gl = (ele Al
e Ol (o
VY Jlo O ojladd FY 090

VAR B WY Slxio

™5 55 65103 3 HLwloD i 9 O JUoS (w g 9 g (5B ph0
ST ool b

-:514703“3}“;" Jugl} g\ 6ﬁjﬁ: (";'.':’

U»J)JA C,.::JS aK..i.’:lJ L(b)'k.v:) 01}»& LF“"')“@‘ LJ»:'J\' L;wL\J:)LS LSJM\) -\

oot S S NS o Ja.au E) Q\JA.;‘ ke PRCOR L)li}l:»vll -y

Email: *khezrzadeh@modares.ac.ir

DL T8 00 [VEVAV/Y0] bl s

S w55 0 Sl Gl oS s S jae SIasl b S 5 53 e aten b eV Sl e G syl 3
380e 035 S 4 3 pb e sl (Sl (555 e 5 i b at sy OF SIasl 515 488 13 o otV Slalir ot (55
S 255 5 5 40 3l Bl gy ol Spxs e 5 0dd O gl b B 1B sl (s (G5l e S5 53 SISl
o 2S5 2 I sl SUT al 51 S il ST sl )] B8 U5 & g b st e 3ol i 4 o3l S5
(st S 55 m S sl 0T o 516 Ga i bl gy el 03 1S5S e Slalie ot b sl el 0 eslizal (g5l
S ol e et i edd sl Sl e 3 Sles ol ot B S s e (Sl SR 5 i S e U S
o 53 0L Ol (58 13 5 ol adin 035 Lils e ) (3Lt o 13 5b g e a0 ) G55 0T 3 SUT 5B ks oS
AL s etd w8 s o eV Sl e ASELST 60 SO Shasly 3 3l cline Janll oSe 5 sluls pa
b 188 e oS 5 Sl e 3 Slee ol OF 51 S il ol ks 0T Sl 5 Shee 5 IS il SUT LS,
350 b Wlens (K2 085 53 5 (Rl Aoy V00 500 i 5w 5 S M (g5 SOl S B s o e m NI Sl e
3,Skas & ol ot el 0L il 4y ar 5 b s edd s el Slaadl e & o e ] 3 Shas 0L 3 el 4l 2AS Ao s £0

.lebdjlaSWngﬂ—f}:My.jbuzw@ML&J@‘%ydquuu)Ra‘bjaﬁﬁ%(';m.:.w
s BB SWlasl (g5, s Gl o sl o b A el LT e eV Sl e )5 55 0 SO 519 Ols”

. LVE TR
C,.J"Jj.br.a u_;.k..:; Jl}- UJ»“ b >JS a)l.&‘ L}S&h&‘ 6[.&(..';.%:“
—ds 2l o ol leg sl bR Sdsle ST LSS

£ Ol e OF ez 5l aS 3 15 35 PYCHRN ST PHERUE
el sl glos ) slalir laarann ) eslanal (Ll gla

4 Olaebl pds (9350 lad I JeS Sy slad s
do 31 &S Wols Selae slgl gloy ) slalos gla
Slaldr s 0 a3l Sl 3550 oy BT 3l i R G el

