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Study on explosion-proof mechanism and damage level prediction of steel
fiber reinforced cellular concrete slab in underwater contact explosion
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Abstract: In order to explore the underwater anti-explosion protection effect of steel fiber reinforced cellular concrete
materials, the damage process of reinforced concrete slabs under underwater contact explosion was reproduced by the coupling
method of smoothed particle hydrodynamics and finite element method (SPH-FEM). The validity of the simulation method
was verified by comparing with the experimental results. On this basis, a three-dimensional refined simulation model of '
water-explosive-protective layer-reinforced concrete slab ' was established by SPH-FEM coupling method. The damage

evolution process, failure mode and failure mechanism of steel fiber reinforced cellular concrete protective layer with different
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fiber ratios and reinforced concrete slabs under the influence of different explosive mass were studied, and the damage grade
prediction curve of reinforced concrete slabs was constructed. The results show that the numerical simulation results are in
good agreement with the experimental results, which verifies the effectiveness of the simulation method. Under the action of
underwater contact explosion, the addition of steel fiber reinforced cellular concrete protective layer can effectively reduce the
damage degree of protected reinforced concrete slab (RC), and its influence on the damage degree of RC slab decreases first
and then increases with the increase of steel fiber volume fraction in the protective layer. Among them, the anti-explosion
protection effect of SAP10S15 ratio protective layer is the best. When the amount of explosive increases within a certain range,
the SAP10S15 ratio protective layer can still maintain a high proportion of energy consumption and effectively reduce the
damage degree of the RC plate. When the amount of explosive is 0.25kg, the damage index of RC slabs strengthened with
SAP10S15 protective layer is the most obvious attenuation compared with the unprotected scheme, which is 42.5%, and the
damage level is reduced from serious damage to moderate damage. The constructed damage grade prediction curve can directly
evaluate the influence of steel fiber volume fraction / explosive amount on the damage grade of RC plate. The above research
results can provide reference for the anti-explosion protection design of wading concrete structures.

Keywords: underwater contact explosion; steel fiber reinforced cellular concrete slab; failure mode; damage level prediction
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Fig.2 Numerical model of reinforced concrete slab subjected to
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Fig. 3 Comparison of experimental and numerical simulation results of damage and failure modes

of concrete slabs under underwater contact explosion load

1.3 WAHEZFURRLHIPFEME TRE LRK THEMISIERRET

2 PER 7 B R G 1) 22 Uk R S, A T R R R A 5 R TR 35 B 2 A R A A Y SR B
PP AR SR, B RO F2 B TG I B B R S5 R T A R R PR . S TR MR R 2 LR
5% A0 1) T T R AR R PO, ARAIE T LA R /K T TR = 4540 I Bl I i sk, R T8 K T R K fr 4R AE T T
WV A3 o 22 FLIR BE 1B 37 2 5 BB IR 5 L ARZS i Bl P ROCR .
13.1 KTABEARTHEA

K F FEM-SPH #5577 bk g7 1/4 “ KRG KAR- B 4P 2 RN AR 43 i 2 FLIRBE ) - IR BE LA™ 24 i
FRA B AT, U] 4 iR o A7 BECRERY rf )Xo R T BB TR L, KA DY ) R T R AT R AT Gk
58 22 FLIRBE L+ 97 2 B9 5F R F 4 500 mmx500 mm, JE £ A 100 mm; 57 372544 (RC H) #9181 )~
500 mmx500 mm, J& Bk 150 mm; 8% 57 47 45 K4) i (%) A9 357 SR FH OSL ) BL)2 A1 &, XA BLAE 8 6 mm, [H] #E
200 mm. FXET 2 5E 22 FLIREE + B B2 HPon X 38 (200 mmx200 mmx90 mm) | 4 2 K 4 24 (1) & i1 7K A
(250 mmx250 mmx500 mm) 2K F SPH iF, #iF EAE N 5 mm; 43 FRIBEP)ZE . BEBH I 4544 K3t 3 K A4S
53342k Lagrange H.7¢C, Wi R H] Beam H.JT, Lagrange 5 Beam FLITHY A% ST 3478 5 mm, BRI
45 1128 4~ Beam 7T, 281300 4~ SPH i ¥ i1 3158700 4~ Lagrange #.5C., SPH 45 FEM #5022 [f]
¥ H*TIED_NODES_TO_SURFACE_OFFSET #17#i4; B9/ 5 IR % + Z [3] R A *CONSTRAINED _
LAGRANGE_IN_SOLD #4174 G5 B4 2T 4 3 5% 22 FLIR 5E 1 Bl 17 )2 5 89 755 TR B 9k B 97 A =2 1) 1) 42 fl >R
5655 *AUTOMATIC_SURFACE TO SURFACE #17i% & .

