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Assessment on Progressive Collapse Resistance Performance of CFRP
Reinforced Concrete Substructures under Explosion Loads
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Abstract: The damage of important components under blast loads can easily lead to the progressive collapse of
reinforced concrete (RC) structures, causing property losses and endangering people's lives and safety. Fiber
reinforced polymer (FRP) materials are commonly used to enhance RC structures, but there is a lack of
quantitative assessment on the FRP reinforcement to the collapse blast-resistant performance degradation of RC
structures. From the perspective of the poor safety and low cost of explosion testing, based on the LS-DYNA
software, the rubber pad to simulate the explosion loads acting on the surface of the structure through the drop
hammer testing machine is proposed in the range of drop hammer impact velocities from 1m/s to 10m/s, which
further established an empirical formula for predicting the explosion loads on the surface of the structure. The
experimental data from existing literature have verified the correctness of the concrete substructure finite
element numerical model based on the LS-DYNA platform, then the energy method is used to assess the
contribution of CFRP reinforcement to the collapse blast-resistant performance of concrete substructures. The
research results indicate that, compared to the unreinforced concrete substructure using CFRP, the contribution
of CFRP to the shear model and bending model increased by 38.3% and 40.9%, respectively. At the same time,
CFRP reinforced beams can significantly improve the vertical bearing capacity of RC substructures in the CAA
stage under explosive loads, which will provide a theoretical basis for practical engineering CFRP reinforced
blast resistant design.

Key words: Blast load; Rubber pad; Concrete substructure; Refined numerical model; Progressive collapse

Wi A#A: 2025-9-16
HEEWH: [LEGEEHITHFERRIE (2025QN002); L5 HREFEHES (20242BAB25307)



ITREAER, Y P DR AR AR 28 7 ) EE IR A E A B R A, JUHLA 2001 438 [ HE B RR%
PRIEEIRIGE, B 2024 LA RS PR GIE K T REN QAT A= e B, BRIES= A i
TR e it — 20 1 AR P T AR B A5 0 AR AN TR AR FE B A A B SRR o B AR TR 0 0 24 43 FH Sie 47 7™
I, SRR S S R SR AS A E S BRI 5 kB Bl 2020 £F 10 A 29 H, {LAEIHETT
X Eui e ANX 4 SR ERIESE N, 1G4 NFET-R 18 N5z, BEATFHi k2 861.9 JiJt.
2023 6 H 21 H, TER)NEFEREIE N QR g2 g R EESM, G 31 AT 7 N2,
R, SRVEAMN 2 5l Re S5 A RIFRFE 4040, BT B2 5| KRG L5150, fi RN A dr B[Rl 2>
b 238 il e PRI o

A58 52 A (Fiber Reinforced Polymer, FRP) 4} H HAG 5y 5 B Aot 5 58 A i 1ok B PR A0 o
MRS E N AN EE R A EWAMEEXT FRP 78 RC FIAFUE N & AU S 1 00 1) i R0 -21,
Crawford 25 NP A ME A AT FRP I (A #0475 A JER I 0T b, 28 SR BRI Ja A In [ i 2 A kA=
TRIBIBOR, SRMAEA R B VEfr 2% Rk 4F 4% (Carbon Fiber Reinforced Polymer, CFRP) il 54 A& &
A BN AR RS o (AR T R 35 PR, Lee S5 AN@ I ) 1 ARAINE AEAT 8 AR FRP AN [E A 3T AR 1 1
o 45 SR B A0 [ A B S 2R R BT DD IR T R B CFRP I 2R 30 25 e AR, (] B Tt i A 7] 8 e Ay
B N AE 2 I B A BB SRR AR 7T . Hu S8 ANI0% RC AT I BE BN G, BFF0 T AR b
A CFRP JERESENHRIESG RC AR ARAZ I HISZ, FERBELES RC AEF R0 m A& ) @S T il
I e A. Foh, 22 EJTOWEARTE FERUE L2644 F 3547 FRP IS RC #RRER, #F—
AR T IRIESE RC ARSI RIA TSNS J10e SAT g o s 45 Bk FRP Bk inlE RC F4 Bwf 7t
KA, ENAMFEXRD FRP MR E T NEEERLERTECT RC AL RIS A M NAT A B A TS 3047
TIRANBEFE, SRTAT FRP 0 S5/ feg e e i at FEAH XS B =

