%43 % 511 wmOE 5 W & Vol. 43, No. 11
2023 4F 11 /1 EXPLOSION AND SHOCK WAVES Nov., 2023

DOI: 10.11883/bzycj-2023-0047

BIEIE MEAKRRLNEERNEENHERE

WoTAEE T RE R
(B 2 T2 M o B K L T 56 %8, Y95 T30 210007)

FEE: N T HF IO BT MR TR A G2 M BT B, SR A LS-DYNA 0 G 7 T — 4 45 e I8 78 0 A VR O
FF o A% 4 22 00 I B AR AL IR S 5k T SEER B8 IE, A3 AT T 24 T0 PR RN A PR A YL A VR B R R X e 1 A B I R R K e
ISR AR AN . BUE SRR S AR R AT R KRR LA S WA RE S K& R
R 24 R T T R, 1T 224 6 R VR v AT K B NI TR T R ) S I T R R P AR T B R AN . B T I A T R
A A S, KR R S AN X, BRI SIIX 1, PR X 1L WX R A X 2 FIEE S X 2, Hod gk X T R
TP A /0 T 38 347 47 5 O T S 28 M AR R 7R A LR KRR P R IRAE T AR SE R R AT AR, @ X TR A X L kX
-G X 2 78 F Ay % 6% 7 iy v ok TR 43 i 2 1 e/ R BT o T R B T 8RR A VR Tk - B 1 S MURURR M
HT 2 W, ot /I J5E 5 I A% 0 7 28R WA (L 1100 385 JRORT 1 P IF 1] 10 S0 K T 384 DK, T [R] — Jo X i 380 A1 5 B 30 ¢ VR o L ) B /N R R
K@ ERFRIRRELWR/DEE., ETRERDER, - SRETRPMEENTEAR.

XEEIR): HIREE L R —4EIRIEG BNEE

FESHS: 0385 EfRFRAE: 1303520 XERFRETS: A

A calculation method for the minimum thickness of
a foam concrete distribution layer under blast load

YANG Ya, KONG Xiangzhen, FANG Qin, GAO Chu
(State Key Laboratory of Disaster Prevention and Mitigation of Explosion and Impact,
Army Engineering University of PLA, Nanjing 210007, Jiangsu, China)

Abstract: In order to study the design thickness of the foam concrete distribution layer under blast load, the numerical model
of one-dimensional blast wave propagation in foam concrete was established based on the LS-DYNA software, which was
verified by comparing it with the corresponding experimental data, and then the propagation and attenuation of the blast wave
in the foam concrete bars with semi-infinite and finite thicknesses were analyzed in detail based on the simplified stress-strain
curve of foam concrete. The numerical results demonstrate that the triangular-shaped blast load will be attenuated into a
trapezoidal-shaped load with the same amplitude as the yield strength of foam concrete when its thickness is enough, while the
so-called load enhancement effect will occur at the fixed end due to the action of the stronger reflected wave when its thickness
is small. Based on the compaction of foam concrete, the foam concrete with sufficient length can be divided into five regions,
i.e., the compaction zone 1, the plateau zone 1, the elastic zone, the plateau zone 2, and the compaction zone 2, where the range
of the elastic zone is gradually shortened as the pole length decreases. To avoid the load enhancement effect and minimize the
load on the protected structures, the minimum thickness of the distribution layer of foam concrete was defined corresponding to
that when the elastic area and two plateau areas disappeared. The sensitivity analysis of blast load and density of foam concrete
on the minimum thickness of foam concrete shows that for the blast load concerned, the minimum thickness increases with the

peak and duration time of blast load, but is less affected by the rise time of blast load. Furthermore, the minimum thickness of
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low-density foam concrete is larger than that of high-density foam concrete under the same blast load. Based on the numerical
results, a formula for minimum thickness was proposed.

Keywords: foam concrete; distribution layer; one-dimensional blast wave; minimum thickness
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Fig. 3 The finite element model of one-dimensional wave propagation in a foam concrete bar
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Fig. 6 Variation of stress exerted by three foam concrete specimens with different lengths on structure with time

114201-4



43 % B W, SF. SREMTECT HIRIREE LI R NE TR T 5 11 3]

B i TR (76 mm ), A5 FH T 454 b 0 iy 230068 {0 DR T i o 20 4L, 5 B R b 3, (BB A1
SRR AT T X — G P, AE—E WA BT, IR IR BE 4 0 BEJR A7 AR — i R (R
JINJEERE ) 8 T T AT 8 T A 288 0 2 L DR TR B e ) o A R R, 29 TARTR B e )RR BE /N T i /N B B I
H B[R] e B ) 2 i TR

