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Abstract

To study the behavior of progressive collapse performance of fully precast 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 this test results. Two seven-story fully assembled
frame structures (PC1-Frame, PC2-Frame) and a cast-in-situ frame (RC-Frame) were
designed. Progressive collapse analysis was conducted for the residual structure of
which middle/exterior column at the bottom removed by using column removal
method, respectively. The overall structural reliability analysis method based on
stochastic Pushdown-moment method is used to evaluate the reliability and robustness
of fully assembled frame structures.This paper mainly studies the following aspects:

(1) Two assembly node macro-models and a cast-in-place macro-models are
established by using OpenSees platform. The appropriate material constitutive model
and nonlinear beam-column elements are selected to establish the beam and column
section restoring force model, and then according to the structural characteristics of
the fabricated nodes. The force characteristics are used to simulate the function of the
beef leg and the bolt-plug. The numerical simulation results are compared with the
frame structure against continuous collapse static load test. The results show that the
finite element simulation results are in good agreement with the experimental results.
The proposed modeling method can be applied to the study of continuous collapse of
fabricated structures.

(2) Based on the verified fully assembled node model, two fully assembled frame
structures with seven layers and four spans and a cast-in-place structure are
established. The instantaneous dynamic response analysis of the three frame
structures after disassembling the column under different working conditions is
carried out by means of the demolition component method. Then the nonlinear static
analysis of the structure is carried out to further understand the continuous collapse
mechanism of the structure, and finally the simplification based on the equal energy
principle is used. The dynamic analysis method transforms the resistance curve of
nonlinear static analysis, and obtains the nonlinear dynamic response and dynamic
amplification factor of the structure. Therefore, the overall collapse resistance of the

fully assembled and cast-in-place frame structures under different working conditions
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is evaluated.

(3) Based on the concept of structural overall reliability, the global functional
function of the structure is constructed by the difference between the ultimate bearing
capacity of the structure and the total load of the structure. The point estimation
method based on the Nataf transformation (also known as the improved point
estimation method IPEM) is used to sample random variables that affect the carrying
capacity of the structure. Combined with the IPEM method and the nonlinear static
analysis Pushdown method, the high-order moment method can be used to calculate
the reliability index of the complete structure and the damage structure, so as to
evaluate the reliability of the overall structure.

(4) The structural robustness is quantitatively evaluated from the aspects of
bearing capacity and reliability. In terms of bearing capacity, the robustness index of
the structure of the most unfavorable A-axis column failure is calculated.In terms of
reliability, the robustness of each structure under different moments is calculated.
Through the robustness index, the continuous collapse resistance of the fully

assembled structure and the cast-in-situ structure was compared quantitatively.

Key Words: Fully precast concrete structure; Progressive collapse; OpenSees;
Column removal method; Reliability; Robustness
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$beta*K,

($eln, $sin)

2 2
($e3n, $s3n) (8e2n, Ss2n)

&
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2.22 Series Material XS EESH X
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Concrete02 #ir & 7£ OpenSees H []3 14 74 uniaxialMaterial Concrete02 $matTag
$fpc $epsco $fpcu $epsU $lambda $ft $Ets, EA X H, NHEMH L RIEM,
SRIZESE M R K RITEZARIRE L& S8, Kalie(2.4)11H . $matTag Nt
BEPRZE s $fpe NPt IR 5k BE, X T {R 37 /2 B VR %k 1, TR 4 0o BT S R AE
T ARXIRE L, ZETEERE K: $SepscO bt I 5 58 FEXF B RAE, 56
ThRPEREE L, %A Q10)1HHE, T2 RXEE L, #%X(2.6)115H: $fpcu
PR B PR 5 B, X T ORI E TR R R 0, X T 40 R XU B, 4% (2.3) 7
$epsU NP s A R 9 B2 T IR RE AR, % T PR 37 = 1 VR Bk 1 B 0.004, 5 T2 3R X R
Bet, 1% (2.7)i 5 $lambda $ epscu EHIE A X H5WIMAR R 2 B, EHE 0.1,
$ft NPrhromEE, HUSLIE 2.2MPa; $Ets ik ST EHALKIEE, HX 0.125Ec. % 2.3.

