 00 Jdo (g

IS a4y lolia a7 Sloj 95 5 abaod Sl g it 518, = T s
Caol 0l Jdo (o pue

ol Caliste (olos ol )b diiin polie I odel Cuwd 4 guls asldl

Lldis S )48 oy 350 calisee slacdls (3 g

Yevy

3)lg sllis Jae 13 3,05 5 oles Hld, oy a8 conl b Lo ) exlil
Mged 5 Canl jasais BB LSSl b bses ;3 g (s> Jio) i
PP p s 1 8S Sl e |y sl ees Jl8) ST 5e)8
dgde 03 &5 pblan g w3 oo (LS (ot Jie) Lz Juo
& ol b o A5 VL 2g1n 2 45 (58, Jao 93 ) Sl
w30 ot S5y o Jlagad )15 )8 w0 &) 3)58 52 5 Sy o plad]
G WY Ly 0 & lels sbad oy Clope o s Jdo @
Sl plbrle ol )3 lisxen 3,55 jl e 4 13 5315 (o)l
ol 250 3 Jbged (535 YU (6)bd) Jhges illas g o oamlie
Sl dse b sl jlulin pbule b )l ol oS and 0 ¢ sio +[AYD
2y i )iy gl (o ps s & o Jae cpl 93 o )3 o5l
ojlwgy (slosy) gl 53 o 93 oyl gl Ao &y el o oy

ol 0l didly 4

ol 59 bl Wi (KigSa g ooliiwl 3,90 5ro,e, —F
azdllo

Lol (nme J (S LEBOkS (38 (pwlie 5 Clsul
adlas (pl )3 Ngdoe Cgune Sloj a5u,b sl Jlod bl
FEMA P-695 4,2 5 oid bpme sbodl})j j bewlSioks
03y ¥ Jgi> > bl slbcuslSilis wlonds wlie 5 bl [V]
Slodds

Oyge 4 ojle 4 (6399 eBlioks | S pa ol ady



YA+ B YEEY docio VF ) Jlo &Y 0,loud OF 093 ¢S ool (ol pos susi 4 5l

14 r
12F
E T
P 1
8 |
= |
) |
= F —mimm
‘g 0.8 _—
E" -
A i ——+—— Elcenno(RSNI74)
w 0.6 Landers(RSN848)
=] - Northridge(RSN953)
= - e Mawil(RSNI633)
B ——s—— Friuli Italy(RSN125)
i Kobe(RSN1111)
0.4 B San Fernando(RSN6S)
| Average
- ————— Contact Disp.
0.2_.I\\\I.\\I..I\\.I\\\
0.8 1 1.2 1.4 1.6 1.8
Factor of MCE
(&)
(B)

IR

0.8

———— Elcentro(RSN174)
i ——=—— Landers(RSNS§48)
———— Northridge(RSN933)
———+—— Manjil(RSN1633)
et Friuli Italy(RSN125)
———— Kobe(RSNI111)
San Fer do(RSNGS)
Average
04 —_——— Contact Disp.

i —— 1.25 MCE

0.6 -

Max Disp. of Isolator (m)

1 I N AT R R
0.8 1 1.2 1.4 1.6 1.8

Factor of MCE
(-1]))
(A)

& Cad (ol > 5500 43) Wi (52555 5 Uil iy bl (omansd ]38 il 5 ol a2 lomile Sl jl0g05 A JSW
oo pf Joe (& g Joo (W jlulus U8, 51 Gl Jue 93 5l (MCE ol

Fig. 8. Maximum Isolator Displacement - Maximum Ground Acceleration (As a Coefficient Relative to MCE Ac-
celeration) Diagram for Two Different Models of Isolator Behavior A) Ultimate Model B) Non-Ultimate Model

o3bogy & w3l Jazl 4l by - -
9 sl 1y ojlwgy 4wl JUasl aly oy el JSs
al G a0y olise (V @db) 2y 0 5l Gl Al je )3 «AFA g0
US55 88 bl sl 0305 Lt | o i b g o b (505,
059 I¥A 2935 395 dasd > b by ke lawgie g e 0y
5 4Bl yox LS b totie cud ¥ s & ad 3)ls b sl 0lwg,
ol 0 amd e i el ol il aBl Sl sdgy Al hp A,
Gl Jb > ol cal oads Son5 ol Al ojle 4y i Hldy b
it &l b Sl By ot JS 3 (¥ o) (g0t Jtn 3 45
bl (520 S & e g2 o (53,55 i 5 oS

