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Dynamic response of sandwich tubes with graded foam aluminum cores
under internal blast loading

ZHANG Pengfei, LIU Zhifang, LI Shigiang
(Institute of Applied Mechanics, College of Mechanical and Vehicle Engineering, Taiyuan University of Technology,
Taiyuan 030024, Shanxi, China)

Abstract: Dynamic response of sandwich tubes subjected to blast loading is investigated numerically. The 3D-Voronoi
technology is introduced to establish three-dimensional mesoscopic finite element model of aluminum foam. The influences of
the thickness of inner and outer tubes, the relative density of foam core and the core gradient on the blast resistance and energy
absorption of the sandwich tubes are analyzed and compared with the double circular tubes with air core. The results show that
the relative density of foam materials can be controlled by changing the size and wall thickness of cell, and the calculation
results of the sandwich tube constructed by two methods are consistent. The increase of the inner tube thickness can effectively
reduce the plastic deformation of outer tube and weaken the energy absorption of foam core. Foam filling is of benefit to
reduce the plastic deformation of inner tube and the blast resistance of positive gradient is better than that of negative gradient
and uniform core.
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Table 1 Material parameters of J-C model

AR # R /(kg'm™) A /G Pa A/MPa B n c m

il 7 850 210 507 0.003 2 0.28 0.064 1.06

®2 ZEMBEH

Table 2 Material parameters of air

Bk i /(kg'm™) G, ¢ c, G G, C G Ey/(kJ-m™)
=5 1.293 0 0 0 0 0.4 0.4 0 2.5

e 245 32 R T WL RS D7 B EA T B DL, HRak s T

w w wWE,
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Table 3 Material parameters of explosive

B i /(kgrm ™) i/ (m's ) A/GPa B/GPa R, R, w Ey/(GI'm”)
JHL-3 1 650 7050 611 10.7 0.35 4.4 1.2 8.9 1.0

<

BEADL 4347 v 25 ST S8 50 W TR AR 0N 2 SR B Y TR AR S 2 I N A S A, B ST TR AR IS 2 AR G 4 1 4 )
H 1%, 14% F1 17%, R PR UEIC S E A S B A, i WT1-WTS WAME R T A [F ) EEJE, WT6,
WT7 RH T AR Z M %R, PR S 5N 4 FtR o BRI R a2 e 8 i L S 5cn % 5
FiR o BT Je S IR EE Y R 61 mm, FEZSKARIL N 1.5 ¢ 1,

R4 BERBROENLATSH

Table 4 Geometric parameters of sandwich tubes with foam aluminum cores

W HNE AR /mm N H AR d/mm HNEBEJEt fmm NS BE IR £ /mm AT p* /% W EMg
WTO 103.0 80 1.50 1.5 - 406
WT1 103.3 80 1.65 1.3 11 458
WT2 103.0 80 1.50 1.5 11 458
WT3 102.7 80 1.35 1.7 11 458
WT4 102.4 80 1.20 1.9 11 458
WTS 102.1 80 1.05 2.1 11 458
WT6 103.0 80 1.50 1.5 14 472
WT7 103.0 80 1.50 1.5 17 486

x5 BERABRREENLASE

Table 5 Geometric parameters of sandwich tubes with gradient foam aluminum cores

WROERY AMEEfdmm WS ERdmm SMEREymm REREmm ey % py%  RFETRIM

N-WTI 109.8 80 1.5 1.5 6.3 15 493
U-WT2 109.8 80 1.5 1.5 11 11 493
P-WT3 109.8 80 1.5 1.5 15 75 493

1.3 ARTERIEIE
1.3.1 R SCR M I IE

PO 6 45 X RSB AUA 205 2R RS WA VAT LR I, ) I s IR 2 I AR S DL B E 1, 50/N A T At
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EASE R R R R

HIPE 3 AT, 2GRS KT 5 mm i, BOERLIAS SR -5 FA PR RS OB 7 (B 35 22 5%, A7 BROT AR
RIRERVER2E o ARSI 1, 20 3 mm I, WA Y o RARIE B 5, TAME A R R TP b AR T
B, ORZEF N 1% I, BEALU R 2 mm RS o
132 FAAAEME F 502 R 2t 18

T kA FROCEE R A IE A RS & B, 50K [14] T = SER AR (T, T7, T8) dh47 1 XL,
T1. T7 Fl T8 =X FILM SN 6 o, W SMEREIRES 1.5 mm. 5] 4 S B{ERLS SC e 45 R AR
BRI . 2 6 g TR N L AME ORI B SCIR 25 SR 5 BB A S . b ], Sl R A
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Fig.3 Deformation of inner and outer tubes with different mesh sizes
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Table 6 Comparison between numerical simulation and experimental results

