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4. Open System for Earthquake Engineering Simulation
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6. Modulus of Elasticity



Yoy TIF-Y-F c0F) 500) ¥ o lod BY uls cConn ) dxo g o) poe (oo 4y 386 [ ol )0 g o135 A5 .

5o azmiliz aes o Gioled &5 L7V Cow g PO (g lad
o5l ol ahali gae Bio 51w 03,5 o alamde Jloges ol
0,510y 8IS Al | aiels 55,08 K 08,8 ologs 4 g3,
Aled oo Jrax |y 055 Jolad 5 onen; (g ol 4 o5l Coles jo g
Bl oy o3l (6,38 olas | ol b 5l e o2l ] o
b (Sobiwl o Joleo olgi oo 1) oaile Bb jum iol33l cguac
et Ao 500 lo a4 adls  Sliul g, guas Bi> )
Seolad Gl o o Jloged (ul jo Ble 55 aioy 4 105

400 Curve 1 (u,."

600

400

N7

<7\
SIS
S
eé X
S8

.,,
S
2

N

200

NV

Y Distance cm
o

-200 ARAK
'A’AW%
-400 K=
-600 X
-800 B "
1000 500 0 500 1000
X Distance cm
Curve 2
500 : ; : (@
400 . ® . - -
I - o 8 s

300 o o %n w

200

Stress (kg/cm?2)
8

0
100
-200
-300
0 500 1000 1500 2000
Element number
—_ 0.373
E ol
S (@
o o
L o3
€
8 0377
(]
3 0.378
a
5 0.379
038 ]
o 01 02 03 04 05 06 07 08 [

Time (sec)
FO) gac Bis 3l g 95 ol blai ) -V S
95 oy alad )l (g dLasl 23 (o g o loils (I

0Xig)te (2B j9p 2 B L Hlade L6 pw)n ol

Glidee oo )5 oaioly g Bi> | L 0 Ll 5l
! 00 l'“"‘““]" ) Jim L5L°)|‘>9*°J 29 O»A.o—".';uuém. QSLM )lg
oy @bl anig ol a4 Jlesl & L ooy Sl b
IOV Jlade 4y &5 L YNV gl e il VY 5L A

bed oo o (Rl B LTV (sl e il

—4 loged 90 gl anlie gl el 0uls 4 lis ‘scali.i.iu)"l
aS jebylen .ol oaids ools igled (F) ISS )0 lejen & a0
I dels ol - L s el azie JSG ol o
s il 5 5 55T Bl | olis 35 305

ol ails al&iole;] by, 5l Jeol> mls b ol 5 alasd

. F
—— Tested specimen ,l,

s

- = = Numerical result _ Qa\§
-
316 mm & i //f‘

9.52 mm
TS abia

Axial Load (kN)

Axial Strain (%)
Gous Judxi g (YAAQ) Parke

A s |7 reo (NY)

50 100
(mm) ool Jlos! o lxl>
S oS wlraly filie yo Jloel J5 )b amglio -7 JSo
ous Judxi g 14A) Parke ( plKis ol Juo sl

oig i (215 (e Y
Golid glacl bis —V-Y

2ol el Ol Bdo g (o)lad glael o 1ileS 55
oo)|5 ol cou ol 6.15 L (O ‘_g)‘..\ilib 4 ..blj.’Gn o5l
Vs 0F g iled slacl Gas b a5y )l e ey
ez 53 oibe )l 4 4z b gl eyt (o p 1) Hlais 0
odls eslatwl JS‘ 225 30 9> g0 slacl Bi> )l Le,u “_,’JL.L.A &)
20,5 0 &3l

g Bi> 5l e |y 0 Lol alais L3l | loges (V) JSS



YeA TIF-Y-F c0F) 500) ¥ o lod BY uls cConn ) dxo g o) poe (oo 4y 386 [ ol )0 g o135 A5 .

b yae il sy aliodle JSE i) s alin
s el ool § 58 polie o i L UVEe cos £O)
TN+ Jlagl b oS sl Jo 10 el gibsos o3l 53 okig, s
o olisS plogi wiz 5l ey ojlos sl 51 i ppolie 5 (5 L
lasl plo Bim b el ool onig) iy @l 5 s
stelie 09, (VWYY gae 51 e b5 Jol @) 50y (5 ,Lid
gl ooyl 5L 5 xSslr ln &5 spd e alaidlo
ol 5 ,Blie e des 9) VYT e i ol 0 (50055
oile o)l b3 (59, p ST 4 Jate 5)Lid e &5 (o)
&P sen el TN e (B L o g il plea 5l adly o
oy 955 oy A () US98 g 03l 5 0ig ) e
A28 o Hialed VYT gac Bis

Displacement (cm)

