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ABSTRACT ARTICLE INFO

The prediction of nonlinear behavior of shear walls under lateral loads Receive Date: 11 June 2018
requires simple and precise analytical models representing the nonlinear Revise Date: 03 October 2018
behavior of the shear walls as well as the experimental results. In recent ~ A\ccept Date: 30 November 2018
decades, various analytical models have been proposed by researchers to

predict the nonlinear behavior of reinforced concrete shear walls in order Keywords:

to consider the most important behavioral properties of the wall. The Rc shear wall, Fiber section,
model used for analysis and design of the wall should be simple and MVLEM, Axial element,
accurate enough to predict the hysterical behavior. Using the method of Nonlinear dynamic response,
fiber section elements can be considered as one of the most accurate OpenSees

methods in wall modeling. But due to the complexity of the modeling and

high duration of the analysis, the use of other methods is suggested.

Considering the recent progress in modeling nonlinear behavior of

materials to provide more accurate behavior against cyclic and seismic

loads, these material models can be directly used in modeling of structural

systems. In this study, in addition to using the fiber section model, a

method based on axial elements is also used. It is implemented by the

concept of equivalent spring’s behavior and using the advanced material

models in the platform of OpenSees. The results show that the use of this

simplified model compared to the fiber method, in addition to reducing the

computational cost in both aspects of the duration of modeling and

analysis, also satisfies the desired accuracy.

All rights reserved to Iranian Society of Structural Engineering.

doi: 10.22065/JSCE.2018.135310.1580

*Corresponding author: Horr Khosravi
Email address: hor.khosravi@gmail.com

\Yy 1Fe GAYF amio AT Jlo <) 0399 0 jlowis ¥ 0450 (cdlur 90 jlw (witigo (i g 3 — (ol & g



Of 21 03w (qwigo (ool Jbeleolo

JB Slasz sl Glojle Jaw oy Solos o daojls slo ) slagewls obj)l sl saxin sl ybg, ol o
P otz 5o @l e g 00g o Slaslre anie 4 5L ol a0 o gzg 4 azg b Iy coel Jolow g,y o olesel
oolatul Ll Sliion 039> )0 o8 5 gwdipe 0j5> ,0 o a5 Wil o3yl (59, (55 oo ool slo Juw 4y iz 5,00 0l o
B3I 3529 bl yige S0 Sl g il Slosle 4 i deosls gy Co e S ©ol3] 4z 0 iz o oolw sl Jow o .axil
St (g5lsools (sl (Ao glo oo 09d oo ol o ojlu 5l (los 1S dials (ot yd  Salis LT ISl 0,505, ol ol
bowy 5 zrle Lap L Lawgs o 5903 o,L0l palaglosiinl Jao 4 lgs (oo aboz ol 51 a5 0)l5 3925 (cad QB (gol] ax o win
B (i sekite 4 (ndlizne bawgs (egite (o laoe 3l slaans p3 L [V)] cenl oud Mol P g (59 mS Lawgs
— 5 L8, sladarin b et 5 lojle slasl plo b g S ail wlsn B cnl oads L)l s 20 sl o3l sl s (o s
25050 510 1y 0 See (A5 g (LB (oS pd SladSl et o Sigd Sy B8 aaglie g (S S35 Jold (B sl (>
gad 03l (5,5Le) S5 (whiio b losg, 51 b g (5,500) SzsS uledio s slosbs, 5l plgioe o)l (s sles gildon
P10, 5l goae Slislos 5 (giladoe (sl 0l ley 5 N & (g e oo S8 Sl de |y (gt DUS5 5,800 oty a4z S
L yoad oolw sla g, sl eolainl 1 asiisd 9o 9 (69,0,5 loslu sla b3 5l oolasul b Sy 98g She sl yhg, a5 )50 yo [V
@B @ arg b pols o yo wil ooy axsi 390 0)lgen (Slidod 0j5> 10 08 5 (cwdige 0j5> ;O e Wil (ST ZBs L as 5 SLe
9 Jles e 3Gl 6l o) 51 Drain-2dx4 Performe 3d, OpenSees alo> ;I slojle 5JU1 sla,l33l o 5 g, Sl sl o
[V-8] wsS oo ooliciu

