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ABSTRACT: The work aims to study the influences of impact velocity and configuration parameters on the in-plane cu-
shioning properties of regularly-arranged circular honeycombs in the diagonal line. The finite element model of regular-

ly-arranged circular honeycombs in the diagonal line was established with the software ANSYS/LS-DYNA. Based on this
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finite element model, the parametric simulations of the honeycombs with various configuration parameters and impact
velocities were carried out. At different impact velocities in the diagonal line, the deformation modes, densification
strains, plateau stresses and energy absorption properties were obtained and presented in tables and figures for the regu-
larly-arranged circular honeycombs with different configuration parameters. At different impact velocities, the regular-
ly-arranged circular honeycombs had different deformation modes in the diagonal line. At low or high impact velocities,
the densification strain was only related to the ratio of cell wall thickness to radius, but was affected by both the impact
velocities and the ratio of cell wall thickness to radius at moderate impact velocities. For a given ratio of cell wall thick-
ness to radius, the in-plane plateau stress (or optimal energy absorption per unit volume) was linear with the square of
impact velocity; at a given impact velocity, the in-plane plateau stress (or optimal energy absorption per unit volume) lied
on the ratio of cell wall thickness to radius by a power exponential function. Based on the finite element results, the em-
pirical formulas of densification strain, plateau stress, energy absorption per unit volume are derived.

KEY WORDS: regularly-arranged circular honeycombs; the diagonal line direction; deformation mode; densification

strain; plateau stress; optimal energy absorption per unit volume
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Fig.1 Regularly-arranged circular honeycombs

TN

f—

R ¢ RHLHIT

a FHE b

R
=

B2 TSk A 405 1] M RERIT ST 4 KLU HE S 81
WEESRE AL
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used for studying the mechanical properties
in the diagonal line direction



- 236 f1 %% T 72

2022 4F 12 A

1.2 BRTER

P08 Sun WKk, A ANSYS/LS-DYNA
A ST 118 0 D0) HE 5] 1520 % e v 4 1% AR £ 1) b ol )
FBRIOAR, A0 3 BT o AR RCEAE R R AR
P, MR P, Z0H], R FIEM Py AISC P2 Py
A, R EER PTE x5 EREh, S
Me Py BT B M EEXIRELIR N 0, i LA P LI
— U v (1~250 m/s ) 2) i m) R opds, #ESERR S R
I, BRI N R=3 mm, BAERIE N
Self-contact #% fiilt , £ & 5 P E M 2 [0 & X H
Surface—to—Surface #%fil, EEEHEECH 0.02, XFEEGH
FIH 5 A4 A Belytschko—Tsay 552850 Shelll63
HEAT At AR5y, FERRITHEKN 0.3 mm, FEA i
FH IO A5 SR AN BRI XL M Iy AR R A B L, 4530 g 2
SN WA E, N 68.97 GPa, JRIRRL 1 oy K
292 MPa, 1IEVIBIE E,, N 689.7 MPa, JAMLL VK
0.35, JEF#E RN o4 2 700 kg/m’,

R T T BRRE S A 51 Hh R G A e X A BR A
R A ROE s, K iR PR L85 &
B, FESVEHUERE (FLIR) b=10 mm, x; Fl x, J7 ] I
) T R 13%12,

2 SAE

A BT AR SE S, 1] LSPREPOSTD iX
— JE AR A BRI R A ek -
B4k F~T P E e u-T, i3 s -
MBI F—u, XTHB AR B W—u;
AT LA B RE G S eE il (E). MEE (U) Fghhe
(K) XTRnymhde . ANHES] R 55 %t 407 )
EBRIY F—y W—u E—u.U—u M K—u Z( =0.3 mm

30

25

20 +

/ il SEE]

Up

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
u/m

a F-ulik

FMv=70m/s ), WK 4,

3 HLOUIHE S [ JE 86 3 1 0T A 2 1)
I3 BT YA BR T A
Fig.3 Finite element model for the in-plane crushing
analysis of regularly-arranged circular honeycombs
in the diagonal line direction

PREACAL BE Fu, AR EINF-N AR #ER, 2EmiTS
BRSO, WX (2),

o =F/(wxb); e=u/H: ezjogodg 2

Kb o e Fle JRERR T R AR R A AR FH
RIS w o b 7 I B R T E R s H AR TR
o BRIR

El da Hh, PIURIGE RS 16 B RS R 2 N IR
Bt ug; W 4b . AHRFE 5B SCRT, 945 A R Y B
RE2x tH B, JF B S BB W L K b its J1 D Fn i g
TFUf SR B $3 05,  BERT A 07 B FR b 2 Sk B
upo AN T uo A up B Ml 130 Wy ¥l W, TN W—u
Mgk B R AR, St mEE S0 ) o, TR AR R