bl

ol plonle 513) 93,65 alaxd Qb gdaw =) -0

oo o5 jlulie 3 o &5 el pShe s e
wgS (Japd (Jemie @iy )yl el Gl ol (Sealiad
Oy G5 )3 00 oyl iy ) bl dindiy Ol oS gL B0
G 5 gd Jdo 9 gl 1y alols jolie A IS el 0id wlide
Ol o Jlie oyl y> Calisee (glndyg8 ) 5l oel Cawd 4y gl amd o LS
ol ! 0.65g Joleo a5 1.2SMCE i1y 1, 565 dlasd lawgio
Cowl 03l

B B rody 4wl i Jao 4 bgiye & AFA IS
Ol wanl 03l L ) ¥ clls a4y a d)lg 5 o slolis > ool
Bre ot ot 4 dluly 3)98 0 I e 023 CF bl
R USS g e Jde 50 ulS pred il b Gl VY Laslgy o o
Iy g e Jao jlulis )3 3)63 5 5l g o <l olbols ol cgles

ol 020> oyl

yevy



0.8 3 r
| ———— Elcentro(RSNI174) |
————— Landers(RSN848) B ——t——— Elcentro(RSN174)
' ———— Northridge(RSN953) 25 ———— Landers(RSN845)
| ———— Mamji(RSN1633) 2 ——a—— Northridge(RSN953)
o Friuli aly(RSN125) [ ——a——  Manjil(RSN1633)
——a—— Kobe(RSN1111) B o Fyiuli Italy(RSNI 25)
— = San Fernando(RSN6S) 5 ————— Kobe(RSNI111)
. 0.6 Average . 2F ——s—— San Farnando(RSN6S)
& | - Contact & B sassnsnass {VErage
3” B’" [ ——— Contact
= i - i
” 04l = 1
| 05|
ol .1 PR R EEERI R ol i 0 v
0.8 1 1.2 1.4 1.6 1.8 0.8 1 1.2 1.4 1.6 1.8
Factor of MCE Factor of MCE
(<) ()

(B) (A)
6o Jo (@ go Jowo (B o5l @ adly JWST agly iy pSTas A JSW0

Fig. 9. Maximum Base Shear Transferred to Superstructure A) Ultimate Model B) Non-Ultimate Model

0.008 0.03
| ——a—— Elceniro(RSN174)
| ———— Landers(RSN848) Hlentro(RSN174)
——a—— Northridge(RSN953) | ———— Landers(RSN848)
|| ——a—— Mamjil(RSNI633) Northridge(RSN933)
L e Friuli Iraly(RSNI25) L = Mawd(RSNI633)
0.006 |- ———— Kobe(RSN1111) ———a—— Friuli Italy(RSN125)
| ——s—— San Fernando(RSN68) || ——=—— Kobe(RSNI111)
Average 0.02F —— San Fernando(RSN68)
B " Average
_Fo0.004 g |
= I = i
1 ot
=] 3 =] -
I 0.01
0.002 i
Di\l\.l P T T T o
0.8 1 1.2 1.4 1.6 1.8 0.8 1 1.2 1.4 1.6 1.8
Factor of MCE Factor of MCE
(<) (qi]))
(B) (A)

G Jo (2 g Jao (Wl 0jlwrg 53 il e (o (lomils ST ) JSS

Fig. 10. Maximum Superstructure Drift A) Ultimate Model B) Non-Ultimate Model

b ple (o obol> Sl =Y -0
1> (Cnyd) Gliblhe i ool Sl Sl Ve S
alises w wl).ao ).3‘);. 5 d»)& 9 (3> J.Lo 93 LS‘)'.’ ]) o)'l.w9)
U 3 4 pobilen amdie olis bl sladysS, Sl Ll

