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ABSTRACT

Investigation into the influence of defects of internal structures on
the impact behaviors of the lightweight sandwich plate with

deformable sheared dimple inner structures

Jung Woo Chul

Advisor : Prof. Ahn Dong-Gyu, Ph. D
Dept. of Mechanical Engineering
Graduate School of Chosun University

The performance and properties of sandwich plate with three-dimensional inner structures
are dependent on the shape and material of the inner structures. Hence, various researchers
related on the sandwich plate with three-dimensional inner structures have an interest in the
influence of the defects in the sandwich plate on the static and dynamic behaviors.

The objective of this thesis is to investigate into the influence of defects of internal
structures on the impact behaviors of the lightweight sandwich plate with deformable
sheared dimple inner structures. Initial defects of sandwich plate with deformable sheared
dimple inner structures have been observed to estimate candidate representative defect
modes. From the results of the observation, two types of radius defect mode and three
types of thickness defect mode have been estimated. Each radius defect mode has classified
three types of sub-defect mode according to occurrence region of the radius defect.

In order to investigate into the influence of defect modes on the impact behaviors of
the sandwich plate, three-dimensional finite element analysis has been performed using

ABAQUS V6.11 Explicit module. The results of FE analyses have been compared to those



of drop impact experiments from viewpoints of the force per with-deflection curve, the
absorbed energy-deflection curve, the deformed shape, and the amplitude of skin wrinkling.
From the results of the comparison, a dominant defect mode has been estimated.

In order to estimate the failure map and the normalized impact energy- the normalized
absorbed impact energy curve, several finite element analysis have been carried out using
finite element model with the dominant defect mode. Three types of failure modes have
been chosen via the investigation of the deformation shapes. Through the failure mode
fitting according to impact conditions, failure maps for the sandwich plate with deformable
sheared dimple inner structures have been obtained. In addition, the normalized impact
energy- the normalized absorbed impact energy curves for different normalized impact

radius have been created using curve fitting.
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Fig. 2 Fabrication procedures of ultra-light weight sandwich panel with deformable sheared

dimple inner structures
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Table 1 Radius dimensions of inner structures for perfect and defect models

Perfect Model Mode A Mode B
ri (mm) 0.750 0.775 0.878
r2 (mm) 0.250 0.280 0.389

(")- Application regions of radius imperfections

-

R“ppef - Rhoﬂom

Fig. 4 Application regions of radius imperfections
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Table 2 Thickness for different thickness imperfection models

Thickness defect
Reference Type 1 Type 2 Type 3
mode
Thickness (mm) 2.80 2.83 2.87 2.89

l'l'2.83 mml

ference Thickness defect
type 1
.
E |
o
@
y
Thickness defect Thickness defect
type 2 type 3

Thickness defect modes

Fig. 5 Classification of thickness defect modes
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Fig. 8 High speed camera system to investigate into the crush phenomenon between impact

head and specimen

_13_



A 2d BH HME FAzAAA WEF AE

1. 99 9y ZAzAAAY W54 A3 B4

30 mm) |

| Impact Head (D

°
®
2
°
-3
E

Fig. 9 Schematics for plane strain type of drop impact test

ki3

of o

3}
=g

A dA el A

7 =S

=
=

REES

€]

Feg wy

7

€]

Fo Avms

A

e

3

E X
=

_q]

€]

faaa |

_q]

2l

o WEAANELe W

el A

AA =

€]

| o

ﬁo

B

—~
fie)

&
el
B

=
S

=
3

y

|

Fsol Al

ojth, & dAFoA = T4 =o] 400 mm ©

fie)

B
]
il

—_—

3
N
éo

k.

ok
—_—
fie)

-
el
N
s

=K

B

oF
o

i
)

x
oF
7

Nlo

—~
fie)

i

ot

I R R <!