WD_WO
- "D "0 3
T (wxb)(uD—uo) )
800 —
| —m— K-u
700 +' —@— Uy
' A Eu

|
|
|
|
600 || —y— Pu :
|
|
|

0 0.01 0.02 0.03 0.04 005 0.06 0.07 0.08
u/m

b AR S LR

Pl 4 RLINHES 1518 e g S T Ay 2 D7 1) b g R i W M2 (4=0.3 mm A v=70 m/s )
Fig.4 Typical impact response curves of regularly-arranged circular honeycombs in the diagonal line direction
(#=0.3 mm and v=70 m/s)



a3k 23

FEE, e HUNHES B 8 g 3k i xl A 207 1) S bk BE O AT 5T

© 237 -

HRAE S (2) AT A4S 21000 HE 51 [B] I 06 65 e 1A %of
ALk FHAIN o—g Al e—e HHZR (=03 mm Al
v=70 m/s), 55| ULE Sa Fl 5b. M Sa ml UL, KL
HEZ BP0 o S 2T ) L) o—e MZ & i
A 4 ANBYBE. 5B 1 B BORZ TR R, SRR
TR AL T8 4 1Y wo EWIUREN TT o FIHII IR 1 AR
g; HERIEIRG B, RPN SRS — 2 E; M)E
BV E BB, NWfE—EEEN BT s, XBE
FEl N BN, ST SEEE R op; Beda i A8 SEAR B B
X — B B U sy 1 A2 Sk B8 SEAR N AE e, AHI T 4
B upo MIE Sb AT LIE H st BA A7 AR B i IR T iR
SURBEIN, JEFEREDR A Po thBL, PR RS S LIX
3, R AR R R RE R R SR

3 H#EROM
3.1 ERERN

P T HAl e ZALESH A RE, HLIHES (5 1E
(2R TTPOD -l i W o i <R U L R i R D ) | IRV
PEFHE . HEBMBE 3 FRIBEA,

PR 2 S TERCILIE 6. BIIARRE R A K
A AN YT (Bl 6a); SRJE I — 25U EXT A
LR PR (1 6b ) Bt s S X8 2 M AY
BT APHR AL, HIE B X A LA T A 2™
AEPHRATE (K 6c—f); BEHERIMIHERS , PRI
LU XA AT [ B 1 P (P 6c—g )5 4
AR A SR, RS (& 6h).

SRy i PSRRI 7 WA A
JEHAIR, AR B IRARAYES 1 AT MG E ek AR R
I, YOEMAMERIE (& 7a); B b 42T 0t

: :
15 [l 1 ]
N . !
N 1 RAPEBIEL |
12 il 11 J& AR B Bt |
i I & XA B B i
g o i 0 IV #54b B !
. |
8 ! I
R ! Op I
B 6 i
| |
3 f .
l |
r [
0 |
I & ép !
i/ 1 1 1 1 1 1 1 m
0 01 02 03 04 05 06 07 08
NiAFe
a o—cHiZk

— R, HEE LR BT AS e R S T A T
M oc, e B Em T A oo MY, &
HORE S BB BT L VIR YR (B 7b.
d); BfJERER B BRI AR SR, Ak
SRR Ve PR (B 7¢ B 7d); BEE TR
Pt — 2B BT, 2 ANV IR P B A W A
(& 7e F171), Fps— BT ) )5 S & W P 7 Rl R
—& (K 7g); MErA RO IHRE, HEMRERE
S (| 7h),

AL S S AR A UL 8. BEM TIEEE 1 )2
HOTH IR, FHsc— IR (K
8a); SRJGBHZE T HI MHERS , R REE—"FIE
BRI N HERE R S Y 0 O 2 R e
BA (K 8b—d); 44, FEi SCHE AR I Y Al o
KA, B2 c—"FEH## (J
8e—g); HEm/GTEEWESL (K 8h), IHALREE
IR PR RS R

X 00 D) 371 (520 T e s M i X 3 £ T 1) ) AR TR
KA, HH 2T A AR T AGE 2 ) ok 9 A AR U 4 1) e A
FEAREN v, BRIV A ) 2l 2B A 4 A s A
BRI N veo W KEMSEAD EITE, WL
B EUREBE R T vy Bl vey IIE o ver 32 ¢/R FISE
BUN, WA vo 5@/R)" MIERT, mit, a3
F| 2 NIl PR 2 56 2N

1
n1z6mh;n2:4w[é)2mm )

32 EXUNE

WIARREAE o A 8 T BB RE R AL 5 o
PERERIFEIR Z — REANIR] v L e RXILEY e (S T3 1,

3.5

3.0 -

25

2.0 -

1.5 F

1.0 -

AN ARFRRE R TR e/(MT/m?)

