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Numerical modeling of sandwich panel with different layers and core gradient under explosive
impact
Mohammad Solooki
Ph.D. Student, Mech. Eng., Bu Ali Sina Univ., Hamedan, Iran

Abstract
Aluminum foam core sandwich panels are suitable energy absorbers for impact protection applications such as light
building panels, packaging materials and energy absorbing equipment. In this research, the modes of retardation and
deformation of sandwich panels against Explosive impacts have been numerically investigated and compared with
experimental results. Explosive impacts has been done on a sandwich panel with uniform foam core and FGM, and tops
with aluminum 5182, stainless steel 304 and CFRP (Carbon Fiber-Reinforced Plastic). The deformation modes of the top
face sheet, the foam core and the bottom face sheet have been analyzed with a certain method. In this research, it has been
shown that the deformation modes are dependent on the intensity of the impact, the material of the face sheets and the
gradient of the sandwich core. Based on the results of the research, the transverse deformation of the bottom face sheet
increases linearly with the intensity of the impact. At a certain impact intensity (The mass of the Explosive is 30 gr) and
the same metal material of the bottom face sheet, the resistance to Explosive of the sandwich panel sample with CFRP top
face sheet is 19% higher than the sandwich sample with metal top face sheet. The resistance to Explosive of the sandwich
panel sample with the top material of aluminum and the bottom material of steel is 6% higher than the sample of the
sandwich panel with the top material of steel and the bottom material of aluminum. The resistance to the Explosive of a
sandwich sample with a positive sandwich core gradient (core density decreases linearly in the direction of Explosive
impacts) is higher than a sandwich panel sample with a negative sandwich core gradient. By comparing the uniform foam
core and the FGM core with a high density difference, it shows a higher Explosive resistance. While in low density
difference, it has weaker Explosive resistance. In this research, by using ABAQUS software, the Explosive impacts of
sandwich panel with foam core and FGM, and the materials of different face sheets have been simulated.
Keywords: Sandwich panel; FGM foam core; Explosive loading; Dynamic response.




(5L 41y S i 315 9 o Sy 5 b gl Ji 5305 (g3l ro] oY

CajeelS Bk FF ol LS 7 b e 5l eolaiul b aols
SO X Glacubs 5 mpe o doo Ve colun b Lt
SinlegT 350 (slayd 6 S L L g ot ansle e Lo VO 5 5
s 9le slaailginl s lxiil Coglie gl [YA]T J .85 1,3
ULM.: @L..: Lol 00ls ULM.; ‘_g/.ls dedal ‘5A95 slaa b
A & Cnnds (6 i O, ae (gt atwa b slaojle a5 slo
[Ya] ohlien 5 (loj o )ls (6 lomisl Conglite ply 53 CSlgiy
sl JSopmss 5 55 @i 2 5 o eeynd
Cod (G090 LgUMJBJ o b Ji..: 6“dﬁj 6}15 ‘Smsmlw
slodlgl 5l solazwl L bojle aSlo, (g lxasl (5,108
) VP VY ()l gla ki b g (gglae gl b oageiaas]
C#ﬂf&%&bsybumwﬁw‘owwb(ﬁ
S sSlas oS wl jascie bl )l Wlead s Slxis
—4 e e Vg VY dmins Cwls b ool gl SCadly
Wy PN [V‘]AL; w‘o..\.n" Cawddsy Jj) YYY 9 AO- &M)J
P sladiwd b (ugaile (65,5 6ladyg (Sealiod Euly go0e
[MVV Ky coby, L bl o)l38,0 cov ol
- b (gl slailsial )5 59 59, )kl slagiles]
S 0lga 5l gamaads SO o .l ools sl (6508 098 slo
asle sleosle slaag, plarsas CFRP slaca 5l )59
oty JSbymis 5 (Swilily slode [YY] 05 o oolinl
Sglate g il (6,105 L cow (38 slaasg, L MlS’ CFRP
o Sl L8 sl magsy jo aSlaazgi b > [rv] el
ATl e cCawlodds sl J‘“J J.iwfu.:u LgLAbJ.A 9 ‘siuct..u)
5 Sglaie sladys, iz Ol oloplis megh pl Gas
Seeliad Gl 5 S0t slaoe (59, @l anes (LolS
5 (604 Dygod (il (61T L Con mmgaile sl i
Sl g n cEReh (rl 5o el (028w L Al
(zugsle Bl sleaiges alize slagan, Sy ale iz
Zugdile diis g i gladys, wiz b eSS e wile
O 5 Sgliie At Slaglal Sl (ol ez s olse b
gl sla il il 2l 5o Sl (65, il 400 Dl
49 2,8 JSE i (ragh @S pulely Caslodd (o)
Sad S 0 b oo Gl aps Sl b e b S0l
29) QS 38 iz 9 (2,5 Ve 0 zmiin o0le p)2) (rane 455
@b a9, b (amgnile Bl aiges Jloxil ol 5o Canglie (sl