S

4 At v

_14_



X

P
=

4

s

N

o
=

s A4

kel

Aol o

|

bl %

S

A=A dA el o

s

A=

o
il
o

<4

|

Aok A== 7o] 11.1 kg & 30 mm ¢

B

o
+
el
oo
<

N
.Z*O

file)

olo

=
=

| A

;‘(

7R A=

=
=

Fig. 10 =} Table 3

<3|
=4

ol

EERE

Table 3 Results of plane strain type of impact test

)
m o
3
5 <
g
s}
)
% >~
E g S
2z o~
~ Z N
R
—
g
£ o
- =
5 o
e}
<
23]
—
= o
<
£
(35 <t
-
h)
(e
2 E|l 8
H(
L
o
g g
(] . —
= kS
ks gl
g, e
N S
=
n

50

40

30

20

10

Deflection (mm)

(a) Force per width - deflection curves

_15_



E.pw(J)/mm)

0 10 20 30 40 50
Deflection(mm)

(b) Absorbed energy per width - deflection curves

Fig. 10 Influence of impact energies on force per width - deflection curves and the

absorbed energy per width - deflection curves

¢

B AgAAzANA Al Hely Ads AFATQ UMY Thed dd iy

"

R AAE b 2% 35 ASAA BAe 4 54 BAY o4 FaE 49 2

_16_



A 47 23F F& A=HX FAd ddF 3 =
FE#2L A

A1 A 2SS 2 A W7 WEFEAE A

impact Hoad [Ry= 15 mm |
(Analytical Rigid) [\

4-node linear element

Radius = 10 mm

ssauyaIyl

e & @D

[ Width = 200 mm |

1 MH_\_F Imperfection of ‘ Imp;afr :«:;tlon
[ [[]|__Rubberplate I | | Ihaxadivs __thickness
N
Y [ || ]| | ]

Fig. 11 FE model of the impact analysis

EoAGol A w3y WEILZRAES 7 24 F5 A=z A WEZ
& AAZANA ABAQUS V6.11 A&



-

el

<!
2
el
s

N
.Z*O

o)

e

N
T

0
B

el

2

A vzt A

=1
N

1
14 e

A A

I

f

= o

I

i

9
pi

W, thae) vt A4 o
o el A 279

RLA

=

o A4717]

]
hmi

A

RLA

=

-

T

]

pZS

—~
fie)
=T
g
el

el

0

il

N
.Z*O

=K

A=

=
3

Fol 3 A <}

°©

171 9

°©

A% ApHA| 24 (Tetrahedral element) = Y4 3}
] A

0

4

o

oF

_Zﬂo
on

ot

of ¢

14 2 Az

J

A

L4

y

Al

17] 9l

S

PR Adea B

B!

==
"o

132
50

Rubber (EA)

A}4=+= Table 4 ¢ 2t}

1,740

Die (EA)
2,320

_18_

27,114
106,479

SHA 24 (8-node linear element) = ¥
Specimen (EA)

=

7% ]

3l 8

(e}
Node
Element

17] 9l

Table 4 Number of nodes and elements of three-dimensional finite element analysis

[

| 4

Neo-Hookean ©] Hyper-elastic

pra



Fixation of X, Y directions

Fixation of X, Y directions

ALLLTTATHTAAAARASAANANANANANNSAANNA

Fixation of all directions

Fig. 12 Boundary conditions of FE model

Ao

dAZ71 (Symmetry boundary

]

3

condition) &

£33

!
Al

(DP 590)

As

T
e

ol
il

44 71AA

T2

Table 5 ¢} Zo] A A,

_19_



Table 5 Material properties of high strength steel (DP 590) and mild steel sheet

Skin sheet Inner structure
(DP 590) (Mild steel)
E (GPa) 205 176
v 0.28 0.32
o, (MPa) 364 144
0. (MPa) 635 302
ej¥te]l A5 WHPE £EE s fete] nEJAAFS Fste] Fig. 13
S 18y - ANYgE AEs 4S5 5 A8l ol#F ol (DP 590)
o1& dolEl= ABAQUS o DP 590 A& AA ©

True Stress (MPa)

1,000
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——30 ——100 ——200 —~— 500 1000
0 . , X . . ,
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Plastic True Strain

Fig. 13 Result of high speed tensile tests for DP 590 sheet

_20_



A 2 A

¢l Mode A (r; = 0.775, r» =0.280) <}

Mode B (r1 = 0.878, r; =0.389) = Z}Zz} #A-&sto] &7 stk Al F7= HdF

Al 2.87 mm & AEsto] Zpzbe] Wb AR o] 55 A=A A ] FAA sl ojw g
3

AgmeE AA ARs S49 v
]_

0.00675 sec Upperskin_—— 0.00600sec
MY P, ]

c--i g...