2 —HBEREESKER I PRERRBAE

R T A s AT A T Y TR TR 1 ey B R AL B, DA R S rh A i TR BB (9 480 kg/m’)
RIWETEXS G2, R —AERR N A AL RIR BE AT T A5 46 AT BB ASE AU, 3 3k — AR B R I 00 A5 4 s Dl L A B
YRR EE ARG PR SEAR TG G0 M B T far 2R3 s MLEE . 75 2248 002, N T 0, B dg K 1oy 2411 1k
= FAIE A 28 (o7 20 H 1.3 MPa, FHERTE] 0.05 ms, FFZEET ] 4 ms), H X5 i AR BE 4 N 7 -1 48 ih Ze 2k A7
TR
2.1 NMA-METRAZE K

— YN A N YL IR TR BE b A T -0 AR R — B 3 A BB B U, BV AR IR B B . R % B B R
WS B R B BN S B S BRAN B, R T b — AR I AR R AR, R S Y g - AR
ik (& 527) @44 Gibson 550 £ 1 i = B =00y J7-n AR i £k, Wil 7 Fios o

o, SRPEBT B T (o) -R AR () KR A

oc=Ee &<g, E=Cgp’ ()
T 15 B BRI 7 -1 A8 G FR A
& <e<g 3)
LB B N - AE O B A
oc=0,+K(e-g)/(1-&) =g, g =(-plp,) (1-D7"") 4)

K E e, 0y 6 p Al p, 535 SPERCRE | Ja RONIAE | -5 7 | %5 SR AR (F- 3 B BRI S [ B i 4
AR) | ALIARTRBE 1% AR MR B, K. D il m % SR BETEAL S 8K, C, Wit E 5% B A X S
B WIRTREE + ARSI p, — AT BUCN 2 000 kg/m?, fAL S50 K HEUUE K 0.97 MPa, 2% D, m Hl C,
ARG SR A, A SCHR R 52867 B D=1.73, m=1, C,=0.14 kPa-m’/kg. Kl 8 251 T itk iy = Btk
J3-Ni A 45 52 BR R 7R AR R XS b, o LR B WA 80T iE— 2 AR -0 A% th 26 F Soil
and Foam F1EHEAL, XF 585 115 i R AR AR S0 0 AT 1 BB, B SR XA T 2354 L i
B TIONAE B2 A i T B, (BB AARTI0 25 5 5 SE IR 45 W) 5 50, S0l 1 IR fapAeny 77-0 A2 th 2 iy T S (1 9)

5
% — Experiment
@ 4b Simplification
£
< L
D s’
oy $o° s
&8 @a 27
Plateau stage &
Qz)Q
E Ir
0O
S N A
ii\? b &y €1 . . . . . .
0 Strain 0 0.1 02 03 04 05 06 07
Strain
7ttt = BeaUnL - B 2k 8 i R R g -1 AR P 2 S R X L
Fig. 7 A simplified three-stage stress-strain curve Fig. 8 Comparison of the simplified stress-strain curve

with the experimental one

114201-5



43 % B W, SF. SREMTECT HIRIREE LI R NE TR T 5113

2.5 1.5

o 20 Experiment - Experiment
E 15k Simulation E 1.0+ Simulation
g 1o g o5t

205 v

0 0 1 2 3 4 5
Time/ms Time/ms
(a) Length 76 mm (b) Length 184 mm

PO TR AR g - Dy A e AL ) P 7y 215 S 0 R A X L

Fig. 9 Comparison of the simulated load-time curves based on the simplified stress-strain curve with the experimental ones

22 EEREME

R T ¥ s R AT AR R W AR IR B - B fr 2R B s HLBE, B S TEAN BT T — SRR D A TE R TR
TRBE A ARG DAL, SR 5 B IRTREE 2 T 3R A0 54 2 Ak ok [ vy, MRV 25 8 T — 43K e A
A PR A AR TR B AT A B R S D R . (A5 0 AR, M AR B AR AR TR Ak 14 07 g A O R
(|5l 8), —HEARVEUE AR LR i Ak i) = M2 ik, A FROCEL AL 5 1] 4 AR, A2 AS T i R IR EE AT K .
221 F R KA LA

B X — BB AR JC PR A W TR TR BE AT AL B a2 DA R R AT 52, SRS 20 B NS0 o [ 2 7
A BRI IRTREE 4T

B 10 25t T IR E R 7 m AN TR AL E AL A R ) MR AR B R it £k . &5 A bR 1T 1k 0 v PR TR B 4 N
J1-RiAE S ZR (E 8), AT LA R BUAF i 7E 2 Pl sl S8k Y RN R S0 o 8 587 26 A e i K gz DA s e g

Stress/MPa
S
(9%}
Strain

100

200
300

400 @e@\“@
500 o

(a) The simulated stress-time curves at different locations (b) The simulated strain-time curves at different locations

