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EXPERIMENTAL AND THEORETICAL ANALYSES ON ENTIRE
COURSE OF VERTICAL PROGRESSIVE COLLAPSE OF
SPATIAL RC FRAME STRUCTURES
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Abstract: A quasi-static test is carried out to experimentally study the vertical progressive collapse of a
two-storey by two-bay spatial RC frame structure. The progressive collapse mechanism and collapse details of the
residual structure due to a side column loss are simulated by unloading the jack, replacing the failure column. The
experimental results indicate that: the whole vertical-collapse damaged-process of RC spatial frame structures can
be divided into three stages, including an extrapolation stage (arch action stage), an adduction stage (catenaries
action stage) and a collapse stage; the appearance of plastic hinges, which are relative to the binding effects of
slabs on beams, can be put off or even be skipped; RC spatial frame structure has a fine anti-collapse performance,
but the influence of cast-in-situ slabs on anti-collapse performance of a structure should be considered seriously;
the theoretical method for maximum lateral displacement and the mathematical model and the method for the
critical displacement of the slumping column are raised in the combination of an experimental research and a
theoretical analysis; what is more, the structure damage indictor model was proposed.
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Fig.2 Ultimate failure modes of the experimental model
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Fig.3 The curve of D-lateral displacement
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Fig.4 Failure modes of the model at different stages
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33 EBEXRIFENAEHRGRERNEE

TRIGAR A 76 25 28 0 MW A ) F A ELFE NE A+
A SE A, WA FEAESISRAOR R B A 288 I,
BENBIERIRA JG . D=1.04 B 76 P A A — J2 o 8] s
AbTRIIT IR EE . ASCLL NE KR4, 1PE4H i
B RO B A AR IR R

Kl 6 firs Ak fa 4 D 5 NE A — 2 ]
e L BRI AR 2 TR AR A 4G P 6 R,
2 P 0 2% O R N AR A R 5 X e e A R A 1Y
BN, HRIONENAS; 2 D=1.04 Itf,
AR TSR RMEIG R, U NE FELE— 24 8] 5 B2
IS E PR REE, W 6 P ZJRBA 1
Pk,



166 T T

¥

.{““

L L L L0 L L J
-160 -120 -80 —40 0 40 80 120

K6 ZiRiifa % D-NE H: VAR i £

Fig.6 Curve of D-NE column strain

EIRIIMTER I, I SRR (Y A AE AR RE (1
B BUZ BT 2 A TR 2 R3S BENEIERE BA
1T AL T e B rh A e R AR I AR A, (H
FHEEAS A2 DA™ LR
3.4 ILRERBIIUESEISIER

AR DLGEHEAO IR I 203, PR AEZE
RO NFTIGIRAHRRE(—JZ ) PIAIBER L H
R(ZJRAB) P ILGER LR R (= P RS) =
PR o 33 o AT HE SR F e I 5 P S AR 1k 5
Ry WhE =R FELQHORE T R EIE BB IR
215039 EIGRIRA AL, D=0.195; HiAIHE
ARG, D=0.223; WIABLGERAIRE, HALE
BORTERE T4, EAREBCH B BRI ST,
DL HEAR A AEHEIE L 2 RE s S BRI L, B
(LSSENE TR S A) NI S

I 2 Fron kB, BV ELEE AR A 557 1
B, 78 U] T DLGEREARCLE (IR A A (14 ) 300 4
VRG], BENS R M DR AE A AR AR YE, X
MIPUESHEIR AR (HRIRREZR EARE]
JRIBVERZ, XK RRE T EUT R, XM IPUE
BB AR ERPATTE TR, BB
FERRANRER NI, BETH IR AEAT AR AR 2 8] 53R 1- 7
FERHE; [RIN ELIE N oR AL, HEEAER A L.

4 IBiILOHh

4.1 RCHEZREZHMZEEIRZ DHHHIREE L
WA A R M, $Es T RC HEZREGH
e (R 2 LI AR AL AR, s T R
LR AT 7 TR, BEE R ROR A A
(g n,  AMERY B s v (B R ) i P A e
N, B2 IR ZS R A R B2, B AN
N2, (RAEHESAE MRS WG N, £F A 55 B RE

Al — R I, X RLERCR I A AR, i 7(c).
it e A g R 0 el SRR Bt N IR B, HEZR
REE AN Z P, (RS R TERER
DX, BT B AR B A rR AR A X I, &2
55 R RE A IR SRZE N O A A 170 4795 1 B3 4 »
BRI NBIIRI B, 20 Nl SR AR 78 LA o
B AN ) A2 T A i 33 ¥ 3 % & Rl 180 45 = B
RIS St 28, g ST IR SR Al 7 vk B
= o