N s ottom skin [

0.00625 sec g ; 0.00550 sec

.,ﬁ--o

.}
l

S=——"" 'ﬁ‘“

0.00600 sec JE— E ' 0.00525 sec

R,*R,

n@b 1*‘

aqb

~ Mode A (r,=0.775, 1,=0.280)

" Mode B (r,=0.878, r,=0.389) |

Fig. 14 Deformed shapes of the sandwich panel for different radius imperfection modes

_21_



o]

-

T

B

S

o] Y

1
=g

TzA 2 3

T

=]

shel 1

S

Fig. 14 +
of wep wAjel FEA

1}

o]

TR

TR

ar
=

o A5 mrh W=

il
adl

1)

ERDEERE

T

=]

o @z we BAAA B

R A

o] YRpzAe Hzo] wh

s

|

==d

]

0

o

eierenea

0.025

—— Reference (2.80 mm)
0.015 0.02

—Type 1(2.83 mm)
—Type 2 (2.87 mm)
~ Type 3 (2.89 mm)

—Experiment

Mode B H.t}
0.005 0.01
time(sec)

-

T

]

o3 wWEA HFEHAY] wWFEor ALz ET

Mode A

%

R

]
Fig. 15 Deflection - time curves of the sandwich panel for different thickness imperfection

gol Aol

]

el
N
Njo
i~
o]
s

o
N

N
No

_22_

el AZER7E 2



X

P
=

4qr

o

Jjo
——

B
2
™

&

ol
=

A4 2%

=

§e] WEFZA 42T H FAZTN ©BE

X

Ry

i
™

TR R

s

A=

=
==

jat

Y
e

X

=9] 400 mm
Aol AP &

<4

3

A =ol9} (Type 1, Type 2, Type 3) 71 (Reference) 7l tf

-
T

j&

sttt

Rl

P
T

)

~

=3
1o

TR

el
TR

1) 2% =9 (Perfect Model) ¢ F+7 23t

file)
olo

"
ol
bk
o
=
)

B

ruze]

Al

=3
1o

PerfectModel

Ref. (2.80 mm)
~Type 2 (2.87 mmm)

Experiment
-——-Type 1L (2.83 mm)

(ww/N)"d

2]

Type 3 (2.89 mm)

50

30 40

20
Deflection(mm)

(a) Force per width - deflection curves

_23_



PerfectModel

0.8 p /
_ P
n "
i 27 s
o6 } i W 55
o——— 2
,/
— ’.J
g
o 0.4 F
-
&
[ ]

w

0.2 F Experiment Ref. (2.80 mm)

-——-Type 1L(2.83mm) - - -Type 2 (2.87 mm)
Type 3 (2.89 mm)
0 .l e - B L e '
o 10 20 30 40 50
Deflection (mm)

(b) Absorbed impact energy per width - deflection curves

Fig. 16 Influence of thickness defects on the force per width - deflection and the absorbed

energy per width - deflection curves for the case of perfect model

E G sts - W9 AR H de F G FFAUA - W9 dE o

Fig. 16 9] (a) 7423 Edo] F7 Zgo] 488 RER FFoAs 432 Ao
20 @9 F G g5 - W9 AeE dEpdth Aol 4 mm o]stell Al AlH ] FATL
FAETE stgol S7He o AUAYTE T o] F AR o] 33 mm ©]&7tA st W
9 A=Y FAREAl YERstew, 1 o] Fof= tso] FrbstHAl Wdo] wASHA d
olu= Rt st W9 AmUE o vEA Yeds & 5 Al

