HasR T ele e
e Ll yee pkige
YAV Jlo O ol Rz o) 5

P - T KX

b 19 e b Zhvo 59 50 jlw 40 0 g (195 (L)

Yoo. e Y . b s . .
uﬂﬁbﬂ&gd}ﬁﬂ‘cjjg wu;uw

‘)'Q’“"ﬁ" u,u)lSG».l> oKislo eswd.«.erc LS'B IRLSRIEY ‘u|).°.c ‘_,;.»A.a.e‘.c 05; )LM)L».MJ‘—\
J‘Q""’ﬁ" L)"’)LBG‘J” olKisls ‘U‘JA'C ‘Swd..\.e,a J.m)| guL...u)Lf -y
JYNIY ug)b@b oKisls RN ‘5,.3 uSlisly ‘u‘)a.c (e 05; )LQLM.J‘ -Y

sh.hashemi@pgu.ac.ir

[NV E] o pdy b

KVYARVARY R RS

o>

K4

S s e Sl bt SESTs S dle o 53le 003 3 4yl xe ol 528 0 Ypans sl i
S8 03 b Sl e te Glasals s iy A A L (S sl ) shen 3 g e atiS 5 e 03l JSTL
S3) S35 oy b b o Sl L (hass ool 53 Cesl odd 61,0 GSA S UFC aile 1S5 ol s bl 53 ais)
sl ety 3 01 30 5 ooslie lacand go 53 05t o 5l g o3l 3, Shoe s &1 il 15 @ b o sla0lozst L
55 ol JIs gl slaosln s Shas aids slaas (aol5l L 45 das e OLES otelmss T | RO PR P N N P e
las Jpb Cod LI e s e OLES 55 Sl e Ole laesle | 5 Sas 0p g 5 0l Slhad o) iy o) 2
Ao YO ol ol dls o3 edel s g ol i b e 2alS sliss i ol ol 53 ol Cuslis wib L5l o
QUJ@LGW.wlaua.ﬁ))uiﬁ&US-eu.ﬁ;.»}azﬁ)'b_uu}.bu):6@!3@0,@@&6ﬁ)u):);55\;>u
}L@‘)Lﬁﬁu‘6\ﬁb‘=ijj'§il>_-ﬂ—¢)4&blba.ﬁj)ﬁ&\j,‘;—ﬁ\ﬁ):d&i’l}&)ﬁ-:W&L?J‘J;{)ﬂduﬁui):MJj

_JLSL;A v.&:\)ﬁ oS

(V| P S PO [ W N WP [P L p g Jece oy Wi L gy| ||

Gl Of ) g pe T 5 oop Sbosle e (IS L
oS dlal Lo s Gl SOL Ll sl
(ol OB il asle (ol e slas 13S0
Sl Ll g o L loy ) las i b5 add Jolus o) 5
sl 3L (Son s s alens 5 Lasl SenlS

Ly eligs i ol 5l ilsee Cisles [2] s 0T JSL

101

dodo -
A slans 31y ol ax g S bl 5l S
[1] el ess i ol coml onls olansl 55 o
Ll @\) 3l sla 1 ASLL Gl i baesle b
ol Pl 0> S e oo W55 S ek e


mailto:sh.hashemi@pgu.ac.ir

b I3 i b s o Slaosla 53 0dis) . o L5

3 JBEIL laosle Sl @ cole b sl o pmos
S S b placiin 6,5 IS0 ¢ olans OO
(V) JSs S8l Ggze dls sl 4l 2l 531 3 s e
L Kol ool o8 Calaciin ool glsl 51 (S
oile Caslie Rl (O3 S s & OSLS slaodl

[6] 505 505 blis 53 Wosle > b 3 g 55 bG LU

o dIs i sl g 5l s ) JSS

bubble slab

O Sasy o ik ol Clesdie 3 S

Ll e glaosle o o digs iy ol sy Slds
oo dls Sy 5 Skl bl 4 0l Kea 5 Kokot
aS osly OlES @LS Al s elig) A 2 Bl s o
S G| TR o S g e oV [ U 5\ BGIN [ PE
S Oste Bl sy Osr 5 Bl e S (S 0 O
b o p 8 pl Ol (Salos -
o sl el s 3 s 4 Li 5 Qian [7] o
@w|4{)m\sﬁd)§¢)}wa_’a.};—;lﬂ&m
S sl Sl Waosle 53 JIs il 458 aysl 4 K
b bogs ean S b s dh jlas Sl ol
5 L8] il o ilssl doys 00 350> 3 (glosle Lasl
o sleesle b s AT ) 4 Kai
o3> 0L il s S O Bl 3l A cl.m.a
5 Sl bl Sl JIs 1 5 S sdsl a5 ol