S, bl Jsb U5 5 widbise wllae i) S-as ulgy bl o5 10l lagledl I eslitul b (g5ldas (g 50
sl o (gloaiiSools (gl obuly aitand Jghiio a5 o Sle sl Joe ploo [V eV Y] 5 o 55,8 L35 45 03,1sS dlaiadly
—ot B 50 Jlnd 635 pe semme 5o U3l g Ko Sjgar ) s a5 aBloe J3lae e 5 ladlge ST Joe o o3l Jue (]
Jes o2 g p3 (15 U el dd 955 o0 Dyse O 630 e Jsm leed e Sl 4 azgi b Jae al 3 055
VAAY JLo 5EDV Y F] 0,05 i Sl jo 1) anome slagledl b leas (205,00l Jaw (nl 1095 oo Blod (gl 25k 9 65185,k (e 0
5o slonledl 5 e &5 slaJae 10 ] b ol slulylS Lwgs a5 (TVLEM) o35 (g s oyledl s Joko @il b amy &y
VAAY (glo b 5 Jbe ool il o drmsgs Jo yo olizead 5 ol |, Jobeo (ygiam ys Joo (glacinds 4 winh 4il)| aily o o35
o0t &3 MVLEM (sla Joo i (6,350l CMVLEM) 535 (6 yome pslall aiz Sk lgie o 5 038,55l 55lS0 Las VAN
Doy Joo fnl dnngi g by Cqz ol oMol 3t le Jle o [V JoiiS oo gildae (93 a1 s (oies o)L,
o 5 Sy Gl 585 Sk s sl 1y Joe cnl oS 3ged o)Lal WYlg 5 amle Sla oy & Gl (oo alexr el a8 S
SlSis 635 o e sl Luly, ool s wakiiacs 5o 4 |, MVLEM Jow oVl g JUT1 [V A 05500 ool (5550
8y lirayy polins job a4y g aldS a3 o 1y Sy g Ghes (S0l a5 1) MVLEM o (oYl 5 (55155605 [V 4] wioged ol
Ao jehaie 4 VNP Jlo o 08 [V--VY] Woges (sle ooly 5.5 OpenSees asliys o g ooges slpiiny abl wlas 5,5l
oS 4 5l s [TF ] el o550 ool MVLEM s 55 (6,05 5 (6yme slo olall 31 i s il 5355
o dhoz ol 51 a5 sl oogas eolitul (2 Gy s ildan gl Jae ol 5l os3 Gliiow Blaal 4y Gasw; Caz @b (i
5 2B Gl ojls onig iy (oS 5IUT 5o s giledae o9y cnl 5l ogad o)l (bS5 sl lawgs 48,5 & 50 Gekod 4 Oy
Cooglite 5 ailaSiw Cans g J88 10 5] Clus 4 Cya ol 48 5 & g0 [ Kind hawgs a5 oo [0 [YO]aisgad coliiwl obp jlas
LVF] sl oads Jate (3B slo 28 & (LSl (oo 138 e, 38

1 Three Vertical Line Element Model
2 Multi Vertical Line Element Model

1Fe GAYF amio AT Jlo <) 0399 0 jlowi (Y 0550 cclur 905w (wiigo (i g 33 — (ol 4 g YA



Of 21 03w (qwigo (ool Jbeleolo

o LU Sl gildaw gy ol 5l eolaiul (b Slgss et é (gilidaw ;0 MVLEM Jos 0,5 asels g ool gl a4y azg5 b
oLl (5le ooly gz (Wbl ail oo o] il ool 0 (gl sole wljan Jow cpl oS @ Wl e assl L ol o Jg il
39 oolaiwl (65970 Hladl 1o (gl ;8 (g, sl 5l canl 5L A Conl o0 gad colaiul 1ol alade L TRUSS sla (Lol 5l (5 9200 sl
Lg)l.l‘_é) Lng J..\A 615 Sl 0000 salazul O 9 S)fsé @La.o 6‘)—.’ JaLm dLmJJé )'| NPT GL“’ QLQJ‘ djL*’ oolﬁ: 6‘)‘.’ @5.15 .[YV]
sk Wil o pllas (o)L Sliogas aSul 4 azgi L [VA] cunl 00y pdlas Sigige L8, 4y dgaoee add gl lawgs ool oolaul
ol 5o 1 0l eolatul Wlas sl 5 Ba8s )3, slo Jow 5l el 5Ls 1 all 8,50 oy Jlee s e L8, 0 it
Gold, sl Jow 5l as glas pl b el ool oolazul Jolas sl i 51 SolST 35, alice MVLEM Jow (g5lw ooly jglaie 4y guiow
09y onl 5l sael Caway slo b il o ) SIS L) 85 Lai o ol A 0gh e ooliiwl mllae glp 5o b

305 (oo dumlie Bl (0 335 (iladoe ) (lgie 4 a8 10l Jue sla Gl b s5ldus

M)T ) Gw).’ )|9.1.> &sJ...L‘Ju ‘_gl.b J..\.n -y

llae ol oo solaiwl aeyliy Ly Jles gildoe sl MVLEM 4 100 o Sle gjladon sla by, 5l G opl jo

2 6Vg8 g s (GaY) sla)l )Ls; oy sl a5 oad el (63¥58 5 (S LAY L o)l 4y ahade 2 108 Juw j0 (V) SO

Srpn Syt S 5 gt S5 )5 i 555 S () 55 gm ool 555 5 S 25 a5l e Job g

Jlgd glatie 5 Cenl 55 4l 4 4z b (Jy 99d Cgmime 330 (Joe plgie i e pulb Jae 4z STV - Jopslee Sl 4,

Sae bl 5l oo g giladon  Soorg bl 5l ea Olaulows a 30 06l ools plaisl [las o a0 (L8, Y 12 4y 5 ool (goiy s
Db o SYL 3T plil Lo

REINFORCING STEEL CONCRETE

_______4,_4""'-—‘ P

confined

unconfined

L] o8 adaito b Joo 1 Y ISl

Gllae Jae ol 5 [IV] sl o e 215 5 550 e5ilSs Lamogs VAAA Lo yo MVLEM o35 (g jme ool aiz Jos

—ir Joe b 5l ol s Vb o Calide Cado b sl 5 silee D)5 4 (659700 ST Slaplall L g (cheS muly (V) S
4 00l 0310 Curnd grlans 9 9¥58 5 i (135- S 5 LSl Lally) 4 (5597 (sla i (S piiog s Al 5 (P Dlaseie 45 29
@labais Jo> 5 leo Glell oo (i3 5z 05d o0 Joe Ky (e b (8] 18 lasg g (b (o ef gl ols (S Ll e
O 1y Bl (0 20 €504 jladie a5 wiols lis G eyl Slalllae b 955 5 950805 .0l o 3LiST 190 (635 10 5970 (59, Ch glis )l &,

