




















IS Kidig gy o bosd by (soble (2 dpms o ol olgs Cuaune 3]

3 hee 55 &Sl (VU oS5 5w (8 0 o ST s
Mol 31 5 0 o Lsl (slo )l 448 (L0 sl 4t
o3l (s 3 Shes 0 i 4 ol 61 Tl ST
el 0l

LS 0 YU gty (63L 5 (55 O 5% 53 (nl 2 esDle
3 g S S S5l 5 el (0S5 Dles (o
J.;_L»,'TL;L«:J!P.@H.:AJ?QJHW;JSL‘.;
sl o 0313 0L (8) IS 55 oS 5 sbolen Jous 53 ateuils
Wl 0 (5,5 051l ST (ST 5

B ialo3T 5 colatul 3350 Cdiw B (SA1D oo 3(8) b

s Yy e b o5 3 laia 40365 (1) Jauier

D, f C Gy €min €max Slo g

A A4 . \Via% N ARVAR

o
e

i
A3 Gl 05,51 s 0 6l 5L 5,5 slap
by p S S (Y50 Y 80) dslan A/AC ol 43 S
okl Juate B Lol ok drloes (6 )b b b Slad s 2
FU el an 8 1 55 e e b Culbes 4 05t sl
Jlasl (Slewl 5 gloj,d glasl 5o S i 65
S ABO P s S Gl (9] 3 i lad (6,5 o 0l
35t bocdin Ly 55 5 b 3 8 i 53 Jio bl (D/B)
slal b s a5 ol 0 0315 515 STty o
(G 5 b e P e i ) e Sl Pr X Ve X 70
el 453 815 aslitul 3 g0 ST 0,1 an Ol o4
S 3l et plowil sla sl s s S35 7, boles
355 Sty b Sl S ol b oslizl ST g
e B0 Obub)pdT Oliwl 53 jend allsy ) adl- j eslizal
5 S ST guails s sed eliasalis (O) Ko .l 0
&1y oslizul 5550 Sl ool gla 55 (V) s pioman
4305 (ST canr L)1 a5 L e e O 1) a R L 3T
03l s ASe g s Aoy 0 arg Casb, LSS
33 el 45 5 Oy g Ao y3 VO ST 4 Oy b (S
s aints alS 4 e YU oS5 L oS laslinal ¢ Jos
oSbw o3 eligl 5 ol & A 4 e Ll 5 o3l 3 050
Lgur;_m,w,%gubh;w;,_,.e@ﬁfy}ﬁ.»r?&

33,5 3Lzl W (715 doy3 b &S 1y (slo 15657

T 51§ Ao 33 (6 w031 (Sl Jomo 3O dimdld lodT (£) Ui

V¥ e epyle oyloud o> Jlu




(&

33 Sus5 s 4 S SYL o) 55 a3 FO 45
RGN js.‘i.w.a (A) Jgﬁr L;.:Lk.c

LVDT c...ﬂ&l’ml’l:}-’
Ace pwclis 3

LVDT 1
«—— —

2a 5l V)
LVDTzlf”G” .

i'\’l} {?")"3"
3 5
4 Cawd I557 385 8 (80 S5l B ogn Sled g 1(A) KS

o lo3T dladone

e 5 L) 5SS 5 ey 93 ediasilis (1) S
4t gomn Lo 57 43 5 D) 50 5 p 55 Sl SN 5 (514 50
Cﬁw‘ (&7»13.6 )‘Jé‘rj.; .19:956 L ol 43.:;'_,-’) PIV Lab -\5

05 jro alojl bowgi loaw ST (59 043 By (sloylseS (sloyppaoltisd 3,Slas alKylofl g

slailasT 6l m gloaile 5 ol laosls &5 latesy
5 Tlamacls i i S o3t lal 3l 3l cods !
Cadiies §LaglSe 55 (LVDT) ¥ st e 55 Jde
2 Bl L LVDT 5 Lagmiwlid foue ol ol oslizul
SACC lacuzr L s j a5 Canl odd o3l 0l (V) S
4SS ACCS bl ool 55 . lodds jasein K& ol ;s LVDT
Slos A oo IS Lo sl odd i ) i a8 555
35005 e S3) pr oA S e g e Lo 5 0 Jlee!
Camd 53 (ACCD) Y o jled ol .ol 4 51 3 oslizal
OT 6 rmn o V01 (63508 Aol 53 5 O gl b Slus o coly
s YL 53 (ACCD) Y o )led il (ol 0kl o
3 e e 00 50T 51 e e Vv (63 5as dlob U5 ) o)l
o 33 (ACC3) Y o )l s 205 )13 O gl B oy
(Bl Aol 53 5 Y ol b L Sl S 5 Sy
35630 F oslacd s .l 0l @15 OT (6 a0
33LVDT2 sLVDTI ¢l 1 osde .ol b 51 3 L o
5315033 5 ejle B ploasle B am & 5150 5w 65,05
el i Jo VY0 LVDT 35y dhols iS5 b g OT
i S e oy e S (g S 03l (gl o
13 ks 5 S (6 el 0k 03l V3 s
258 T b5 L dlizms epss da i LesT el Cogr
G gl Lo 5 458 5515 alan 55 S Y
sde 53 3l Laroa 555 el Sl cpmen el 03 8515

L{Sbﬂbb%‘&jbﬁ)ﬂuﬁw&b\'“J}f}j};