Sl w05 loj 3l e 9 ) by el odnlin JBB Call-Y .
Iy ol oo iol38l e b (Jas glabaly glddbs lo s bl
FS s a8 Col 03y lis b Julod ds gazme ol lawgie ol 0> lis
ol o+ YA g0 5555 5 alasd (5 glaals lo SVl s ool

yevy



4 4
3 3L
] 3
= | =
) 20
1.35 MCE I —e— 08MCE
2= —e— 140MCE 2+ —e— 09MCE
—— |45 MCE —— LOMCE
—— |50 MCE - —— .1 MCE
—e— I55MCE —e— LISMCE
—e— 1.60MCE I —e— 12MCE
—e— 1.65MCE | —e— [25MCE
—e— 1.70MCE —e— 13MCE
| () SIS BRI & S TURTEN W SRR " i P R/ | R R R I
-1 0 1 2 3 -1 0 1 2 3
Fi/ Wi Fi/ Wi
4
3
E} L
Rrd
It
I ——e— 135MCE
2+ ——e— 140MCE
—e— 145MCE
B ——e— 150MCE
| ——— 155MCE
——a—— 1.60MCE
L —e— 165MCE
———— 1.70MCE
1t P IR R
-1 2 3

Yol (@ Vol (0 ) cdls (W gmmdl I35 gl w510 Cld Gl dgun 45 oils (g9 (£, G as ;o8 ) S

Fig. 11. Vertical Distributions of Earthquake Load at Different Steps of Maximum Ground Acceleration for El
Centro Record A) Stage 1 B) Stage 2 C) Stage 3

oilugy sl 43l (Sl (598 (£B) @jy ¥ -0
A 28] 558 el (a5 )18y ST ) pslate 4y il
ol 0133,5 s do e Y0 ol e cojligy 4 3)ly ls (sop
Blizee 393 13 Ll jlead Job (sl 5y slagis’ Jsl P55
whs byme A5V ¢l (0.8MCE — 1.7MCE) Sl Ol
calisee dgds 50 sl g9y (s slar e VY S Lol ol ¢S
A3 o Ui odd (B yme s daw yd gyl Ay ol 1y Sl Gl

Loojleg) laibpbe (i abole Sl a3, £V S
) OlFe oo crl 3 sl oad gy, ldlasMe LB il 8l
pyidl 45 5055, & bgye Jlage (ogas 3 1y (Jslite bed
CAleSy Ky SO Ly gas e Jdo o oV USG5 08 sdalin
walps 0l slel y3 sl o3ly (LS 3)98 5 5l g Gl Al e 5
ol B0 Ly cae Jho p3 s by Slis lawste ki

Lol 0dd Jools (gis e Jdo

yeve



4 4
3 3
5l 5l
- | 5 |
v ——s—— Elcentro(RSN174) ——=—— FElcentro(RSN174)
B ——=—— Landers(RSNS48) B ——=—— Landers(RSNS48)
——+—— Northridge(RSN933) 2k ——e—— Northridge(RSN933)
2 ———— Manjil(RSN1633) ———— Mawjil(RSN1633)
| et Fiuli Italy(RSN125) | ———+—— Friuli ItalW(RSN125)
——=—— Kobe(RSNI1111) ———— Kobe(RSN1111)
B ——=—— San Fernando(RSN6S) B ——+—— San Fernando(RSN6S)
Final Distribution Final Distribution
1 | I
1= ! . I ! 1
-1 0 1 2 3 4 0 1 2
Fi/ Wi Fi/ Wi
(&) (A
(B) (A)
4
3 e
E: =
=1
B
7 F
B ——+—— Elcentro(RSN174)
et Landers(RSNS4S8)
2 ——=—— Northridge(RSN953)
B et Manjil(RSN1633)
————— Friuli Ital(RSN125)
B = Kobe(RSN1111)
———+—— San Fernando(RSN68)
B Final Distribution
1 L i ! 1 ! | I !
-1 0 1 2 3
Fi/ Wi
(&)
©

Vel (@ Yedb (@) b (Wl ojleg, glaaid a3,ly (sl (590 (S5, q2j9f Y S0

Fig. 12. Vertical Distributions of Earthquake Load for Floors A) Stage 1 B) Stage 2 C) Stage 3

ol 0 o0l Lisles
&g 3l ol ) ey WY SIS 950 o)) @y
acbiyml 1AV o)leds aasly b canlite g gli)) 5 gy g
abopl cpl pass s el od sanlie ASCE7-10
oo JSb 4 (b e ) Sl o wis {ASCET-16)
b caslite oS 03,5 Iy WYY b \VD-R ol gollas IS5

yevo

sl | Ss m  df p sl slogsis sl psd P

dL“’é’.)}S Sl LOS.A.C osiules Oi‘ Ll 0l Cys Slossles A aw
Sibbolas LY JSKG jo oS cwl edb 1SSy 0 di; o ol
wsobod sosiles 1 (638 1Sk b pow s )0 L WSlodds et
S oy W) g domt @wlbaw gl I S, ya > el