_ B /mm LA A/ mm WRE/%
WS AEER/mm  SMEFER/mm  RAEKE/mm X%
A A Ak A WE M
Tl 67 90 100 11 9.90 0.60 9.8 0.58 1.0 33
T7 99 122 100 11 10.45 2.07 11.9 2.30 138 10.0
T8 99 122 100 16 9.35 2.30 11.3 2.40 17.0 4.3

()Tl ' (b) T7

P4 BEREAS e g 4 2R Xt B &

Fig. 4 Comparison between numerical simulation and experimental results
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Fig. 5 Effect of foam cell size and cell wall thickness on the model
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Fig. 6 E, and E, of sandwich tubes with different relative density foam cores
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Fig. 9 Deformation process of sandwich tube with gradient foam aluminum cores
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16+t

—=—285¢g

—+—90¢g
——905¢g
—+—100g
—+—105g

—_
)
T

—a—85g 0.06 -
—e—90g

| —+—095g

(=]
N

Special deformation/kg™
¢ o -
[oe]
Special deformation/kg™!

e
=}
s}

——100g
——105g

WTO WT2 WT6 WT7 WTO WT2 WT6 WT7
Specimen Specimen
(a) Inner tube (b) Outer tube

B RRIREZ5 BT B RUR B4 5 1 R AR T AE i 22 T - (] 1 2%
Fig. 11 Special deformation-time curves of double-layer circular tubes and
aluminum foam sandwich tubes under different explosives

3 &

3T 3D-Voronoi £ A, 37 T LIRS 3D-Voronoi £ J i vk 48 e 645 B A BROTAE Y . Bidnles i 5
B (S B 45 SR AT T 5 b, B0E T B A Sy MR A B . 7 G IERE L, BEOT T R A AR
BHASTR , AT T I P9 . AN 0 BEJEL, S A0 2 A0 2, T LA /N B 5L 6 S B I TR 4 S A1 2
PERERYSZ IR, OF 5 RUZ R AT T X L. FELERWT.

() PURRHE ATV TR, A5 N L A B4 BT S A, 25 P RE TS B, AT 1 e /A T S i/,
T M 1 B 7 Tk S /N 18 A, T A 2 IR A 1 /5

(2) LK 48 3D-Voronoi ML H1, L I 2 (0 FH X 255 T L4 388 3k 40 VAR 70 K /I8 A6 i 7 g e TSk 2

071402-9



5 40 4 15 743 5 i i %7

Xt TG A IR AT AR RE T S5 2 LR I 45 2R, PR 5 2T BRA I R E RSSO — 2

(3) =Pl 2 JER = e BV 14 R AR KE T 7S R 1, A [ AR A iy 1 B0 L Y DO 2 1) EE IR B3 i 3%

SRR JZ AT B EL IR, TEAR e B A SME AL T i fe /DN, = B B2 Je i A v R AR B I TR =
JEE PRI BE fc 5

() ARFELG S, SUZ B 5 =AU e 8 IR TR BN [ o Bl 10 2 1 A 8

A5 AME I e RS TE A 38 R 5 0UR A A L, WG 2 A S AR T A A e R &, T S
S FNGY A AN IRE} S (= Al PN\ S

B 3 Hk:

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

XN, B4, 8 KA. B oy 287 T Y TR 40 Je b U3 A8 1 T BE 5T [J]. £ T2 41, 2017, 38(11): 2259-2267. DOL:
10.3969/j.issn.1000-1093.2017.11.024.

LIU Z F, WANG J, QIN Q H. Research on energy absorption of aluminum foam-filled double circular tubes under lateral
impact loadings [J]. Acta Armamentarii, 2017, 38(11): 2259-2267. DOI: 10.3969/j.issn.1000-1093.2017.11.024.

LIS Q, WANG Z H, WU G Y, et al. Dynamic response of sandwich spherical shell with graded metallic foam cores subjected
to blast loading [J]. Composites Part A: Applied Science And Manufacturing, 2014, 56:262-271. DOI: 10.1016/].
compositesa.2013.10.019.

SHEN J H, LU G X, ZHAO L M, et al. Short sandwich tubes subjected to internal explosive loading [J]. Engineering
Structures, 2013, 55: 56—65. DOI: 10.1016/j.engstruct.2011.12.005.

CHENG Y S, LIU M X, ZHANG P, et al. The effects of foam filling on the dynamic response of metallic corrugated core
sandwich panel under air blast loading—Experimental investigations [J]. International Journal of Mechanical Sciences, 2018,
145: 378-388. DOI: 10.1016/j.ijmecsci.2018.07.030.