0 4
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F23PCLIAHEBRLIERSH

o FEF A 29 o X i 29 X IR Bt L

BT WA $fpe $fpcu $fpc $fpcu
$epscO $epsuU $epscO $epsyU

K (N/mm?) (N/mm?) (N/mm?) (N/mm?)
71,1912 23.6 0.0026 0 0.004 28.1 0.0024 5.62  0.0193
¥ 1.1480 23.6 0.0026 0 0.004 27.1 0.0023 5.42  0.0158

R24PC2IKMHERLIRESY

o 3 29 3R X VRt 1 29 5 [X R g

B mARE $fpe $fpcu $fpc $fpcu
$epscO $epsyU $epscO $epsyU

K (N/mm?) (N/mm?) (N/mm?) (N/mm?)
71,1797 25.1 0.0027 0 0.004 29.6  0.0024 5.92  0.0193
o 1.1391 25.1 0.0027 0 0.004 28.6  0.0023 572  0.0158

FZ25RCIAHERLTIERSY

5 JE 42 3 29 5 X VRt 1 29 5 [X VR g

B mARE $fpe $fpcu $fpc $fpcu
$epscO $epsyU $epscO $epsyU

K (N/mm?) (N/mm?) (N/mm?) (N/mm?)
7 1.2059 18.3 0.0024 0 0.004 221 0.0024 442  0.0193
B 1.1594 18.3 0.0024 0 0.004 21.2  0.0023  4.24  0.0158

2. AR 24
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R 4% OpenSees Wiki#fE #£%%1, I T~ il M P4 2 844 73 S P 19 2 20 RO HUE
103202 8], $ cR1H10.925, $cR2 H10.15.
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£ R HEL I BUI R e s A (i 72 . BB T AESUESIN, e Roo AT
A5 JEE ANAT S0 S5 i 7R =5 R85 W SR S 52 i o PR 1) 2.25 W] R Y R0 RS - o R
7] 62 7% ith 28 B 45 R 5 il ge 25 R AR I AR — 50, R 22 RN 32 22 D O R4
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(Linear Static Analysis Method ). JE£& 14 & /1 5 #t 77 7% (Nonlinear Static Analysis
Method ). Z&14:3h /10 #1775 (Linear Dynamic Analysis Method ) FlHEZkE5h /)
Sy #7732 (Nonlinear Dynamic Analysis Method ) k47 i & 24,
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AT 4 25 e 2UAE 22 45 0 DL K 5 2 5 LU I B HE R &5 4 IR e B, 9 ) FH % B b
VRN = AN HE B8 &5 W i3k AT B 3% 2 131 85 e 1 1K 43
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3.1 Fiom o B F IR 50 I B8 T &5 A D A AE 22 45 40 103 2 A 1 B 172 Bl A 4 R A
TEMM R . S5 %t F BESH AR LW EmEZCA 7.5kN/m?, & %4 0.5kN/m?,
M THE 208 5.0kN/m?2, JE# 9 2.0kN/m?; BB B ZVE N 7 B, witthE 4k
F—, WP EEARHE I N 0.1g, AN 3, R RS A HL 8.0kN/m,
T2 2 )UK Aef 80HC 8.0kN/m; TR LK A C35, EAEHL 25kN/m?, HR4E (IR At
TSR TE)Y , BB BAAS B E 3.1 B . 1A 52 F140 155 % HRB400 4%,
fifi 797 K FHHPB300 2%, i 244N H >k F Q390 % .

FILRBEEIHMASE (N/mm?)

L ACOPURSRERR B0 BRI IR I bR
LN 1 Bk R E,

fex fi

I A A% 7% s 5 S5

%o fe

C35 23.4 2.2 31500 27.7

1 W5 A~ T AT L 3.1 P B RS AR R 3 il £ A R 1 N SR Dy T 4 T BT AE
Ko Afatear i, W2 E-CR AW R 16 DU R, HEZR S5 M B Y 7 AT
PEACE FC B 0 B 3.2 Brow, JRZHESH 5 W8 AL 2 EL. O 1 8 THESR S5 22 [a) ik
A xt b g A, 2 e SR R A A O o ROT BB R AR A A R, B AR
TUME Z2 G5 K6 2 A 4% R0 3% 12 70 9l SR PV 6t B 24 IR -4 A A - A 2R A0 AR 2 0 3R

