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Abstract: To study the progressive collapse performance of fully assembled concrete frame structures, based on
the static and dynamic tests of two fully assembled specimens (PC1 and PC2) and one cast—in—situ specimen (RC),
three sub—structural macro—models were established by using OpenSees finite element software, and the results of

model verification were compared with test results. Two seven—story fully assembled frame structures (PC1-Frame,
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PC2-Frame) and a cast—in—situ frame (RC—Frame) were designed. Progressive collapse analysis was conducted for the

residual structure of which middle and exterior column at the bottom were removed by using column removal method,

respectively. The results showed that removing exterior columns was more easier to cause collapse than removing mid—

dle columns, and the displacement time history curve amplitude of failure point of PC1-Frame was larger than that of

RC-Frame; The ultimate bearing capacity of PC1-Frame and PC2—-Frame was 30% and 20.5% lower than that of RC-

Frame in the case of removing mid—column, 26.9% and 22.3% lower in the case of removing exterior —column, re—

spectively. Finally, the validity of the simplified non—linear dynamic analysis method based on the principle of equal

energy was verified, and it is found that the dynamic amplification factor decreased with the structure entering the

plastic stage.

Key words:fully assembled concrete structures;progressive collapse;finite element macro—model ; column re—

moval method; calibration based on static and dynamic tests
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Fig.1 Nonlinear dynamic scheme for removal components
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Fig.2 Loading methods under two failure modes
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Fig.3 Simplified dynamic assessment
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TEHATE AR T Z T, T Z SRR BRI
HALT R, I OpenSees A FRITHAF AT
SR AR B, BI04 HE O L B R
HEFTXSH, AR SCR T S 00 T 2 35 A i o sl
BN (www.hnutest.com) FFJREHY 2 42500 X 14544

of moment frame sub—structures[zg’m]( unit: mm)

Tab.1 Details of tested specimens™

ey RNIITIAR ATk A 4 A3
(PC1.PC)M | BB TSI (RO MIABBR I WIF ™
BORD0. 3 AT R 4 7 wee g 0 R R
J , Hed ik PC1 A2l =00 S i w4, SR PCl 353  8TI6 4TI8 4T14 R6@40
W2 B AT A ARG 7 5, A 4 (a) P PC2 376  8TI6 4TI 4Tl4 630 1630 R6@40
W BOF PC2 MRS MBI, RIS e ma sme ams —

BR-HRAHT - AR BT 3, AE 4(b)B. HE HEs P TI6 B8 HAR 16 mm HVEIE ST . R6 2% HARH 6



5

JE 25 2% B TR Pk 1) e E e HE SR G A i )35 0 W 5

F T A B B S b A5 45 T R A, AR YR
Bt PC1.PC2 J RC 8 T #1155, X5 PC1 Al
RC T Wik Hal B b sl J1iR50 , R 7E J5 220 B
HXF PC2 1#i8h J1 5381

FERE IR, I I R AR 2 AP EE. i
SRR Sy Pl gk, ey ks 2 04 far 2Kl fey 2K
F ARG , o il g oh S A8 s il n 2. i
e ) I W G S A BU R, - Ik (YA TE o O
B B AR AN B B e il POl R PR
Brid R B T RHERON 1 AR B PC2 Bk
R ERN KR, (HHARE e A & B
et

EP PSRBT R
G305 ANBY B SR ¢ A A B3R 06 i 2k O 5 2
AR TINER, PCL IR B3 5E 18 T 4 90n#k, RC
R RILTERL T 6 FImak. 5 1 I FE 4 4
AN 3.35 kN [T, 55 2 NN TE 4 - nzk
JEASIN 13.35 kN A fr 28 TR0 28407 2% UL SCHR[30],
g S E LA 4 (o). LR E RC K14
PC1 R HAG o 9 7 480 A KA 8 il I 2. PC
PSS IR S  RAE m 52 TN Y AR i, #E
HERLON B B AR . AR RBIE AT R B e AL il 41K
PUR G, ARG T2 EE, RC 5Lt
T A AR IS,

22 TREER

WPEIRI S, R 7 20 B 5 s i =X
Fa A ST T 2 PR TR

DIREEE AR Concrete02 ASKHAY, K] 5(a)
A KRR Y 40 25 il 4, b 29 SRR BE R H
& IFE 19 Kent—Park A&7 HEAT 1155 4K A A< 44 R H
Steel02 AAGAEAL, K] 5(b) Rz AR A Y i a2k

2) 75 A R (e ) 2 2T A A e AR XoF A i)
0 7517 (1) 24 SR A 0 g o T A B 1 ) AR e AR
BIE LA SR,

ol de | .
P, i ' (a0
&%“/ﬁg CIE S o

(8?,035; &y

(a) Concrete02 A3 5 (b) Steel02 Ak X %2
HS5 #MAA#MLE

Fig.5 Material constitutive relation

3TREE AT BTl A T B i AR Lotk BoAE
FATCHFA TR, A B T Y M S B BR T
HYERARAT R, ELARTE B 0 AN R T BRI B 3 £
M7z 4k.