PIV Lab 56T g islo3T aladome 4 S 1955739 9 9 399 (6 05 3 09505 il » gui (1) UK

V¥ e epyle oyloud > Jlu



5 Kidgh glipes o bpd ol (spble (b Spme (il olsi e 3]

+/Y0

/Y
o
A

/00

() okd
=
=3

— /0

=l

- /Y0

(456) 0L
FAY 5 ()

QAL
/Y
QAN
A
o/00

() okl

=/
AL
/Y
—+/Y0

(456) Ol
520(2)
wilises (S il B b oud odlaiwl Sl  Sloy dsmsm J6 (1 +) b

B ale3T 4sb p DS :(Y) Jaua
Fewpe Wl P

&y ro

A/A. oobss 52919 . T

- ] Kigrs elo3T

(P54 F»)

Y/74 \D Y o Y oislesT
Y/0Y Yo Y o A
YV ¥ s Sl Y aLST
VA & s Sl P aLST
\lia \D o o 0 bt
A7 A o o 7 bl
YV ¥ 0 Sl VY aLST
/A 7 0 o A a3t

PELLT W g Olaalic fudoi -0

4 8515 o 50 5 ) codaT sy i o a5
o) slaamse s 5 a ¥ LG8 5Ll ) oS (ol
S PEPN PP JURIUY SO P VISEPRE U U
sl o 0313 0las (1)) K 55 (ACC2) ¥ ojlas

VoY Glisej opylea o)ladds (oo Jlw

e
)

it ) ikitee sLa LS 3 L (53555 &S 5
el ol o3lal LS o (93555 Sle &S s Ol I
Pl Sl i S5 st sl A sl 4 S
jvf;\_w@ﬁ‘.\_:swix_nb&u;;@_@iﬁagk
3l eodm Sla) slaamn b slaray Y sane cadsl & glas
s ol resdle s b on oslital Usles g g 1l
2245 il gl eyl 5 Lot ooy Coals
&) el 0t 0l 05l 5 ¢S (glo 1S, ul
35U s 7 sn (255 LS o uilS 5 DT L)
o sl bl ods a4 8 55 5 Calibes iS5
LS ) el Tt s 015 e 03l (6355 S >~
S3mp el L S5 e G 6l ) 35 s e S
B) @Lﬁjnjsnu:_Agd:;uLguwglf;ﬂ Ol g0 ¢ e
PRI SN PUIEICR g S L g P SR PR
OLHLSer 5 Olalyo ¢ «(Gajan & Kutter, 2008) ;LS
LS > 3l Olaases L 5 (Arabpanahan et al., 2021)
LS o . Liles S enlizul 3 55 Slalllas 53 &S ga s (559,9
5 Sl o onls olis (Vo) JSi 53 ol 3L (609,
L OlS o s e adalin JS i ol 534S 55 bolas
el 05 8 Jlasl Laddis (555 5 5,80 5T sla uils 5
Loy ol b Cab 55 135 55 b g YA s aabpsT bl
03 03 s Slag i S M (oS e slacST s Lol
LS (gl 03l opl &S Sl 3L /PO L /N sl ey 93
(ool gl i o sl (LA YIYY 5 5 8 2/99) 05 gdoes 3
G0 555 4T 4, LS an 639y gla mls
SlaasliwT (659,5 &S o (la uilS 3 o3 gdons o 5 Sl e
23 8le3 4 585 i sl T 515 a8 8505 sles S b
el 0 o3lizal n i Lo T
&l B S5 51 ol 03 gudoms ¢ 5 lusl 53 pimmen
o e 51 s i 5 a5 (52555 DS >
5 55 s (Arabpanahan et al., 2021) 0l,LSen 5 Olaly

(Y Jgds) Sl ol oslizul . (Ko et al., 2021) of, 8

Y.




J/-l- .
()

i) oo elef] g b S (53 3005 Bl Syl (sl geliyd 2,50es ] oy

A Sl (AAC=Y/P4) e ¢SS YO 5l (A/AC= Y/OY) e
pf)l__f‘“' )\fj-ﬂ(A/AC=“/W) (J?}l:f?')l{jm(A/AC=\//\\)_

pSAS Y b e (A/AC=Y/9) = ¢ S5 YO )b (A/AC=Y/0Y) —
(S AS Y 5L (A/AC=Y/YY) e S AS #0b e (A/AC=V/AY) =

iy
A

A

(g) okl

(456) Ola )
FAY W5 (L)

(g) okl

(456) Ole )

FA0 ()
Y 0 sloh gumtbid Jawgl odh Sd Db gL Ao 1(1Y) KB
461 6 o Sbj ok slp A/Ac sl il p3lio 8l (ACC2)

AVAC el )l SRl L aST Sl oo O i Ly,
P B S b ST b o Rl esls &5 S glaslis
AJA) o)lsy 055 A | ok plosl bl gl oS s
AVAS) o3Ls, 055 a6l o slade Jolas 5 VAV L i,
sdalie JSCb 5548 ) sbilas . oulosls &, (VAR L il
i AlAc gyl I3 8 5 8 o Ol oo 35 o0
S 538 b S jeds S e Slid s S el
) o A s e o b dad e Wl o0 3550 )
AL kb oS 8 e sl 53 05 RIS AL
(WS 0355 Jo s 53 0 @ls sl 8 e (51 ! 2 oo
Jlas! 5 5lawdis Loyl i sdianplis okl sl S5
oo b a5 e g3 La i lajT (oalad 53 OLSS Sl
Al e e aan 3 wlin loj ) 5L Jlesl 5 giledie
aS AR gy a3l 48T 8 8 e 015 o SIS 5be