M ‘Shé.c' d&’ —Y—Y‘ oo 0 0.1 0.2 03 0.4 0.5 0.6 0.7 08 0.9 1
e . = = e e . . . . Time (sec)
b S s & *‘ysﬁtwgdjﬂsﬁ;@&")u Tobw 50 FO) gac Bio 0SS il olei ] -A JSCS
P ern B ogdior s yal Geod 005 ojlu (onge b
Gim alie enl (oS slacl B 5l Jols sy e
. C 1 2
slacl i b isu cnl o di sl axals g Led gLl 00 e (all
i L sl v ol L o s 600 X
oS ge (8L it Glads s o ojle L3, poiS /TS
400 RIS
)3 WIS
555 oo 58 E v ‘rA{A!-rA‘!}A%
I B B b sl o] syt & - SRR
AV BV (L L sl ol Josay slacyp ub § 0 fg?}?’*?"ﬁ?“ﬁ
oigy i ol Sl o (225 gLl plaS e i 5 200 ﬁéé}
. , ) j LNANAREXT
A5 ly Gl )l (Vo) IS8 igas laicds 09l cod ol 5o 400\ ﬁ":x:'iQ
Co S B e b 139 6ylad g Bi 5l e | - N
; -800
. & . .. PRI -1000 -500 0
3o 00,5 o0 alaxde aziliz oo go Gloled VYo &5 L g > XDisl:nce om =9 1000
Caled 50 903,5 I Rals Al )l aels 950 (lags JSew wiz Curve 2
Il L T : : S (@
R (SRR A0 400 | ot a s oW
245 gae Jlam Gie JNFe 4 B L Ll b 200 P A
15 gy el 4 ymie VEY 5 VYV 0PV XYD gel g &Le:zoo;y b oo B Be, d
ol ey 53 oud ol (o205 sde oz bl pdoe el 7"
o
oS Canl 53 4y p3¥ g5 oamlie (V1) JS3 0 olsise |, o5l 5 °
-100
oyﬁALbé))ﬁLw)é)ildeyAC\Y ‘ya.cfw"b).!ou 2200} &
G ep el (B L /Y cov o] Bis oS il e 300 -
0 500 1000 1500 2000
20,8 o0 05l slagylell L ;o 0dig) i Element number
P 1YY gae Bl 5l ey 0 oy s OF) IS £l= »
IS5 onl o azliz amson aloi |, (B b ilise sl g - W
5 4
ou ol gas i Y b L L aal50 b g oo ali>da 2 ou
IS oo LT sl 5 0ot ol o ool ol el s 2
a Lael i L i Gl b as el Jls 5o cnl ojbe oo s C——
0yt olF g WS (oo S L g eadipld oo Jlso AYY g Bio 5l g oS w5 ol ) -4 Ui

D5 oo 559 4 05l O ol y eyl (g basel (i (0 cguae o loils (I



Y4

TAP-Y e L0F0) jl) ¥ o)led Y alo o) banmo 5 ool o smien g i [ )t g o151

5 5YL (ol oa o0ls las (Vo) Ui 5o o] Bas L5k aS)
oS sl e YEY 5 PYV OXFY FYD niS sae L e
O s & e VL B Ll 0 pae (Bl
S om aS el L3l OF) JSE 08,5 e o3l 5o o,
45 0ms e ialed i b il zobaw o 1, 199 e Bis
e 2l Olgise OF) IS slalogas b o] auslio 5 5|
O g (Gt b gas Logs) SLab (slaoles jo a5 il

il gl oigy ey B obml B 5l gae 0 5 Sl

-0.445

-0.45

-0.455

Displacement (cm)

E

o

—

-

=

£

<

o

&

=

=5

@

E -0,
0.54
0.56
0.58
-0.6
0.62
0.64

1A% MBS b

0.l 02 03 04 03 06 07 038 09 1

Time (sec)

Cobw 30 YYO gac Bio 3 s wusS Lol ) il VY S
L el

0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9

Time (sec)

Tobw 50184 gac Bis 5l s ausS Ll y olad )l VY S

S b el

Displacement (cm)

0 Curve 1 ( <
600 A 7
AL
- 0%
T A
o 0 ,‘;
8 NI
» "“ A ,I“
N
-600 A
-800
-1000 1000
X Distance cm
— Curve 2
L 2 : z (¢
400 i * 5 = a el
300 .
S
£ 200
o
©
< 100
?
g ©
7]
100
-200
-300 §
0 500 1000 1500 2000
Element number
037 ‘ T
075 ( hv"
038 -
0.385 |
039’~
0395 }
-04 ’
04050 01 0‘2 0‘J D‘A ns H‘G 07 0‘8 0‘9 1

Time (sec)