Y] 1Fe GAYF amio AT Jlo <) 0399 0 jlowis ¥ 0450 (cdlur 90 jlw (witigo (i g 3 — (ol & g



Of 21 03w (qwigo (ool Jbeleolo

DAL Soss, slams i a4 aBisle;] Gledbl b 55 Yl g oygule [VF]amo oo ds oo (5,5 05lal g (s Slagwl
(V) S8 el e G g jhe ool gLl gy 5010 Slgo glas)l o Lol 5 yied moie8 4 (Sews €yl jly ol

6 & 4 /Rigid Beam
Ay =(l-c)hdd
- e+
= % /i T h
o .
i) I
Nt  Ad— }3
' Center of rlative
rotation X
Moment Curvature
]|
(<) ()

MVLEM Juw jo s gl 9 o (3190 (@ MVLEM Juw (1Y JsCis

sshr 45 (5 9me a3 b 5 psme (510,28 ot e S e5ilSy Lasgs o olgiiy MVLEM a5 () JS& 3illas

Jsb et S Y oam oyl caiies 00,9588 5 g 03,555 5 sla s ;bles a5 09b o0 (gilade Wik Jate w2 57

S 5 % e tension stiffening il oS el axg5 LB .S oo Ll |, tension stiffening 51 aS o9, o0 )G (idu 99 (pl (o

oo Lasl LiiS Cuoglin [0 oS5 50 0 Rl 4 ot (50 45 Lo oy S oo bl el glacl S Ceaglie o 1y 00,95

anyl i ojles (230 5085 5 eeled Cod )l a0 s (1alS (s ) (sage (R T 0l 45 W05 () silis (prims 310
YA ¥ o)l 55 5law

element 1

Concrete
(uncracked)

h

element 2
Yh Steel Concrete
l (cracked)

V] MVLEM Jue 53 55970 oslodl Jow : ¥ S

aS Cewd a>g3 J.sls sl 00 43‘)‘ § 970 GL‘Z’)-S )L’;é) -Tge s k.‘?‘)'.‘ ;dm VES WL JL WY L_Q‘LDJ..\.A ) ‘_gl.asdi.i) 4 d>gl L
o o 5 4 55 T 5] ey S 45 S )3 Ui, et (s (e (sl g (i 3] S
b = 6E:>)...c ‘_;Las)_:é w‘ djLuJ ooLs.; 9 ASU ‘_;\).3)5 ol oolw slo JM d.l)Lu a0 ¥y-yY ‘\?3\0]&;‘,@

1Fe GAYF amio AT Jlo <) 0399 0 jlowi (Y 0550 cclur 905w (wiigo (i g 33 — (ol 4 g 1v.



Of 21 03w (qwigo (ool Jbeleolo

FORCE, F yielding in tension_ _ . F(gi:iivn)l: M (Dm, Frm)
Kn ——
< Ky
’ KI’ h
Ke K-=K:
(Dx, FuFy)
DEFORMATION, D
K.
crack yielding in compression DEFDRMA‘!’IDN, D
Ke ;:Jf'i“o'? L (extension)
. K, ,
/ 1+ EAJEA, Y’ (Dye, -Fy) —~
o K K¢ = Ke (DydDr)™
" 1+ EAJE.
1 +e[# = Dp = Dyo+ P(DxDyo)
¥ (2Dyc, -2Fy)
r = steel strain hardening ratio o, B = constants
£ = constant
(&) (N
A (Drmax -Dy)
r FORCE, F e
K}' r—— Fy
Fy oFy,
o rd ! k"
’ ’k
1 K] ”
'f Ky [Pd
Ky D, Dimax
1 P F1,
' i DEFORMATION, D
s 5 BFy ’
K T, 5
e [/ K = K {Dy/Dmax}
P o,p,d = constants
L
’
-aFy $1 -T

(a) Vertical springs

(3) (@

MVLEM Juo 5970 sl oylall (gl y ilizo cyiiiizns Jamwgi o0l Slpaiinn (i )y s Joo :F JSCs
oty Joo (g [IV] 955 g (goledions (53970 ol gt yimsd Jobo (&0 (18] I5Luslarls’ Lwwgi (g3leeuiin (53970 ol 3yt Joo( I

[¥¥]osd b goliday (5970 Lol (i Jo (0 Y] ;50uied by goleuiions (53970 3ol

9 OVgd wlas (15,5 il JL8) pubies job a0 (o (o0 a5 el 00g0d W11 1) Jolae 18 g0 Jaw $ilSg solpiing Jow v SolS
&9 sl b 4 dlas sl 5 380 6,18, slo Joe (185 s o b olys oo Joe cnl 50 (OIS wols plazst (o a l; o

28l Cewd (D e sln 6
t F,.D

h Steel Concrete

1

[YA] 5 ngs ol Sl 5390 lall Jo BUSCE

axflo 0)9.0 439-03 -y

V230 Jlos 55 Ggmaaliy (oVly basgs a5 (6,100 Wiged S5 5l de) T (B s (o pd L8, ) Caz Gei (nlp0
Sloas sols i (F) UK 0 Hles Slaseie [YF] canl oo ooliiw! ol oo 930 o] (aBiole;l gl g 418,35 13 olej] 5,90