JoB STl g 50k b B Ol o Rl Jslas

iy

A

A

(g) okl

(456) Ola)
FAY W5 (L)

/Y

/)

(g) <l

(456) Ole )
FA0 ()
Y 0 sl gl Lwg i cud D gl duglio 3(11) S
AJAC jiolyly Cillise y3le (15 (ACC2)

gl Cmnl sl 033 islad s smai j3 45 55 b0l
0313 5l 3 (slagmimolid 55 odd S Obb pslie )3 (5l sne
E s nl Sy 5355 o odalin S5 fby 5 0355 045
Ly ol O Gk Wl WS AJAC sl Lk S
SU S L by, Jsls jaels s slagmold
S slol 1y (g ls e

Noﬁ@bjojl{}s(\\)‘}ﬁ):o&rﬂ)gh)b}d
odd S palie 53 Sl U o 5 0)bg3 436V U
Salis (V) JSi s odalie (5 by = 365 b prim sl
Sl P50 5T GlamilS 3 s A/A: bl i 5l (5L
25L 53 5 (ACCD) Y o5las miwoled )3 odd O slacles
A e Ol ek 573 Sl

33 Ol (sl 0 0313 3LES (V) Ko 53 o875 bolan
lols pole sl s S Sl 6 4 i AJAC il

g e S 03 g s 55 e ks gl eld IS

A

V¥ e epyle oyloud > Jlu



U Kian stipes o b el (opble 3l Sgno (il ol Cenae 3

et e ks Ol AVAG eyl 1L das e 0L
b e GRSl o S e S0y g edkd Wl el )
SLe gl (6] T mws s oS Sltalian oy
OT 33 48) sy e ST J3y 5 515 53 0k @l F 6 ojlat
Gl Al PR els L ol Ol AVAG bl 515IL
RS I (il 03,87 Jais o JB 5 S sl 228
EVSEUNE TSP TR R T-JCH e P WP
2l SalS Lol ailojlu p o S 0 505 g odd Wl
Wl 3530 33 (S315T A3 03 gy 41 o ol 565 S~
I L) (63555 zoa 3 3l 05l (b 350 1 (785 dholé U
33l a5 SRl 5 S gy 5l o S il ol
25 ) S Sl ey o e ) 55 0
Sl S (203 (S e (2l I e
05l rly 35 oo 0daliin 457 ) s bOLan ol o 557 e

Al o S ojl I S (ol AVAS) oK

‘1.).
(o

53 0l w3ly (Glagiesled )3 odd O Gt )3 g 5
o Slaolis s (s S 53,10 STl 035 I
3y50 05k oo S Sa) g ot el gl () ol
ok mb edmsdla () K65 18 o )13 o 2
ol yon (ACCH) ¥ o)lad gt ol (555 2 AT o 530l
Wl AJAe el 53 i

OF) s 55 o e Sl 505 ¢ B o lejT wlie
23 Sk U e o 5 o5 Lss BV Be Gloj o3l 5o
il odalde o (6 2t 7 by L odd Oy ol
Fojlad miwolid 53 odd O slacks Hla ge (1F) JSC
A e Ol edd S5 Sbej el 51, (ACCH)

Ol i 03 55 oo 0laliin (VF) S 534S 5 b0l s
Foslh miwslid 53 ald O ol (gla s gal 53 (515 e
Sl e 5353 oa etaliio ol o2 S0 (555 5 0kd

(OVF) IS .S o i AVAC el )l 3lie 55 i Lo &5

e SAS Y L (A/AC=Y/58) — £ SAS YO 5L e (A/AC=Y/0Y)—
r;}l:f“' )L:J-w (A/AC=Y/W) (;}l:f;")bjw(A/AC=\//\\)

pSAS Y Sl (A/AC=Y/58) — ¢SS Y0 5L e (A/AC=Y/0Y) —

¥
oY /\\
3 /\
) L
C) AR L | BT
y
—/f
(a58) Ol
ST S ()
3
).
C)

(a58) O

FAb W 5 (0)
P o sl e obid bwg oud vl Ok guls dwlis :(VF) S
A6 6 o Slo) o3l 30 A/AC el ol alices 8l sl 3 (ACC4)

WY s pylon o)l qomd Sl

fEASY S (WAC=Y/FY) eSS 5l e (A/AC=V/AY)

¥

o

% /Yf( MfMﬂﬂ \ l\i,
c e ,' v

A \ H \E\J~ L}\\\l V

— ¥

(458) 0L
FAY LS5 (L)
Y
' ﬁ thinnihhint |

; o/ \ﬁ AWDI [}CMMN /Mf}{.
> ’ ‘\‘" | f,,

A e vk [“" | “‘ \\l \ \[ \»;M

- /Y
(asb) 0L

FAb W 5 (0)
F o3l e obid bwg oud cad OLd guls dwlis (V) K
AJAC gl sb e 3l (51 (ACCH)