Dlie 4 o3l gl b Aulssl el JIs 310y S Ll

102

bl aey cpl g3 2 se las il s L Ol e
S8 ool 5l ey i gl 5 ASCE 7-05 aslippl jens
2 Sl S Dy el gl A S
Lo Solgs s e iy Sos Ol 4 LI
[3]" 550 o3l 3l s Cad L ool IS >
sLg)ie A S AS e Olge GSA 20034l
4 e wile Lol OIS ab e ol 5 oS ol I
sl (6,03 Sla il 2 5 4 5 okd slre gl ol
A" S el slel UFC 4-010-01 5 [4] "s5s .
sl @l sl Sty Sl Glassere SKeliss
ol LB sl s ol L Ol s S ol gl
[5] "o
S ot o X e A S plaesle | adle
233 el 4ilagS 5 Sl el o3l BLs1 T s Jels L
ssea Ol Sl how pligl 51 day Olukige a5 o315
g 2l & VAW Jle s 0 s gy 0L, Sl
ol glaoletla plagl sasl Sl day 5 i G shee
S e &S sm Vo) e el Y D Sler
23 b sy gl kil s sl 5l il
Gl a5 o8 8 4 ps s ety 22 A0
G Coenl bogladlale o oligy ey ol 5 Lo
A ey ML 4 ol 55 238 ojsm
S s amdls oY 5 us Bl b mlb s ekt
oyl Bl S s (b sk b ol
3 S5 ARl s slesle sl 05 S 4 LSS L
Ol st 3Kl gl e 3l L) Lajl suzme 35
S easlis Jgema s slasb boablis 5o 5 doled 55
Sogo 4 3sa 4 SOl IS adige anel s [1]
S Sl el wslsy skigy e ol 4 e lS
S Dl b aik V0 Sletla ekisy e s
fr g A el 1TA0 Slens L3 Sl ST g5 5 e
S JSE 530 ey pl 4 S peikige oSS 3 (sle s
Wi glaoletle 0531 55, S 4 axy L

ol slacy sl e bolatle g5l g 5 (3l



NG\ WA e)w/r.h.wi)jé

oote Ol jes wdige g — ode doe

G2 gy V=Y

Cobo Sl G 3550 Slaosl ~1b 5 Lo 5500
E) d)‘ﬁ‘f}" .]a.:N)J Lhojl.w °}.’..9 L;)Uf)b L;.:)iz- ub&;l
oslel UFC2013 @\) syl 3l ‘u”’fi’\" slas S
[5] el o

B TS s ] ))}A LSLAGJLN GLAB‘}L\N }ﬂa&fﬁd)) LS\J’
Y/0 /0 o3 S 4w 4 aid gLl & dlas Jsb s bl
A J-"j [y e By CJU.«.lé Mdxs  Xleds Cludaiwd Y/0 E)
03 g ¢l eslanal 5540 Clal.?u g5 S ab A
aib N gladae ;3 5 e Sl AV Y o aab § sladue
AR i of) wai,la/\&l.ad.uﬁjjudﬁu‘\' G Y. O
ealazul J)}A Ckid Cy Y C/.w\ 155 “ r)y C,‘.w\ JJLAL;:JLM:
i el S5 slael 5 en g (lo pls da_fu g siw sl sy
slas Job o ar g L ol Js culbes ol bl
wl.wl Lol S| u;—\J.b ] a.l,.if\Jb J.;adu'\.w
LAQLAA}LN RGO PSS b €L>u| LSLI Q\)Jj.d v..@.: w L\M
Lf 43.3&.4})}# aae ] sl u..aj.é Lﬁ"f<'“ﬂ Cf )‘
odd s S L o g5 51 S 5ol Lt g5
S 8es b olls o JIs & B e AL
J\.\;lk.}vﬁ 4.5)}9):

Jlos el 53> DOD2013ati ool o b Gillae
L}'."]é C»-md"l.'& a)'LwJ..v ))‘) w )L.’ GJ—"})J;-::’: L}"‘J}-
5] 55 s ) alai
QD)
‘L&\Adu)lﬁsa\ﬂg@nﬁf)l{DL ‘QTJJAS
.w\u_éﬂ)l{S}onj&lzwobJLSl{LL
ST el 03500 Blsd g 50 Qy oS3 o
¥ dal, 5 UFC 4-023-03 _Lial, b« Sslus