 A——
i NS\

(b) FhHERTBL 2

B
A
(c) FMERT B ATIRS

—> | <

Cc

(d) Akl

==

(e) BISEMEL
7SR  RL R
Fig.7 Mechanical behavior transformation process of RC
42 BAMETREILKER
RC HEZRGE Ky s KM ) A TR 7(c), B
B A ff B STER—mE. W 8 i, LA,
B PHAUK IR X RIFKIBE RS, | AR SR, b oA
PRI REE hgE 28, a' NIRRT & T
MR XV e A0 G BE A, R R HE S A
a'=c+d/2, c HIRELRYZELE, d AAZ
TN EAR . RIS SHARN LR, AIEEL =
JZ+h2 SR AT A
Hvax = g =1 2)
Wt B3R TTVE, FeA ST B B ) 2 8 A
N ERAH SR B SR AR A 3, AT A3 5RO [ AR B
WIHE SRy 6.605mm, k5645 6.591mm AHLL
K 0.21%, FEEZAEH EAE,



VAl 2 167

K8 R I&l
Fig.8 Calculation diagram

43 e FEREABAIEIL KR
PSR B 1] 121 353 i B A 4 15 855t SR 25 2
9(a), IR R R0 0T L 5 1) A2 A B O i 5 453 V% Ao
o I TR Y], NI BESR R RO B 32 2
P FERBR X5k, BV LR BER) 2 H AR T 2 AR TP AE
GEEZIX 38 HOR MR 275 LR A R TH SRR AT L
a9 9(b), K I ARRSESE, 6, Nl Atk

,fll[‘*z? Lz = Lﬁ+ +2AI ’ Lil’ = '\'IZ + (h _2C)2 o

S )
liﬁﬂadhgﬁﬁﬁl
sH'

(a) fRIEIBER ST

L / L
1 1

Y
L2 o

4/

(b) i 537 R A K it ] <]
B9 (BB AR A
Fig.9 Collapse state
PR 3 R 32 AR PR A X A, & 10 P
e BROTHERIE SR VE LRSI, BRI A (I Al
AEALHN -
Al=sx @, =sx0.25x ¢
e s ONFRIAEE: o NINEEME, o, S9N
WEIIEME, B, =0.250 .
151 10(b) s I -2 B8] 56 &, 1] il S Bk

fis -
S, =517 ®)
| £

H10 REREARE

Fig.10 Failure state for the beam hinges
WA FIRF KRB R A, AR AR S
2, WETHEARECEEBITTES RN
340.49mm, HikiesE R 323.1mm LK 5.38%,

KRR . 45 PR S A AR B i i
—BIRE T A SR G SR T AL I H 8 SR
i, RAESRBEVERET, RKIREN
8.03%. Z VAR AREE R A FE R S A,
fif T HT SCEE R R BB Y T oG B 2 8 5, B
VSRR AR, (B A T 90 4R 45 A B SR A 1
P e BV SO .

5 ZEig

I RC 2% (A HEAL S5 1y {845 1056 f wF S A2
B, BRI

(1) FETHAER RC Z5 [AIAE S 451 (5] 55 56
ZERRH]: RC 2 [IHESR 454 Bt e 45 1 A 20 b
R BL A E B B AR B (B BE LR AT B BR)
ANEIERE B =B B

(2) PRERAFEMEE L E R FEA DR
B, BRSPS R LR %, Z1d
KA REFBURHAER, L, ity SEEERARE
KNI, R EE i sEAE, AR AR EL

(3) {35 e S Al $ A SR R g AR T AN
I 5 B LA BAR SR AR 53, TR RS R vy
A5 95 182 Y 95 H) 45347 15 B0 R 5 8 PR AfY TR % 45 ) 43
BORE AT BE -

(4) A EHIIH RC T AHELRL A A R
UFROTIE BRI G TR RS, (H SV S8 G DRI AR 75 e K
T AR L BB 51 762 SR 0 4 3 DA e B Be R AR 98 % 5 4
IR I .

STk

[1] Mehrdad Sasani, Andre Werner, Ali Kazemi. Bar fracture
modeling in progressive collapse analysis of reinforced
concrete structures [J]. Engineering Structures, 2011,
33(2): 401—409.

[2] shi Yanchao, Li Zhongxian, Hao Hong. A new method
for progressive collapse analysis of RC frames under
blast loading [J]. Engineering Structures, 2010, 32(6):
1691—1703.

[81 ZK, B, B, & 18X RC HEARG M HIES:
RIIRAE SR 7T ). TRE J1%%, 2012, 29(12): 80—87.
Li Shuang, Zhao Ying, Zhai Changhai, et al. The
influences of joint on the progressive collapse-resisting
performance of RC frames [J]. Engineering Mechanics,
2012, 29(12): 80—87. (in Chinese)

[4] Rk, FALA. G5 H (0I5 I R AR e 2L P 187 4 VT Al

J7Ek[3]. LR 13, 2013, 30(3): 306—314.
Wu Bo, Huang Shixiang. A simplified evaluating method
for impacting of floor slabs during structural collapse [J].
Engineering Mechanics, 2013, 30(3): 306 — 314. (in
Chinese)

(3% CHR[5] — [13]%: 5% 177 )



T ®

¥ 177

[13]

[14]

[15]

[16]

characteristics of conical vortices above roof eaves of
low-rise cubic buildings using particle image
velocimetry [J]. Ingenieria Investigacion y Tecnologia,
2009, 10(2): 113—123.