BT A Ab 2 I NERT RS FRP N[ RC 5 ge B Fik b T WP M B fltn, &
NN RC AR A A F R CFRP 0 & 7 kw7 P tE e . Li &8 AU v ks 4 40 B
A RITE AR FRP IO RC AEMPURTERE, B IE2) FRP BB R R FRNERT 2T RC FHEK
WAL FE . Elsanadedy % AU'25347 T CFRP il RC BEFEEA FBIEME T3 7147 8. @ik
g5 bk FRP HUBEMNE RC MR I, 7ESEPR TAZEE M H RC G5t MEAR IR 73 B AS R AR A4 44 I
SEkik R IAL R, B BRI E A0 B R 25 R 45 7 2 T ) U B S5 35 70 . R, A3
B — D SRR 2T FRP I RC 4584 % SR {00 A R4 (- 45 45 AR ) 5

X IA FRP MNIE RC A PUEPERE /1T, R AEIE 2E M8 /R R JEfRT 2 N FRP N[ SCHEAL % AH 418
P18 520 o« Crawford SFU3IH U 2 RC HEZE 25 A 3E AT BF AMaRME RIS, R NE o A i A P A i 2R Rl i i
R AR R 2t A A TR L B RIT, (HAEZR S oK R AR R . SR, ZEAR R NERT 4 T 8% RC AE
BREEFIRE R F CFRP WK AT PUBE 7T, B 7045 R W CFRP A 5 A AR A A2 7= A I8 H A5 FEAH AR )
% LB A ER, AESE T R CFRP In[E B85 2055 1k 25 M AR Ba B8 1)k AE B Bh T3 s A i P
PERE. Shin 1 Jeon "KH] FRP % RC HESLSE M 3EAT N [ SR it Fe 45 K OB 5 Be 77, 45 SR B FRP fin [
J ) RC A ZRG5 K AT 5 KPR P A AR E A o A T ) 452 477 PR AR B A 300 JB T 1 B R A2 4% o Shi Al Jiang
(ST ERAERTECT CFRP 0 AR I R e 7 S5 Mg AR AT (81051006, &5 SR WT e W] CFRP n[E] i R Bk
LTSS AR R AE BT VIR RS MR, R VR 1 g5 A I e AR T AN i 1) AR T 40 B B A PR . 45
LFTRFW, %F FRP INE RC S5 AEBRNERT 80T T 70 T2 SEAR th AR X0 254 50 g Wi N2 AT 9 AR A ) 5
LA IR T T P e, (EAT R ARk FRP INIE RC 4544 B 1 R KE J5 AH AT A4 i 2473
T AP RIS K REEEAER N . Kk, 2UFRCEFFRE FRP IN[E RC 2544 SCHAA U ME S B T
ABIFEIS, RGO 2208 SRV FRP NI S B AA A X0 g K401 17 AH AR A A 02 2151 B 14 Re 1R AL
aj- AN

ARSI 3 U o A e TR AR IR BRI ORAEAUAE F T G5 R TR R s RO RRINE, ST


http://suoxie.gjcha.com/suoxie/Carbon_Fiber_Reinorced_Plastics_CFRP.html
http://suoxie.gjcha.com/suoxie/Carbon_Fiber_Reinorced_Plastics_CFRP.html

PEH T SR TR Em B T A 85, FIHLS-DYNA~- & S iiE ik 56 1Rk 1 1 45 KA IR o BB A
R IERYE, HE— BRI T BUEARTH N CFRPINERC 185 W6 A AR AR TR AL L RS SR R VPN
CFRP ] o) B A 8T TRk o 285 WA 47 £33 39 1 B D R PR 5 7

1 IR ER AU E 75 7%

B S v ok A A A S S £ 8 R el TR AR e 2 (R AR T P BB AR AR K
ARG, SRR T 2 AT 8, B IR DRI, KA AR S5 R 3R T A J AT 35 28 AL
N HR R U AT UASE AU R K A 38 P R S AR, AR SR RIAG K Vi Bl 7 A 14 3o oy SRARAUUR I r BOR
TFFERC A ) (50 73 Wi AT AR AR QB A AR A5 5R , nE2 s

&l 1 R ERIETE E 2 BIUBEE M TR E
Fig. 1 Structural surface explosion loads Fig. 2 Schematic diagram of simulated explosion loads