LIU X R, TIAN X G, LU T J, et al. Blast resistance of sandwich-walled hollow cylinders with graded metallic foam cores [J].
Composite Structures, 2012, 94(8): 2485-2493. DOI: 10.1016/j.compstruct.2012.02.029.

NURICK G N, LANGDON G S, CHI Y, et al. Behaviour of sandwich panels subjected to intense air blast—Part 1:
experiments [J]. Composite Structures, 2009, 91(4): 433—441. DOI: 10.1016/j.compstruct.2009.04.009.

KARAGIOZOVA D, NURICK G N, LANGDON G S. Behaviour of sandwich panels subject to intense air blasts—Part 2:
Numerical simulation [J]. Compos Structures, 2009, 91(4): 442-450. DOI: 10.1016/j.compstruct.2009.04.010.
KARAGIOZOVA D, LANGDON G S, NURICK G N, et al. The influence of a low density foam sandwich core on the
response of a partially confined steel cylinder to internal air-blast [J]. International Journal of Impact Engineering, 2016, 92:
32-49. DOI: 10.1016/j.ijimpeng.2015.09.010.

SHEN C J, LU G, YU T X. Investigation into the behavior of a graded cellular rod under impact [J]. International Journal of
Impact Engineering, 2014, 74: 92—106. DOI: 10.1016/j.ijimpeng.2014.02.015.

GARDNER N, WANG E, SHUKLA A. Performance of functionally graded sandwich composite beams under shock wave
loading [J]. Composite Structures, 2012, 94(5): 1755-1770. DOI: 10.1016/j.compstruct.2011.12.006.

LIANG M Z, LI X R, LIN Y L, et al. Dynamic compressive behaviors of two-layer graded aluminum foams under blast
loading [J]. Materials, 2019, 12(9): 1445. DOI: 10.3390/ma12091445.

T, PR T, SO, 45 WAL A X S DR R R WL 47 7 24 PR RE B0 52 R 204 (0], ILARBEEE, 2015, 37(5):
892-897. DOI: 10.16579/j.issn.1001.9669.2015.05.005.

FAN Z G, CHEN C Q, HU W J, et al. Effects of microstructure on the large compression behavior of rubber foams [J]. Journal
of Mechanical Strength, 2015, 37(5): 892-897. DOI: 10.16579/j.issn.1001.9669.2015.05.005.

ZHANG J J, WANG Z H, ZHAO L M. Dynamic response of functionally graded cellular materials based on the Voronoi
model [J]. Composites Part B: Engineering, 2016, 85: 176-187. DOI: 10.1016/j.compositesb.2015.09.045.

LIANG M Z, LU F Y, ZHANG G D, et al. Experimental and numerical study of aluminum foam-cored sandwich tubes
subjected to internal air blast [J]. Composites Part B: Engineering, 2017, 125: 134-143. DOI: 10.1016/j.compositesb.
2017.05.073.

LIANG M Z, ZHANG G D, LU F Y, et al. Blast resistance and design of sandwich cylinder with graded foam cores based on
the Voronoi algorithm [J]. Thin-Walled Structures, 2017, 112: 98-106. DOI: 10.1016/j.tws.2016.12.016.

GUEHE WA E)