S5y bslas LY S 53 a5 00 o o)y (sloais 4y 3,



YA+ B YEEY docio VF ) Jlo &Y 0,loud OF 093 ¢S ool (ol pos susi 4 5l

4 4 1
3F 3k
£l £l
@ | @ |
2F 2
swsssaguenens  Final Distribution 2 | sesneamennes Final Distribution 1
1\\\.I\.‘\I\\\\I\\\\I‘\\\ | 1 , ., . L 1
0 0.005 0.01 0.015 0.02 0.025 1 0 0.005
Story Drift Ratio Story Drift Ratio
(&) (&N
(B) (A)

4 a

3 -

E: =

S

st

2k

B Final Distri 3
1 1
1 0 0.005
Story Drift Ratio

Yol (@ Yol (o ) el (Wojlwg, yo glaib (o omd olbuls S, a365 Y JSW

Fig. 13. Vertical Distributions of Superstructure Drift A) Stage 1 B) Stage 2 C) Stage 3

Wb e Oygo & b lod Buns &S S )0 ik Cous &S
ot glie 18 ASCET-10 (s g5 il 5)55 50 51 3
plosl 45 (Vb g (sl ojlo Lo &5 ()50 )3 Lol S 00 i8S
5l edlatul ccunl su i BB 5ye5 5 gds clls @ jlulis 35y 5 200 0

ol ywlo ASCET-16 JSo s o595

slabbe i obuls o)) e —0 -0
LAY UK )3 0jlegy gladdole i obole (265)] pj55 @l

2o =) @ el ojlugy o ool gloj g el Ol
Caol 00l plis 1) JSb poxie mjer SO Y b glp VY S
@l s mie 5l g 2, ASCET7-16 Ly, b (giw polbs &
IS 55 g8 o)) wjg5 sl 00l yie ASCET-10 > o
Iy ASCE7-10 b sl 5 c31gS pje O ¥ cdls gl oY
2093 3l o Ay )3 908 @95 e pie I Gl & cusl ooy s
s ol ol @ (S W ang b aS o)l i pe Jae j0
2 536 @35 OB I b ggeme 3 ool SISy b (514
ol ojl Wlen ool (gl &S Cusl sl cdlyd Alfaw glacdls

yeva



=< 1.2

=

Q -

=

© |

& =

g

= i

E

= 1

= B

s |

2 |

17

e

= |

208}

£ - —e—e== Average -0

15

e | Average

g || @ =-=-=-- Average+0

= |

=

= |

5] P TR RIS RS ST R
0.6 0.8 1 1.2 14 1.6 1.8

Factor of MCE

Sl (93 (olule Sl o & g f Jio LS o (93iuby l p P JSUS

Fig. 14. The Proposed Conversion Coefficients for Non-Ultimate Model Isolator Displacement

&S Ao -7

B ol gl (g )18, (e3se (gilu e b addlae ol
)U.é) 2 )Lwl.)b u)‘ 0 0)195.3 L b.\l}i] dy95 )uL SR P]J.BI S aw
iz (sl ofler S ol LU () g3 ol 00 0l (o3 )
dalllas sl 00505 dunlio jlolis zuly Jae Zul b gas Jao by onis
ol 0l Jols 2l el

ol 2 oS ilisee (sladyeS ) 5l oel Cauwd 4 ey s bawgio ()
VIV dgds cusl 0313 &y (558 yaie doxiuo 0)lesd b odi3a) 555y gl
\/L uLw: )Lu oLx) ul.w.» & o sdalie MCE AJ)J) uL.w C.]a.w )J.l)g
o i o e85 Gl

o Jbo s by 5 jlulis jd sl b sbols e (¥
oolaiwl Ll azisly L&a‘b.] LS»?W L9‘“'9‘> ))91)4. L: M L;A.MAJla .))95)4
Silodde shiie &y jlulia slaald (3as (giloae (sl (oS 5> Juo |l
S o S35 Cably 1y gl ol s )18 5 el

039 *IYA 2 0y55 s dlasd )3 ojlsg) SVl arly iy bawgie (¥
ol b GRIB1 S L a0l oy Sl Jlaged ul 0ad 05l
el 428> 0jlog) )3 3)95 0 ool uy slaclid 515 5