4)XF FEERE Y B8 B3R AT, s R RRIE
PR R HERON IR BE AN, Ry IR P B [ 5 46
(corotational ) A IR 1Y JUTAELAEA T, FE IR H
PDelta 75 6.

5)il 3T Zero—Length 57T S B 5% 55 4= ik 8] i A
VEFEAR ) ;0 1) Zero—Length iy 4 1] Gl H— N TR
FATORE LA AR AR TR 15 S Z R, B
JE BT B d FH eualDOF 4%, 47 2 2WE /1
FERAEAXRIRET,  JRAS AR EL A AR A1 A5
AHXI5E % 5 Zero—Length FRITHY M Ji AT 380 2 2 SCHL Al
PRI G S PR 5 s [ FR TR N - A G R, DA
ST R VY 552 T L.

6) | FH Bl 4 ) Hysteretic AR IE A4 74 45 £
SR v i e Rt Hysteretic B9R 1R
ERIE A 6 (a) s, FIFSRRAEL Elastic—
MultiLinear F4 3 U PEAAE FE R SRASLHDUR A4 BT 1)
Ml B ph R A 6(b) s, 456 % IR MAT S5
FHAI)Z SR, B OpenSees H11Y Series Material
AT AN 2 FhASHYRE TN & | Series Material 4 2H
BTN 6(c) .

o . .
(Sc3p,$s3p) (Suel ’%3&1(2,%&,2)
7
?cta*lﬂ) ) # /
K
7 rg
! d €
/
/-
($uc2,$fc2) ($ucl,$fk1)

(b)Elastic—=MultiLinear

I $t.agl $;ag2 I
||
I $matTag I

(¢ )Series Material

Ho BEAMXZ

Fig.6 Constitutive relationship of macro—joint zone

(a)Hysteretic

I B A i, JE T RS Ko s Fa fa e s
W A1 BA (www.hnutest.com )W H BB, X2 4ERTA
T K1) 53 DA B Wb ) B 46 4 B S B0 A 1 Ak AT el
HE, 153 PC1 F PC2 5 55 A BRI/ A Al dn ] 7
Fis.



6 IR K24 (BRI 2020 4E
L JECR P — WP @ WIPESL 257 — 4 - —
W Zero-length 2175 1 — Elastic beam—column #1578 @ Inelastic rotational spring iﬁ{\ 10;: - /,{ %‘\ o ‘;\ _7)’{_
= Zero-length H7T 2 — Displacement beam—column LT ﬁ 5L /,Z ﬁ 4 "‘,}\_ /»{!
g i i = Ok & i -6 N s
: E‘ _5;:\*"’-\_.-- —"/ ﬂg - \“\—//
i -10/ -10
: 0 200 400 600 0 80 160240 320 400 430
: RS )3 fmm R 8 6 (378 imm
I
! (a)RC kM (b)PCL iR

6 =

4 g 4p [— BHE |
: ' ! ! S ob |- BE |/
| I | 1 @ I

—t R i

(b)PCI 145 A
7 e

ik ik
(¢)PC2 177 AR (d)PC2 7y i iy
A7 W EARTEER

Fig.7 Finite element macro—model of joints

23 KIGHER

RC X1 . PC1 ik K PC2 i 156 i B
P S SRS A e an & 8 & 9 . K 8 T
£ I AN 2 R ARSI G2 ) A 3k, TER
BELR By & WA w22 . B i e BUE AR
BF, T A RO H RS B RS Sl 45 n) ok %
JEAN AT AR . R 9 RTINS — AR
)57 A% 2R (BRI 45 S SR 06 45 AR (L A S AR —
3, 1R R R I R S SRS
ZAFFAE—E N2 5T