18] Wloas ool i (1) gz o wilowd 0,5 JIST,| bansgs a5 sl clasios

"™ 1Fe GAYF amio AT Jlo <) 0399 0 jlowis ¥ 0450 (cdlur 90 jlw (witigo (i g 3 — (ol & g



Of 21 03w (qwigo (ool Jbeleolo
1219 19 3@51 152 3@191 152 3@5119
H t t f t H o
g L] L] L] L L] L g
E 102 —I E I\ [ ] ] [ ] l\ - [ ] E a & Ia
#3 Bar #2 Bar
(&)
(<l
18] 0wy 0yl U5 lan wlascine 1V Jgas
Material Parameters | Boundary Web
(confined) | (unconfined)
Concrete in f.,MPa 47.6 42.8
Compression :
e, 0.0033 0.0021
E.,GPa 31.03 31.03
Eqr 0.0037 0.0022
Reinforcing o,,MPa 395 336
in Tension
E,,GPa 200 200

LYF] slg0 (oo 5e adaiio (& [YV] LiulosT 5590 ylae0 aigas oles! (AN o8 Sl

ylgd ilwdow o9z (Y-

9 Julow e jo died ;08 158l 0 5 G AT Cewl 0uls oolal OpenSees 158l o5 5l b lens (gildoe o Baiss ol o
Sz el 00l ooliiul (lml> i Gy (o pd DLl Sl b By 4 iledse (6l allie Laojl (sl (o)
e 55 Hehte (v Cewl ol oslitul g e Joo (lyie 4 ;b Jue SEMVLEM (59, 50 (592 laplell s5lwosly 5 (ow) 2
S ooliial b 15 5,50 o 15 535 5 55 31 SIS b s b 59 (8550 slolel 5o (s9me (bl e S5, el
llas $l80s Jos gysme slays 5l MVLEM Jae gysme slanlodl (siluooly jsliie a4y Tl aind s MATLAB asli
gap glee cov Sl b 58 S5 jidu g oad ools jplaisl i g oYed mllas (L) 58 e 4 4T cul oud eolaul (V) S
Ao axly boply il oo tension stiffening il oaiss lis a5 Y jielil jlade ool ploeil slo o) o 5l e il (g5lldas
a5 o gllas JB8) 55 4 Az b (nioen Bk (003 03970 5 g 00,955 5 S (13503 SISE 4 55k Wl oud axd )5
Ol wbiged 55 08D Lol (28,5 51 10 4y (g3ks oS (S ot e il oged Bl Ojp0 0 OpenSees asly o ool
ool L OpenSees 33l oy 10 (g 000 sloyid cpl aS Cnl S5 LB 0gl oo Jol> SslS Jow asiler Jow (0) S5 Gillae
5 ol e slaws wgiladon (g, 99 o 50 088 oo odls olatl o )] 4 dbgs e mllas s, 45 wias gjlwesly TIUSS (5,95
ool oals a8 5 Jlas 1o ey glas )| Jgbo

1Fe GAYF amio AT Jlo <) 0399 0 jlowi (Y 0550 cclur 905w (wiigo (i g 33 — (ol 4 g 1wy



Of 21 03w (qwigo (ool Jbeleolo

I ‘S}L»J..\.o ‘5|).g s law! Q)90 @La.o ‘S)Ll.é) J.A.o (Y'—T

510penSees asly; Ul b azgi b adjle (K 58 wllas 5 L8, o Jow a5 s3ladan g, g9 5 ogdle (s3ludae ds

slo) L Steel02 (g,lis, Jow (V) JSb cnl oads oolatwl oy g o¥ed |8, (g5kudas 5l w5 4 ConcreteCM 4 Steel02 &l jgws

&3, Jow obwl gly ConcreteCM [YO] 5,5 o Hhai o |, Sibe Sl as col ool LB o¥gd mllas B8 as gl Jasgo L8,

5 0dldjgamte o (glas > L3, les e jgiws cpl sl eslaiul L [YY]Cw!l YN0 Jle o o))Sen 5 (5 ls5slS Oldllae sl o

2 s 1 aST 1y 610l ol Glg oo Lo ylly 0as b Joe cnl 5o 0,5 (iludae paiS g glid aml g0 o 1) sad jgame
Dead meaS 01 Ly Jles Sl olulemgys L) glas m e T FasS L

+ {E;| f;) 600 I 151 I
E,, (Chang and Mander, 1994) (€.6) E,= bE,
- = 252y Q.
------ E,=0 (Ein Fen) 400 — (0w, O ‘ —
$g9ap = 1 S 200 — i _
(optional) = |
o $gap = 0 Y B
@ (default) 5 o 5 -
o A Compression H o'z be (1-p)e
= g = “RY1IR
w & -200 — (1+e™7)
. E-g
€ =
! Tension 400 —| €€ _
(5in Ton) ! &'0) . O-C,
) (64072 °= 5,0,
L -600 I I \ \
(Boeufy) Notto scale
-0.01 -0.005 0 0.005 0.01 0.015 0.02
Strain, ¢ Strain, €
(&) (AN

[v¥] .ConcreteCM s gdlae (g,L8; Juw (o[ V0] Steel02 oY o8 adlan g,Ld, Joo (1Y S

iloads ool )18 glas > (6,15 )L cou Jlal 0y5e Hless slo Jue ‘oli;‘;ilaﬂ G L Sl 4y ax g b o fdow slol cge