2 ojlugy SVl gladble i obul dlin buoge (P

yevy

bail plo jl glite (5w g p2 b pusbaciy So & p)lap il |l
30 4 Moo (o ol (18] @395 o s 5255 el
IS 5 3] S5 s bl (S 355 ol ednlita BB s
oils Sy pols ojl Al 4y drgi g )l (e 390 )3 ol (e
Grllee bcdls don jd osds Juobs v IS5yt ol 0 (o) lpo

ol 50 b lod gols  oue g Casl o (gi,lee 05l Lol 350 b

ot Jebos sl ol ot il s =7 -0
5 i Jlo b oosd gilwls il Juloo 1 ol bt cglas
00 U0 sla yisy ) ojlwg) gl caliste sladdlye sl (g e
3oy J2e 5l oel Caws 0 ol s Bam b ol osd ool L
Sl o Jols slayloged | gy lamwgio b gis Jbo ol & jlulis
Slpiiig VUV S slajloged B > gl oowd o pi 35 Y
o pd Ve jlme GBlysdl jiS s b W jloges opl (golpintin polie .Cawl i
o 2l g b Ghp lp e Ve g slelia (9,0 olrle
odalin & sobylen Lol osalie LB I Q,;.I 59 dl:ui,]ool,,.o
i i Yl oo 53 o3l (slagely (sl el e 395

b aials gdg) el ool gl 92,8 o



VA B YFSY amio AF ) Jlo &V o)loss @F 0,93 S yual lpos owigen it

= |
R !
= 5 1
% i —————— Average -0 !
| Average 7/
£ = K
s 5 ——————— Average +0 4
= 4
=
S B
T [
£ |
g 3F
» B
- B
= |
7]
< B
P
g
= B
=
iy B
< B
g 1r
A L l L L L l L L l L L L l L L L l L L
0.8 1 1.2 14 1.6 1.8
Factor of MCE

ojlwgy Gy yd (gl 6o 1 g d Jo gl o (63l cul o N0 JSUS

Fig. 15. The Proposed Conversion Coefficients for Non-Ultimate Model Superstructure Drift

E B

2 B _l

= 5 !

& T mr—e—— Average -0 7

g i Average /

£ [ —=== Average+ @ !

= -

= 4

S B

= B

> B

g -

= 3

7] |

@

£ B

] |

2o}

° B

s 2 B

e

Q -

=

o B

P B

g 1r

‘n L I L L L I L L L I L L L I L L L I L L L
0.8 1 1.2 1.4 1.6 1.8

Factor of MCE

Gl e Gl g A g i Joo il ol (ol ul NP USS

Fig. 16. The Proposed Conversion Coefficients for Non-Ultimate Model Base Shear

YEVA



Slg: ol
a0 dodshad 90 ay4l5 0
420 owled lag s Szl gl 6y
zobhw SEhol o 7

&bo
[17 A.A. Sarlis, M.C. Constantinou, Model of triple friction
pendulum bearing for general geometric and frictional

parameters and for uplift conditions, MCEER, 2013.
[2] T.C. Becker, Y. Bao, S.A. Mahin, Extreme behavior in

a triple friction pendulum isolated frame, Earthquake

Engineering & Structural Dynamics, 46(15) (2017)
2683-2698.

[3] Y. Bao, T.C. Becker, H. Hamaguchi, Failure of double
friction pendulum bearings under pulse-type motions,

Earthquake Engineering & Structural Dynamics, 46(5)
(2017) 715-732.

[4] Y. Bao, T.C. Becker, Effect of design methodology on
collapse of friction pendulum isolated moment-resisting
and concentrically braced frames, Journal of Structural

Engineering, 144(11) (2018) 04018203.

[5] P. Tomek, H. Darama, R. Sturt, Y. Huang, modelling rim
impact and ultimate behaviour of triple friction pendulum
bearings, 17th World Conference on Earthquake
Engineering, (2020).

[6] A.S.0.C. Engineers, Minimum Design Loads for
Buildings and Other Structures (ASCE/SEI 7-10), in,

American Society of Civil Engineers, 2013.

[7] A.S.0.C. Engineers, Minimum design loads and
associated criteria for buildings and other structures, in,

American Society of Civil Engineers, 2017.

[8]D.Fenz, M. Constantinou, Development, Implementation,
and Verification of Dynamic Analysis Models for
Multi-spherical Sliding Bearings, Technical Report
MCEER-08-0018, in, Multidisciplinary Center for
Earthquake Engineering Research, State ..., 2008.