[ Compaction zone Plateau zone Elastic zone +
v
L o
= Peak compaction
& N e O
[ N [\ [ )
o Distance
=
'§ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Al
fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff &
o
i i I I %
Distance

(c) Schematic diagrams of evolution laws of stress-time and strain-time curves

Bl 10 —HERRAED AR TE BRI PR TRBE AT ) A R sl

Fig. 10 Propagation of one-dimensional blast wave in a foam concrete bar with semi-infinite length

114201-6



43 % B W, SF. SREMTECT HIRIREE LI R NE TR T 5 11 3]

SR, I A A s SE U R R AR I R IR B b A N R R B AR, R R SR &
HI

LM 1S IX 017 3 2 282 77— A B (o, ) PR S (L (11 10(c) FPERIZT ), S B i
RN A7 2E 2 N, B L AN e M KT Ak S IS (), 55 2 AN Fom M PRI it
S B, LR (A T 55 5078 ey 5 B PG4 o o R ik 1 TSR, T 525 (.36 7 50 %5 - 3 0 )
(o). I 1 R 08 BT, B A PR 22505 2 A3 O (L8 W S0 4585 2 A RS- 4 i (P —
AUl 2 RN AZ (e ) o 07 3 RN A% ) A T 2 24 Compaction Plateau Elastic
AL R BT B . PRIt T L — 2 R — i

3k 10.5

P R 9 2 T8 B I PR R E FT 0 A5 TR 4 R E, Lo
3K, B SE X 65 ORI X (] 10(c)) sl '

B TR LA 3 e = i 103 £
SIS A . T, B 0~ 5 ) 02 2
130 mm, %X BP0 R IRBE A I M S B, 5 ol loy ©
VKT B 7 1) I 1 1R 705 W (9528 7 R 25 B 1 07} s, l
S50 41 (0.63 MPa) A1 SN AF (0.32); & X 0.6} 7,
S 130~ 175 mm, 5K 384 I UK IR BE 1+ 40 T 0 100 200 300 400 500
-5 B B I W AR - 43 107 1 AR A T o7 A2 Distance/mm
e {1 38 33 I8 2 i AR 7 725 (0.018) 5 T 4% IX B 14 P LT A TERRHTRIRRE LA A 22 V(R 53 A

giﬁlz, TZIZiEilj‘])ﬁljj ﬂl%{ﬁ*ﬂ@/}fm%ﬁﬁj?ﬂj\jqz Fig. 11 Distributit())n of'iLress a'n.d ;trz‘itinlpeal;sl in a foam concrete
2 7 3 R TR 2 ar with semi-infinite leng
222 AMRKIERRBE LA

I TR — 2R AR A BRAS Y IR TR B AT b i A% 3 S DO A BEA T BT, 48 T 802 B 97 4 4 Hh it
PRI BE L7 02 A P BB /N T AR G548 2 OB BEATC, B LR S5 A A0 [ i . 141 12 454 T 500 mm
AL IRIRBE L AT AN [R) 57 Ak #9107 7 R0 A2 e 7 T 26

108 3 % L2 TG BRAS A R AN [R5 8 Ak 1 7 g 0 07 72 g R 2, O S0 28t s 0 X ) 7 F ARE % EfA
252 JCRRA W TR TR B8 AT 52 BRAR () A ML, Bt I 252 s S5 B AR I, Y DRI BRE AT v 1] IX 3 ) 17
3 072 g R G T T A A TS D, 7 A R 7 A8 e {73391 e i 22 65 17 ) (o) MU RN 72 (e ) o

P T — A K A 85 2 i i A S50, T AT A s B G0 5 5 ) AR N AR i 2R A7 A 2 AP, 28 1K
3 TR LRI BE 17 AT AT 2/ E R S8 B IR AZ (e, ), 26 2 AP B SRR I IR TR BE L AR S S 44 T
P HIRAE . th T AR G B BOEAT —E B oh 1, B U2 DX ) 17 g i e 2R AR AT 98 DA e
B, HlRMERBEFE T AN (o) o P, WT LR — 2R AE T A9 BRI IRIR BE L4123 5 A IX
B 1 CFEX L, iR CEE X 2 MESLX 20K 12(c)

P13 25t T IRTR BE - AF b 5 AN 00 XA R ) IR AZ (B 23 A o X T 500 mm AT, —ZERRKE DR
R g X 43 X5 D0 BRI TR TR Bk AT — 2, U 3 521X (0~ 130 mm) | -5 X 1(130~ 175 mm)
FIBPEX (175~400 mm) . -5 X 2 (938 Fl ol 400~ 450 mm, [i7 4% i (8 4b T Ji AR 137 4% (0.018) 15 3 52 7 4%
(0.32) Z[H], #5521X 2 By Fl Dy 460~500 mm, 32 X380 P B4 30 R TR 358 40 S 1 5 (O 722 45 1 A 4 S
AR), BT fE - 15 13 41 (0.63 MPa)