32



Al - 28 S

o - W5 24 R -4 R AT - A AN BOE S 5 K, IR R T e e YT R R Y A
WRrINMEESE A S RiCh

@ """ T | I I I E— | #
]
3
]
8 o
S
]
3
@-'— | — — n [ A
L 30000 »‘

3.1 EWFEE (BfAL: mm)

A R8@100 /ﬂ
r A
2
o
O
Y
3720 /| 400
S I<—>|
ey
u (b) R THIF A5
S
o
g R8@100
Y
4720 3 §
4T20 Jd ¥
¥ 700

~ 77 6000 | 6000 | 6000 ] 6000 | R
Y Vaxan
(c) Ak P 7 &

® ® © © ®
(a) HEZR S5 Mg
El 3.2 HEZREEHMEE K R AL 55

33



i TR ME R S M U S (00 0 65 M 1 R P SE R O3

3.1.2 wRBSHHE

WA 2. 2.1 T8 i, AR B PR e R VR B S 8, R 3.2 R
B VEANE BN 2330 . MR AL 2 HL1%, 4RO, cRIMICR2EL & i 10,
0.925. 0.15. PAERAIG. T KI5 LA K A b i 96 (¥ U B 1R 36 30 T 45 KR 56 11 1 TR
JUAE A,

*® 32 ERGWRBELRESY

R R R 29 7R X IR &+ 29 X Rt L
AR $fpe $fpcu $fpc $fpcu
JG $epscO $epsuU $epscO $epsU
K (N/mm?) (N/mm?) (N/mm?) (N/mm?)
78 1.085 23.4 0.0018 0 0.004 25.4  0.00217  5.08 0.011
. 1.083 23.4 0.0018 0 0.004 25.3  0.00217  5.07 0.011

*® 33 WHIMBEH

U JeE e 5 JEE b v A JiE e 5 E P ¥ 4B PR R
W 5 A

(N/mm?) (N/mm?) (N/mm?)

HRB400 400 452.05 2x10°

HPB300 300 339.04 2x10°

Q390 390 440.75 2x10°

3.2 HERGHIAFL MR

R MBS0 M1 773k (AR Pushdown 43 M) RAELEMIREMEE, @LE
e i) 7 i) 0o 3 A A0 405 45 A T D0 HG R E  A B, E B AE R BRI IR R v ok, AT
75 B R L AR 3R 0 77 - RO RS B 2R, Fh o ] R T 4 R 1 R B A K g DA R 5 A A AR
B AR TR o 1) AR A R A 8

AR DoD2013 L yE B g sk 4 & 77 20 (1.2D+0.5L) #EAT i+ 5, Hd D
NIERE, L AW E, IR 80808 R o B RIE D KR B A gk, B8
7 Bk 25 W IR 2 A AR R A R 2R 2 T, A A Khandelwal %5 B H (1555 2% in 25
B, By NwnE 3.3 frax. [FIR AR HE GSA2003 Fi v i, 1 &5 74 1) i 4
150358 2R 50T T 5 SR 32 V9 i 14D R Xt 1B ) A6, A 8 Ik 5 B ) 1/5 BROKAR T R A R T 4
BT AN W SRR S 5 440 R A % i) 3 452 1880 253 1700 o DU

KHEL EJ7E%F PC1. PC2 & RC HEZESE M HEAT 0 b, L€ AIRRIEE
HkE C1 MR BR K2 WA AL,

34



Al - 28 S

(a) ¥ AL 5 N 4K (b) 3% 320 A i 25 0 2%
3.3 MMAMBRXTHIMET &

3.2.1 /P CLER SR
3.4 9 ZARHE B IR B b kE C1 S 9 Pushdown 43 #7 45 B0 H

2.0
1.8
1.6-
1.4 Ir-
124!
10_- .
08_- i
0.6—:,'
0.4

i BTBOK B 5L

—RC

] - - PC2
0.2 —-—PC1
0.0 - : T T : . . . . ; .
0 200 400 600 800 1000 1200
2[R AS m)
3.4 /PR C1l R4 #9 Pushdown HhiZk