N8 guic Bis 5l g 95 ol y Gola )l Ve IS

KWy

Y Distance cm

ooly ol (g bl Gidd (o cgas o1 lasls (I

slac!
Curve 1
800 BT
600 T
400 4 ,-‘én
of  ORREY
A SIS
x| OO
NN
\YX
-400 “v“
-600
-800
-1000 -500 0 500 1000

X Distance cm

LY o byl Bis o kS gac P bl -1 gl
Sgsn o5l 53 oigy i ()5 9 el A

Splas e Bis ol YL soliae g &5 L7V Jlesl b
- o5l ;O odig, sen L5:‘):> sboul cels o5l M slacl
VA9 oiiS gac (il pdaw diz e aS Cwl [S3a p5Y 0eh



" TAP-Y e L0F0) jl) ¥ o)led Y alo o) banmo 5 ool o smien g i [ )t g o151

800 Ne1 (&I oFast bis -Y-Y
- .
I AT

400 aih . c . v el g
£ 2o A‘,‘A}Al‘!@})‘é O & azgi b0 28 g0 58 (o) 2090 i (5,15 calisre
o " lr‘iv e .
8 " g%‘{é‘%é%%‘g% o5l 30l 30 D52 g0 oFASE YE 5l o5l dwain 10 35250
£ A { A4 XK
& 5% V)Q(A‘g’ri@g« 1 olSass ady Ll Jsl gy 50 @dly ol5aSs sae & oo
: X ’ o i

-400 "xi\‘ix\}": )o .)9}547 O)L.u = X) S ‘_,’Jl> )o OJ‘ .Qs..o.: J.lb‘}} ORTAR o

: 2 . e e

600 ~BEEA 2 5009 Oyl g g Jsl &y Slupsd 4 S 093 gl &)

-800

-1000 -500 0 500 1000 Ailge BB Bass ¥ oSl Lyls swpyp S ass

X Distance cm

Jol &) 58 @8l s oFaSs Bis 5| ey S Lol s )|

‘ (i o5le 10903 (pl 4 a5 b uensl 00 n 5 (VF) JSC5 0 03l
osts| 50 ool ooly Hlid olFaSE Bl 5l gy g AV e & L Cou
‘ 0ig ey 2l Sap el BT ol Bdo g o0y gl (S0
ol IR _ ' _ l _ l ' ' 2,5 soiojlu 4o
81 ol B 31 g i ol bl o VP S - S S o 2 ‘f’u)‘.(\%) g
WSSl az g baes oo Glaled ) (5 )L il zolaw 5o
o3l )3 odig) sty 5 Sep el (Sloj Lo S5 ASS (pl Bi
D8 i b N0 B L cod abg e ojle oS 0l salys
abgy o oFAST Bi> ¢S 5 L polie sl sl axsls

Displacement (cm)
g

Ji.u).)’ojmﬁ'njﬁolfdux d»)‘w.ﬁ "\‘5‘)‘") U"’L")‘
pgo olFaSs Bl (IS 4y 4z g5 Lol oads ools ioled (VO)
&P 59p el TN0e 9TV (B b s )0 oS4 pom g
slael B> 5l L6l ol s3Il aglad o 05l 0 00is ) i
L,’_’STA.;..»)Q u’.‘blfd.&.s 6[.270; Cyeioed g M&L@C‘ (5 L
25 o )8 oo 9

Cudls wolgss oy 1y eddgy i 2l je

800
600 600
400 400
g 200 g 200
8 8
§ © § o
2 7
- -200 S -200
-400 -400
-600 -600
-800 -800
-1000 -1000 -500 0 500 1000
X Distance cm
-0.51 -0.48
MY e SN s A -~ - -
—~ [ A WA Rt —~
R Ta i \/\V\/VVV\M
oS v L -051
— L . —
S 057 I L0 S Py oy
IS ’ V! '\!'\ IS ' ;' VAR
7] -1 ] i oY
‘_% e v l. N i b, —— § -0.54 1A v
g ; R %) l".
o ' AT TN v PR .l \
-0.63 . -0.57 .
0 02 04 0.6 0.8 1 0 02 04 0.6 0.8 1