\YY


mailto:*khezrzadeh@modares.ac.ir

VY de/-\ A)w/rrﬂj@fe)‘jé

ote Ol jos wdige Sm s — oode aloe

el SUT e Sl 3 S 5 s Dl gmhau L SKwl
LAM U'i\ S92 JA DL [6] g:A.A\ nJJS s8] b L;K.\:A
WJJW&LAJS‘;MJ‘DMAW‘@‘;JSfW}
by 4T w4 55 b Ll el oiley 3555 liie ilas w1
e 3 Shes W5 s e 3 5 el IS W5 0
2 M il SUT slaew oSST 4 a5 bl axdls
JJ‘J \)bjﬂaﬁdﬂac&ars&z;)? L;OL»'J‘ é}é)b)
S b Sl gluldr o <S5 [T] sl
Jjﬁwjasﬁw)ﬁb&ifsﬁw)sgﬁwbjgi
Sleblr s 5 Shee L1 155850 (lulir gt
S ol OF 51 Sl s ol 638 aslie o o 2l
e 25 & @ Ses 1550 ilulir e
OF Wlowy [0, d= e 5 5 azdls ooy ozl
55 o pasta 35 Gl S bl 5l Ll el S
L e 3 Shas 1855 0 0t slinl) 2 5508 glad 5
LSL%-:*‘ 5 Shas dﬁ: ORI5 3 eomen LS o e
Sleldr a S8 boanslie js IS absl- 3UT
ot sz b sl 2 Flesl lag s Cod o e Y]
)Jd{l@:ﬁpjgidumwajila.cézﬁoijluﬂ;-@uj
53 Bl cl e eV i il (655 SOzl
LBlony K205 a8l Gl (S5 e S [O] o
|J.>r.4 WLS M}J )l Lf‘:sf r."'m.:w Lﬁ-‘ ‘w‘ ol 45\)‘
Sl ol per 4 Sl jlulir (e (ool sl LSS
LséyjﬁdLAWJGﬁ)LaJ;ﬁj‘Jgth)eJ:ﬂﬁ
s S b 500 S 8 sl ptenn b S3lpe Dse 4 S
D S a Dl 4 g b s e Rl e
© O pob Gl o B A e (pl D3 el o5
,%waujuhwwu‘ﬁ,awaﬂ
dasl> 5 SNl g Sk, blio JSKo asl> sla3UT

ol OF (g gma Sl 55 SUT ol 5 Shes o 2 a5 il 5

53 3Tl 5l edd b me G555 lagio i

VYA

SR, 5 iS WSB 6,0 (o 33 Sl 5 e

JJS n)u‘ J.:Lo..w..i
Goleblr gt Glcussdme 0S5 51 (S
S 5 adsl Camdse woojle CESHL pls Sl
2SS e b b osbl sl slaans 3 dey e 5 lds
250 GBE e il S (S Bl plralr &5 Gl
o Labonl 53 bl el gl slapinm 53 )
C?'_)ﬂ BL) RGSUOH PSS Wt \j§_)s_)'° )Lw‘.)a- L;LA('.ZM..:.N “ 6‘a)u‘
2SS e b b (oo slaamins LS Sl eslanal L [1]
ool el el e bl Gy bl e S
awdin Lol Conl ails oliw 4 230 Lles |G 0i5 a8
;5“:'“’; SIS SS [3, 2] f-\f BRI ol Lg\o.k:g::.é
ol o &‘J,:A C.,.:.‘)J.b J".,.L‘Jﬁ\)jk.wﬁudb‘Y)ﬁ 6[.&4?;&&
gl gt 4 e bt () uls ss oSOT 4 s
o S8 Sl el S sl anly Sl
Lar:w,.«w: gl el ,8L s Jele en 5 aly 2015810 5 5a
O @ s G [A] el s Gl (S e s
e D3l a1y S adail ST la LS Zus s
Gd )y cos 1y O 5 Shes 5 osls 3 Sasl sl
W .}Jﬁ.«& [5] C>JA s c.}; BBy JMS/ &JJJ
oo SO L Jlal s Gils cb...« L SEaol gilulas
oo b 2SS e b Bl b e S8

1 01 e 5l ol adin a5 bl ool 13
oS 0L e sl il 5s 5l Ll ol o) se
35 e Dle 15 e 85 pl 53 5 05 e 3l Ogzmen
SMELL 83 Sl sl iS5 opl il dal
Ao esle s Gl pais dlal 5 asl ol a5 5 ol

e b B (655 (6503 ey A el (S (g IS



a.)b'f.é;'- Jﬂl}}dﬂ}ﬂr.w.:l

S 5 lo3 I el e o Slas s p 5 e

sl et e 4 K3 S 5l 5 S ey
cilse (5Ll s SUT Glapan SO L Lpd o Jate e
Slabialy aon ply 53 15550 (55 Sl ot
2SS e 56 0L 5o el S G Wl
JA e Sl 5 o p e S Sl e