Fig. 16 9] (b) 723 Rdol| F7 Aol 48&H REgE FaiafX a3 e
= g FFolyA - W9 A E YERAY Type 3 (2.89 mm) 9 ¢ Aol 25 mm
A AR FAFTAUA Bop A FFskdAR, 1oolFde= Ad@t A &
ApSHAl &9l 7 Faelu A - we] ART dS5dE & 5 sl

_24_



_EEE ~
E EE E
ER % 3
@ odd ©
S NI
. @ QO QO
I =
= - - )
et =
i S
() < Q
; =
E 9
e ] =
-4 o
(1) [ a
b~ d ole
a AP
+o
1_§e
%o
1 =@
............ =
Radg*¥yev*y
(. ) e|Sue uonejoy

Rotation

angle (°)

Fig. 17 Rotation angle of inner structures of for different measured locations

ll
=~

Ton

TZA 3

B
i

el M el W
dellr Ay

¢}

==
<

SEREE

A 3

-
T

¢}

¢}

ol 6 719

—
fie)

_iﬁ

il
o
N
.&.O

3

X

oF
vzel
A
i

<!
o

|

ol

B

A7k Aol whet gy gl WAHE T

i

t}. Type 3 <

<
=

BEe o

=13
=

o}AE oA

ol

el

ol

4 -5 YAAAHE A<

2 e

SR EE RS

_25_



- Application region of skin wrinkling

PerfectModel

(@)
(&,

Type 1 (2.83 mm) | Type 2 (2.87 mm) | Type 3 (2.89 mm)

Ref. (2.80 mm)

Experiment

18 Comparison deformed shapes for different thickness imperfection mode of FE

Fig.

analyses (Perfect Model)

W

N

e

#1217} Fig. 17

T AT mEbA, FAT R

gl

SR FEo] WA

E{_}__

]

pZs

Jra
fie)

%

0%

¢

oW

el
TR

14 A3} oby e

9]

ki3

4" FAZEL B3

3|
S

3}
=g

<!

(Rupper) 9/]

2=

Al

| AgR 49w

Slo
=y

W7ol A

A Aol of o

KR
T

Fig. 19 ¥ Fig. 20

o7 - el

_26_

AR ol



" — Experiment Ref. (2.80 mm)

5 1" ~---Type 1(2.83mm) - - -Type 2 (2.87 mm)
] — ~Type 3 (2.89 mm)
0 r L . e e il re e - ’
0 10 20 30 40 50
Deflection (mm)
(a) Mode A
30 ¢ Rupper
25 F
20 } Qﬁ

9 ,alp. u .IJ‘J ‘1
M h
[11Y i:: Experiment Ref. (2.80 mm)
5 i ----Type 1(2.83mm) - - -Type 2 (2.87 mm)
' — ~Type 3 (2.89 mm)
0 e e e A e e e s e g
0 10 20 30 40 50
Deflection (mm)
(b) Mode B

Fig. 19 Influence of thickness defects and radius imperfection modes on the force per
width - deflection curves (Application region of the radius imperfection = upper

side)
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Fig. 23 Influence of thickness defects and radius imperfection modes on the force per

width - deflection curves (Application region of the radius imperfection = bottom

side)
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Fig. 27 Influence of thickness defects and radius imperfection modes on the force per

width - deflection curves (Application region of the radius imperfection = upper

and bottom sides)
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Table 6 Amplitude of skin wrinkling