“Liu
SLi
%Jing

doddio —)
Lk Sy g S50 9 S g 99 3l Loges (Zmgaile ool
Wt o Zmgile Sl me izl 5l (So wload JSis e 5
bpsd Juo il 09 S 5 551 D3 b ol o5 o
5 YL 3l iz byl 5 plSol [YOF] (54 ([VY]
Gojle 00,8 oolatwl 4 e Vb (SOl elem Ko
V] Jeresst « [F]Lablsn sl cwiigo sloo IS o (zsuile
Slaojle sl Jlo sz 5ol onis [A] cblas slas )15 4
5o iloass eolannl (gyliil sl lAS,L lp o mmgasle
el gbojle o)l slagaly 3 slaasdllas 5| san
Plel (el U Bayb 5 eSS an b (el L
AP PN Y IRRVIURINE VER | SELY RGOV PRV JES S P TRV
SIS cos mgaile sla il JS s g, [VeY]
S bely slade glgil 033 )S" (wy p (Lkod > B sk 5 () lni]
aiile oo lmiil 6,51 co amanils clo il S e
oy Ghalejl Boybo sl s JLad g iy daag, b 5 Gies
Lyl aiile (o2l slo ol 5l o DI [V YA0] 055
Ar 3 Cwglie g5, aen JBa 5 by, Culis (6,105
oo ns jsbay cleSh ane b (amgnile slabl Ll
Ao [¥e1F] canlonts sy goue o g Gialesl ok
SISy b (SlSe plys o5 (solge (m Tl sanail
W Al 655 (Phb LA WS (o0 sd e
039 S sile oly slylo lapgs [YO-YV] o)l calgS,
S (2B il lapsd cnlply sl @551 D3l 5 g
30 dpl il amgaile slaojle s slge sl s95 lo]
S gl (o098 Slge ;0 5551 Cdx I b agh 5l can
e [YF] o on 5 ot celodds sy 5 el (6,135,
~alyinl slodly p (Jsb slacasl Sl 02 g goue (o
oS baiged oy slays 6 5L cod byt 5
iz g S 8 (gloykd (1S5 bawgi oljl bgis ()35
Ll b 0,5 Jobo 5 baugie (59,05 sl Sy (5955 <555
oy gay olawd g o yiolel 5l ol gl 4y azgi b ol dlons
5 o5l bos Gl adsl Sy 59508 5 a5 (Sad sk
Sloio p ko pd 6,5 1 025 (g pa [YV] 1S
V58 59 b b 0515 095 (el gl (lilatins
YU shod 5 5,Li8 otetS slacmglio il ) ouds bawsie
byl L5 G e il 00 S Saiis 1) by jeelS ol

! Fleck & Deshpande
2Qiu
3 Functionally — Graded Foam

fa)ln&/\fb”é/\f*rJh/lho)l&,ho)h&gl&



Vo | oS gl

Explosne Loadng

AU syl 5 M 4y
ali - CRP 4 ToF 5 K0

P s

- e e

Fagelt FaghaTe sl

P AW g ) by
ORI ARSATGR
At

g
&
(CFRP 18 0 AT ppgl ) oy
—— =
el gt Pl
. (— t=2mm
FGM gy p ot aiad

— t=1mm
_ - [:U
(CFRP T4 ) sy

4

oo gilw oo wigy-Y

e 5l (masle Bl ) » o)l 4,8 sileand Gl
oo bl el ool sslaiul ua55L—| )‘}_élﬁ)j Yo e Ju
Jod b (S5 Ll ot oo Jleel Gizen 5 oole Jue
&9 b cslie slapledl 5 ules zsham 5l osliinl 5 (6550 Ll
w0al3 1y J158la 5 ol (a8 s 380 (5 5lsans ool el el
S e

Plss g olgo —V-Y
il oo S b Bl o ouds colawl olge iz

Fob 55 o oY gd (59 —ill

Sl 00l oolaiwl Yo F S5 as oYe8 5,9 5l ladyg,y (i sl p
\ Jjo.\? ) Lol ¥eemM x Yeemm xYmMm Y o)|w|

fo)(n&/\fo»é/\f“'Jh/ho)Li,Ibo)h&é&

G oYL g, b zogaile dged 51 YL wsys V4 CFRP
w9y oo b manile Bl aiged jlxail ply )0 Coglie ol
il digei 4 Cond (50V58 (g i 5 poriensll (YL
b gy o g VB (YL 4y, iz b (mgnile
gas Sl il o Cusglie Cenl YL doys £ pgsieesl]
ot 4 JSz) gl 4t e sl b il
wgad 5l HYL (Wl oo 2ol (g lrill (051 gz yo (o>
aglio b ool guaniles s e Lol S b omsuils bl
b onl sunainb olge b aten 5 S33iSy pd atun (035
am3 oo Lt 955 3l o iYL (6 ol Canglia VU I YS!

Al iy p2i -

S bely glovs e o Sl 3 slaiaghy B ans 4w b
O ge )il sloar s plp 5o (gl sla bl IS8 s
Sl ply 53 Caegliie Sgne Lo iaghy cnl Al bl .conl a8 5
b Orze g )il gleays o (msaile slably
g8 5 Swlrs SIS so)lye Slp slagragy bl ool
bl Caglin (59, (5 lxdil 4,8 o5 oY Cuols i
S 5 T 5 45 lbesls Lol sl o plowl gl i
s Yo F 5 55 o¥es DVAY ppied] i 5l slaaY
Olyeas FOM g &219iSs g8 atan 5 ayg; Glyicas 5 CFRP
OPS eald slerin tagh (nl 0 &5 (menile JL wa
S5 onl 5l eoliinl &5 09 oo (b g Cenl bl (o)
309 (mgaile sla il il ply o Cuglie il cely
oYg8 DVAY pouiag)l iz 5l ooy 5l oS 5 eolasul o) cpl
5 SHIESG pod i g 4y, lyeas CRRP 5 Y0 F (53 G5
2 Cwglie 555 2 ated GL3LS 36 (o) Ceizes 5 FGM
ol Gsls Olsea Olgies |y amanile sladily il il
G (ol 9 a5 (Zrgaile Gl Sl JUSle g0 7 5hae (Aagh
Cawload ools Hlas V ISE ol a8 )8 13 w0 050



5 5ni 49 90 Sl i 1 g ilido Slyg s b o aile Jil sous s3ludwe | 1o

g 9 sles
Yoo > s gleo
feeep C
ooy £

BIAY porinodl 595 — (ygmile canl culpo

S [oYYS Dy
s\ D,
Bla Dy
“feYY D,
Ds

CFRP ool -

o3lail .awloas eolaiwl po CFRP cue) 5l laayg, iz sl y
s> ¥ sz 53 Caul Yo oMM x Yo eMM xAMM a5,

B Cawloads 00)5—‘ 0)5 k).l‘ w—‘ 9 oole J"\A w‘)‘b ‘éulin
CFRP coiad 39 sl il | g 0ole Jue 5l o g jlwacds

Cwlods oolazw!