Non-reflective
boundary

Water (FEM) Water (SPH)

Steel
reinforcement
(Beam)

Steel fiber reinforced
porous concrete (FEM)

Concrete slab (FEM) TNT (SPH)

Steel fiber reinforced porous

Non-reflective Symmetric concrete (SPH)

boundary boundary

B4 JE2G-KMR-Bi 2 -1 EE AR BT A

Fig. 4 Explosion-proof model of explosive-water-protective layer-concrete slab



Fx & GG, A5 WETYENIE 2 ALIREE LARK T He e B AR AL LR A5 A% 45 R Tt 55 x 3

132 ##HAK

1321 ¥ 24
FE 245 % H 1755 BE XF 2 (high-explosive-burn) B 7Y | K& 24 IR AR T R R H TWL ARZS 7 BB JEA T4
Elnf
pu=A (122 ) et B (122 Y OO (1)
RV RV \%

X Ay By Ris Ryy o AMPEIZEL, po WIREIETT, VR W HIXHAR, E,. A KEZ IR FRINBE
YEL RSB 1, Horh: p 3 .

®1IEARMESE

Table 1 Material parameters of explosive

pl(kg'm™) A/GPa B/GPa R, R, w E,/(GI'm™)
1650 373.77 3.75 4.15 0.9 035 8
1322 /K Ik

KRR null B4 BHEEAY, KA AR D7 B2 R H] Griineisen IR 2S5 #22 JEAT 4 14

poCu [1 + (1 - E) u= gﬂz}

Pwater = |: 22 2 2 :| + (70 + aﬂ) EO (2)

M M
1-$,-Du-S,——-8S;——
(S u 2/,¢+1 3(#_'_1)2

K Puaer HKIEIETS, po WHIUGREERE, Eo HWIIRIRBA S22 8, 1 AFIRIRAR, Co v — v, R -1 )
MBI, S1v Sav S3 v —v, MIERIRER RAL, v WAL, o WIRBUBIER . AR RSHILE 2,

R2 KRS

Table 2 Material parameters of water

pl(kg-m™) Clms™) s, S s % P
1000 1647 1.921 -0.096 0 1 0
1323 M %

42K ] plastic-kinematic #5271, DL I 44 464 ) 908 1 1 e

oy = (0o +BE,7) l1+ 8”)]
£ - EE,
E-E,
Kb oy WIBRREE, 6 WS HRNALR, oo WHIIRTEIRILT1, e A BOBMEN S, RS E, E, Wbt
BHE R, EPERR, E WL, Co. p AN HRSHL.
1324 iR&E+L
BB iR Bt - AR F K&C (Karagozian & Case ) #7112 K &C AU )32 b7 FH T wpks iy 28 45 9 K fof
AN TR BE - S5 B 3l J7 e, ey AR BE b 5 Bk T i B (s ] B gl AR SO B, TR BE L 4 B )
S PR TR SR I )2 45252 19 CEB-FIP #520Y,
TREE B F 8 B R R A dge, PTHRIR N

(€)

& 1.026a
f (i) 8d<30 571
Ecs
dire = fi = . N3 “)
cs &
'y(f) éd ;30 S_l



Fx & GG, A5 WETYENIE 2 ALIREE LARK T He e B AR AL LR A5 A% 45 R Tt 55 x 3

Al £, MIREE LS B PUEMR I, £, WER S PR ; &0 M 40 5 0 N AR AR S S % N AR R,
£ =300s"'; a Fly NN SR AR, 1gy =6.156a-2,a=(5+9f,/10)" .
TRBE BT H o B 18 R R dyi, W RN

. 5
(i) &<1s"!
pIF, = Jr 2] M (5)

- . 1/3
f ﬁ(i> &=1s"

Ers
Kb f, MIREE XS BPRRIE, o NESPURIEE, B FIS N IR R, 1gB=66-2,6=1/(1+
81.,/10)7" 5 & Flés 435I N AE AR S S5 N AR
1.3.2.5 WEF4istor ZfLIREE -
K&C A [ 3l A= B A 98 B T 2 8500 H T35 8 TR e L, SR T AN 2F 48 0% I A i 4535 38 TR 8 -+ AE 942k

S K fiE B W WACRE 0 25 T S R R, TR, KSR K&C BT [ Bl A i 5 TS BOR 1S T =
W 30 AR A A AN AT AT E L, T B DR T S BGHEAT e . AR SR P AR AR A AR Y B S A 2 0 T
BRI SRAEFRAE o 47 2T W LT 438 5 2 FLIREE -9 3h J1 07

ay = (0.232+0.133V))f,

a; =0.378+0.103V, (6)

a, = (0.149-0.047V))/f.

doy = (0.194+0.068V)) f.
ar, = 0.524+0.202V, @
oy = (0.452-0.142V )/ f.