U =0, (1.2DL +0.5LL0r0.25)

[5] .\.ﬂ ~° Cewd

(Hpra
Q :1.08+0.76L (Y)
0

N

+ 0.83}

y

103

JIs 055 bld O alin Sl 4 cad Aoy 011
gladls 5 See YV Jle s 0 5 Vi [9] 555
Sele 53 eligy A ol F a3 1 CL.A S OSS
2 gl o Sles &S AT anD 5 LS e U
$350e Sl e 0o s BB Celis (o gladls
sl Jexs oilrl 5 Shas ol amZs LS s al
LS e ol s sl 1 edli b L e S g 5N
Pl Caslie 5 S LK bl o sl 5 Li [10]
o e L CL.A o sesle s sl e ol &
O sdalimns 4 ol tls y Johae 5 o3y et
35 3 el s B o ells S sS85 s e
il 5L [11] el (oole i OB 1 i U
oiass ol elipsgin ol o addlas Vb T
oz g8 opl a3l ool 0350 e olas S Lol sen
oLy A Sl S 5o Js S e 4 Ol
o3 ealial spe Gt —dls peen 4 g LS oL
B e ol 5 e ) 3 Shas b5l e s

.Jﬂ@yo.&ﬁj}&i J‘J}a%@.bﬂ\xmd‘f

G (S 90 Y

dael b o )6, iludae glaoly, 51 SO
2 e dsb b e S, Gl Jelie ol
B OO U S TC T | L DR CL AW S o i
3 S8 Lisdor ol il pl 5l pade g5Led s
gl Jote g5 ) el 2l Jeade (Jolis 5 0l
A S S el JSE S sl ) sae s
Gt S 5 Jeade dsb Ll Jsb gDl ced
Sty Jolie ass cpl s el ABlus () e
GV Wy & b sl slesle ol a4 ods 5 e
Jeaie 51 leml 5 ol 15 s e gboldl [12]
T SRS N TR Sy
Gilas 5 it sboldl bt b, ol Al
el o Bl st b Sl 60 e Sl



b I3 i b s o Slaosla 53 0dis) . o L5

s St iy 038 Blad LB S e s el
DUl st b sy oals |y Slamins 05 5 O30 Il 3
Ldls o0 ghie g i 3 3500 Bl s o
“Obes Gl e gl (Js @S o e WY L 4
e e oS 35 pr edalie () JS5 s oS 4658
R T R R B
B B I e
slasl sl Al Dl e s el (B b L
AL g i« (8 s e
51 el amsa = s oS [16] ol,ea 5 Ibrahim
iy loged CIB o eddelsl Guid 5 (glede

[17] ol O g3lde gl ot b e Jdo ¥ IS5

Experimental Model Numerical Model ~ Reinforcement Layers  Concrete Layers

[ ] ———
===
[—] —
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Removing the corner column g) CFi
of the i-th floor

Removing the exterior column EFi
of the i-th floor

Removing the middle column MFi
of the i-th floor

Table. 1. Naming of column deletion scenarios
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Fig. 7. The plastic hinge formation process in the ST6-R3.5-
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Fig. 5. load- deflection in the center of the bubble slab
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Slab evaluation Column evaluation

Model name
No Collapse No Collapse

Collapse
occurred occurred
occurred

Collapse
occurred

v 4 ST4-R1.5-CF

ST4-R1.5-CF3

ST6-R1.5-CF

ST6-R1.5-CF4

ST8-R1.5-CF

ST8-R1.5-CF5

ST4-R2.5-CF

ST4-R2.5-CF3

ST6-R2.5-CF

ST6-R2.5-CF4

ST8-R2.5-CF

ST8-R2.5-CF5

S N N N N N N N N RN IR NE RN

ST4-R3.5-CF

v ST4-R3.5-CF3

ST6-R3.5-CF

SN N I N I N NI N N I N N N N N N B N BN

ST8-R3.5-CF

v v ST8-R3.5-CF5

Table. 2. Summary of the evaluation results of models in the
corner column removal scenario
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Fig. 9. Evaluation of the céilings in the ST6-R3.5-CF4 model
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Fig. 10. VV-M stress variation of tensile rebar in the span
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Slab evaluation Column evaluation Model name