[Y8] CFRP ciwd Sl (plss -Y Jouz

CFRP coued (Suilse plss
VOF¥

p

YA E,
\RYAs E,

VAR V1o
\7ARY Gqp
¥/V4 Gi3
¥/V4 Gy
CFRP “""‘".'.‘“‘6‘]‘3 u.a..'bl.b M:...:T ‘f"ll}‘é
Y/q0 Xr
V/av Xc
VA Yr
A Y,
YAR: St
AN Se

CFRP cocd (gl p il Cansl (65 91 ] o
\&dARE Gyr
Yy/a¢ Gxc
Y/AY Gyr
VAR Gyc

oY HDIAY PW?‘ITM A i )5 — il Lloged VS jo
o =)y CFRP o] ol o Y. \cg_i))..\.@

03l 00)31 é)j k.)"‘ s.z.».w" 9 oslo

Slp o5 — yguils canl g oole Jow 5l lags jluwans o ol

ol o0

Lol Y+ F 55 00 oYs3 3y

VF] P 5 s 3V g8 Silso Lolgs —) Jgu

YoP 5w Y Sl olss
Ao p
ay E
. ¥ v

-
Ve B
-I50 N
\ M

VEVY <9 sled

vav A i slod
Y C
N £

TP (55 s 0¥ 93 g8 — (ygmils ol ol o
Y D,y
VaYs D,
-Y/354 Ds
Yy D,
VACF Dy

|°5"'"‘“’9‘” 3,9 ool ooliiw
e el Yo oMM x Yo oMM x

BIAY pouinogll 539 -
Hads, slp &5 (090 i
ymm 4;3) c)‘.\a‘ w‘ a\/\Y

OQ)BT &9 L)"‘ ;M...;‘ 9 ools JM w‘;@ ‘Léu&n ua‘s} Y J5A>

el ool BVAY pgeiasll 3,5 (sl

[FF] OVAY poinoddl (Swilke (olgs Y oo

BIAY parnogll (Silso plos

\i p
P E
.Y \'%
OVAY poriragl] S8 — (pgmile ol
VIO A
OOYIYY B
-[oY n
Y/55 m

fa)ln&/\fo”é/\f*rJh/lho)l&,ho)h&gl&



18] ol

50

s p=0.29 gr/cm3
40 ---- p=045 gr/cm?
35 p=U.425 g

— p=0.61gr/cm3

Stress (MPa)

0.8

Strain
Sl Jeel S pgd dinnd (5 — i yloged =T S
[¥vloglin b J8z

0 yxdiwn 08lo — &

Toad pmiie Caeyw 9 W\F kg/m® oo mite cole JB>
IV L plp TNT @ 0 zmaie oole Js0uS o o vl 70 e m/s
oole el alolas (sl IWLY dolee colps 8 Jgam jo ol
IYA] csloass aseie o mite

IYAT IWL aolen ulps -0 Joaz

5. il s s
VYT Cy
YIVE C,
£/10 Ry
) R,
- /¥0 w
VY F. Po
Froees > 32y )3 adyl 551

Laiges g, la5as -Y-Y
gkl 5o esliinl 590 (amgaile sl Sl g9 4 4z g L
3la !l lp dae @lize glopbol 3 ozl [l 5
awloass eolaiwl oyl Byme slp & Jgaz j0 oo a3l slaas
JE> Gyxe sy GD-N GD-P <UD45 & Jyur ,o
SslS L ead sunaz,s JSz «(F0- kg/m?) Sl
ol ¥ e Lol I L oads ganar o JBs g leay oot

D591 sy g3 b 3o b 5l g5 oo FGM aites 5L Jgoe

3 Jones-Wilkins-Lee

fa)ln&/\fo»é/\f""jh/ho)u,lbo)h@&

1400

1200

=
o
o
o
.
.
.

800
e’ eeeeeees 304Steel

STRESS (MPA)
[*2]
3

| - = -CFRP

ey
o
o

N
o
o

Aluminum5182

o

0 0.1 0.2 0.3 0.4 0.5
STRAIN

DAY pyringfl (puizr o 5 = 5 g =Y S
[FEXB] CFRP vl 5 Yo F K550 oY ed

poiagll pgd —

Cawloods ool ! Juil S pgingd] pgd 5l diwd iz sl
J.AL»; Awd ol Yo oemMM x Yo emm x¥-mm g, o}‘..\i‘
9 F0- kgim® &> g jo duo Vo Caalies @ C3iSs atvn
S el e de Ve (LSS lacklbs L Vel aiis
Pl ¥ Jsa jo .l ouls asive o) JSG ,0FGM ain
— u,«.u )bs—o.; Y Jiw B Ll 00l OQ)ST 6@93 D k;u&n
ol oy ool paetangl] o3 20,5

I¥?] porogll pgd aimd (Silo (plgs —F Jouxr

YeooVeo p
YN FY E
AR A
Sy Gowlsy S
\ LS el 25
! Crushable

2 Detonation velocity



5 5ni 49 90 Sl i 1 g ilicko Sy s b oM aile Jil o0 Sl | VoF

g o Foml 0 Sk Jgde i Ep g By Y alaly 0 a8
(Z=N12) FGM 5 mlaw o 5YL 50 5 (Z=-D/2) FGM 3,
Aada dotias Cwbrs bl jo Kb Jade Ol s .ol
¥ U cwl ool ool las S o Sy aiel e
Ol gl (o053 50 1P sl Kb Jooe a5 das oo LS
Suald 5l ol S elst (Siledr b 00 ki by )9
PPl gl g S0 g Gl 4y, Pl 4 il aten

Dl S 4 Jolad &gy (ol o 2Vb 359 o (o5

S0 Ry ) O ye0ds Medud dxds o> S Sl ol e
[VA] ..\5..»