{alf =0.374+0.102V, ®

a; =(0.218-0.068V )/ f.

s ay~a, WEKBIELHEESEL, ag,~ a,, AV EIRITSEL, a,~ ay FERARDEETISEL, V, LT YE
IRFRATEL £, iR BE PR R

DUH 78 250 JF SR SPA10S5. SAP10S10, SAP10S15 1 SAP10S20 X £T 4 5 2 fLIR #E + i sh R,
5 Sy L, ARG (6)~ (8) X K&C #5#Y [ Bfi AE il (% ik 2 T S BGHEA 7 i, {58 i M B 1 R A W) e L 39 2T 4
Hask 2 fLIREE L A sh ST N . M JE A K&C BRI £ S50 3 fioR, Hd. v HiAf e, b~
by NS

®3 TEECLRAHEIGIE S FURER LR K&C RESH
Table 3 Improved K&C model parameters for steel fibers cellular

concrete reinforced in different ratios

Biidr 7 SR FC L pl(g-em™) f/MPa v b, b, b, a,/MPa
SAP10S5 2.189 34.46 0.19 1.6 1.96 1.15 8.22
SAP10S10 2.232 39.35 0.19 1.6 2.04 1.15 9.18
SAP10S15 227 42.86 0.19 1.6 2.09 1.15 10.03
SAP10S20 2.307 41.04 0.19 1.6 2.06 1.15 9.63

B 7 SR FC H a, a,/GPa’! a,/MPa ay, a,/GPa’! a, a,/GPa™!
SAP10S5 0.38 426 6.8 0.53 12.91 0.38 6.23
SAP10S10 0.38 3.77 7.66 0.53 11.45 0.38 5.52
SAP10S15 0.38 3.46 8.36 0.53 10.49 0.38 5.06
SAP10S20 0.38 3.61 8.02 0.53 10.94 0.38 5.28
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Table 4 Protection program design

TR YEZh it /ke B g JE AR5/ mm B s SR L L RCHRJE/mm
1 0.25 100 SAP10S5
2 0.25 100 SAP10S10
3 0.25 100 SAP10S15
4 0.25 100 SAP10S20
150
5 0.375 100 SAP10S15
6 0.500 100 SAP10S15
7 0.625 100 SAP10S15
8 0.750 100 SAP10S15

2 HR5®

2.1 AR IR B IRE AL IR

%Lﬁ?ﬁumlﬁlﬁa Fb By 471 5 48 T Bk iy 4 0 57 T R A v 58 40 v Ak AR R SO ], AR /NI AL R R
SAP10S15 Bttt ™ RC M 7E 0.25kg ¥EZ5 4 (T.00 3) N IS5t %, Wikl 5 i . AT LU ), 0.04 ms B, o
AL 2 RC AU L £ I MR R 1, Bl 7E 0.09 ms B % #E 2 T £ 18 ; 0.13 ms B}, RC *fifj@ﬁ%ﬁ
FERB VRN EE, T 2% 101 R ook 30t S ST 0 A D T A B R PR 454055 0.18 mis I, ik it AL A
RC #i, FEF 2R 187 0 30 BH S5 %) 05 B3 403 , 0 18T 52 o S 00 52 Wi - s 4 B3 9 4 3 5 Bﬁ%@ﬁﬁf?%ﬁf
E] F 340, 0.25 ms B, RC AR 48 17535 B IR R, b R Th 2 0k B S (4 e, ELAR I DU J&) £ R 248, T3
T P14 ) % DX 0 1 D) ) S o 1) 45

Effective plastlc strain
Top surface ‘ - - - -

0.04 ms 0.09 ms 0.13 ms 0.18 ms 0.25 ms

5 AW IREE AR b i A i A

Fig. 5 Damage evolution in reinforced concrete slabs
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Fig. 6 Structural damage mechanism of steel fiber reinforced cellular concrete
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