—gp LB, et b e el 00l muin Ll smli@.uj el b el Ll Jos 5l Jol> Lil> obulo-g,0 gls lawl

3 Jow ol g 0wl Cawds MVLEM Joe 697 sl Gladl 6l canlio Jow Gl sb jo Jless (650 slapyladl (6,920 S0 juss
el 00 ngLw ool..g:

P bl Joo azaii by Jow (iaw oo (1-F

Gy 45 39 on alimde S oo alie (BRELT @l L) Sl Jae b s il plrlr —o5 b (WA U

e 5 Y98 llan )8 Cawys iyl oo |y cmslin Bkl l slacde 1S5 ol (aBle] S b (crslin ki 6 Joe
0l Gyl Jdo 4y govie (pl (SOl e g alils S o¥gd Juw 4 lgo las > (L8 s (L5 S aS 1 aals
a5 395 o0 alaxdo el oal ooly lis s (5550 Gl (6 970 e yii—g 5 JLE, (QA) S )0 Cpizren )ls (S i sl
ol cde Glgi co a8 e oS ey LT 51 G e b (Jg 00 (F) sl IS )0 oads ools )lis Lo e slo Jue aslie |3, (0l
sl Jow ol gilweoly Koo Bl 5l caisls Jlgo giludas jo Lol sl sal,l 58,5 Jlas o sae 5 ouls &Il sla Joe axs |

nY| 0593 CSew Lméw J.Jo EY U""")JM

3 Pinching

1Fe GAYF amio AT Jlo <) 0399 0 jlowis ¥ 0450 (cdlur 90 jlw (witigo (i g 3 — (ol & g




Of 21 03w (qwigo (ool Jbeleolo

Fiber Model

- Test

=== Fiber model

Gl
12 i
£
7
o
3
=]
00 ' Axial Displacement (mm)
() («n

920 6L 6350 Ol (53970 (2 lmlar— g Gy (© (( PBUta o3 amii b b Juo 3l ovol oy (il (2 malr— g b Gl o Ul (1 :A SIS
el Jow o

MVLEM Juo (Y-¥

P85 Lawgs oud (Bymo 6597m plall aiilon g conl s b 6500 ledl sanles 571 (5592 (Lol SG 18, (V) la S
aS 09 oo aaxde il ol anglie ;b Juw 0 abg e (550 Glodl (55970 [, L aS was o plis 1) el ouls (g5ldun (V) IS)
3 5 sn ol (8 ermslio )3, YZ0.9 (18,5 15 10 b caled 15 5 00 50055 B Jao & (s pgoma lall S8, Y el el
SO S5 B, ol aas g 50 gols las sl sl js asTgap gl ST as 0l e alasde (01 ) USS w axsi b Ko Bk
GRS B e cle Gy Joe o 0sdiee iledae (e pd a5l )l @se 50 S Al diey (s sl Bl Joe 5l 05, 0
Ol SG e a5 wil 0 S5 0 el ey g 3L g tension stiffening 51 cole lis gl s 4 gap pldl o Y il
Dgd oo Jols 1) (S5g 90 ol ConcreteCM oy 5,L8, Jow aSyl @y axgi b (Jg Wold o5 Bl pdlas (5,3, Jow jo Julse
peiine jobo 4 L5 5550 (0 ()18, Joe )0 Sl wigd Jlesl (5597 sla plel g3luduae )5 it jokar LaalyS 90 Gl Cend (55L8
Jo 84 o (555 i Joe 4 G5 e 51 55 on cllns sl 5 BB (68, Joe 5,5 a5 5 b by o sat Ll
Dged oolaiwl o by lees sl MVLEM Jos (5599w sl ladl (g5lidan sl y sl 45184

————— FiberMaodel
----- Fiber Model

Axial Element¥=0.6

-1200 | Axia]l Displacement (mm)

(<)

Axial Element ¥=0.3

-1200 | Axial Displacement (mm)

(&)

1Fe GAYF amio AT Jlo <) 0399 0 jlowi (Y 0550 cclur 905w (wiigo (i g 33 — (ol 4 g vy



Of 21 03w (qwigo (ool Jbeleolo

----- Fiber Model

-, - /N Fiber Maodel

Axial Element Y=0.9

Axial Element ¥=0.9-without gap

1200 ' Axial Displacement (mm)

-1200 ' Axial Displacement (mm)
(%) (@)
STy Juts (g lale— e Goly meglin (o el Jbo 31 ool amsty gesly b Y=0.3 5 590 ylall b Jotn (qplmlr— s aoly o (il 4 IS
g lio (5 3 Jono 1 ool ety ey L Y=0.9 9 (5920 oyl b Joho (o lmslr— g 3 sy s lio (7 < yaald Joto 31 oonol anws fsly b Y=0.6 5 (5590
b Joo 5 outal Gty el 0D (392 Y=0.9 5 5590 lall b Jto (g2l g esly

olars] wllas o alaie gl ) az sl b i 1 sl g ol 00 el o Coid 4y 130 adaite (V) S5 & az g b
ol o0 418 ,F L5 15 ((0) JS3) (6550 bl o

RS 2 & (5950 plall (plaiSl g )lgd (o6 e @alie (G e 1 Ve B
b 95 b Geoad o5 w00 LA T, Jles b (650 Sledl (55970 5L, 5 s (S sl 5l ol mls (V) sle JSCo
adlasls ols Jow sl Jols gl