VY




o
{'f‘;'r;‘*’
s
S S o3l BB sle3T plowil Ugb 53 03k 0593 01 LVDT
AL o

Sl b el sk 0013 0Lz (19) K 53 457 S sboles
5o S (WA eyl 2ol L s o) S ane o
Frosde bl o 2alS (sleyl 58 S 51 B 65l O 5
535 315 siE 5 Ladl, 3 45 das e 0L (V) S ¢
Sl a4l falS (635,508 - WS 5 il Losle s
J=B 50 52555 il 4 S 0B 8 ams 0155 e ol 0l

. . L F I -
1305k Olyss 5 S8 5l e,y skiS L s

A/A, = VA AIA_ =Y/
Voo Voo
\ \
9 9
- -
3 o ~ o
o o
= =
\a, gy
R AR ] Y
Ky Ky
> - > -
A A
LA Vs
(0Lal)) Ol 92 (OLaly) Ol 50
A/A, = Y/8Y A/A, = Y/54
\ ! \ !
9 9
= = 7
hal el
o o
= = Y
g, g,
R VAT IV} B X
Ky Ky
e e 5.
3 3
-\ -\
(0Lal)) 01592 (OLaly) Ol 50
|-~ AVA =Y/88 AJA =X/OY —— AJA =YY A = VM|
\
|
hal
2
=
g,
Y
VT /00
5
A

(BLsly) Olyss

A/Ac gulhly 50 pdd L (F95 319 H9lls™ U159 510905 :(V%) S
F AT (63959 el S STy

WY

05 jro alojl bowgi loaw ST (59 043 By (sloylseS (sloyppaoltisd 3,Slas alKylofl g

oy Ol o lo sl Ko il a5 L

o3l reb 35 cojl o BIEIL S 5 S (6w
350 p st DUl g g a LS 2 ph e Lol b oo 15!
L oS0 (53505 st 392 2 51 (5 a4l ol as
Sy (e LS sjla el 55K (4l S
o3l 53 S 28T (6 b Olabl s yb 4 a5 Lo dleyy
2 23S 035 5 Sl s st b 5l ¢ S
el OT ot 53 5 03 9 &K 03l 51 iy ¢80 5L
i ARG 2l Rl enl ply Sl Bl 28 oL
L oS o0 53 o 6l o ojlus,y LAl glassks ol 53l
33 CB3 L roman 03 8 5 a0 5 ¥ (635,55
(83559 LS 3 falS L aS 558 e odalie bayls ged opl

Al e Sl s O ok ST

N
=
>4

—LVDTI1
—LVDT2

<
—

< . <
L=
o > o

iLEEERELEGERERERELELT

o Ll

— /Y
— Y

|
~
o -

ol (8 0K i3

(438) Ol

Sl ool plmil Sl o lo3T 31 (O SWLVDT gl :(10) i
o5k (B glale 9 01590 dwlme

55 33 S 53 0153 1 gad oy aalsl
o 0313 0L (10) JSKi 53 a8 5 sbilen .ol ol s
e Jesli Jdse 93 3l o3l Oly93 (6,8 03l (gl o
33 LaLVDT Jse) Sl od oslizul (LVDT) L
S ol s a5 o7 (ol 0k 03l 0L (V) IS
Gllae Y 5 oyl GLaLVDT ol o La i lasT 51 S
el (10) S8
Aol NV b 21 LVDT 55 ole o3 dlols Sl 4 a2 5 L

p{)L:arjl_SMléju_M&L?—glq-le:éf&Sl{wl

V¥ e epyle oyloud > Jlu




1 Sibon g ot bogd ol sble (2l Sgms (il ol Cenae 3

(52 0-— S AA =Y |
.
\
|
el
D
N,
3 s o
R
™
A
—$u
GIEPNITE
- SAY———  AA VA |
Yoo

(N PONEFS PRy g

GIEPNITE

J/.‘.
(&

AT AA =Y

o

\
|
o
D
=
“
o ¥
s
e
A
e
(OLaly) 052
oAb ——— FAY———  AA =Y
A
\
|
o
D
N,
g/
R
e
A

A
(OLaly) 052

AJAc golily s g 8lie (81 01398 9l 38 (S5 319 HaLis™ Joged » il $ F1:(1Y) U<

{(Esmatkhah Irani et al., 2022) 5 3-& s 3l & (gl SauuT
3 Ol b s gy 2 Sl 51565 (S sl s 53
Sl s 5 Olyg3 |5 ol s, 55 s (Slo s g o]
ole 55 g lacawT 4 oie Ll g o jlms o I i
o3l b 1y o O (gl gl (VA) IS 553 (5oL
Caamd 53 45 55b0len D)5 5 sl (minls o g5 )
oo s bidas e QLGS cCnl ol 0ol 5 o3
Sl 4 e AVAG eyl il 4T Sl 3 sgin s g
A0 Y 63955 6lS B e i (gl edd S sla s
Laceis Jola 48 355 s odalie cpl posdle .35 5 s

(3l 55 AR = Y5 e s sla i LaiT (sl

V¥ e epyle oyloud o> Jlu

Blay slaails 51 S 8 (ot A/AC SEaLSTL
JSb oo 5 Bl 5 s sl & ST 0y 93— 5ksS
—sbsE Wl ladil g SOy Lipd o fits K5 5o
o 03 s SS I 5 Osldi g s wled 4l Low 5 O3
S YL AACL (ot 355 0 J S Slo )l 548 S >
oo 1 63 e LU L5 o ol VL Oliabl s 15 Ulee
S 5315355 0 gl a5l (5 5SS i &S S
e sl S 5 A i o o3 S
S5 03 0 35 3 5ms 0L Jammd (61 il gr S Ol
3,15 Sl oS S o e 53 Ol 35S 5 4l