sl a2 S

2T Sl 9 Goue Gilduw ¥

sl n Sl Giimb ) R e e
Rl 3 et (e etV sl e Yl
B e N U Py JCHE 2 [ I Py
e Dbl il S b e S sl s a,
el oslined i ) 3 VL e b e V51l [16]
Aops 5 JSale /8 il ot ol 25 o s o
G b oV Glaamin ol dops Ve ol ol ol
b3V 58 51,8 o 513 e (il 3 3508 (B Rl
Y0 g Osmly i 5 JELLES YV ¢ we N s
Shls Gt ol 5o O il 0l oslinal e RASE
5 JEL Ve ol i JSLK Ve s i
Claamin &S Col O 5 (55 Al o /AT Ol b
5 dledd ot S & by eVl (o3Y 8
A o it g laamdis ol o LIS (0 Jos 4 LS
syl Gl sl A8 o fes v/ SKawl s L
sl a8 b s e de Vol el Lsae VYl
ek By e Joe YOO ply el IS S
e Ol ol se P Sl e Nl e
S 5 el dedn 5 A p e S AL Ll
e 5 PSS Ve s g e TVl 85 4 B
NIV by R g (e

S, 5 TOM S Gy bl eI T el ) 558,
ol TS G Pl S SIS
Syl 0dd 5 oae Jde 4y (Y 5 V) ladsdr olasin

1 Hyperelastic
2 Ogden
3 Prony

yva

o 53 s e S el e b S S
gt @I S50 S b (RIE G s Sk
b ptass ool oo il o3ls ool ) sl 3lolix
dasl- SUT Sl ez oI S58 0 oS ol Glapton
Al S I3 s 350 b S i el S
5 bl et 53 J5s J10] w53 YO L
e 5 MK bl SUT Gl S S (5l
e B 5 e bl 558 B el (5Ll
[11] g m 03 38 (Bome Lapims o Sl ki 5 3 Slas
e ol 3 Shes

Jﬂa&)é}bﬂ)b)a[lz:l Cz-f)b.w‘ov\.ﬁ:w)ﬁYLg

sl b e golaldr ot 5o B

w3y (5o e s 5 S il SUT (glas |me
R Soge 4dda Lo r.:wjfj\ ool e ol ok,
S Ses ooy p 4 [14 5 13] 8\f LRGN IR A E g
T T I
s by st sl la s 1 Oglae (glawdia 4S sl
Cowd 4y pskaie 4 J14] lashy ot 4 a5 L [15] o
Bda o (ilutingr SUT Glapew 513 Shas o e 0355
SaS Ll 3UT Slapem a3 cal 53 el ol o)
o5 e e s sk Sl S S
Sl s gl s Sl culg 5o 5 e on Solwdag
3550 e o sl (3l s (gl Bl [ 85
RGP S -
ot LTS IR e R R T S It
ol oslanal gladde Sl e ol 0l &1y J gl
5 mlzel sl 4 Lol ildis (S5 ele a6l
5 AL s b oaslie 5 sode mls plesl
g e rl?,_}\)'\m sl 43 S oy s (g30s sla s
e b S50 e eV s 5 Ses (o
ST IS S p e b warg bcwd ol oy SKaol
b oS 5 ol e 53 53 SUT 51 IS ddasl
ol S s sl ) S5 e S sl e

Sk Sl UT Gl S5 s e 53 il 5550 S

1 Dezfuli



VY de/-\ ULQJ/(»)MJW@)}J

ote Ol jos wdige Sm s — oode aloe

=k oldde aslie (gilallr qiacs ) s (SLasls 5ad N Jss
[16] A&zl

60 - v — v r — —
Experiment

- === FEM [16]
=+=++ FEM [this study]

Force (N)
T

—30 |-

—60 L1 . L 1 . L 1 L . 1

1
10
.5(cm)