— — —FiberModel

Axial Element Maodel

£
5
K
@ 8
<
&
- Fiber Model
-8L0 — Axial Element
-1000 ' Axial Displacement (mm) Lateral Displacement (cm)
(&)
(AN

2l 355 desly oo (0 s3laiin 55970 ol & MVLEM Juta 5 52216 Joto 51 outal oty (sl g2l sl o (01 20) JSC
&9l 53970 (LIl U MVLEM Jow 5 56 Joo 31 osel caway 5lae8 b 5350 olodl 55970

17 1P GIYF amio APA] Jlo ) 0399 0 ylows < 0590 (ol g 03w (owikign (g 39— (ol 4 pid



O 0 3lu wiigo (ot Jislealo

53,5 (oo odalive « Sl (6,051 Sl sl (iladone g, 90 5l Jeols ol (IS (e pkiog s sle el 4 4z g L

Joe 5l eael s gl b g3 ekl (5,970 Ll L MVLEM Jaw ol 5 egdle .asjls allisle;l gl b comlie Gunkad gulis oS
Sl ol

s p S Gaid pl jo cplple e 4l ) o5l sloj ) L, Sl o pailin BBly mwl Wilg e Wdojle (sloy ) o
oyt y3n ot 45,5 FEMA-440 ledlbl olSyly 51 a5 alil; 055, Lind s L Jos cods 02 IS5 (6 3lade (gla s, <kl
OVF) USh 5 (1) U3 10 i 4 diud <5335 5 530 035> (103,55, ol 45 1o )55, fnly ciabs 5 laseio il 4t 5 13

RHPRWIFXIK QL....:

AJ)J) 6Lbé)95) Olasino 1 Y Jgus

Earthquake Name Station Name NiZL/Ear Ma(gl\r)list)u de P(Gg f‘ DL(er:g)o n
Kobe- Takarazuka (R1) Takarazuka Near-fault 6.9 0.68 40
Morgan Hill-1652 (R2) Anderson Dam Near-fault 6.1 0.45 28
Kocaeli- DZC (R3) DzC Near-fault 7.8 0.38 27
Morgan Hill-57383 (R4) Cilroy, (_:avnon College Far-fault 6.1 0.29 30

Phys Sci Bloy
Duzce- DZC (R5) DzC Near-fault 7.8 0.54 26
Northridge-24278 (R6) Castaic, Old Ridge Route Far-fault 6.8 0.51 40

= @ o Kobe-Takarazuka
3 e MorganHill-57383

N eeeee Duzce-Dzc
g.n 25 R Kocaeli-Dzc
g ! ““ ~ = MorganHill-1652
"3 2 / [ € e Northridge-24278
™
i) ]
g [
< <\
@ .
v
=
2
g
(=4

45

Period (sec)

Sl 35 s S ) Fewly i 1 VY Ui

1Fe GAYF amio AT Jlo <) 0399 0 jlowi (Y 0550 cclur 905w (wiigo (i g 33 — (ol 4 g \vy



Of 21 03w (qwigo (ool Jbeleolo

Sgsy &S 53¢ oo alaxdo ilodel s /YF L ol MVLEM Jaw 5o g4l «/YYA L pl s 10l Jow 10 jles adgl o

bl wSlas (OF) USS 0 bl oo (Sl e Sglas a5 o)ls 3,8 08 Jaw 093 b oy +/FY ool olw] MVLEM  Juw
oals ylis alizes slos )55, sl5l & MVLEM 5 08 Jow 50 (sl conl oads ools plais| ol 4y oy a8 ol | 515 iy (6l (oo
aS AR oo g 1) 1O LY dgam g diels bl sl Al j0 Slads cay o Jlade a5 wes e las VY S el oul
Ol 5l (295 a8 MVLEM  Jow (ol 0,95, 7 a5 )5 a5 098 (o0 alixdle 0l (s e alides zolaw )3 )lgs )13, 5l ol

L oo Sl olib iy o

= Fiberm adel

----- MVLEM by Axial element

0 1 2 3 4 3 L]

iz 5183,85 ) sl Hlgs gL, )0 (i (2lmle HSTas 1Y S

oals ooy las alie (slos oS ) Codd il oo dat e LB, 0595 A bgs e 4T Hlgso gb o Ll wSlas (VF) S o
S0k (oo do ) FIAR 0B Jow 4 Coed MVLEM Jow gl Lisdl iSTas lawgio Jlade jo tas ol .conl

0.1
0.0868 B Fiber m odel )
= MVLEM by Axial elem ent 0.0845
0.07803
|
00589
© 0377
=] 0.0508
FE‘ 003 0.04%3
2 00411
0.0366
00304 oz
0 n
R1 R2 R3 R4 Rs R6 average
record

Glizo 5,85y sl Hlaro b yo Ll wiSTlas jlade VP USCS

9093 039> )95, b <o MVLEM 5 106 glaJae sl Jloes oYL (almle Sl 4z b el (V0) sl 5o

bt oal Coy gl o5)) (lo sl iload ool @) widl e i1 bl ,iSTas a5 Sloj ol o Wl wilond duglie Syo3
93 lplms YL plmlr Sl W)l ea b JolS Gendad S0 0392 9 590 0j9 Sled s des S Jue 93 0 4T wiad e
VIO 3l S MVLEM 4 51 Jow 50,0 slo olbul> glay iSTas aS 04 oo alasdeo .ol o ools Lis (V) Jgaz jo Jowe