TEAN [R]85 5% 5 40 2 T 7 A PR el 0 RRE I 2 B SR (R 22 01, il 7 78 4 5 45 M) 3R T 2 1)
B4 UGS ARPAA Be oty VAR RR I U A TR TSN, e o 5 A T JFL R e N 4
SO PSR R E 5 A 5 R R T ool 7 VAR RS I T RO AR e o 25 AR R RS 35 ke 1 B (R I EE S5 4703
BAREST, RTINS B R s T AL AT AN b o 70 45 i 2 AR o BRI, bl Jy WA AR I A B2 ity
RE MR AR FEN, 525 AR B R PR R

NI — B OV B TR L ok T R AR I B B R M I T R i 2 52, il LS-DYNA K
PRSI HUE R, VR HE TR Y 1000 kg 25 FI FTRR IR S BRI P72 25 R 2R T RO RN . KK
JR B P P b o 2 N AL T IR AR e 0 (LI 3) RIRRRS (LI 4) (sl . il A
HHT 24 75 3] of oy AR fh 2 0 A KU AT R, B AR RS R (R, AEARTR] R T 3 2% 1 ooy 08
i LA I LR B 2O B, RN 2 IR

2000 70

= lm/s = lm/s
4+ 3m/s < 3mfs
~ 1600 : Z:f 00T+ s
Z * s ] « 8mfs
= ooms Esol -+ toms
S
@ 1200 3m/s E ; 35
g s mls faop S0
R 800 ? OUK;S R 8 m/s
ﬁ ‘@E 301 oms
400 ~
0 1 1 1 1 . V T ‘10 1 1
20 40 60 80 100 120 20 40 60 80 100 120
MR (mm) MR HYEE (mm)
& 3 HENIEER Sk & 4 & SRR LA L
Fig. 3 Peak fitted curves of impact force Fig. 4 Duration fitted curves of impact force

SR PR BUAEL 73 AR5 5 3 SR AT ool o P32 A 8 o ol A P 0 b o 77 W (LA RF IR AT BB M, 15 31040
LA (D:



F — 2784'560.176\20170.72
(1)

t =-0.0045vd +0.2829d +9.456

KA, F oM EAE, ¢ i J1Fen, v RV IR, d AIRIEREE, F A8 kN, ¢ HAN ms,
v AN m/s, d PR mme.

2 BRTFEaARTRBEIE

2.1 =B

PR TR E GRS HHE R IE) (GB 50011-2016) F1 (IR KE+Z5 H ¥ HE1YE ) (GB 50010-2015)
WitHE 5 )2 4 X4 B IRE LHEAR S . IR BIfE R 22 BUR R E IR IE R B JS . RC HEZLSEH
TAEER 5y 2 B EREIR o RIS TR0 A% AR R SR 1), 328 EUAE B8 45 g I 2 VR sk - 7 &5 A A 1 RO ARV 7
E, WIS 2 AT WAE# KR SCRR[15]. (EVE 4R T 72 o 1 e v SRR B fh, K& A 8 0y
R BRI INEST bR b, AT Ok Ve AL ok R s A% 1 BRI B, @ R R B 713
AL B SRR R T, 120N I BE B N far BN V2 CAEE & R R SCHR (15 P A3 RIS E . 75 20E
RS, RABUEIEREIEH TIRE L4 E, TS B, e RRE R4
FIHEAT BUARIE 04T -

M4 Jacques SEME W IAEAE R NE 48 T A2 25 i Al IR AN BT DIl IR AT 240 CFRP & 757, Sk 5t
CFRP Jin[E A5 Ve N X 4N i TR = 450 (RCS) KIS . ARAE AL RCS 1 AT RCS 3 SLidk T4k
WG HIRGBIRERS, % RCS 4 FEAAKENG 1 2 CFRP 275 13RI AL ZE 1 )2 CFRP A hNfE, K ext
RCS 4 H:PLBIINE . %F RCS 5 ARG 3 |2 CFRP 26 FIFA 2 1 2 CFRP AR nf#E, k% FExt RCS
SHEBUENE . A, AENECHTN R EE LSS MR RNl LG 0.2 (BRI N 341.2 kKND.