pow (0 opgd (W :oEauST Bis 31 g 9 Lol y Solas )l =) S



™ TAP-Y e L0F0) jl) ¥ o)led Y alo o) banmo 5 ool o smien g i [ )t g o151

Plot 1 Plot 2 Plot 3 Plot4 Plot 5§
1000 1000 ¢ 1000 1000‘ 1000 ¢
i 500f E 500 E 500 E 500 E 500/
} 8 8 8 ‘ 8
i 0 1 - of g 0f g of | & of
) » 2 2 2
) o o o o
-500 | > -500 f > -500 } > -500 ‘ > -500
4000 ——— — 1000 ——Mm™m -1000 -1000 -1000
-1000 0 1000 -1000 0 1000 -1000 0 1000 -1000 0 1000 -1000 0 1000
X Distance cm X Distance cm X Distance cm X Distance cm X Distance cm
Plot 6 Plot 7 Plot 8 Plot9 Plot 10
1000 ¢ 1000 ¢ 1000 1000‘ 1000
i 500f E 500/ E 500 E 500f % E 500/ e ';\__(
H @« @ @« @ Y
: S .l e g e
i 0 8 0 8 0 8 0 | s of
) 173 7] 173 ]
) o | o (=] [a} ‘ o
-500 > 500 R > -500 | S > ~soo‘» s f > -500 | I
1000 ——m 1000 —— -1000 -1000 -1000 *
-1000 0 1000 -1000 0 1000 -1000 0 1000 -1000 0 1000 -1001 0 1000
X Distance cm X Distance cm X Distance cm X Distance cm X Distance cm
Plot 11 Plot 12 Plot 13 Plot 14 Plot 15
1000 ¢ 1000 ¢ 1000 ¢ 1000’ 1000 ¢
. IR | el O S | FRTIARA S aNTA T
Po5000 S Zo%d E 5001 2 E 500 E 500 & E 500 7 %
] 2 X 8 WA 1\; \ 8 \t' 8 ‘ %, X 3 5
P o § o X § of X § of | e 5 of 4 X
H @ G @ ) @ 3 >t 7]
i X o fa) &) S (o] A L o 29 e, a f
. 500 Ay > 500 | A pora > -500 A peval > -500| e L > -500 | 2 <
3 s ‘ N Rl
-1000 - -1000 ' - -1000 - -1000 * - -1000 -
-1000 0 1000 -1000 0 1000 -1000 0 1000 -100 0 1000 -1000 0 1000
X Distance cm X Distance cm X Distance cm X Distance cm X Distance cm

V1A olacs (g,Lid guae i b ojle il 5 oI -Y JSCi

5o g plicewl ! ololis 4 Gbls SS Wil e o3b o
Sled 0dig )yt (2> 50 0.485
2 0%,k 25 90 ln eadplnl by ) p aiilen 0w
e P s 8 i cnl 5o B L it sl
Eord slp i aalys ail)] anS g g las slacl Bis sl L

Bz 5| g |y (5529590 935 Sl 23 5950 939, (V) S5
3 IS el GBGLE Sl AlaS,m s e igles V)Y i
ol ooy g o8 G154 S wpax slacl b gae ileS
SIS Selsl yo osle 59, 2 VIR o)led (5)La8 gae leil>
a5 caS lgs oo JSS 4 az g b el sadosls ioled S
T el 00 @Bly 035 (635 0 2L o L5 abogy e guie
il o Lacl plo 4 Cos lawgio 9> )0 gac opl (g lud s

Displacement (cm)

Sl oads i gac Wiz 0 AT 0ad oo aaxde S o 2o b

)‘ Lacl wl&fﬁgw‘ 099, IR Aaj‘_g;]d LgLa.C‘
15 1, 0t by 5l )8 ail oSy ale o 5 £9y bao,liS

Time (sec)
20 o oAUST Bis I g S ol y lay V8 S5

; l ) i Led slacl plo Bio b .ol a8 5
SF o g 50 s 5l glacl 5 : S L b ciliso g

S5l 6 S ol sl a5 098 o0 alaxde oaliie W) 35 1>
ol s (50845 Lol 0,9l 5 o . _
oy sty oKl (o) 5 - F
©obid slacl Bas —V-F
2l S8 b sl ool b LB sy jo 4 wieS len
oS il slacl 5l plaS o B Lol 5l i 9 1V0 L

ol ool (2P o (o) 2 09 oo 0y, S e



Yy TIF-Y-F c0F) 500) ¥ o lod BY uls cConn ) dxo g o) poe (oo 4y 386 [ ol )0 g o135 A5 .

1000

500

Y Distance (cm)
o

-500

-1000
-1000 0 1000

X Distance (cm)
(«h
1000

500 RIS,

Y Distance (cm)
o

-500

-1000
-1000 0 1000

X Distance (cm)
(@)

oS glacl Bis s ojlw 5 G -1 s
VAY o)los 5,US guac (o Y o)lods Gl guac (I

G5 b b il L5 gie ) 5 el oS0 e
Sgad abi>Mo (g oo JS 4 4z g5 b (S sl Vo )leds gue
SILLI s L g o055 g5 5 o] Bis 5l Jols o> 45
ot sl 03L81 lisl 5! auy ogamme lod 45 alogs e sas
Olse o omilS lacl gl g s lacl ailen o5y
@A Sl S5 0S4 0addis gas 4z e aS CuS
J8 b wiles (prizmen 39 walgS 5SS gae Bdo Sl
Sle Gblio 5 0olidl 5l 0SS g 50 0y, 25
g god 538 05 (35 0 g