200 100
. | S
%160} 2z .
§120) 7T} | B o]
= ¥ = r’u'l 5 I\\\I\
£ 50/ — | S ol S
2 a0] R 2 —emE
o - il || = Ok iR
0 200 400 600 0 80 160 240 320 400 480
FRE 0 ] V2% /mm rfAE R [ 437 B8 /mm
(a)RC 1% (b)PC1 i
100 _-
N
Z 80p/ \\ -
ﬁ 60 1 ——
& 4ol
f=1 04 T
ol v
220 - = RI{EH
90 100 200 300 400 500 600
FRE U ] V2 F% /mm

(c)PC2 ikt
B8 THEE S WERIEER

Fig.8 Calculated load—displacement curve of mid—column

I
05 y

A

= 2t
i 4 \\ /
o6t N
= -8 b~
=100 160200 300 400 500 600
rpRE R ) A /mm
(¢)PC2 iR f
B9 @y s mERELER

Fig.9 Calculated lateral displacement of exterior joint

RCARXPEAN PC1 I 1 PRIEERS R 31 773X 56 1) 5
{EREIZE RS KB B LEAnT&l 10 Bz, PCT R
FHER 1 Ghn 23 A4 1030 830 o A PR OCAR R EA T 56 5
HI T RC KPS 1 Jmaid 72 h 2 S iy R e
KA RLBIIRBIEAE , 7 A B ) LA I, ] LA 220
R H A RS, SRS 2 Zm ) 1K
Bi A BROTRRY PR TR 8. M AT 4t Rl Jj, ST
ST PR TR A e AU T RS 4 P 7 8 i iy
BAE AR, RBL T A SO T X A9 IE
P, BERE T T e S CHESR A (2085 70 A

|
0

B (I B

=2 — R || S -4 — B

Bl PRIAE || 25 ' SR

2-3h - ittt || 2 6|} - - K

st B -8

E—g l,;"lf‘.’\r‘v‘mw"-m“---- 'E—IO 'L'r\s,»w--__“ ......
- o 2 P
801520253035 40 1.0 1.5 2.0 2.5 3.0 3.5 4.0

I TE)/s /s

(a)RC i {F (b)PC1 i1
B 10 PAEEA b AR R
Fig.10 Calculated displacement—time curve

of mid—column

3 ZEERGHMMEZFISESN

3.1 &gt

ARSCHEE 1 5 7 2 4 B0 TR 1 AE 2R 4514
AT A3, HOF- i R an i 11 s, X0 745 40
TAHEZRZERG AR AR 43 172 He A 48 RUIAE T .



%5 JA R4 BT UrBRa i (1 e e sUNE SR 45 44 3% S (31 404 7
o @@ ® @ © T ' T rseioop 3120
| 7500 | 7500 | 7500 | 7500 1 I . = gI
-E-‘;—n— n g ;\.: J | Il I | | i
S A (b)) B IHT 1 A 141
oSt - 1l =
g | s - —
g | & ~ 76,0006 00076 0006 000 T ‘@4 k
iy | F 8 T o
§ (a) HEZRZE F 17
Nt 2 - B 12 AER MR R AR E(F12 mm)

| 30000 |
| |
B 11 ZAFd A (F4% mm)

Fig.11 Planer view of frame structure(unit:mm )

SE TR FES R 5 R E R 7.5
kN/m?, 15284 0.5 kN/m?, #51H T ZE A 5.0 kN/m?, 7% 2%,
49 2.0 KN/ FUR B ZUEE R 7 B it bR s Al
1A BT R AR RN Y 0.1g, SR 2
2 sl T AR B 8.0 kN/m, THUZ 2 )Lt far 8k i 8.0 kN/
m; JREE YR €35, HiE EHCh 25 kN/m?. B
i BANEE 2 FiR.

2 WMEMRSH

Tab.2 Parameters of reinforcement mechanics

performance (N-mm™2)
WS JEIREREEARE R GREEE MR
HRB400 400 452.05 2x10°
HPB300 300 339.04 2x10°
Q390 X 390 440.75 2x10°

eI AT B 11 FP AR R 3 B2k ab Ay 1
HES N 4 HriE S, B LT e i
T AR AR Ty 1k N B 2 R AE AU R . O
oA, HR2~7 JERRAE R B E DS R 2 A IS
CUAHIR],  HAARYZE R BET S IO 5377 1 n] UL SCRR
[29], HEALZEFRETY K AR (AT AT An ] 12 F
. AT ETHESRESHY Z [B] AT Fe oA , 2 e st
FER PR AR T )T S BLGEHE SR A A ], 3 e xR
AHEZRZE M GEFE Y R 42 70591 R AR - A /4 B —
SEAFFT — #1144 3 12 7 2XORITR 58 4 165 4 TR — e A
PR % 1207 3K