P i AE 2R AN I B HE 2R 1K) Pushdown B 2R rh 35 OB T P AMARAE A, — MK
B AR —ANHME &, BEJE I B — A BB, X B T HE B8 45 R 7E % v 5] 1
AT A PR AR E ) Bl L] TR HEALH A B B R WL kRt . AR R HE L
HN, R B PUE S BIR AR ) FEERVE TR im T A S M, RC HEZETE R &K
R AL IR B 132mm B, fr N R aiA B T B R1E 1.82; PC1 HEZRAE
PR AT A R AL R IR B 124mm B, R R R alA B T R OKME 1.4, HERT
RC HEZL L5 MK T 30%; PC2 HEZLAE 2 R A5 ml R M A2 #2385 2] 119mm B, fa7 #iK
KRER o 53] 75 KM 1.51, MHET RCHERLSGEHIM T 20.5%. MEEHMLHFHET
B, E NEE B B, 2470 A A2 A% 0k B 800mm A A B, TAT AR UK R o PR B
&, BEET AR PAMAFEAHE—D8m, MELHE EF, EANBFELNE, W4

35



i TR ME R S M U S (00 0 65 M 1 R P SE R O3

P 4005 SR8 SRR 20 ) R B R A N Rl R B, S TR AR A B L
1/5 Bl 1200mm B}, AR R AEFEIE, R PCL AE L 47 8K R4 o 1.19,
PC2 HE 42 faf # K REL oy 1.27, RCHEZEMTHK R EL o v 1.67.

3.5 4 PC1-Frame. PC2-Frame Al RC-Frame 4" BC 5 % J= 4l 77 A1 25 40 ()
T ih . HETTLLEH, BEELIH EEZRELE-ER, HRAERFE@T 3
HURIHCHL A 8 . = HRAEZE 1 — 2 R M Bl g 38 S ik T2 RIS, B 88 ) 67 7% 11
WK, BN RORES, BRI SRR B B R N BB I B . ML T RC
M PC2 HEZE, PCL (a2t A RIB A B R R IER, 5G4 R84 E
FCRL S5 VR, T T2 B A R ) A6r A 1 ORS00 i ) VR P AR B R AR A

900
7501 [
600 - I
e
R — 4508 —
7 & o
308 e EJR
—-— P
150 | R
——— R
1000 . . . . . 0 . . R H2|
200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
R Fs mm) AR mm)
(a) PC1l-Frame
N
= &
R HT
—1200- 1 1 1 1 1 s 1 s 1 s 1 N At)z N
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

R @n) LA (m)

(b) PC2-Frame

36



Al - 28 S

1800 F =
1500 | --ZE
1200 F T 'Eﬁ;f
[ — =~
900 | R
6oOF . N
~ 300 e g 450 1 —
-R ok i';“-"- E E: _—E
e o 3004 R
-3007 i - El;
600l 150 - W=
600 | =
-900 | ol SRRy
-1200 & I | ) . ) ) . e LE|
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
B @m) Bem A% m)

(¢) RC-Frame
35BCEBZERMNMEETHEhsk

3.2.2 RO ALE RS

3.6 N =MAHEZEHRER LK AL J5 1) Pushdown 3 # &5 SR X Eb . RC HEZE7E 2%
R U ) A7 #2058 B 155mm I, A7 EOROK REOE B 7 &R ORME 1.70; PCL AEZRAE
KRR B WAL IS B 145mm B, far BUSCK REA ] T & OKE 1.34, BT
RC HEZR &5 MMk T 26.9%; PC2 HEZRAE 2 & sl 19 i B M A #2152 143mm B, fif 2%
WK R EOE R T HOKME 1.39, M T RC MEZRG MR T 22.3%. 7E 30K 2k & i 1
B, LB TE R T R T B A2 JIRES . B I AN BE Y R AL K P
PrEERN, Ikt TEEREBHEEIEN. AT AR AR REE 15 /I
1200mm B, NAER R A T H35, E PCL AER AT E B K RE o~ 1.17, PC2
HE 28407 28 0K 280 a i 1.20, RC HEZE A #80K 2% o 4 1.60.