Bass Bis —Y-F
5 Js) olFarss (sl i somlive L8 ise o asliz
P oFAST (sl 5 110+ i L co olFaSs Bl cagu
oXgy i 2l jep el 1V B L cov dFass Bis
o 3l SBASS s Bl 1 iU ol > (66X 0ed o 05l 5o
ol 50 amlis ol o 00,51 (YY) UKo G (Ve) JSK& 50
SLLI I 5 olFasss o ) g w09 0 alamdlo b IS
Gillae il oo 7S 03l (galin Jls a5 el abgyye oS
50 Bdx 5l S0 sl Cewsd oFA ST Bds Gl ey 2l (S
sl 0395 30 FaSS

1000

500

Y Distance (cm)
o

-500

1000
-1000 0 1000

X Distance (cm)

WY oylocds (g yLid e i b ojlu 2l 5 9501 —VA JSCi

A (LS Llg ,0 a5 VYY o)l gac o qwy p dalol o
> o el 5 TV e e il o ] Bl g ensy o8l
9 IXWEVR S )LLS o)‘Lw J«.\A )l YT R W o)’Lw O 0859, e
Q@ azgi bl cadipmw i (VA) IS5 j0 Jol> ol > (63!
Az e gac pl Bds 5l e 4 sged alasde lei s S
F P O el diagn 989 4 0jlu )3 0dig) iy (2>
OMOBAZAAJG}JJ@}ALJ‘)JG‘MAJLQ,JBOQPQ;&}J
gac 4z 2 45 dged (5 pSaom Ol o iy el
‘51‘).> ‘A.\.JL: ).au_in))) ‘Sw)).n))}n A.Mf CL: LY [RWIERCSE d)m
Jeoo 4 Jsog ales 5 IS g B> 5l odel 8929 4
5 Sl Bblio g 0092 35 (LS Jlgi 0 0igy iy > 59
elaigad )0 1) 0 (555 50

S glacl Bos> -Y-F
&l sy cpl jo saanS glacl Bis 5l sl ol 5 (56X
o R0y50 S5 )0 (ol g g, (AI-VA) S ol wales
B bars o Gl Voojled o2iS gas Bl 5l |,
slacl jl oasBis> gac Wiz AT 0ed e ala>de S
LQO)LS)‘ Lacl u,u.vLoS U&J | 009 (oW PO )90 A.».j LS)S)“’
a8 51,8 LS jgbas LU)-‘U Ly oS o, S adl> coles 0 9 89,40
6La$‘ L)u.i‘ cA.'oj.s).o 5@9 AT )l o= as 09.».0(50 ouline .ol
S)ygpod ddBi> gas 4 SUP @) 90 )0 Sgse ()L
95 & oy ey Dygods (B a9 Wlodd 155 it
Bl oS Cowl 534 o3V sl 00,5 oy (gl G 500 &y
L asS oS (bshas )5 @ly (o285 5 (5 Led slael 5 plas 2
& 99 % Sl (ol WS oo e Solee @) Sz @
gac daldl ;o .08 o lay dslol oS slaciand plo o )ldie
..\35)50..\..&.‘9&(\/\\/ o)Lo.‘fa)J,:.‘fd)LlS)b})" 6}1\)&&.&5

sl 00 o (0 =V R) S 50 0dig, Gien (215 590



Y TIF-Y-F c0F) 500) ¥ o lod BY uls cConn ) dxo g o) poe (oo 4y 386 [ ol )0 g o135 A5 .

HS Gl pws ot il (U8 izen 5 9YsE

o edalol ol oals Blod ojle Jdow jo (g lad slacl

>lo y0 &dlg) oanS g (g lad glacl glgil Bax L Lol Q—|).3

Tob ) dOgline 15 polis b )LS 5 Sle w535 50

ol S ) B s ien 5 aslllansype 08

A dalol 5008 vy ojle Glie ocwend o b ol &

I PR ES N o lCaady w2l 5l g paitre

gac gz Bdo b s Jay L /VE LYo Jleel b (O
A el OB b3 gy, p e LS gles
Las ol Jlo jo cpl 0gd oo ool o5l )5 0adg) i
Slplas e Bds b iy o V0 o b 8 L Jleel
\)5“.:‘5.4 él:u‘ o)‘l...u )é oﬁﬁ)& ‘5:|).’> aLg)L.i‘..é LQLAC‘

slacl 1 plaSze Bdo a3 L7V BV Jleel b (Y
boogdged olle )0 odigy ey @S @ e G2
(S guac 0o3lgy Bdx L JNVFe 4 A& L 5l
Sl Jo 50 ol 0gd co bl o5l j0 0dig, i 2l >
G Loyl 5l 5V polie g a5 L 700 Jleel b oS
oyl o3l 0 0dig) i (2l (ot glac! 5l plas 2
Dy s