\vy 1P GIYF amio APA] Jlo ) 0399 0 ylows < 0590 (ol g 03w (owikign (g 39— (ol 4 pid



O 03l (gwiigo (ol

Jleolo

MVLEM Juae slys o3¥

Oboy Dol ez Loy ol Jao (bl (Sl Jlod plil loj Do (raizra adl (o0 oo

Top Displacement (cm)

e===Fiber Model

——MVLEM-Axial Element

Duzce-DZC

Top Displacement (cm)

e===Fiber Model
——MVLEM-Axial Elemen

17 5
T iy Northridge-24278 e==Fiber Model
E
& ——MVLEM-Axial Element
1
H
E 2
g 3
[
z
=, 18
£ -18
5 6 7 9 1 1 12 13 1 15 16
Timeé {sec)

wilisio 518,85 ) o Hlgs (il albmle Sy azsu b gwly VO S

alisee 5l )55 ) (gl Jue 95 )0 Hlgrd YL glmle ySTus Cglai 1 Y Jguer

Top Displacement (cm)

Top Displacement (cm)

Top Displacement (cm)

A0 ——FiberModel
¢ | Kocaeli-DZC S
3 —— MVLEM-Axial Eleme
2
0
-2
-4
-6
-8
-10
3 4 5 ik gy 9 10 11 12
"
2
0
-2
-4
% ——Fiber Madel
8 | MorganHill-1652 ——MVLEM-Axal Element]
-0
3 4 5 L] (sec) 8 10 1 12
MorganHill-57383 e==Fiber Model

——MVLEM-Axial Element|

a3l 0,65, R1 R2

R3

R4

R5

R6

Fiber model \YIYE b/03 AL Y WA - Wa
MVLEM by Axial element VE/A¥ i Vo4 UF) VVTE VO/AD
Jove 99 @gliss wo s -YIfY -10¥ VIAA VY YAY VY

S5 Azxaii —F

5 335 e olyie & s Joo 1 lens il 5,5l sl g, 1 o3Mital b 5y (s w5 e Geuly e ol 2

oolaiwl (0 9 o¥gd (sl (gilae ;8 90 3l Solw cym MVLEM Juw jo .cewl o oslaiwl saliosls Jow olgie 44 MVLEM Juw
o ) S (SNed ot 9 S5 o il dag g b 28,8 a0 colblB e 8l gl lae o)L slo Jow cwl ous
3load ool Jaw aS wao oo lis s e Selus 5 Soliwl sl Jdow s ulol 5 oads cole Juw b)) ol oo Llo
A2 oo ymalS ol S v 10 0l Juk 4 cond |y dow ley a5 Jls o canl loyes 0 oYL Cds

1Fe GAYF amio AT Jlo <) 0399 0 jlowi (Y 0550 cclur 905w (wiigo (i g 33 — (ol 4 g

\YA



Of 21 03w (qwigo (ool Jbeleolo

&l
[1] Nakashima, M., Ogawa, K., & Inoue, K. (2002). Generic frame model for simulation of earthquake responses of steel
moment frames. Earthquake engineering & structural dynamics, 31(3), 671-692.
[2] Khaloo, A. R., & Khosravi, H. (2013). Modified fish-bone model: A simplified MDOF model for simulation of seismic
responses of moment resisting frames. Soil Dynamics and Earthquake Engineering, 55, 195-210.

[3] Palermo, D., & Vecchio, F. J. (2007). Simulation of cyclically loaded concrete structures based on the finite-element
method. Journal of Structural Engineering, 133(5), 728-738.

[4] Mansour, M., & Hsu, T. T. (2005). Behavior of reinforced concrete elements under cyclic shear. I: Experiments. Journal
of Structural Engineering, 131(1), 44-53.

[5] Mansour, M., & Hsu, T. T. (2005). Behavior of reinforced concrete elements under cyclic shear. Il: Theoretical
model. Journal of Structural Engineering, 131(1), 54-65.

[6] Park, H. G., & Klingner, R. E. (1997). Nonlinear analysis of RC members using plasticity with multiple failure
criteria. Journal of Structural Engineering, 123(5), 643-651.

[7] PERFORM C (2006) 3D: Nonlinear Analysis and Performance Assessment for 3D Structures. Computers and
Structures, Inc., Berkeley, California

[8] Prakash V, Powell GH, Campbell S (1993) DRAIN- 2DX Base Program Description and User Guide-Version 1.10.
Report No. UCB/SEMM-93/17, Proceedings, Structural Engineering Mechanics and Materials, University of California,
Berkeley, CA.

[9] Pacific Earthquake Engineering Research Center (PEER) (2001) Open system for earthquake engineering simulation.
Berkeley, CA: University of California at Berkeley.

[10] Taucer, F., Spacone, E., & Filippou, F. C. (1991). A fiber beam-column element for seismic response analysis of
reinforced concrete structures (Vol. 91, No. 17). Berkekey, California: Earthquake Engineering Research Center, College of
Engineering, University of California.

[11] Petrangeli, M., Pinto, P. E., & Ciampi, V. (1999). Fiber element for cyclic bending and shear of RC structures. I:
Theory. Journal of Engineering Mechanics, 125(9), 994-1001.