V¥




4
()

7’ 05 jro alojl bowgi loaw ST (59 043 By (sloylseS (sloyppaoltisd 3,Slas alKylofl g

O ot i 5 o inns &S ol S S ptacw ¢l ogdle
S S5 ST 53 a8 sl on (655 O 5 Cind
b G0 s 53355 00 (68 o 05 53 Sy glo Joaie
O sl 5528 d B (i) e Sy e
e o e ol pl 035 O gt 58 3 b 51 5
Slomsl Ulate 5 05 Jaie C31L1 3 03l 5 (sl ol
b 53.33,8 o Cand g (65 0 gl B e S
CS o 51 B Ganii 5 b S i Ol 2815 sl s
3 v b 33 8 e o el b el
S L 5 S s S8 (lej ) sla gl sl sl
— =38 oS 5 L A O sl s
Slosl 545 SLapiac )3 05l (LAlg b4 zmie @56 L
5 5 pS SO sl (555 6oL sl Glaejl 3 58 sad
CS - LaS Culadls s slos ) sbaslt 5y 6 2 5o
S o o T 513 55 Gar oS (a0 sl b (Slol 565
s 5 Ol gty (5lo 1365 oS 87 T 51l S
S s oSy Jrabe K25 4 e sle3 ) 0!
0T 33 & i (b 4 S odlSa 03kl 03 5 o
CobB 5 ot sl T (sl (slojlw 5 Jol sLozel
fr S50 S5 5 b n _sitie 0l (515 0 g
Sxadly frade JUisl 5 oS S (glo )l 568 (U gt
503,5 Slgmn by slo3 3 6551 (5305 A B S 4 0 g2 |
338 0 6,8 o losle s Gla T
s 1515 8yl La s la3T ol 55 eslizl 3,0 S
oy 4T ol S5 0L LS sl e o5 VB YL B
3313 (Ko 5585 (S5 4 O & 05l (slo 156

MM“J-;?@)‘)EWJZ‘“LSJJjJ@}:“MJ}Q

BRIV -

i e 3 S g S | 6 i (55 A4S o0
30 2 4S5 Sl b anlle 53 50l Jloy 55 1 (6 S
sl (628 () 858 e B nyls 15 (ST 2
Sl ool a5 51 ST s VU 0S5 S e

Aib o (5lo )5S (L0 samslili b omslin 3 Shas

A

el 0 C,JJ.LALEA j:{‘-b- LA/AC= /AN Ls‘j Sgﬁ.‘l:-)b
J"'lj‘)’du‘)?"‘-"::"d‘}ﬁgs‘ o..l.aTCMﬂbr-\.! @b u.»l.wlj.r
oals 'C) Lguwfg)bwng"A/Ac j:"“)l:',ﬁd"j)ﬁ
L slaisniT )3 558 5 et 53,05 (Ao &S5 5

Bl BB 5l 5

[-==A/A =Y/28 ——AJA = Y/OY ——A/A =YWV ——A/A =VA|

] A
3
L \

_ (GAY LS ,;:?fj :tw 3 503 (Call)
|———A/AC=Y/9Q ——A/A = Y/OY  —AJA = Y/¥V AJA_=V/AY
] ) NHJH (T~
3 ' ‘f '\’(l’(’&"’?wrii\ﬁ
I

(456) Ol )

(500 S 3) Ol m et 305 ()

20LE0 Gl Ol sl 38 Sl 51005 p il B F1:(1A) IS
AlA gl sl Cilieo

N gad oy 2 b OA) IS 53 0 1)) mli & a5 L

Slesl Ho Lacenis a8 558 0 odalie Ol il 5 55 Sl
53 B0l Gt e 5 0t Sho (sle T (S
SE Ll (sla JSo i ias0lis o ol obile (b ot
o sladl 5 sl L;u,b@fm;&,m.g;u Sl s
Lo b 53 a8 bl o (7 b I35 51 2 SRE) VL
358 ol Laosks 0T S50 Cov ol cul o SKans ¢ Jsans
083555 Db (sl 48 IS Ko 05 Jb b J

-L!LALSA V-“M o)'l.w 9 0kdD gdowe Lo)'l.w

VY Glie opylea o)lasd (oo Jle




P Kidgh glipw s byd olo oslle b dgnue ol ol s j3)]

ATAC= Y98 L sla0 a3T & i 65655 5 o
i 4 e AJAC iy p3lie syl sls olis
31> OLes sdeTwses gl el pogdle s S 568 S
& wly 2alsly 6 015 o s Slosl 48 (Sla g Tl oS
4 e 58 55 G S 0T 3 8 8 s i
el o> B 568 S gl

of e 558 b b nl 1108 L (slaast o aalsl L -
Gotas S, ol ol OLES 1y 3.9 colilodly it o sl |
e e 45 5 g lalad 3 ST SennS s o
1 (S o polas dilate) (63 5m8 Hb Joos (5l 0 5 S
ssbao b Cd b isd OT 3y 0 35 Joli
S S sl 5 S s F ey sl
)gmbt,@l_é?udugﬂ_a,;ﬂa_wﬂ@xju
Bl R 65 sm D oo sl rleS el e
S S ol g i L SS
0o (185l g S 5 s 5

Sk Jole o 0 S5 5 0lej CbdE L g s Y
2B ol pl s S aals W, s 18
sz IS Sla S 55 g S 2153 doms
Cd b a5l 5 O gl b (S50 st oLl GLI
3,5 LS ki Sl 4 3 e 620k

Lo ys L o ST (555 03 ILs o ol b Colital (sl —A
Y T (o b b Ol 5 b o ¢ 8L (ST
dile s ogllaals gLyl (ESa S (go 5l o)

;|JQL:.J;}>-)||)°,\JL,.:§LU:.>J>:54>}:JJBM

&1y
Algie, T.B., Pender, M.J.,, Orense, RP., &
Wotherspoon, L.M. (2010). Dynamic field testing of
shallow foundations subject to rocking. Earthquake
Prone Building: How Ready Are We, 26-28.