Sheet | Experiment | Reference Type 1 Type 2 Type 3
Mode | Model
(mm) (mm) (2.80 mm) | (2.83 mm) | (2.87 mm) | (2.89 mm)
Upper
) 0.12 0.03, 0.04 | 0.02, 0.12 | 0.08, 0.17 0.16
Perfect skin
model | Bottom
) 0.07 0.03 0.09 0.05 0.03
skin
Upper
) 0.12 0.10 0.16 0.04, 0.12 | 0,03, 0.10
skin
Rupper B
ottom
) 0.07 0.04 0.14 0.06 0.08
skin
Upper
) 0.12 0.17 0.39 0.33 0.10
Mode skin
Rbollom
A Bottom
) 0.07 0.06 0.10 0.16 0.08
skin
Upper
Rupper p? 0.12 0.15 0.28 0.11 0.22
skin
+
Bottom
Riottom ) 0.07 0.08 0.07 0.08 0.10
skin
Upper
) 0.12 0.04, 0.11 | 0.05, 0.10 0.37 0.02, 0.17
skin
Rupper B
ottom
) 0.07 0.09 0.08 0.16 0.04
skin
Upper
) 0.12 0.31 0.08, 0.16 | 0.03, 0.11 020
Mode skin
Rbottom
B Bottom
) 0.07 0.16 0.01 0.06 0.09
skin
Upper
Rupper ) 0.12 0.11 0.18 0.05, 0.05 0.29
skin
+
Bottom
Riottom ) 0.07 0.10 0.08 0.07 0.09
skin
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Relative wrinkling distance
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0.85 0.84 === Type 3 (2.89 mm)

0.71
0.68 g 0.67 0.67

R upper +R bottom R upper R upper

R R pottom Rupper"' R pottom

Fig. 34 Relative

amplitudes of skin wrinkling for different thickness defect modes
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Table 8 Applied impact energies for different impact masses and heights

o < o) © N
— < xQ o 0
— Te! (e — ap)
— — (& <t
% (=)} — ) ©
o0 — &
o) ©
2 | 3 8|8
T o e = =
0 © ™ = e
- 3 t~ < e
N — N Lo —
< @ o0 ©
o N < S S
< S S o —
Te o~ < @ o0
N — N . ok
S S S S S
T o
< 2 88 8
o <~ € Lo — faV <
s E

14 mde o

VARES

-
T

Table 8

A7

i
nh 2 oL}

Jol A2 ALt

2 9=

]

Al & o l\c_o
1}
—

<4

=
3

SRS

A e

S

(1

2

A0 %@ A mgh =

Aot}

_45_



o,
of
i)
(E
al
2
2
(i
r>~
[r
L
i
2
1o
)
>
ps)

A2 A

@ pu—
3)

Al o] H 2 = 7}7F Z=AF =] = =] I =
—1(3) ]/\1M = T = — T — il juld
Qpﬁ ]
1 p = 7 A _|4 _,4
‘_l,_]l- =
_6_7:]5]1:
] ] o ],}I\H O‘]
v HQ/] o)«
=1, ;\H_‘o

2 ZA
7]ﬂ )
2 G
g 71 M=
LA R A
%5 LheRdl
URRAIRS

4)

Vv Oy L = o 1 ©
VA R4 B A
V7 ot et = & 7. LH 74 O
= 94» H
-7} A =) =2 - - Al
X
= o
LU ]

ol

J/}-
L < & S AT =Rl
o _]l_ =
= l 55 5
] J’oJJr
o] R ] E]—O]Q] ] F’/]
4
(O

Aoy &
) & e Aol



Table 9 Dimension and density of the analysis model for the failure map

b (mm) H (mm) L (mm)
37.65 2.87

p (kg/m’)
120 7.850

Table 10 Dynamic yield strength for different strain rate

- 4 0.0 0.1 1.0 3.0 10 30 100 | 200 | 500 | 1000
<5 (Sec™)

oy (MPa)| 414 | 444.2 | 465.8 | 478.2 | 493.5 | 509.2 | 528.7

541.1 | 559 | 573.8

Table 9 = AwW¥d 7%

rob

WY W TEAS AAE 249 35 A=A @
A9 A5 R F4L e, Table 10 & S#e] S5 g87

R

Table 11 Analysis ranges of non-dimensional parameters

[0 II r
102.69 - 4,559.58 4.14x10° - 11.90x10°

0.125, 0.250, 0.375

Table 11 & 4 (3)~(5) & ol 5o #arel fatatala
¥ 9o,
AUA F5 B BHE 9lete] Tasl

(6), (7) 3} oy 242

M2
L ©)
ayH b
Eab,max
X=—7F= (7
ayH b

1714, Eapmax = HFold Aol
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