Elsayed M, Scarano F, Verhaagen N G. Particle image
velocimetry study of the flow over a slender delta wind
[C]. 25th AIAA Applied Aerodynamics Conference,
Miami FL, American Institute of Aeronautics and
Astronautics Inc, 2007: 2034—2043.

Henrik Tryggeson, Mats D Lyberg. Stationary vortices
attached on flat roofs [J]. Journal of Wind Engineering
and Industrial Aerodynamics, 2010, 98(1): 47—54.
Banks D, Meroney R N. The applicability of
quasi-steady theory to pressure statistics beneath roof-top
vortices [J]. Journal of Wind Engineering and Industrial
Aerodynamics, 2001, 89(6): 569—598.

HIR, MARAL. KPS 2 55 3 I XU 3R B R BT
F]. EARTFEZAAR, 2012, 45(4): 29—42,

[17]

[18]

[19]

[20]

Dong Xin, Ye Jihong. Study of shape factors for
large-span flat roofs [J]. China Civil Engineering Journal,
2012, 45(4): 29—42. (in Chinese)

WA, R B AR (CEANIM]. dER dEst A
R kAL, 1987: 62—64.

Xu Hufang, Fundaments of aerodynamics(volume I)[M].
Beijing: BeiHang University Press, 1987: 62—64.

Rizzi A, Muller B. Large-scale viscous simulation of
laminar vortex flow over a delta wing [J]. AIAA Journal,
1989, 27(7): 833—840.

Ekaterinaris J A, Schiff L B. Numerical simulation of
incidence and sweep effects on delta wing vortex
breakdown [J]. Journal of Aircraft, 1994, 31(5): 1043—
1049.

David Banks. The suction induced by conical vortices on
low-buildings with flat roofs [D]. Fort Collins, Colorado:
Colorado State University, 2000.

(L35 167 W)

(5]

(6]

(71

(8]

[°]

FE Y. RFRET G EIRILET D] dba: E
R, 1999.

Zhang Leiming. Researches on the collapse mechanisms
of structures under disastrous loading [D]. Beijing:
Tsinghua University, 1999. (in Chinese)

Sy, (IR, HA. B0 TR AR SRS TR R
RERIRIROT AU D] ERINAE #4254, 2007, 28(5): 104— 109,
117.

Yi Weijian, He Qingfeng, Xiao Yan. Collapse performance
of RC frame structures [J]. Journal of Building Structures,
2007, 28(5): 104—109, 117. (in Chinese)

REBAE, A0E )1, mHFF, S R R e R SR S (5
B EME BT 9], TRE /%, 2010, 27(11): 64—70.
Lu Xinzheng, Lin Xuchuan, Ye Lieping, et al. Numerical
models for earthquake induced progressive collapse of
high-rise buildings [J]. Engineering Mechanics, 2010,
27(11): 64—70. (in Chinese)

Mehrdad Sasani, Serkan Sagiroglu. Progressive collapse
resistance of hotel San Diego [J]. Journal of Structural
Engineering, 2008, 134(3): 478—488.

ZhaoDong Xu, BenQiang Shi, KeYi Wu, et al. Vertical
shaking table tests on the structure with viscoelastic
multi-dimensional earthquake isolation and mitigation
devices [J]. Science in China (Series E), 2009, 52(10):

[10]

[11]

[12]

[13]

2869—2876.

GSA2003, Progressive collapse analysis and design
guidelines for new federal office buildings and major
modernization project [S]. 2013.

P, 7Eer, RREL BTk e S S48
A [3]. AR RS s (B SR RE £ RR), 2010, 40(1):
154—159.

Xie Fuzhe, Shu Ganping, Feng Junmin. Progressive
collapse analysis of steel frame structure using removing
column method [J]. Journal of Southeast University
(Natural Science Edition), 2010, 40(1): 154 —159. (in
Chinese)

TR AR, TR AR KA R R[], A
24, 2010, 31(6): 17—21.

Xu Youlin. Development of concrete structure theory and
code [J]. Journal of Building Structures, 2010, 31(6): 17—
21. (in Chinese)

PR, B, 25 8 R AT FAN 3 VRt - 2R A 1 45
Rk R IR 7T [0]. EARTRE 4R, 2011, 44(4):
52—59.

He Qingfeng, Yi Weijian. Experimental study of the
collapse-resistant  behavior of RC  beam-column
sub-structures considering catenary action [J]. China Civil
Engineering Journal, 2011, 44(4): 52—59. (in Chinese)