[12] Petrangeli, M. (1999). Fiber element for cyclic bending and shear of RC structures. Il: Verification. Journal of
engineering mechanics, 125(9), 1002-10009.

[13] Corley, W. G., Derecho, A., & Takayanagi, T. (1979). Analysis of inelastic shear deformation effects in reinforced
concrete structural wall systems. Portland Cement Association.

[14] Prestandard, F. E. M. A. (2000). Commentary for the seismic rehabilitation of buildings (FEMA356). Washington, DC:
Federal Emergency Management Agency, 7.

[15] Kabeyasawa, T., Shiohara, H., Otani, S., & Aoyama, H. (1983). Analysis of the full-scale seven-story reinforced
concrete test structure. Journal of the Faculty of Engineering, 37(2), 431-478.

[16] Vulcano, A., & Bertero, V. V. (1987). Analytical models for predicting the lateral response of RC shear walls:
Evaluation of their reliability (p. 92). Earthquake Engineering Research Center, College of Engineering, University of
California.

[17] Vulcano, A., Bertero, V. V., & Colotti, V. (1988). Analytical modeling of RC structural walls. In Proceedings of 9th
world conference on earthquake engineering (Vol. 6, pp. 41-46).

1] 1Fe GAYF amio AT Jlo <) 0399 0 jlowis ¥ 0450 (cdlur 90 jlw (witigo (i g 3 — (ol & g



Of 21 03w (qwigo (ool Jbeleolo

[18] Massone, L. M., & Wallace, J. W. (2004). Load-deformation responses of slender reinforced concrete walls. Structural
Journal, 101(1), 103-113.

[19] Orakcal, K., & Wallace, J. W. (2004). Nonlinear modeling and analysis of slender reinforced concrete walls. ACI
Structural Journal, (5), 688-698.

[20] Kolozvari, K., Orakcal, K., & Wallace, J. W. (2014). Modeling of cyclic shear-flexure interaction in reinforced
concrete structural walls. i: Theory. Journal of Structural Engineering, 141(5), 04014135.

[21] Kolozvari, K., Tran, T. A., Orakcal, K., & Wallace, J. W. (2014). Modeling of cyclic shear-flexure interaction in
reinforced concrete structural walls. I1: Experimental validation. Journal of Structural Engineering, 141(5), 04014136.

[22] Kolozvari, K., Orakcal, K., & Wallace, J. W. (2015). Shear-Flexure Interaction Modeling of reinforced Concrete
Structural Walls and Columns under Reversed Cyclic Loading. Pacific Earthquake Engineering Research Center, University
of California, Berkeley, PEER Report, (2015/12).

[23] Kolozvari, K., & Wallace, J. W. (2016). Practical nonlinear modeling of reinforced concrete structural walls. Journal of
Structural Engineering, 142(12), G4016001.

[24] Kim, D. K. (2016). Seismic response analysis of reinforced concrete wall structure using macro model. International
Journal of Concrete Structures and Materials, 10(1), 99.

[25] Bao, Y., & Kunnath, S. K. (2010). Simplified progressive collapse simulation of RC frame-wall
structures. Engineering Structures, 32(10), 3153-3162.

[26] Fischinger, M., Rejec, K., & Isakovi¢, T. (2012, September). Modeling inelastic shear response of RC walls.
In Proceedings, 15th World Conference on Earthquake Engineering (Vol. 2120).

[27] Magna, C. E., & Kunnath, S. K. (2012). Simulation of Nonlinear Seismic Response of Reinforced Concrete Structural
Walls. In 15th World Conference on Earthquake Engineering.

[28] Colotti, V. (1993). Shear behavior of RC structural walls. Journal of Structural Engineering, 119(3), 728-746.

[29] Belarbi, A., & Hsu, T. T. (1994). Constitutive laws of concrete in tension and reinforcing bars stiffened by
concrete. Structural Journal, 91(4), 465-474.

[30] Pang, X. B. D., & Hsu, T. T. (1995). Behavior of reinforced concrete membrane elements in shear. Structural
Journal, 92(6), 665-679.

[31] Fischinger, M., Vidic, T., Selih, J., Fajfar, P., Zhang, H. Y., & Damjanic, F. B. (1990). Validation of a macroscopic
model for cyclic response prediction of RC walls. Computer Aided Analysis and Design of Concrete Structures, 2, 1131-
1142,

[32] Fischinger, M. A. T. E. J., Vidic, T. O. M. A. Z., & Fajfar, P. (1992). Nonlinear Seismic Analysis of Structural Walls
Using the Multiple-Vertical-Line-Element Model'. Nonlinear Seismic Analysis of RC Buildings, H. Krawinkler and P.
Fajfar (eds.), Elsevier Science Publishers Ltd, London and New York, 191-202.

[33] Linde, P.,, & Bachmann, H. (1994). Dynamic modelling and design of earthquake-resistant walls. Earthquake
engineering & structural dynamics, 23(12), 1331-1350.

[34] Thomsen, J. H., & Wallace, J. W. (1995). Displacement-based design of RC structural walls: an experimental
investigation of walls with rectangular and T-shaped cross-sections. Clarkson University, Department of Civil Engineering.

[35] Filippou, F. C., Bertero, V. V., & Popov, E. P. (1983). Effects of bond deterioration on hysteretic behavior of
reinforced concrete joints.

1Fe GAYF amio AT Jlo <) 0399 0 jlowi (Y 0550 cclur 905w (wiigo (i g 33 — (ol 4 g \1f.