Allmond, J.D., & Kutter, B.L. (2014).
considerations for rocking foundations on unattached

Design

piles. Journal of Geotechnical and Geoenvironmental

S5 dom 9 4odS -F
ods axst Lo (5ol 565 (Sla gy 5B sy 4 Gl )3

ke palie OIS oLl 6l (e slaS (5

sy (555,5 SLS o Calibes gla uilS 5 5 A/AC el L

j,\_.zrlegu;)):ﬁu:ﬂuﬂ;dmcubwL;u.;wu.uﬂ

O gl b 5 0 s 1 K220 " (6315T w55 & Lol S5

B o st 5 B G S LTS S esliza

o LS ol s il cibls sy o 5 @S 505l

e 3 &Sty Jeolin LS5 51U ds a1 b

e el T gl ol 35,8 Ol O

osbas 63955 S B s AVAC eyl S s 8 (6 8w

Wl 03,4 S 3T (lo )l S slag S, 2 5 BB

13,5 4o 5 Dok Ol o0 ) eleT sty ol

odd O Glacoled 53 Sk 4 ie A/AC el o -
28 5 slagiecks 55 5,20 ¥ sl WIS 5 o
FB 5 G Sl D ) p2lie 73 5 ST
25038 il

Oljmn el pr S 0 S35 g odbd il w2 61 =Y
53 od wdly (sla 8 e L aglin 53 ols 0 ks
Iy Sslime )L, (MY gl F o) S by, 50
Ol Ol s AVAC alyl 2531 L aST (6 e 63l OLES
B oSem Sldabie ol 5 asl hlpleds oo
22 0d BT BN ojlad lagwls ol oe | sty
By Sl Loy, s

A S Sl S sl S sl slacks Y
Ab 03l LS ¢ pl posdhe s S 4 o (63955 SIS~
3303 S LS 3 Al L ol S oS
el Bl ol 5

$3555 2S5 LS I L esls 5y sla i o —F
53305 IS p oS 15 8 (6,8 s i Bl il
el @l 03l Oy 33 53 gl LS

ATA= VM L glad o 5T (61 odsTomsas s -0

VoY Glisej opylea o)ladds (oo Jlw

\te



J..
)

Soil Dynamics and FEarthquake Engineering, 107,
218-233.

Chaudhary, M.T.A. (2016). Effect of soil-foundation-
structure interaction and pier column non-linearity on
seismic response of bridges supported on shallow
foundations.  Australian
Engineering, 17(1), 67-86.

Journal of Structural

Esmatkhah Irani, A., Azadi, A., Nikbakht, M.,
Azarafza, M., Hajialilue Bonab, M., & Behrooz Sarand,
F. (2022). GIS-based settlement risk assessment and
its effect on surface structures: a case study for the

Tabriz Metro—line 1. Geotechnical and Geological
Engineering, 40(10), 5081-5102.

Esmatkhah Irani, A., Hajialilue-Bonab, M., Behrooz
Sarand, F., & Katebi, H. (2021). Behavioral evaluation
of soil-based rocking foundations against seismic
loading: A review study. Geotechnical Geology, 17(1),
455-463.

Gajan, S., & Kutter, B.L. (2008). Capacity, settlement,
and energy dissipation of shallow footings subjected
of  Geotechnical and

to rocking. Journal

Geoenvironmental Engineering, 134(8), 1129-1141.

Gajan, S., Kutter, B.L., Phalen, J.D., Hutchinson, T.C.,
& Martin, G.R. (2005). Centrifuge modeling of
load-deformation  behavior of rocking shallow
foundations.  Soil  Dynamics

Engineering, 25(7-10), 773-783.

and  Earthquake

Gajan, S., Soundararajan, S., Yang, M., & Akchurin, D.
(2021). Effects of rocking coefficient and critical
contact area ratio on the performance of rocking
shake table
experimental results. Soil Dynamics and Earthquake
Engineering, 141, 106502.

foundations from centrifuge and

Gazetas, G. (2015). 4
foundation—structure

Ishihara lecture: soil—
systems beyond conventional
thresholds.

Earthquake Engineering, 68, 23-39.

seismic failure Soil Dynamics and

Gazetas, G., Anastasopoulos, 1., Adamidis, O., &
Kontoroupi, T. (2013). Nonlinear rocking stiffness of
foundations.  Soil

Dynamics and  Earthquake

Engineering, 47, 83-91.

Guan, Z., Chen, X., & Li, J. (2018). Experimental
investigation of the seismic performance of bridge
models with conventional and rocking pile group
foundations. Engineering Structures, 168, 889-902.