z+h/2

9@ = (5 S

ol diad Calies N g osle sla el b 5IP oY alal,y jo oS
75 5l oS 5 Oypets g |y ¥ oles 5l Ss se ol ple
Kb oo jolaie ol lp St badg, (ole g o>

Ry S

E(z) = g(2)E; + [1 - g(2)]E; ™
Nl Sl gaaiges guiainb -7 Jgur
laaiges ladys) iz wwn S Wt (S 5:Sle SE plols ojlw oz
=YL =t VY Y oay Yoay laayY

AL-UD45-AL AL AL - JI50 - T . \5aY
AL-UD45-ST AL Steel _ Jf0 _ J£0 . Y\sY
AL-UD45-CF AL CFRP - /f0 - AT . \OVF
ST-UD45-AL Steel AL - N - N . Y\SY
ST-UD45-ST Steel Steel - N - N . YSFY
ST-UD45-CF Steel CFRP - N - N . Y.V
CF-UD45-AL CFRP AL - AN - J/£0 . N2
CF-UDA45-ST CFRP Steel - N - N . Yooy
CF-UD45-CF CFRP CFRP - N - AT . V5

GD-P AL AL -/va < I£0 N3 /0 Y y$aY

GD-N AL AL -I87 A -/¥a I£0 —lo\F VFaY

Ey

adgl 9 5jp0 bl -Y-Y

o s plas slais 2 5 gl Dl o dagjluans o
Goye by 5l Jae ol jo aiad ade Sl ples jo Bon
(O JS5) Ceslons oolisl ENCASTRE

Young's Mcdulus

m

IFA] FOM amio 5 5o Kby Jgoro &l pusis —F S

fa)ln&/\fb”é/\f*rJh/lho)l&,ho)h&gl&



V¥ | oS gl

Sl I Gl o8 1 igd co Bd> a3 5 550 Jlre 4

D0l oadlive |y 3,95 5

70
2w

[72]

S 50

X T 40

2E w0

s 20

2z 10

[%2]

S= 0

£ 0 20000 40000 60000

Number of Elements

S lodl 31wl o 1 el g0 o Ol i — F S

ERV-Y

<

Aged 59y 2 Hlxdil zgo Jlosl g Ogume 321 Juo =V S

(o 19y dimad (s ¥l 419, (I ST-UD45-Al-40g
ST S)

Sy g b -F

Fb sl IS s 5 (Sailely glase 5 @l i5u (ol o
00l gwyy 5 dmlie 928 @S L gileand I (mgails

9wl Jib S8 pdi 9 (Sibolg sl —)-F

2 Conwep

fa)ln&/\fo”é/\f“'Jh/lho)uslbothélSn

mgwile Bl 650 byl -0 JSb

ooled iy 25 —F -

oled g5 ' S il Jssle 5o maSLT 8l 5 b (g5luand o
Jobee lade sy 1) 0aigds yoraie oole gy g jlnasl i) g
Incident g5 5l oo Slsl Lwled £45 09 s0 asein TNT
ool TogilS jlomisl bg, g Wave

Sl (2 Kod g guduyledl -0-Y
o Sl 5l (S Cds rals 5 gileand ange 056 sl
Gl sl (play g plxil s g4 gonaSl
5 iy e Sl 5SS olad il gym 9,55 2 Jone S
T (i by 0,5 oo dlold 595 5 Joro jlaz 2 4SS )
Iy as ol slapledl calie slaws b b 0gd o0 55,5
Gslwands g ol olgzdoas oLl slass ol jo 10508 astine
Q}w‘sn ool w‘ﬁ‘ (53.l> [ Lbul.o.” sloss I8 e O}M‘SA lol?u‘
aslllas (gl 09l oo 4idS aSl k0 Ren Jos pl 4 aS
sy g ls Celoads oolaiwl AL-UDAS-AL 5l aSis o) Koo
Bas slagyledl slows Lcwsloads @l £ sy oSl ol Ken
wid g bayg; gl ool eoliwl glaslall g45 g ladl YO
Sy, sl (gauaSl ol yo .ol C3D8T 4 SOLID g4 5
3l @ gl 9 QUAD - STRUCTURED S b slayladl
Y S 5o Camloas soliwl HEX-DOMINATED (SWEEP)
ST-UDA45- aigai 1o lxil zge Jlos! 050 5 Sgame 521 Jow
Al o/ VY lmiil zge lo JS . Cewloais eols Lz Al-40g
Oy 5l e Lo ladl cslons solazwl Hladl il 8 SLuSS

! Interaction



5 3Ll 4 30 Sl it SN 5 g ilideo gy b (il Bl 50 s3ludire | VoA

A sYba,

b 4,

A sYbas,

<
TNl il JSb i 5 (Failoly lovs - A JSb
2o (o (ST-UD45-Al-40g  ozm gl diges) Jol o (I
e o (o (Al-UDA45-Al-50g 20 gl digad) pgo
(GD-L-509  s2m gl diged)

slaag) b (Zugnle Sl OVl plos (Sailely slase V' Jour
L aS 0gd s0 aze ol Cawsddy el lhaes o plad 1) (5508
s el Ao s Va4 ) 0 o i oole o o8l

Y Jgoz )0 09290 slans

= . = St R o ‘e )
S (g (89,8 S s oD
= ¥ . e A
g_i..JLg PT e L;)L TT

3 Petal-like Tearing

modle Bl poojly 4y Db b baagy, (ells S5 s
o miin sole Jolao p bl rps Bt ol s ala,
ST-UD45- 2z 50ils diges Mio 355 oo Jlac! 5 yasedos TNT
W X Vb iz 5] VL 4y, &5 ] (2] 5 yas CF-50g
Cped etz Gl 4, T kg/m® JBe L csleS,
mo3l el 0-G Lyl TNT o mite ooke Jolas o> s CFRP
Sraglie @ y3e Jloxdil plp 55 Ygere (2550l 5 (mgile o
slae [Fe] s o Qi obj il g W)l 093 (sl
GiAl @i ced b (amgaile slo Bl SO 55 5 (Sibely
sl il (Sailly glose oy b nlply sl anly by
Coslio b (sl 5 (hiseelS loosle (lgoe (ol
sl IS, 5 (Suilily slovs cole VL )il
Wlor canody alise glxail glaa s cov ougaile
slag, b (el slobily JS0 s 5 (Salely sloss