Fig.12 Model of frame structure and reinforcements

of beams and columns(unit: mm)

3.2 IRBRAEAI (A BUBE B B0 1 R B2y iR

K 11 X RC .V PCT HEZREE A T
AT, TOL o A PRER e C1 ARBRIAE AL
3.2.1 P AR Cl R 5H

Prbr A C1JE X UL 5 T 8l 153 #r
JRESFITERE I T 4ERE 1 s, SRS B AIHRERICZ
K, s TR 4 s, JEARH: i e RSk

ANHE SR A5, B U e (B 41 S DU, ol THESE
PR 7K 2B RIS R S A s AR g 2 G ek
LS. RCAHESRAE 1.2 s k3 H KA 46 mm,
PC1 HEZRTE 1.2 s KB KA % 94 mm. BHUZE R
W ZEPRBRE 2T AE C1 S 2 MVESRES R & Ak i 1)
3, HAEZRGE LA AT AN, T QA S e i
AL, PO HEZRIS AL B ) o B R R4 RC HEZR K.

—rc |
k- PC1 |

g [
S 40!
R M
B 50, 1
= I ol

E o A s
_70:1|Ln]‘1r””f\,\/\,\ﬂ, _____
80 er W W~

P

_9()?!!

ll.O ll.5 2.I0 2.I5 3.I0 3I.5 4I.0 4I.5 5.0
o ) /s
A 13 R4 Cl G BARIER 24 R 28
A 1) — B ey A A oy 2%,
Fig.13 Displacement time-history curves of failure points

after removing column C1

M ie— T FFHERR R M 7 9 AR s s DL
Xt 2 AR HEZLR BRAE R AR PR 8 A2 AL it AT T 0



8 R R A4 (A AR B R)

2020 4F

B FEHP SRR S , S5Aa AR R A1 N 4y
fic, ph AR AT R A A 4. ] 14 (a) L 15(a) 4
HTHRE C1RBRIS , PC1 HEZE R RC HEZLRZAHAE
FE AL A B (%5 7 RN SRR RR 2R, 7T DI 5
2 2 WA AR, S C1 B4R EIAE BI
AR T KEBAT % . 7E PC1 HEZR D ZEHR IR A A
BRIl IR 3 T B 3 300 kN, EHRIS I CERT
) 1.72 % 5 78 RC AEZEHh  FEPRBRAT A i Wik 1] 4 )
IRFN T HeRAE 2 180 kN, SZHRBRIA AT Y 1.70 5.
WAELEHIVETTI T AAE BT AR A SR8 KRR ST,
FE AL TEVRBRAG 1 JE i I AR AR  FE A1 I
FEAR AR EEAE BT /DN, & 14(b) AT 15(b) 45 T+
HE C1HRBRIG , PC1 HEZRFN RC HEZRER 2 5452

3500 —5  E p—
30005 i | 0 w1
22500:".-“'-"""" R e 2_200:1
<2000} <
= 1 500f & 400 HHAMM A~
LB\ SUS— ;RN § h AL
500} & fu
| P :’»t_g()()‘.. —— e
10 20 30 40 5.0 1.0 20 30 40 50
A a]) /s fif{a] /s
(a) IS 2 HEl ) FIUR i 25 A b il £
750 = 500
600 i |~ 400
_ 450 S| OE o300
= 300 3k | Z 200
R 130 =S 100 £
=-150 Y 2
-300 K100 o
—450 =200 2]
10 20 30 40 5.0 1.0 20 30 40 50

H 6] /s H ] /s
(b5 2 544 2 32k Jy RS s Ak 2k
B 14 PClIEEREZAHTILBE

Fig.14 Internal force curve of column and beam in PC1—frame

2 500 e
2 000 ARk
v !
= 1500H
1000
500
ol e e, g, gl I8 sonfion, o e gy s
1.0 20 3.0 40 5.0 5501.0 20 3.0 40 5.0
fif8] /s FE] /s
(a) IS 2 HEl T FIUR i 25 A bl £
— 200
12 —1E
3E 100 Tk
B 0 B
- 0F -6J2
i -100 i

Fl
4

123456 7 38
A ) /s Hif[a]/s
(b5 2 542 305l ) S A AR Ak il 2
B 15 RCEZHEZENHET/E L
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Fig.16 Displacement time—history curves of failure points

after removing column A1l
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