071402-10


http://dx.doi.org/10.3969/j.issn.1000-1093.2017.11.024
http://dx.doi.org/10.3969/j.issn.1000-1093.2017.11.024
http://dx.doi.org/10.1016/j.compositesa.2013.10.019
http://dx.doi.org/10.1016/j.engstruct.2011.12.005
http://dx.doi.org/10.1016/j.engstruct.2011.12.005
http://dx.doi.org/10.1016/j.ijmecsci.2018.07.030
http://dx.doi.org/10.1016/j.compstruct.2012.02.029
http://dx.doi.org/10.1016/j.compstruct.2009.04.009
http://dx.doi.org/10.1016/j.compstruct.2009.04.010
http://dx.doi.org/10.1016/j.ijimpeng.2015.09.010
http://dx.doi.org/10.1016/j.ijimpeng.2014.02.015
http://dx.doi.org/10.1016/j.ijimpeng.2014.02.015
http://dx.doi.org/10.1016/j.compstruct.2011.12.006
http://dx.doi.org/10.3390/ma12091445
http://dx.doi.org/10.16579/j.issn.1001.9669.2015.05.005
http://dx.doi.org/10.16579/j.issn.1001.9669.2015.05.005
http://dx.doi.org/10.16579/j.issn.1001.9669.2015.05.005
http://dx.doi.org/10.1016/j.compositesb.2015.09.045
http://dx.doi.org/10.1016/j.compositesb.2017.05.073
http://dx.doi.org/10.1016/j.tws.2016.12.016
http://dx.doi.org/10.3969/j.issn.1000-1093.2017.11.024
http://dx.doi.org/10.3969/j.issn.1000-1093.2017.11.024
http://dx.doi.org/10.1016/j.compositesa.2013.10.019
http://dx.doi.org/10.1016/j.engstruct.2011.12.005
http://dx.doi.org/10.1016/j.engstruct.2011.12.005
http://dx.doi.org/10.1016/j.ijmecsci.2018.07.030
http://dx.doi.org/10.1016/j.compstruct.2012.02.029
http://dx.doi.org/10.1016/j.compstruct.2009.04.009
http://dx.doi.org/10.1016/j.compstruct.2009.04.010
http://dx.doi.org/10.1016/j.ijimpeng.2015.09.010
http://dx.doi.org/10.1016/j.ijimpeng.2014.02.015
http://dx.doi.org/10.1016/j.ijimpeng.2014.02.015
http://dx.doi.org/10.1016/j.compstruct.2011.12.006
http://dx.doi.org/10.3390/ma12091445
http://dx.doi.org/10.16579/j.issn.1001.9669.2015.05.005
http://dx.doi.org/10.16579/j.issn.1001.9669.2015.05.005
http://dx.doi.org/10.16579/j.issn.1001.9669.2015.05.005
http://dx.doi.org/10.1016/j.compositesb.2015.09.045
http://dx.doi.org/10.1016/j.compositesb.2017.05.073
http://dx.doi.org/10.1016/j.tws.2016.12.016
http://dx.doi.org/10.3969/j.issn.1000-1093.2017.11.024
http://dx.doi.org/10.3969/j.issn.1000-1093.2017.11.024
http://dx.doi.org/10.1016/j.compositesa.2013.10.019
http://dx.doi.org/10.1016/j.engstruct.2011.12.005
http://dx.doi.org/10.1016/j.engstruct.2011.12.005
http://dx.doi.org/10.1016/j.ijmecsci.2018.07.030
http://dx.doi.org/10.1016/j.compstruct.2012.02.029
http://dx.doi.org/10.1016/j.compstruct.2009.04.009
http://dx.doi.org/10.1016/j.compstruct.2009.04.010
http://dx.doi.org/10.1016/j.ijimpeng.2015.09.010
http://dx.doi.org/10.1016/j.ijimpeng.2014.02.015
http://dx.doi.org/10.1016/j.ijimpeng.2014.02.015
http://dx.doi.org/10.1016/j.compstruct.2011.12.006
http://dx.doi.org/10.3390/ma12091445
http://dx.doi.org/10.16579/j.issn.1001.9669.2015.05.005
http://dx.doi.org/10.16579/j.issn.1001.9669.2015.05.005
http://dx.doi.org/10.16579/j.issn.1001.9669.2015.05.005
http://dx.doi.org/10.1016/j.compositesb.2015.09.045
http://dx.doi.org/10.1016/j.compositesb.2017.05.073
http://dx.doi.org/10.1016/j.tws.2016.12.016
http://dx.doi.org/10.3969/j.issn.1000-1093.2017.11.024
http://dx.doi.org/10.3969/j.issn.1000-1093.2017.11.024
http://dx.doi.org/10.1016/j.compositesa.2013.10.019
http://dx.doi.org/10.1016/j.engstruct.2011.12.005
http://dx.doi.org/10.1016/j.engstruct.2011.12.005
http://dx.doi.org/10.1016/j.ijmecsci.2018.07.030
http://dx.doi.org/10.1016/j.compstruct.2012.02.029
http://dx.doi.org/10.1016/j.compstruct.2009.04.009
http://dx.doi.org/10.1016/j.compstruct.2009.04.010
http://dx.doi.org/10.1016/j.ijimpeng.2015.09.010
http://dx.doi.org/10.1016/j.ijimpeng.2014.02.015
http://dx.doi.org/10.1016/j.ijimpeng.2014.02.015
http://dx.doi.org/10.1016/j.compstruct.2011.12.006
http://dx.doi.org/10.3390/ma12091445
http://dx.doi.org/10.16579/j.issn.1001.9669.2015.05.005
http://dx.doi.org/10.16579/j.issn.1001.9669.2015.05.005
http://dx.doi.org/10.16579/j.issn.1001.9669.2015.05.005
http://dx.doi.org/10.1016/j.compositesb.2015.09.045
http://dx.doi.org/10.1016/j.compositesb.2017.05.073
http://dx.doi.org/10.1016/j.tws.2016.12.016