2.0
1.8
1.6
1.4
124 i/
1.0 /!
0.8’
064"
0.4
027 —-—PC1

0.0- : : : . :
0 200 400 600 800 1000 1200

B @m)

RSO i

3.6 1KBRHE ALl [F45# pushdown B4k
¥ 3.7 v PC1-Frame. PC2-Frame. RC-Frame ' AB 5% /2 %2l /7 A1 25 %6 1)
A2 . R il gl 2R B R T S RS AR O R AT AT, ) 52 TR ER I
ARAEWE RS, W TEDHERBN LT, JKZEZERAGEMNZ L

37



i TR ME R S M U S (00 0 65 M 1 R P SE R O3

e 32 PR A AT O R B 45 T, o2 45 M ik T BB BE R T . RE R
L5 K iR = 5 TR BER A 50 90 A 52 B 1e) I 70 5 b e B 7 AR T, BB R 0T B T
PEAZ IR, TR SRR B Bl 3 8 K, 2 B 1 1 ik s 0 B I 4 K
FEIE B A5 LA T B 2 Ja 45 IR 30K, i oAt % J2 1 dil 0 A2 AL AN B
sz 1R IMILT N 0.

490 F — 450
— =
420 + - = 400
350 F s ==
280 —oohe %0
R 300
210 + —_—E
< w0l e +2 250
= O ressereeeesmosee N < o
4 'k»ﬂf 15%.
140 - T e
i 50 - NE
-210 L L L L L 0 L L L L ’L]E
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
B AL FE @mm) B AL FE @mm)
(a) PC1-Frame
490 F = 450 i
420 -- 2R 400 +
350 F ST = wcol
280 | - L.
e 300+
210 A I/ o
< 0l e +E 250 b ..............................................
= 7%____.._. .......................... ] . 206h —
& O dm e A e T S TR AR R TR AT J?n? I - Eﬁ
-0 \/p/ \ 100 — =
-140 b —-- )z
50 | ---- AE
210 ) ) ) ) ) ) . . . e L
B AR @mm) B @m)
(b) PC2-Frame
490 F — 450
420+ - 400
350 | s 2 L
280 | —ohE 0
-2 300 fg= T =
210 B T T Y
< 1wl e L2 250
N~ —_— )=
7_; : I, u 20651 -=-ZE
H - TS g ‘K‘ﬂ[\ 15 =2
_ —-—z
100 =
140 F T
) 50 f EEEEIVAY A
-210 - . . . . . 0 . . . I =
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
B A @m) B @m)

(c) RC-Frame
37AB EBEEERMNMERET (L

38



Al - 28 S

3.3 ERGHIAFLM N

N1 B IR A S 0 T A 45 R AR R R (R A Bl S N, 2 B GSA200310 il
DoD2013B%& 47 S 1§ K 45 & OpenSees 70 #r°F &, #i5E I K B 57 AL .

(1) TESELFMEs BF DIk, 13 208 8O A 66 I N 7T Pos

(2) rbk EbRAE, RN SRS POERTER 40 E, WA E S
] s 56 % 25 e R DA P 5 0B 2

(3) 182 RO RY R AR T0 AT AN 55 Po Bl B[R] A2 A0 e 1) S5 i mr 3, 2K
RS TA) B GSA Mo 98T JE A FE A 1K) 0.1 1%, T S 900 4% 45 440 1 3l 7 i )8

TEAR N # T ZanE 3.8 s o

[E 3.8 IEREHIRBRBENHIEEESHE R
KH LR 7%t RCy PCLAEZREE M) 34T 0T, LIl g NIRER A CL Fl 4k
Bt Al

3.3.1 Ik CLER

YRR A CL Ja, XL 05 45 W I e 3h J1 o0 A, TR S5 A AE A BUR R % 0 N 1
I )% 047 8N 4EFF 1s, SRJRBRRIRERIREAE, S i i KBy 4s. JERAAE
i E SO R R R, R R I TR - 8 1) o F2 2R AL 3.9

o
_]_0 L
_20 L
30|
_40 Ll
50| |
-60 F 1
70!

|

|

\

A fA% (

~

) ~
"\I\I\I/\/\/\/\—/_\\~-
1 ~

\I
I

I_L;.%

.80 |
290 |
-100

1TO 1?5 2TO 2?5 3T0 3?5 4?0 4T5 5.0
] (s)
B 3.9 FiRIEL LML A BRIEHL
H P 3.9 AT LUE W, 75 AE CL 2R Ik 18], 79 AN HE B2 2 R0 1 0 7% 353 Sl PR Jd
B, BT AER R K SF LR, HRER TR S 0 I AR il 2R R T s 8 O Bk s HA .
RC HEZEFE 1.2s ik B KA 46mm, PC1 HEZELE 1.2s 35 # it K AL F2 94mm. 541

39