—aSS 5l plaSme Bds (L& LAY LY Jlel b (Y
u-?.‘ ..\g‘l.o.:‘sm N o)'L.: 5O 0339,y ‘5")‘> ‘o)'L.u sols
ABasTNFe ol b (8 )L Jleel b oS ol Jb o
Selas e Bis iy J& )L Jleel b g lolSasT 5loae
Bgd oo ol 40 g, (2> jep Gl deolSasS
2 558l dbgs e 0,5 Sl,bl 5l olFaSs Bis 5l s ol S
oo S ojle (Jgela lys

5o adly oiaS g g lad lacl Bis aSpl sgzg L (F
zohw ;o @illlasd e 0SS g Sl laay
ojle ,o oy e ol 98y 4 e S5pS ISL
9.»‘3.5 d‘,‘o‘ o Lo 9 00gs stos.c ‘53‘):> U"‘ Lol 5«59.».0‘59
Bed oo slml ouli i

S 5 e sy o iS g g lad glacl Bis (O
(S OL ol slanoys sl aScnl 352 b oy 950
chQ—‘ Bis S S el ol oudg s 6.3‘)5 olw jo
0dig; b 2l 0yslice b ol o 1, 63 LS ol
5 odd £, cddBi> gac BLbl o LS sy
DS p o osle (Sorm aile pled gy

3k A ol 4 S0 eabBio ghe az,m S gbe
S)lge fiian ;545 39 dalyS 5 S onig )iy (25 sLasl
Bl adllans jg0 05 Fg e all> o 0y, i
] 4.»3[.& u"‘f‘-""‘f bl ).IL..,J 9 osludl

1000
SRR, EeS
E 5000 /I ">“%§@\ ond i
5%
3 0
?
a
> -500
-1000
-1000 0 1000

X Distance cm
Casts o5 asT B> 3 o oj3lw ‘;gb.& ‘Sgi” =Y S

1000 o5 a4y
e ol Bi>
, »\7} :
g 500
[0]
e
s 0
®
o
> -500
-1000
-1000 0 1000

X Distance cm
P9 Fasy Bi> 3l o ojlw ‘53‘)';’ 651” - JS.&

1000 ol ausy
AR FRUWRE-RES
§ 500 f><’>5"\’ﬁ/“§/<%§5/
g 0 K
R
[a ,
> -500 A
-1000
-1000 0 1000

X Distance cm

pow oF ST B> 3l g ol < GHII =YY s

G5 Al 9 (guazes 0
50 4¥90 gaS slaojle (L3, olulis (iagh ol Bas
Ll abgy e oS gSl annd g 0is, ey 25 £989 2l
S VY el b Yo (oS LA o5l G jskaie (e 4
ojlw hs e o jl33le 5 5l eolazwl b e V alas glais o
Sokaieds .Cewl 428,518 Lo 050 g 00l (6 5ke Jde ¢ pums]
aS Ve cow glad gl Sl e Jow orwcors plol
oolawl ‘ML)‘SQ ¢5>5.A c}-‘)./a )JLA )b UT s aQ Joy)a CJL.;
PO TV A v | WS PSP S UL -2 ] IR PRV



4% TAP-Y e L0F0) jl) ¥ o)led Y alo o) banmo 5 ool o smien g i [ )t g o151

731.

Lan TT, “Space frame structures”, Structural
Engineering Handbook, 1999, 24 (1), 24-50.

National Building Regulations of Iran, Division 6:
loading, Urban and Housing Ministry, 2013.

Nie G, Zhang C, Dai ], Liu K, “Seismic damage
investigation and seismic performance study of
space double-layered lattice structure”, Journal of
Performance of Constructed Facilities, 2018, 32 (2),
04018003.

OpenSees, “Open system for earthquake engineering
simulation”, Pacific Earthquake Engineering
Research Center (PEER), 2016.

Parke GAR, “The behaviour of space trusses
incorporating novel compression members”,
University of Surrey (United Kingdom), Ph.D.
Dissertation, 1989.

Ramaswamy G, Eekhout M, “Analysis, design and
construction of steel space frames”, 2002, Thomas
Telford.

Sadeghi A, “Assessing the simultaneous effects of
horizontal and vertical components of earthquakes
on the double layer barrel vaults”, Journal of Civil
and Environmental Engineering, 2015, 45, 2 (79),
35-45.

Safari H, “Damage detection in space structures”, Civil
Engineering Department, Ph.D. Dissertation, 2016,
University of Mohaghegh Ardabili.

Seifollahi F, Sadeghi A, “Seismic behavior of tensegrity
barrel vaults”, Journal of Civil and Environmental
Engineering, 2016, 45, 4 (81), 59-68.