22,5 Gl So s & (g0 (5518
W om0 (50,88 (Sl Lol jen S5 sla IS yows (Voo

a6 yden (50,88 Lol pen S5 sl o i (Yo
ped aiwd g Vb ayg, SL Lolen S5 sl IS0 s (Yo

S ladg, b (mgaile sla bl sl o g9 4w cpl A S0

SR TS)

&

! Indentation Deformation without rupture
2 Transverse Tearing

fa)ln&/\fa)gé/\f*"Jh/ha)u,ha,h&é&



18] o gl

ST-UD45-ST-70g Y - ID | cCD-SsC | PD e GlaS 5 s st S s CD
GD-P-30g Y ID b PD
GD-P-40g Y ID FT PD SasS oS 5 b ol o (g Lid S i CD-SC'
GD-P-50g Yo ID CF PD
GD-N-30g Y o ID D PD i bS5 b olyen JolS o o FC-LCT
GD-N-40g Y o D b PD
GD-N-50g Y TT | CD-SC | PD 329 Lay o JalS e CF

W pg Y )0 CenSS FT

il ol 40 Coglin x| do o oo o1 -Y-F
Phccad S A5 ) 90 (S9) X U S ad P & & 3 .. 1
SOk 0g S (Sl Ko s PD

ST- Al-UDA5-Al wgas s gl loxiil 4,0 o 514 JSs

b 4y o2, SIS s (g9, » CF-UDA45-ST UD45-ST

S gy b (il by Faibely glave -V Jgux

ladigas b s 3] Al w3,
5 asloas aslie [FV] oy8 @l b g olis so0e &0 gl | 2V b
_ _ . _ Al-UD45-Al-50g Y ID CD-SC PD
. Lo O SO 40 A dgd io Q W
5 o i i eie 1 [ Al-UD45-Al-60g ¥ s TT FC-LC PD
Bl aiges Jlmiil 2l jo Caaglite (il a9y QLS 58 e Al-UD45-Al-70g Y PT CF PD
w9, b (Fugaile diges | 5YL CFRP YL g, b (sugaile Al-UD45-ST-40g Y ID cD PD
CFRP 5 doy}é LSL‘M%.ﬁ) ).| oolaztl oy S el 6}15 @YL Al-UD45-ST-50g ¥ ow TT CD-SC PD
. ‘ P . Al-UD45-ST-60g ¥ o TT FC-LC PD
o o e . . e s s
29) 5255 SO et G0l crge sogenagl ) A s STUDISAT0g — 5 5 55
gl Bl lxiilply o Coglie (ralidlazl o g Sl ST-UD45-Al-50g Y e ID CD PD
o S O g ol Glacend o s G 00,5 e ST-UD45-Al-60g Y o ID CD-SC PD
ol 2oy By ALY ot iy o0 5 oty gl ST-UD45-ST-50g Y e ID cD PD
ST-UD45-ST-60g Y o ID CD-SC PD
70
£ 0
=t -+ @+ Experimental
S 50
g —@— Simulation
= 40
D
[
= 30
()
N
e 20
(&}
©
L 10
X
3
m 0
20 30 40 50 60 70
Impulse(Ns)
1]

4 Complete Fragmentation in the central area
’Fragments in the Third core layer
¢ Large Plastic Deformation without Tearing

! Compressive Deformation without periphery cracks
2 Compressive Deformation with Several Small Cracks
3 Fully Crushed with Large Cracks

fa)ln&/\fo»é/\f""jh/ho)u,lbo)hdﬁil&



5 3R 49 90 Sl i ST g ilio Sy s b M anile Jil o0 siludwe | 1o

30

25

20

15

10

Back Facesheet Deflection (mm)

30

25

20

15

10

Back Facesheet Deflection (mm)

---@--+ Experimental
—@— Simulation

20 40 60 80
Impulse (Ns)

e

---@--+ Experimntal

—@— Simulation

20 40 60 80
Impulse (Ns)

<

Bl G (sl @y Hlmdil w00 Gud oo g (2858 S i Hloged - S
CF-UD45-ST (o ST-UD45-ST (s Al-UD45-Al (Gl s guiilus

o bVl sy 5 V5 Sl sy e s pseieos] Sl gl 50 Caoglio (g9 2 Ladsgy (o F1-Y-F
Rlp 3 Swglie Y58 iz b (Sl 5, 5 CFRP Yl ag) i S1--Y-F

@) oo b masle Sl slaaised 4 Cons 5 ] AL -) oYU a5, cilises oz b olbaiges aand ol 5o
o2 b @Vl ) 5 poriosll (ol gy iz 5 59Y5 YL Alr s Caglie (g9) » OLSy Sl a9, iz 9 ST - CF
D10 sogriogll iz b ol 4, 9 CFRP ST AL cl> g0 j0 cml gy i Camlodds gy jloxiil

i Vo S b 50 e JSKE) el ok 43S L o
YU ag; i b mgaile JL sladiged oS 005

fo)lo&/\fe”é/\f*rJh/ho}&,lﬁgh&élﬂo



M 5o

70
IS
€ 60 | —e—ST-UD45-AL ’
c )
o .o .os - -
£ 50 ®--- CF-UD45-AL |
2 l.o
= 4 | -e-ALUDSAL
a) oé
B 30 e
£
g8 20 .
(55
LL
x 10
[&)
©
@ 9
0 0.01 0.02 0.03 0.04

Specific Impulse(Ns/g)