N T i — 2 AR BE X A IX AR, [ 14 45 T — 4R KD ME R 3 R K EE (300, 200 1
100 mm) PRI EE L AT P B R Sy AR WA AR 15 00 o 7T LU H, Bl Y DR R B8 AT B2 A0/, e
DXATE R ZE @ 4 A . 300 mm K PRI BE AT 59 5P DX B 45 9802 100 mm, 17 200 mm K@ IR TR EE LT
8 B DRI 65 DU 52 400 2%, T L 11 %€ S i) 07 3 18 (0.76 MPa) W T-°F 5 1 41 (0.63 MPa) ; X T
100 mm K AL IR TR BE AT, B> DX A M0 IR TR B - 18 4 285 S B, 1 5 i 4 1L 3 U (2.4 MPa) i i
TN 24 (E (1.3 MPa), B HE B 40 SR N 42

114201-7



43 % B W, SF. SREMTECT HIRIREE LI R NE TR T 5113

{ 1.4 0.6
a\ l 1.2 0.5
“: 1.0
\ ‘ £ 04 _
t.l 08 & 5
\ 2 03 =&
| 0.6 £ 2
\ %)
‘\ 0.4 0.2
\ 0.2 0.1
8 70
)
. X \{b‘(@e‘
1 500 O 1 500 OV
0 0
(a) The simulated stress-time curves at different locations (b) The simulated strain-time curves at different locations
Compaction zone 2
Compaction zone 1 Plateau zone 1 Elastic zone Plateau zone 2 é
% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
ﬁ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
.
o Distance
.g
S ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
alb o
B g
e N ——— 0 o . T £,
0 Distance
(c) Schematic diagrams of evolution laws of stress-time and strain-time curves
12— SFITE 500 mm KIEIRIBEETAT T AUALHE
Fig. 12 Propagation of one-dimensional blast wave in a foam concrete bar with the length of 500 mm
Compaction Elastic Compaction Length
zone 1 zone zone 2 100mm~-|{ 200 mm-{ 300 mm -
i ] 2.75F
L3¢ - Plateau Plateau 05 e 107
~ zone 1 zone2 250 106
1.2+ ‘ - Jo4 ’
N he 2251 \ los
< [+ N
a L.1rp
E & 103 K= % 2.00 \ 104 =)
2 1.0t g 2 175t otmmeeo- - & £
5 022 £ f [ >z
B 102 ~ &
% 09} ;§ 2z 150 10.2 E;
< i
& 0.8F 10.1 L 125¢ \ : 10.1
0.7+ 1.00 \ — 10
1 1 10 0.75 | .00 {1-0.1
0.6+ | i @ | ’ < Z ’
. . . . . . 0.50 -0.2
0 100 200 300 400 500 0 50 100 150 200 250 300
Distance/mm Distance/mm
&1 13 300 mm KL PRI EE AT 0 ) FHR AB W E 534 & 14 IR [FHC B RTR BE AT 1 ) TR AR W 734
Fig. 13 Stress and strain peak distribution in a foam concrete Fig. 14  Stress and strain peak distribution in foam concrete

bar with the length of 300 mm bars with different lengths

R T HE— 2 W B SR AL, & 15 45 T 100 mm KU AR TR BE AT i R g R AR b AR a2
AT LA, 100 mm PRI BE AT FH A K M e SR DA /I, AR I8 5 i i 7™ A B ) SR D, DR B
T LR AT BN R IR o B S D AR S A, AL R AR L AU R B b o R AR SRR, X R A9 1
Ty AR 2R LA 2 AU, AR I R AU B T8 3 5 (181 15(c)) o £ BRI, — 4R KE AR
R AL ORI BE AT 5 4 it A SE B B, Sk XN 5 X8 42T 2k o

114201-8



43 % B W, SF: MR I IRIREE A2 b NEE R TR T 5113

7 Peak reLected compaction 3.0 1.0
2.5 0.8
<
20 &
S 06 §
15 3 a
= 0.4
1.0
0.5 0.2
5 0 0
100 100
4 80
3 60
”
! e, w0 o
P 0.\$x‘z> s |2 9\5\%
00 00
(a) The simulated stress-time curves at different locations (b) The simulated strain-time curves at different locations

Compaction zone

Peak compaction Peak reflected compaction

Stress

Q

Strain

0 Distance
(c) Schematic diagrams of evolution laws of stress-time and strain-time curves

15 —HERRIEIAE 100 mm KU PRIREE LAT A AL R
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