Fig. 1 . Hysteresis curves of LRB, comparison of modeling and
experimental results [16]
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Table 3.The characteristics of hysteresis curves of LRB,
modeling and and experimental results in the maximum
displacement of the system [16]
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Table 2 Characteristics of the viscoelastic parameters of rubber [16]
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Fig. 2 . Sketch of modified damping LRB (MDLRB)
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Fig. 3 . Hysteresis curves of MDLRB in comparison of LRB
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System NO. Bt Ketr (KN/m) Wy (kJ)  Load (%) A/l (mm) D (mm) M
System 1 0.29 654 8.38 0.89 0.02 1.00 0.33
System 2 0.30 671 8.88 1.94 0.04 1.50 0.33
System 3 0.31 693 9.56 3.36 0.08 2.00 0.33
System 4 0.36 1250 26.82 28.39 0.71 6.00 0.33
System 5 0.44 1917 50.76 62.54 1.58 9.00 0.33
System 6 0.47 2156 60.15 95.17 2.53 11.4 0.33

Table 4. The effect of wire diameter on the performance of MDLRB (p:Friction coefficient, D :Wire diameter, A/l :Area to length

ratio)
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Fig. 5. The value of the maximum shear force in LRB and the
modified damping LRB (MDLRB)

L gC)}Lﬂ.’(A L;LbMM P ('-:.AM.:—M )Jﬁq& ] )}E}.& 4
Sl e a4 S B o e Sl p e

VAY

LRB MDLRB MDLRB MDLRB

p =0 p =0.2 p =0.33
Wi (kJ) 8.56 7.97 9.01 9.56
Ketr (KN/m) 522 625 678 693
Bett 0.26 0.20 0.22 0.31

Table 5. The effect of friction coefficient on the performance of
MDLRB (at displacement of 10 cm and frequency equal to 0.5 Hz)
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Fig. 8. Residual deformation of MDLRB, system 1 with 11
layers of elastomers and system 2 with 7 layers of elastomers
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Fig. 9. The hysteresis curve of MDLRB, system 1 with 11
layers of elastomers and system 2 with 7 layers of elastomers
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Fig. 7. The hysteresis curve of LRB, system 1 with 11 layers of
elastomers and system 2 with 7 layers of elastomers
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Abstract

Regarding the high cost of retrofitting and replacing the isolation system after an earthquake, re-centering seismic
isolation systems have become one of the most popular research fields in the past decades. A new generation of seismic
isolation is based on equipment with improved performance in terms of damping and re-centering capability. Since
lead-rubber base isolation (LRB) is one of the most common seismic isolation systems, this paper focused on
suggesting a re-centering LRB system with high damping capacity. The LRB isolation is based on an experimental
study under a constant vertical load equal to 650 kN. The proposed combined system of LRB and friction yields a high
damping capacity. A spherical shell is placed on the base isolation system, and the friction reaction emanates from this
shell's sliding on the provided foundation. The primary purpose of this spherical shell is to increase the damping
capacity of the isolation system. An adjustable friction reaction is reachable depending on the connection details of the
spherical steel shell with the system's upper steel cap plate. The higher stiffness of this connection is provided greater
friction force and, as a result, higher damping capacity. In short, this connection was performed as adjustable friction
and can increase energy dissipation and maximum shear force, respectively, in the range of 12% to 80% and 6%
t0230%. Increasing re-centering capacity is another goal of this study. It is of great interest to implement shape memory
alloy (SMA) in the form of wires because of their re-centering capabilities. The axisymmetric design is implemented to
reduce this hybrid system's vulnerability to earthquakes of arbitrary direction. The combined action of wires and the
spherical steel shell provides the re-centering capacity of the system.

The final system, which is a combination of LRB, friction mechanism, and vertical load transfer through SMA wires
(MDLRB-SMA), exhibits enhanced properties such as reduced residual deformation, controllable shear reaction at each
stage of the deformation, and increased damping capacity. The energy dissipation capacity of the MDLRB-SMA is
shown to be increased by 50%, with a decreased residual deformation of up to 45% compared to the LRB. A set of
parametric studies are also performed to investigate the influence of frequency, displacement amplitude, loading rate,
the wires' configuration and properties, and the aspect ratio of the system's performance.

Keywords: Re-centering Capability, LRB, Shape Memory Alloys, Damping Capacity, Finite Element Method,
Adjustable Friction Reactio
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