2.2 AR R R N TERY N

A SCXF HRNE T R TR T 45 M B R FHLS-DYNA Y & AT BUE AR M, R e 72 A ) e R AR
R FEOREE L. W MCFRPM B GEEEE m. [Ftk, 75 I B E AR 2 vp 75 225 FE A R R AR 3R K
o RS TMAT LAMINATED COMPOSITE FABRIC (MAT 058) K& L CFRPH R 45 Aildir
fHSRAE . BYUIRRAE . AR AL IR N AR S A5 . % Zhang 558 AP H IRICFRPAP R DL 5B«
B RN N AR 30 13 K R4 (DIF) I ANBIEUERA G, HitEAL2 008 (D . (2) # (3

0.0155log;((£)+1.0508  £(1x107°, 35] s~

DIF, _{ 0.7268l0g,(£)—0.0476  £(35, 260] s~ (1)

CFRP-strength —

DIF, =

CFRP—modulus

0.0074log;(£)+1.0193  £(1x107°, 43]s™" )
0.749310g,(£)—0.1922  £(43, 260]s~" )

DIF. 0.0134log;((£)+1.0461  £(1x107, 43]s”" 3
CFRP—failure strain 0.3056l0g;o(£)+0.5695  £(43, 260]s™" €)

L, & HRIAEZ ().

7£ LS-DYNA 3 5 MAT CONCRETE _DAMAGE REL3 (MAT 072R3) /E AR EE L5 F 144k
Bi%, MAT_ADD_EROSIONP F >R rg SR #E - 1 5 KR N ARAE 0.15 Rl K BT RARME 0.9 1 v e 3tk
M. RFH CEB BAP2Ne i+ SR e L bt F ANPTRL B8R BE (1 AR 2B I BOR REOC R o B A RS AL 3 R
Fil MAT PLASTIC_KINEMATIC (MAT 003) , K&C A3V F ket 55 00 A5 AR 4 555 £E A [7) W AR R 454
THIZIETIK R
23 Ba5hREH

76 LS-DYNA R #2447 n] F F BB XE A 2k T RC 4549 (130 S S AN U8 35 5 710 W 16 22 Fh o626
1K SOLID164 H 70 R AR LI Bk - AN v 4  5H7 58 o o b A R URT 73 i 4t . 22 5. 70 BEAMI161



B FH SR FE X AN A AR, B AT 4E AR A SHELL163 58 B et AT BB A4l , 395 K H COMBI165
FIG. [EIIE, JEEE LTS5 BT b ()30 57 5% A 75 M 1 S L 25 A 7 AR R mr 80 T A3 B
JI5y TR B S 5, DRI 7 - S8 MRS R A A TS0 JE S0 {00 T 3537 18 B P B B, /K T v 498 14 5
HIG, FFERE AT AR BE TR E, W S . HEERRE, REEL A TR A
25 mm, MRS RSTEVER KRR SCER[2 1] AR50 UE 2 A B FIHERA I -

Ti 4 40 A ZECF

FES24YCFRP
L nE =
UEE
500mm»*500mm

{5 #125mm

(a) RC FE5REAA A PR THAY (b) CFRP Ji [l 4% 8 i 7 755 14
5 CFRP MEIR &L FLEtE R~ EE
Fig. 5 Schematic diagram of CFRP reinforced concrete substructure column

7t LS-DYNA V- &4 G iU o6 o i 5t R X 71D hmia 5t (BRI Y Blogeg) Fiiks
g (BRI Z Bh5m ) SRAF 45 F AR KA AT S £ X By, RO T
MAT_NONLINEAR_ELASTIC DISCRETE_BEAM > #5480 121 4 ¥ 7K 7 b i) o/ R AR T o SR FH OGSk
BOUNDARY_SPC_SET_BIRTH_DEATH K7 &1 20 R Sk A AL 4 547 (L INERINT 18] . 7€ Y Bho7 ), %
TR e LT S5 M B AR T BT AL LT AR I RAE Y BT P sh B . AR Z BT 1A,
YRR G FIFTE B AT 200 o 45 R A T T R e T e ik 3 A ANz, 1R TR AR
B sh A5 B HE, AR RN 21 S Z Sl J7 1n) R sh AN Z 7 el (1)~ F 3l . 752 2, 18
CFRP [ 43: 57 C 44 7 25 A A A ) B AR EAT (30 A AR B, 314 4208 25 mm.
2.4 {RBITGF