[9] D.M. Fenz, M.C. Constantinou, Mechanical behavior of

yeva

BB lade 43,68 1 5l L ol JlaEe a8 ol 039y /42 YA 565y alaxd
1> s eVl oo 3 4 (GhisS 4 sl il LlsEl clalian Mo
@ oS ol 0wy (1l Jdo pl o F/0 2905 & adlles (ol g0 o
Codyb (65 )5 )3 gyl g (Jad s anl 4 ojl 399 mSly )90
o3 e i ) ojl sl i S

S 530 5l e loj) Gop 9280 At (28] g (0
P ASCET acliopl aseas ()31 55 osd dpogs oMol b (¢ i
ol odly L 1y o] et e b dwolie ;3 ¥oV5 Jlo

2l 8T gl 5l L as Jse b (g pué Jo ol auslio (£
Sl 39850 Sty 5 ol 4l 3)98 51 1 ey Al yo > Jio 93 (s
Slolis 5 e Lylys ol o 5l logitews (> s gl osnli
Sy Mol Colps s e Jio il oolatul &g jd g edlatl
ol J) Gliges & s L5 3590 il I Job @l (gile Bl

Ll o.,\.g.b)f 63])‘ dalllao L)”‘ WX D)9 JJ.o dl).g J.a.\.u w])..o
rg.;yl.c w){.ﬁ -y

PRLE PO
m deasxlas ‘_;?)L'; ]Jaé b

N.Sec/m deasks ad ol o oo Cr
M ek o k> cd)s d
N oV jaie asbd 4y Jloel 55,5 F
Nooysspsom
kg/m? Glolaz 56 olus cuglia
m/Sec? J ol g
kg.m? oo ooyl o I
N/M lpasks o o5 K,
kgor  m
M leasks gl glos R
m deasks S5 slsl gles Ry
N SEhol g5, S
M deasks L5l ks g

Sec «yk; t

M deasks ) culies 7,

m (oY jade daald 28| olml> u

m/Sec? (pe; oS > ol U

Noles )3 golaw slogyes ghaw poges aile W
M Sl sy Joo pebod lel> Y



YA+ B YEEY docio VF ) Jlo &Y 0,loud OF 093 ¢S ool (ol pos susi 4 5l

Dynamics, 41(3) (2012) 355-373.
[14] N.D. Dao, K.L. Ryan, E. Sato, T. Sasaki, Predicting

the displacement of triple pendulum™ bearings in a
full-scale shaking experiment using a three-dimensional
element, Earthquake engineering & structural dynamics,
42(11) (2013) 1677-1695.

[15] MATLAB and Statistics Toolbox Release 2015b, The
MathWorks, Inc., Natick, Massachusetts, United States.

[16] F.E.M. Agency, 2009 NEHRP Recommended Seismic
FEMA P-751,

Provisions: in,

Washington, DC, 2012.

Design Examples,

[17] C. Kircher, G. Deierlein, J. Hooper, H. Krawinkler, S.
Mabhin, B. Shing, J. Wallace, Evaluation of the FEMA
P-695 methodology for quantification of building seismic

performance factors, 2010.

multi-spherical sliding bearings, (2006).

[10] D.M. Fenz, M.C. Constantinou, Spherical sliding
isolation bearings with adaptive behavior: Theory,
Earthquake Engineering & Structural Dynamics, 37(2)
(2008) 163-183.

[11] D.M. Fenz, M.C. Constantinou, Spherical sliding
isolation bearings with adaptive behavior: Experimental
verification, structural

dynamics, 37(2) (2008) 185-205.

Earthquake engineering &

[12] D.M. Fenz, M.C. Constantinou, Modeling triple
friction pendulum bearings for response-history analysis,
Earthquake Spectra, 24(4) (2008) 1011-1028.

[13] T.C. Becker, S.A. Mahin, Experimental and analytical
study of the bi-directional behavior of the triple friction

pendulum isolator, Earthquake Engineering & Structural

DOI: 10.22060/ceej.2021.20367.7423

M. Esmaeili, T. Taghikhany, Extreme modeling of triple friction pendulum isolator and its
effect on the behavior of superstructure, Amirkabir J. Civil Eng., 54(7) (2022) 2463-2480.

w23 gl | o opl 4 digS

YEA-