Seismic Design Provisions for Buildings: 2800 Standard
of Iran, 4th Edition, Building and Housing Research
Center, 2014.

Sherman DR, “Latticed structures: State-of-the-art
report”, Journal of the Structural Division, 1976,
102 (11), 2197-2230.

Taghizadieh N, Mohammadi M, Abedi K, Sadeghi A,
“Investigation into the stability behavior of single-
layer barrel vault space structures”, Journal of Civil
and Environmental Engineering, 2012, 42 (2), 27-
39.

Xu G, “The resistance analysis of single-layer latticed
dome progressive collapse”, Southwest Jiaotong
University, Chengdu, China (In Chinese), 2011.

Yan ], Qin F, Cao Z, Fan F, Mo Y, “Mechanism of coupled
instability of single-layer reticulated domes”,
Engineering Structures, 2016, 114, 158-170.

Zhao X, Yan S, Chen Y, “Comparison of progressive
collapse resistance of single-layer latticed domes
under different loadings”, Journal of Constructional
Steel Research, 2017, 129, 204-214.

Zhao X, Yan S, Chen Y, Xu Z, Lu Y, “Experimental study
on progressive collapse-resistant behavior of
planar trusses”, Engineering Structures, 2017, 135,
104-116.

Zheng HD, Fan ], “Analysis of the progressive collapse of
space truss structures during earthquakes based on
a physical theory hysteretic model”, Thin-Walled
Structures, 2018, 123, 70-81.

sojle sl 558 gl a5 ojlu oo lis bls aails (o
G.ufjbéywu)m 6);)5)[;&2;443!50 Lg..\j)lsl.,aﬁ

k) pplael (6 la5 L co ojle cpl [0 odig i ol
g s Slallhe Siails (G b

&l po ¥
S35 s bplele >hb aslia " YA+ s il

ez il sl 5 oS ol Slidiss S e
arar

bzl oty slayb olozsle Lo o) i ot s ones

‘faﬁ_w U..J‘).;j ‘Ls)LM’ e - 9 s ‘o‘) & . ;)o
Avay

Abbasi Mousavi SM, Abedi K, Chenaghlou MR, “Double
domes free form space structures: stability
behavior and imperfection sensitivity analysis”,
Journal of Civil and Environmental Engineering,
2016, 45, 4 (81), 81-95.

Abedi K, Poursharifi M, Chenaghlou MR, “Stability
analysis of double layer barrel vaults equipped with
accordion force limiting device”, Journal of Civil and
Environmental Engineering, 2021, 51 (2), 73-82.

Abedi K, Sheidaii M, “Investigation of double-layer grid
space structure resistance to progressive collapse”,
Esteghlal, 2007, 1.

Abedi K, Valinezhad M, “Investigation into the stability
behavior of single-layer triple domes free-form
reticulated space structure (triangular novation)”,
Journal of Civil and Environmental Engineering,
2022,52 (2),151-161.

AISC, “Resistance factor design specification for
structural steel buildings”, 1999, Chicago.

Davoodi MR, Amiri ]V, Gholampour S, Mostafavian SA,
“Determination of nonlinear behavior of a ball joint
system by model updating”, Journal of
Constructional Steel Research, 2012, 71, 52-62.

Fu F, Parke G, “Assessment of the progressive collapse
resistance of double-layer grid space structures
using implicit and explicit methods”, International
Journal of Steel Structures, 2018, 18 (3), 831-842.

Gao F, Yang DB, Jin WH, “Sensitivity analysis on load
carrying capacity of k6 single-layer reticulated
shells to member failure []]”, Construction & Design
for Project, 2009, 8.

Gordini M, Habibi M, Tavana M, TahamouliRoudsari M,
Amiri M, “Reliability analysis of space structures
using monte-carlo simulation method”, In
Structures, 2018, Elsevier.

Hadidi A, Chitsaz S, “Reliability-based optimal design of
space structures using genetic algorithm”, Journal
of Civil and Environmental Engineering, 2018, 48, 1
(90), 13-22.

Han Q, Liu M, Lu Y, Wang C, “Progressive collapse
analysis of large-span reticulated domes”,
International Journal of Steel Structures, 2015, 15
(2),261-269.

Jihong Y, Nian Q, “Progressive collapse simulation based
on DEM for single-layer reticulated domes”, Journal
of Constructional Steel Research, 2017, 128, 721-



o
Q Journal of Civil and Environmental Engineering
- Volume 52 (2022), Issue 3 (Autumn), 203-214

University of Tabriz

EXTENDED ABSTRACT

Investigating the Pattern of Progressive Collapse in Double-Layer
Dome Space Trusses

Amin Gholizad *, Vahid Akrami, Sanaz Kheyrandish

Faculty of Civil Engineering, University of Mohaghegh Ardabili, Ardabil, Iran

Received: 06 December 2019; Accepted: 17 March 2021

Keywords:
Fatigue, Stress concentration factor (SCF), Tubular KT-joint, Internal ring-stiffener, Parametric equation.