ASCEHUE L) RCS 4 BUE BRIP4 51561 45 123 70t . ] 6a 4 RCS
4 FE ARG 2N I AR TEAS 6b ‘N 1S HTR L A A B A A e VR
L AR R AR B G W AE A RS AR AE i 22 1) 32 5 IR AT e PR g v SR AR B[] [R] B 15
K. FI, AL CFRP N 45 50 B AR R e % 5 -t el 556 465 14 ) S A s R R AR T

Effective Plastic Strain

9990e-01 —— IRER 45 R
ot | —— it
7990e.01 |
6.990e-01 _

5990601 _ e
4990601 | E
3990e01 | ®
2990e.01 |
1.990e-01
umz]
1046603 |
0 . . .
0 100 200 300 400
IR ) (ms )
(a) TREL L FHEMBIRES (b) WRE LT AR A

6 RCS 4 53 Hr48 R
Fig. 6 RCS 4 analysis results

K 7 Jy CFRP fiifEl RCS 4 BUEA AT A4 M 2R A RIG 25 R o MR 25 40 68 1 470 A A% il 2 (0 5 Jié



M, PR R T NP BL, RIESE (CAA) BYBCRIESELE (TCA) BB, HIRAT Al
TERUFRTS 45 R AE CAA F1 TCA M B T JJWEAE AN I #5334 47.1 kKN F1 47.3 kN, 81.7 kN Fl
80.2kN. 486.9 mm M1 492.3 mm. XJLb&5 FRH], HUEANSE SR RENE MR b S e 1 45 5 88 1) e g4
R 28 R I AR NI BE « ARER VA AR BRI, R B8 [y 470 70 A2 7% i 28 1) 7 35t R At e A 4BL, 3 B
FEAT AR I TR0 7 2544 1) 5 SR BT e A A R AT SE 19

— RREER
— HUEE

BT (KN)

£7 %% (mm)
7 RER AR 15]
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Tab. 1 Test specimen loading conditions

R T 75 2 FA e g 7 AR T 5 (kg) V& 12 (m) Tt iEE (m/s)
RCS 1 R ] . IR 1000 1.25 5
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B EFEINTE . B 1000 1.25 5
RCS 3 AR . IR 1000 32 8
RCS 5 FEBTE ] AR, IR 1000 32 8
gy it EFEINTE . BRI 1000 32 8
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Tab. 2 Comparison the vertical resistance displacement curves at critical points value



IEE K (KN) K S AIH (mm)

A % (mm)
CAA TCA CAA TCA
RCS 1 40.7 74.6 71.7 478.8 491.5
RCS 4 473 80.2 73.2 459.2 4923
B 64.3 84.7 84.8 485.2 517.7
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Tab. 3 Comparison the vertical resistance displacement curves at critical points value

. VA 17 2 (KIN) KEE AR (mm) PR
i CAA TCA CAA TCA (mm)
RCS 3 38.9 66.3 65.3 469.6 474.5
RCS 5 44.5 75.9 80.7 467.5 484.5

oy i 62.7 79.2 108.6 464.5 4923
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HER N (B 45 T RE (4 TR o
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Fig. 11 CFRP reinforced concrete substructure numerical model
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Tab. 4 Substructure failure displacement and equivalent loads

A RCS1 RCS4 B PR A RCS3 RCS5 Eoiip i)

REAIFE (mm) 491.5 4923 517.7 474.5 484.5 492.3

AT (KN) 38.5 52.1 59.2 37.2 50.8 60.7
N

4 i

D Gl EEBE AR R (1000kg) AFdidE (Im/s 2 10m/s) MR HHASLAE 78 45 #4211
i JJ AR, HE s TR E (AN G5 AR T s S AR 3 ) R IR HOY AN o A R,
SLT W SE R R T TNT MEZ B IERT M &5 A .

2) BT RS AR AT PR e AR AT R TN T iR 96 CFR P [ YR g T 25 M 7 R AR AT 3R T 45 M O 38 40 ik
IRTEAS RYRNESZA P A5 R Pt e fe M2k, UESE T # ST I CFRP N E VRt -7 25404 PR TR I IE
Ff 1

3) FH EL A N E VR Bk T A5 IRCS IHIRCS 3, CFRPIIE B4R 7 125 578 78 CA AR B 1) 8% 1) 7K
A5y e T 36.7%F137.9%, RIS, CFRPINIE X LEAT 2T BY DA RS i 425 78 B (30 35 14 e 1 DTk
Sy AR T 38.3%4140.9%.
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