No  Collapse No
Collapse  occurred Collapse
occurred occurred

Collapse
occurred

v v ST4-R1.5-EF

ST4-R1.5-EF3

ST6-R1.5-EF

ST6-R1.5-EF4

ST8-R1.5-EF

ST8-R1.5-EF5

ST4-R2.5-EF

ST4-R2.5-EF3

ST6-R2.5-EF4

ST8-R2.5-EF

NN ENENENENENENEN
AR IRNIRNERN RN RN RN IR

ST8-R2.5-EF5

ST4-R3.5-EF

ST4-R3.5-EF3

AN

ST6-R3.5-EF

v ST6-R3.5-EF4

v ST8-R3.5-EF

ANIRIENEN

v ST8-R3.5-EF5

Table. 3. Summary of the evaluation results of models in
the exterior column removal scenario
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Fig. 11. Comparison of load-vertical displacement of the
column removal in the corners removal scenario
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Slab evaluation Column evaluation Model name
No  Collapse No  Collapse
Collapse  occurred Collapse  occurred
occurred occurred

v v ST4-R1.5-MF
v v ST4-R1.5-
MF3

v v ST6-R1.5-MF
v v ST6-R1.5-
MF4

v v ST8-R1.5-MF
v v ST8-R1.5-
MF5

v v ST4-R2.5-MF
v v ST4-R2.5-
MF3

v v ST6-R2.5-MF
v v ST6-R2.5-
MF4

v v ST8-R2.5-MF
v v ST8-R2.5-
MF5

v v ST4-R3.5-MF
v v ST4-R3.5-
MF3

v v ST6-R3.5-MF
v v ST6-R3.5-
MF4

v v ST8-R3.5-

MF5

Table. 4. Summary of the evaluation results of models in the
middle column removal scenario
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Fig. 12. Comparison of load-vertical displacement of the
column removal in the exterior removal scenario
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Abstract:

Usually, progressive collapse is defined as the progress of a primary local damage within the structures that,
like a chain chemical reaction, causes to partial or total collapse of the structures. Although, many researches
on progressive collapse under blast load have been made, it can be seen that rupture aroused in structures
during strong earthquake events will not happen suddenly, but because of failure in structural design or
performance, the weak elements will destroy easier. Subsequently, energy redistribution will occur that may
disconnect the adjacent members. Further, the progressive collapse phenomenon will take place and
subsequently cause to collapse all the structures. In the recent years, the incidence of catastrophic events
such as September 11 has attracted a lot of attention to the issue of the progressive collapse and lead to be
considered in the design of new structures. In order to prevent damages by reducing the progressive collapse,
different strategies for designing against the progressive collapse have been presented in the government
documents of USA, such as UFC and GSA. Although, many researches have been made on the progressive
collapse in recent years, but the structures deck effect on the progressive collapse has not been considered
sufficiently.

Nowadays, due to the increase of the speed of construction and lightweight construction, the usage of new
systems has been increased. Among these systems, Bubble Deck system is notable. This structural system
functions as a two-way slab and a lightweight structural member. In Bubble Deck system, the plastic
spherical hollow core (PSHC) is used instead of the concrete situated in the central zone of the cross sections
around the slab’s mid-span, where the shear stress is relatively small, compared to the supports. PSHC
creates a hollow space in the slab. The Bubble Deck technology uses spheres, made of recycled industrial
plastic, to create air voids, while providing the strength through the arch action.

The objective of this study is to evaluate the progressive collapse of reinforced concrete structures with
Bubble Deck floor system. The behavior of structures, the amount, and the mode of the collapse distribution
can be studied by various methods. SAP2000 software is used to model, design and analyze the structures.
DoD2013 statement has been selected as the reference criteria, and based on that, all the uploading and
collapse measurements has been determined. The equivalent nonlinear shell layered element is used to define
the slab sections in numerical modeling. 48 structures with the same plans (3 spans on each direction) were
modeled. Moment resisting system is chosen as lateral resisting systems. The models were in 4, 6 and 8
stories. Story height of all structures is 3.5 m, and also three types of span length to story height ratios
including 1.5, 2.5 and 3.5 are investigated.

The results show by increasing the number of floors, the structure’s performance against progressive
collapse will decrease and the middle-rise structures (6 stories) have shown the best performance rather than
others. Also, by increasing the ratio of span length to floor height, progressive collapse resistance is reduced.
The most observed damage in the Bubble Deck floors is less than 25 percent of floor area which affected by
progressive collapse in the middle-column removal scenario. This value of damage satisfy DoD2013 targets.

Keywords: Progressive Collapse, Bubble Deck, Nonlinear Static Analysis, Alternative Path Method
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