&l
30

25 —@— ST-UD45-ST

<@+ AL-UD45-ST
20

- ® —CF-UD45-ST
15

10

Back Facesheet Deflection (mm)

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Specific Impulse(Ns/g)

-
SYU a9y il At sl i (Gl 4 g0 Wl s ) (Sl A gy (o0 5SS s — Ve SIS
ST sl w9y i (G AL (Sl g, o (I

Rl agy g §I-Y-Y-F

5 CFRP oYL g, iz b (il Bl €9l coizren AL) sl as; @bt Gl b plaaises Cud ol o
@ S (5 el plp 50 Suaglie 3V Sl s, 2lr o Ceglie 55) » OLSs (YL 4y, iz 9 (ST -CF
49y o2 9 CFRP (Vb ag, iz b (gl By sladiges CR AL clo 55 53 (Vb ag) iz Cal 00l (g o L]

8,00 sogaiegd] Sl oateie VY S ol 51O USS) conl oad azd 3 ks o

posiragd] (Vb g) iz b (Zugaile Jib dges 45 035 oo
o (§ e Ll ply )0 Caglia CFRP ol a9,y iz
o 5 peeesll @Yl gy iz b (mpnile B disel &

D)ls oginagll 9 G0V9d b 4,

fa)ln&/\fo»é/\f"'Jh/ho)u,lbo)hJé&



5 3R 49 90 Sl i 51 g ilicko Slasg s b oM aile Jily o0 sl | 1Y

60
E 5
= - & = AL-UD45-ST
o
S 40
3 .- @--- AL-UD45-CF
o
e 30 —e— AL-UD45-AL -
8 //.. .......... [
<
@ 20 Phe
@Q -
E ' 4
< 10
Q
©
0

0

0 0.005 0.01 0015 002 0.025 003 0.035 0.04
Specific Impulse (Ns/g)
&l

45
g 40| —e—CF-UD45-AL
= 35
2 30 <o+ --s CF-UD45-ST
3
5 25
a
o 20
[<3]
% 15
8
F 10
S 5
©
@

0 0.01 0.02 0.03 0.04

Specific Impulse(Ns/g)

<

el w9y 3l liseo (Lo iz (Sl A pd ol o (Sl Mgy (26 pE S i - YY) S
CFRP oYL ag, gz (@ AL (3 g i (I

L_g‘).g 45‘51l>)o ‘o)b l) RyeS )l..\.'é.g Oy dagy S s
ams o [ FY] ol cp S Jade ool ates cude bol,S
AVl s oo 0l gl L il i gl

ol i hie Lol S L il LU

20 Cuoglio 59 vl atws J&s LIS 1 -F-F

il il
OLIS e boayg) (88 JSS st slajloged VY IS
oelams oo lad 1) Glises sloay o ol gl gugails ann
o 50 ganle ates (LIS a5 ol et o9t 4S5
S Se 588 By Loyl baayy) (sells IS 5eess (s,
OLoLS SRl L Gl 9 Vb slaary) S0 s oo ol

fo)lo&/\fe”é/\f*rJh/ho}&,lﬁgh&élﬂo



W] 5 g

N
(8]

N
o

=
[8)]

—@— Back Facesheet

Facesheet Deflection(mm)

10 .
---@--- Front Facesheet R

5

0

-0.02 -0.01 0 0.01 0.02 0.03

Density Gradient of Foam Core
&

30

N
(&)

N
o

Facesheet Deflection(mm)
=
(6]

10 —@— Back Facesheet
5 -+-@--- Front Facesheet
0
-0.02 -0.01 0 0.01 0.02 0.03
Density Gradient of Foam Core
<
50
45
~— F
g 40
£ s
s
2 Y e, ...
= 5 | e O .
8 2
3 15 —@— Back Facesheet
<
[72]
S 10
< ---@--- Front Facesheet
L
0
-0.02 -0.01 0 0.01 0.02 0.03

Density Gradient of Foam Core

<
P2 &5 ol (W] pgd dwd (LSS Cons p Ay g; (0 5o S0yt Hl0g0d VY OB
047 0 yxiin 00lo p 2 4 ol (o P00 0 yxiien o0l 52 45 ol (0 Y40 0 ymiio 00Lo

fa)ln&/\fo»é/\f"'dh/hyu,ho}ho&é&o



5 3R 49 90 Sl diand 15 g ilido Slayg s b o anile Jil o0 s3ludwe | 11

Ap 50 Ceglie Wil die cuie JEs Lol S &5 LK
e (S HbolS 4 Cad (Boyo Yo sgu) 6 5YL bl

Sl ans
Lbd«.;m sp.?‘w _;
GPa ¢atncw¥l Joow E

kg/m® ¢ J&=

p

Ol S v

GPa o5y Jgse G

Us cazr yo (5,5 &5 £
MPa cadgl puls s A
MPa « 5w 15,5 o yo B
SE S Ol n
OS5 TP el C
Sl P Ols m

oole ol ils D,

oole ol cils D,

oole WT oy Dy

oole ol 03 D,

oole ol cils Ds

GPa ¢ Job aroV¥l Jooe E;
GPa ¢ oo,e dimuciw¥] Jooe E;
Oglgy S V12
GPa Y-Vamio 10 bp Jede G1z
GPa Y-Vazmio ;o ooy Joowe Gy3
GPa Y-Yamio 13 by Jsde Gas