1. Introduction

Space structures lack non-structural members adding to their stiffness and strength. Also, these structures
have lower degree of redundancy, and therefore the loss of an important member in them can result in collapse
of the entire structure. Progressive failure in dome structures has been investigated by various researchers
(Jihong and Nian 2017; Zhao et al. 2017; Fu and Parke 2018; Gordini et al. 2018; Zheng and Fan 2018). The
purpose of this study is to identify the behavior of two-layer dome structures against the occurrence of
progressive failure and to determine the relevant failure patterns. The occurrence and pattern of progressive
failure in the studied dome is investigated by eliminating the compressive and tensile members as well as the
support structures.

2. Methodology

2.1. Geometry

The model used in this study is based on studies by Safari (2016). A two-layer dome space truss with a
height of 1.2 m and a radius of 7 m is studied in this paper. Fig. 1 displays the dimensional characteristics of the
investigated space truss. Three types of pipe sections have been used in construction of the dome. Section
profiles used for structural elements are given in Fig. 2. This figure also shows the group of elements for each
type of pipe section.

331 cm

1542 cm

Fig. 1. Dimensional characteristics of the investigated structure
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Fig. 2. Section profiles used for structural elements

2.2. FE modeling and validation

The studied structures are modeled and analyzed using the nonlinear dynamic analysis in opensees
software. Members are modeled using “dispBeamColumn” element with an L/1000 imperfection at the mid-
length. “Steel02” uniaxial material is used to define stress-strain relationship. Modulus of elasticity and the
yield stress for steel material is assumed to be 200 GPa and 250 MPa, respectively. To validate the models, a
double-layered grid space truss whose test results were available in the literature (Parke 1989) was used at
different levels of gravity loads. The geometry of the structure used for verification and comparison of results
are shown in Fig. 3. According to the figure, it can be seen that there is a good agreement between experimental
and numerical curves.

P 15
: &
] i T
]
) ot
1 T
] 1.7 = 5 Numerical
Eay T | A | S % a — Experimental
1440 mm
i 50 100
§l Displacement (mm)
S
1800 mm

Fig. 3. Structure used for verification and comparison of results

3. Results and discussion
3.1. The occurrence of progressive collapse

For the considered dome structure under design loads (100% of the gravity loads) the progressive collapse
occurs only by eliminating four compressive members located at the farthest points on four sides of the dome.
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Fig. 4 displays vibration of the vertex of the dome after removing one of these compressive members. By
increasing the gravity load to 140%, elimination of twelve tensile members and eight support nodes result in
triggering the progressive collapse. Fig. 5 displays the location of members and supports which their
elimination cause progressive collapse at 140% of the gravity loads.
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Fig. 4. Vibration of the vertex of the dome after removal of member 123: a) location of the removed element, b) stress level
at removed element, c) Vibration of the vertex of the dome
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Fig. 5. Members and supports which their elimination cause progressive collapse at 140% of the gravity loads

By applying 150% of the gravity load or more, the progressive collapse occurs by eliminating every member
(compressive or tensile) or support of the structure. Fig. 6 displays Pattern of progressive collapse for
elimination of compressive members, tensile members and support nodes. For compressive and tensile
members, elimination of one central and one side member is displayed. According to the figure, the progressive
collapse occurs in the outer ring of the dome where the members are attached to the support nodes. Also it can
be seen that, the more closer the removed member is to the center of dome, the more extensive the propagation

of progressive collapse will be.
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Fig. 6. Pattern of progressive collapse for elimination of compressive members, tensile members and supports

4., Conclusions

The occurrence and pattern of progressive failure in the studied dome is investigated by eliminating the
compressive and tensile members as well as the support structures. Based on the results:

e By applying 100% to 140% of the gravity load, the progressive collapse occurs only by eliminating four
compressive members located at four sides of the dome. However, by applying 150% of the gravity load
or more, the progressive collapse occurs by eliminating every compressive member.

e By applying 100% to 130% of the gravity load, removing none of the tensile members results in
occurrence of progressive collapse. By increasing the gravity load to 140%, elimination of twelve tensile
members result in triggering the progressive collapse. However, by applying 150% of the gravity load or
more, the progressive collapse occurs by eliminating every tensile member.

e By applying 100% to 130% of the gravity load, removing none of the supports results in occurrence of
progressive collapse. By increasing the gravity load to 140%, elimination of eight supports and for more
gravity loads elimination of every support result in triggering the progressive collapse.

¢ In most cases, the progressive collapse occurs in the outer ring of the dome and then propagates to other
parts. In general, the more closer the removed member is to the center of dome, the more extensive the
propagation of progressive collapse will be.
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