VY

T . L e
-~ 05 o lalejl by s SB (g9 g 03 Bl slolsS (slagpliiph 3ySlae (pIRGLej] o)y

Engineering, 140(10), 04014058.

Anastasopoulos, I., Drosos, V., & Antonaki, N. (2015).
Three-storey building retrofit: rocking isolation versus
conventional design. FEarthquake Engineering &
Structural Dynamics, 44(8), 1235-1254.

Anastasopoulos, 1., Gazetas, G., Loli, M., Apostolou,
M., & Gerolymos, N. (2010). Soil failure can be used
for seismic protection of structures. Bulletin of

Earthquake Engineering, 8(2), 309-326.

Anastasopoulos, 1., Gelagoti, F., Kourkoulis, R., &
Gazetas, G. (2011). Simplified constitutive model for
simulation of cyclic response of shallow foundations:
validation against laboratory tests. Journal of
Geotechnical and Geoenvironmental Engineering,

137(12), 1154-1168.

Anastasopoulos, 1., Gelagoti, F., Spyridaki, A., Sideri,
J., & Gazetas, G. (2014). Seismic rocking isolation of
an asymmetric frame on spread footings. Journal of
Geotechnical and Geoenvironmental Engineering,
140(1), 133-151.

Anastasopoulos, 1., Loli, M., Georgarakos, T., &
Drosos, V. (2013). Shaking table testing of rocking—
isolated bridge pier on sand. Journal of Earthquake
Engineering, 17(1), 1-32.

Anastasopoulos, 1., Loli, M., Georgarakos, T., &
Drosos, V. (2013). Shaking table testing of rocking—
isolated bridge pier on sand. Journal of Earthquake
Engineering, 17(1), 1-32.

Arabpanahan, M., Mirghaderi, S.R., Hosseini, A., &
Ghalandarzadeh, A. (2021). Dynamic rocking response
of “SDOF-embedded foundation systems using shake
table experiments. Soil Dynamics and Earthquake
Engineering, 140, 106431.

Asli, M.S., Hosseini, SM.M.M., & Jahanirad, A.
(2018). Effect of soil reinforcement on rocking
isolation potential of high-rise bridge foundations. Soil
Dynamics and Earthquake Engineering, 115, 142-155.

Behnamfar, F., Mirhosseini, S.M., & Alibabaei, H.
(2017). Seismic behavior of structures considering
uplift and soil-structure interaction. Advances in
Structural Engineering, 20(11), 1712-1726.

Bolisetti, C., Whittaker, A.S., & Coleman, J.L. (2018).
Linear and nonlinear soil-structure interaction analysis
of buildings and safety-related nuclear structures.

VY Glie opylea o)lasd (oo Jle




5 Kidgh glipes o bpd ol (spble (b Spme (il olsi e 3]

I., & Gazetas, G. (2014). Centrifuge modeling of
rocking-isolated inelastic RC bridge piers. Earthquake
Engineering & Structural Dynamics, 43(15), 2341-
2359.

Mayoral, J.M., Hutchinson, T.C., & Franke, K.W.
(2017). Geotechnical engineering reconnaissance of
the 19 September 2017 Mw 7.1 Puebla-Mexico City
earthquake. Geotechnical Extreme Events
Reconnaissance Association, Report no. GEER-055A

(16 February 2017).

Raheem, S.E.A., & Hayashikawa, T. (2013). Soil-
structure interaction modeling effects on seismic
response of cable-stayed bridge tower. International
Journal of Advanced Structural Engineering, 5(1),
1-17.

Sakai, J., Mahin, A.S., & Espinoza, A. (2006).
Earthquake Simulation Tests on Reducing Residual
Displacements of Reinforced Concrete Bridge
Columns, PEER Report. University of California,

Berkeley.

Sharma, K., & Deng, L. (2019). Characterization of
rocking shallow foundations on cohesive soil using
field snap-back tests. Journal of Geotechnical and
Geoenvironmental Engineering, 145(9), 04019058.

Sharma, K., & Deng, L. (2020). Field testing of rocking
foundations in cohesive soil: cyclic performance and
footing mechanical response. Canadian Geotechnical
Journal, 57(6), 828-839.

Tohidvand, H.R., Hajialilue-Bonab, M., Katebi, H.,
Nikvand, V., & Ebrahimi-Asl, M. (2022) Monotonic
and post cyclic behavior of sands under different strain
paths in direct simple shear tests, Engineering Geology,
302, p. 106639.

Yashinsky, M., & Karshenas, M.J. (2003).
Fundamentals of Seismic Protection for Bridges.

National Information Centre of Earthquake
Engineering.

4oliolg
Gapping ek IS -
Sliding A=Y
Uplift (Gl s 5le8) (s iy -v

Soil Structure Interaction
(SSI)

il =SS s ST,

VoY Glisej opylea o)ladds (oo Jlw

4.).
UL%,,@
,d,
Hachem, M.M., Moechle, J.P., & Mahin, S.A.
(2003). Performance of Circular Reinforced Concrete
Bridge Columns under Bidirectional Earthquake

Loading. Berkeley, CA: Pacific
Engineering Research Center.

Earthquake

Hakhamaneshi, M. (2014). Rocking Foundations for
Building Systems-Effect of Footing Shape, Soil
Environment, Embedment and Normalized Moment-to-
Shear Ratio. University of California, Davis.