&35 A -0

"o banile Gla il (Seslus slagul (agh cnl 5
oS5 1,2 FOM 5 1555, 55 42 5 Loy, s sl
D dslie 0285 B L g gy (§398 Ojgo lxal alie
(Yl arg, ¢ gl sle IS consls [ IS o slacdl>
o SlELSAL ) SO ek (Sl g, 5 st At
2 @il da JBa oLalS 5 o) gan S daays,
S sl oluly (Zugaile Lisle sl ply jo Cuaglie
2l e o (6 Sosl ey Bl 5 cenSh /S
il 1) O g0y odel Cawddy

e Sl a3 laays, b (amanile o bl sl -
%t ot Sy S5 s 4y i o | S
Pl sloaiges 10 (Vo) atws azxgs LB (adse g3luos i
(05 ¥+ o osle ) o5l a0, 5y o gl
Cules 5l sod 3l i g JB jsba a0l cdnlin
(p5 0 oymiie oole p)2) Lawgie 41,0 S Cov (Vo) 4
o (Vo) pob loains 5 (Vb ayg; (290 (Sl ol 00,88

ls @) (ra)ff'v 0 yoraio osle ‘a):>)§]l; d..:].auSJ

) oA (GILAZ )0 dd (eSS dld b duslie 0 Y
il b ams e plis 1y Sglie JS8 s slacdl> (FGM
(pS F0 @ p)S Ve 5l opmine o3le py il il ap5
GrS 4 CS1ESs pgd dtes alls (gileed il lacdl>
kb ol CeSd 4 fln G 9 S5 Areg g (3lwoed pA3

Conglie (LuSy (soseiogl] (il agy iz (28,550 LY
CFRP oYL g, iz b (il b diges )il plp jo
22,0 VA (518 (VL gy iz b (mgile Bl diged ) S

g YL

sl wiges Lol s 3o Cuaglin (s Jobes p,z 4o -F
ST-UD45- _omsails bl aiges 4y o A-UD45-ST Ll

Dg SYL as o £ Al

s IS ool Gl e s Sl s 55 ol

Azl ool iolial il 4y 5 5l pasin 0dgde (5l

fa)ln&/\fo”é/\f*rJh/lho)l&,ho)h&gl&



N8| Syl

[4] Sun G, Huo X, Chen D, Li Q. (2017) Experimental and
numerical study on honeycomb sandwich panels under
bending and in-panel compression. Mater Des; 133:154—
68.

[5] McShane GJ, Radford DD, Deshpande VS, Fleck NA.
(2006) The response of clamped sandwich plates with
lattice cores subjected to shock loading. Eur J Mech;
25:215-29.

[6] Hanssen AG, Girard Y, Olovsson L, Berstad T, Langseth
M. (2006) A numerical model for bird strike of
aluminium foam-based sandwich panels. Int J Impact
Eng; 32:1127-44.

[7] Xiao Z, Fang J, Sun G, Li Q. (2015) Crashworthiness
design for functionally graded foamfilled bumper beam.
Adv Eng Softw; 85:81-95.

[8] Xia 'Y, Wu C, Liu Z, Yuan Y. (2016) Protective effect of
graded density aluminium foam on RC slab under blast
loading — An experimental study. Construct Build Mater
2016; 111:209-22.

[9] Fleck NA, Deshpande VS. (2004) The resistance of
clamped sandwich beams to shock loading. J Appl
Mech; 71:386.

[10] Qiu X, Deshpande VS, Fleck NA. (2004) Dynamic
response of a clamped circular sandwich plate subject to
shock loading. J Appl Mech; 71:637.

[11] Qiu X, Deshpande VS, Fleck NA. (2003) Finite element
analysis of the dynamic response of clamped sandwich
beams subject to shock loading. Eur J Mech; 22:801-14.

[12] Li X, Zhang P, Wang Z, Wu G, Zhao L. (2014)
Dynamic behavior of aluminum honeycomb sandwich
panels under air blast: experiment and numerical
analysis. Compos Struct; 108:1001

[13] Nurick GN, Langdon GS, Chi Y, Jacob N. (2009)
Behaviour of sandwich panels subjected to intense air
blast — Part 1: experiments. Compos Struct; 91:433-41.

[14] Radford DD, McShane GJ, Deshpande VS, Fleck NA.
(2006)The response of clamped sandwich plates with
metallic foam cores to simulated blast loading. Int J
Solids Struct; 43:2243-59.

[15] Zhu F, Zhao L, Lu G, Wang Z. (2008) Deformation and
failure of blast-loaded metallic sandwich panels
Experimental investigations. Int J Impact Eng; 35:937—
51.

[16] Huang W, Zhang W, Li D, Ye N, Xie W, Ren P. (2016)
Dynamic failure of honeycomb-core sandwich structures
subjected to underwater impulsive loads. Eur J Mech;
60:39-51.

[17] Theobald MD, Langdon GS, Nurick GN, Pillay S,
Heyns A, Merrett RP. (2010) large inelastic response of
unbonded metallic foam and honeycomb core sandwich
panels to blast loading. Compos Struct 2010; 92:2465—
75.

[18] Jing L, Wang Z, Zhao L. (2016) The dynamic response
of sandwich panels with cellular metal cores to localized
impulsive loading. Compos Part B-Eng 2016; 94:52-63.

[19] LiuH, Cao Z, Yao G, Luo H, Zu G. (2013) Performance
of aluminum foam-steel panel sandwich composites
subjected to blast loading. Mater Des; 47:483-8.

fa)ln&/\fo»é/\f""jh/ho)u,lbo)hdﬁil&

MPa (X g50) oS plSoein! Xr
MPa (X ,30) (5 ,Lid plSoxins! Xc
MPa (Y gox0) oS plSoin] Yr
MPa (Y j950) (5L alSoinsl Ye
MPa «( 2iS) (o plSoeiasl St
MPa (s Lid) &y ploinl Sc
GPa (X jg20) (o285 (B Jgke Gxr
GPa (X j50) (5l b Jyoro Gxe
GPa (Y j52xe) (225 (oS Joobo Gyr
GPa (Y jgoe) (5,lid (b2 Joo Gye

M/S ooy yomie Cas pow Detonation Speed

GPa « Lié o Gy

GPa Lié oo G

adgl o3y lade Ry

440 o5 )Lx&o R,

$3Lid 5l puS capl w
kg/m? ¢ J&> Po

KIM3 (oo o>y s adsl 65, Initial energy per
unit volume
XLlwo-Y

[1] Xi H, Tang L, Luo S, Liu Y, Jiang Z, Liu Z. (2017) A
numerical study of temperature effect on the penetration
of aluminum foam sandwich panels under impact.
Compos Part BEng; 130:217-29.