Hakhamaneshi, M., & Kutter, B.L. (2016). Effect of
footing shape and embedment on the settlement,
recentering, and energy dissipation of shallow footings
subjected to rocking. Journal of Geotechnical and
Geoenvironmental Engineering, 142(12), 04016070.

Housner, G.W. (1963). The behavior of inverted
pendulum structures during earthquakes. Bulletin of
the Seismological Society of America, 53(2), 403-417.

lai, S. (1989). Similitude for shaking table tests on
soil-structure-fluid model in 1g gravitational field.
Soils and Foundations, 29(1), 105-118.

Jeong, H., Sakai, J., Mahin, S.A. (2008). Shaking table
tests and numerical investigation of self-centering
reinforced concrete bridge columns, Technical Report
PEER 2008/06, Pacific
ResearchCenter, University of California, Berkeley,
CA.

Earthquake Engineering

Kawashima, K., & Nagai, T. (2006, October).
Effectiveness of rocking seismic isolation on bridges.
In 4 Earthquake

Engineering, 86, 12-13. National Center for Research

International Conference on

on Earthquake Engineering of Taiwan.

Khezri, A., Mir Mohammad Hosseini, S.M., Moradi,
M., Maleki, M., & Rahmani, F. (2022). An
experimental study on the rocking behavior of circular
and square footings under

slow-cyclic loading.

Innovative Infrastructure Solutions, 7(3), 1-18.
Ko, K.W., Ha, J.G., Park, H.J., & Kim, D.S. (2019).
Centrifuge modeling of improved design for rocking

foundation using short piles. Journal of Geotechnical
and Geoenvironmental Engineering, 145(8), 04019031.

Kokkali, P., Abdoun, T., & Anastasopoulos, 1. (2015).
Centrifuge modeling of rocking foundations on
improved soil. Journal of Geotechnical and
Geoenvironmental Engineering, 141(10), 04015041.

Loli, M., Knappett, J.A., Brown, M.J., Anastasopoulos,

YA




AR\

Rocking Isolation
Pushover Analyses
Self-Centering Ratio
Energy Dissipation

Single Degree of Freedom
(SODF)

P-Delta effects
Self-Centering
Competent Soil

Accelerometer

05 s Shalejl bowssi o SB 5y 045 GBly (sloylieS slagygpmliish 2,Skos (alS L)l o)

St 3 b
03381 5k LT -7
!B S o iV
S5 S5 Sgzal -A
31T 53885 o -4

Ws— o o5k -y

PSR
s $S -\ Y

o it VY

Transformer Linear Variable s iz Jols Jus-\F

Differential (LVDT)

Particle Image Velocimetry Of,3 5 svaf  avwle =10

(PIV)

VY Glie opylea o)lasd (oo Jle



e
)

An Experimental Study on the Performance of Rocking Foundations
Constructed on Non-Plastic Silts Using 1g Shaking Table Tests

Arash Esmatkhah Irani', Masoud Hajialilue Bonab?, Fariba Behrooz Sarand?®
and Hooshang Katebi*

1. Ph.D. Student, Department of Civil Engineering, Tabriz Branch, Islamic Azad University, Tabriz, Iran

2. Professor, Department of Civil Engineering, University of Tabriz, Tabriz, Iran,
*Corresponding Author, email: hajialilue@tabrizu.ac.ir, mhbonab@gmail.com

3. Assistant Professor, Department of Civil Engineering, Tabriz Branch, Islamic Azad University, Tabriz, Iran
4. Professor, Department of Civil Engineering, University of Tabriz, Tabriz, Iran

The old bridges were mainly designed for gravity loading with partial consideration of seismic or lateral loads,
which were vulnerable to seismic effects. There are many examples of damage to the elements of superstructures
and underground structures of bridges and in some cases complete collapse. Recently, researchers have proposed the
concept of a rocking foundation for column-foundation in bridges. A rocking foundation uses soil failure to protect
the structure during seismic loading. In this way, this foundation can act as a fuse and partially isolate the bridge
system from serious earthquake damage. Previous research has mainly focused on the behavior of rocking
foundations located on sandy soils, and in a few cases, sandy clay soils or clay soils, while not much attention has
been paid to the performance of foundations constructed in fine-grained non-plastic silty soils. In this research, the
seismic performance of rocking foundations that constructed on silty soils has been investigated using physical
modeling on a small scale and by shaking table tests. The experimental tests in this research consist of an "SDOF
superstructure-foundation" system that is used to model the behavior of a bridge pier. To this aim, eight series of
shaking table tests were carried out in different conditions, including different frequencies of input motions and
different A/Ac values. Four different values (1.81, 2.37, 2.52 and 2.69) were employed to investigate the effects of
the A/Ac parameter. To this aim, the concentrated masses of 60, 30, 25 and 20 kg are used in the model. In addition,
to achieve rigidity against static and seismic loads and avoid any deformation, the thickness of the used steel plates
was selected at about 4 mm, which ensures sufficient rigidity of the pier with respect to induced loads. The
embedment depth ratios (D/B) were considered equal to zero, and the superstructure was constructed directly on the
surface of the soil media. The results of the experiments show that the foundation settlement and the rotation of the
structure are rate-dependent parameters and increase with the decrease in the frequency of the input motion. In
addition, it has been shown that increasing the ratio of the critical contact area leads to a decrease in settlements and
an increase in the rotation of the structure.

Keywords: Physical Modeling, Rocking Foundation, Shaking Table, Non-Plastic Silt.