[2] zhu L, Guo K, Li Y, Yu T, Zhou Q. (2018) Experimental
study on the dynamic behaviour of aluminium foam
sandwich plates under single and repeated impacts at low
temperature. Int J Impact Eng; 114:123-32.

[3] Sun G, Chen D, Huo X, Zheng G, Li Q. (2018)
Experimental and numerical studies on indentation and
perforation characteristics of honeycomb sandwich
panels. Compos Struct 2018; 184:110-24.



5 5ni 49 90 Sl diand 51 g o Sy s b oM anile Jil sous sl | 11F

[32] zhang Y, Zong Z, Liu Q, Ma J, Wu Y, Li Q. (2017)
Static and dynamic crushing responses of CFRP
sandwich panels filled with different reinforced
materials. Mater Des; 117:396-408.

[33] Li X, Yahya MY, Nia AB, Wang Z, Yang J, Lu G.
(2017) Dynamic failure of basalt/epoxy laminates under
blast—Experimental observation. Int J Impact Eng;
102:16-26.

[34] ASTM, EB8."8M. (2003) Standard test methods of
tension testing of metallic materials [metric]." Annual
book of ASTM standards3.

[35] A. Standard, (2008) "Standard test method for tensile
properties of polymer matrix composite materials,"”
ASTM D3039/D M, vol. 3039, p. 2008.

[36] Shen J, Lu G, Ruan D. (2010) Compressive behaviour
of closed-cell aluminium foams at high strain rates.
Compos Part B-Eng; 41:678-85.

[37] Wang Z, Shen J, Lu G, Zhao L. (2011) Compressive
behavior of closed-cell aluminum alloy
foams at medium strain rates. Mater Sci Eng; 528:2326—
30.

[38] Zhang K, Ni O, Huang J, Dai Y, Zhao H. (2018) A facile
and efficient method to investigate the effect of the
nature of surfactant and continuous phase on the
performance of emulsion explosive. J Mol Liq; 249:203—
10.

[39] Li S, Li X, Wang Z, Wu G, Lu G, Zhao L. (2017)
Sandwich panels with layered graded aluminum
honeycomb cores under blast loading. Compos Struct;
173:242-54.

[40] Liu T, Sun G, Fang J, Zhang J, Li Q. (2018)
Topographical design of stiffener layout for
plates against blast loading using a modified ant colony
optimization algorithm. Struct Multidiscipl Optim;
59:335-50.

[41] Guangyong S, Erdong W, Jingtao Z, Shigiang L, Yong
Z, Qing L. (2020) Experimental study on the dynamic
responses of foam sandwich panels with different
facesheets and core gradients subjected to blast impulse.
Int J Impact Eng; 135:103-327.

[42] Karagiozova D, Nurick GN, Langdon GS, Chung Kim
Yuen S, Chi Y, Bartle S. (2009) Response of flexible
sandwich-type panels to blast loading. Compos Sci
Technol 2009; 69:754-63.

[20] zhu F, Wang Z, Lu G, Nurick G. (2010) Some
theoretical considerations on the dynamic response of
sandwich structures under impulsive loading. Int J
Impact Eng; 37:625-37

[21] Li G, Xu F, Sun G, Li Q. (2015) A comparative study
on thin-walled structures with functionally graded
thickness (FGT) and tapered tubes withstanding oblique
impact loading. Int J Impact Eng; 77:68 83

[22] Sun G, Li G, Hou S, Zhou S, Li W, Li Q. (2010)
Crashworthiness design for functionally graded foam-
filled thin-walled structures. Mater Sci Eng; 527:1911—
9.

[23] Sun G, Pang T, Xu C, Zheng G, Song J. (2017) Energy
absorption mechanics for variable thickness thin-walled
structures. Thin-Walled Struct; 118:214-28.

[24] Sun G, Tian J, Liu T, Yan X, Huang X. (2018)
Crashworthiness  optimization of  automotive
parts with tailor rolled blank. Eng Struct; 169:201-15.

[25] Zhang H, Sun G, Xiao Z, Li G, Li Q. (2018) Bending
characteristics of top-hat structures through tailor rolled
blank (TRB) process. Thin-Walled Struct; 123:420-40.

[26] Nouri MD, Hatami H. (2014) Experimental and
Numerical Study of the Effect of Longitudinal
Reinforcements on Cylindrical and Conical Absorbers
under Impact Loading. Indian J Sci. Tec.; 7:199-210.

[27] Hatami H, Chegeni A. (2020) Designing the energy
absorption capacity of functionally graded foam
materials Experimental investigation of impact loading
effects on rectangular flat panels of fiber self-
compacting cementations composite with expanded steel
sheet. J Braz. Soc. Mech. Sci. Eng; 318:215-25

[28] Liu X, Tian X, Lu T, Zhou D, Liang B. (2012) Blast
resistance of sandwich-walled hollow cylinders with
graded metallic foam cores. Compos Struct; 94:2485—
93.

[29] Farmani SM, Alitavoli M, Babaei H, Haghgoo M.
(2024)Investigation of dynamic response of circular
sandwich plates with metal vertical tubes core under
blast load. J Braz. Soc. Mech. Sci. Eng; 150:134-43.

[30] Li S, Wang Z, Wu G, Zhao L, Li X. (2014) Dynamic
response of sandwich spherical shell
with graded metallic foam cores subjected to blast
loading. Compos Part A-Appl; 56:262—71.

[31] Jing L, Wang Z, Shim VPW, Zhao L. (2014) An
experimental study of the dynamic response of
cylindrical sandwich shells with metallic foam cores
subjected to blast loading. Int J Impact Eng; 71:60-72.

fa)lo&/\fo”é/\f*rJh/ho)l&,ho)h&él&