0.5

1 L L L L 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
RiAFe

b e—sHliZk

B 5 BRG] R e 65 I a0 % A 2605 ] B o—e B e—e 1142 (=0.3 mm 1 v=70 m/s)
Fig.5 Typical stress and energy absorption per unit volume curves of the regularly-arranged circular honeycombs
in the diagonal line direction under the in-plane crushing loading (#=0.3 mm and v=70 m/s)



- 238 - f1 %% T 72 2022 4F 12 A

“d £-0.260 4600179 b c=00672 ¢ £=0.1869

e e=0.2943 f £=0.459 6

g #05976  h#0.7720 ¢ £=03839  fs=04869 g 07134  h £=0.8708

AR (£=0.25 mm Fl v=3 m/s ) NN s
St AR —

I t—0.25 l] =150 m/
Fig.6 Typical quasi static deformation mode of LB ( mm ;F v s )

regularly-arranged circular honeycombs in the Fig.8 Typical dynamic deformation mode of

. . Lo _ _ regularly-arranged circular honeycombs in the
diagonal line direction (=0.25 mm and v=3 m/s) diagonal line direction (#=0.25 mm and v=150 m/s)

MEITHITLER, FELE VT, ebl /R Y
KM E4E /RF, el v AR RMIBE R, X
: EHTARE v fl /R & FEONEIR AL, ik
ae=00337  be0.1322 ¢ e02051  d 03072 TR e f.

_— M1 24 AT LR AGHEEH SR AT (v
e -~ Ve ) BIESEARIAE e X) v SR ANBURAY, AT LLACH &5 12

e e=03856  fe=0.5214 g 606837  h £=0.7913 5y R, WK 9a, WIHTTN R M A,

TEFH A ESEXT (v <v<va), v—2EHR,

{7 SUUHED UL R SRR AT IR AR a1 o T U R e 15 /R L2 I FLAE

AT = (e _
BB (+20.25 mm il v=20 m/s ) R v, e RERIE BURFF—50 2 /R —ERE, W
Fig.7 Typical transition deformation mode of , o . . #
regularly-arranged circular honeycombs in the Kl 10b AT LVEH o5 v BEMEXR R, JFHIEARF /R
diagonal line direction (#=0.25 mm and v=20 m/s) T, e B%M[E,

x1 ARty THUHIERESHENALAELHELUEEE (R=3 mm )
Tab.1 Dynamic densification strains of regularly-arranged circular honeycombs in the diagonal line direction with
different values of t and v (R=3 mm)

t/mm
e v/(m-s™)

0.03 0.05 0.07 0.10 0.20 0.25 0.30
1 0.7829 0.776 4 0.766 3 0.759 8 0.722 6 0.7177 0.715 0
0.785 6 0.777 7 0.766 9 0.760 3 0.722 8 0.718 0 0.715 1
0.787 8 0.780 5 0.769 1 0.761 8 0.723 7 0.719 6 0.7153
10 0.873 6 0.866 4 0.8553 0.8525 0.8219 0.822 1 0.8125
20 0.874 2 0.8715 0.862 1 0.858 7 0.829 3 0.824 0 0.817 8
30 0.879 8 0.878 1 0.865 3 0.864 3 0.833 6 0.828 6 0.8229
50 0.935 1 0.900 3 0.884 3 0.878 5 0.842'5 0.836 2 0.830 8
2 70 0.9353 0.928 4 0.9142 0.894 8 0.857 2 0.8515 0.8320
100 0.9355 0.929 0 0.920 3 0.901 7 0.877 4 0.867 1 0.858 3
125 0.9359 0.929 3 0.920 7 0.910 4 0.881 0 0.876 5 0.870 4
150 0.936 4 0.929 5 0.921 1 0.914 7 0.886 3 0.879 3 0.872 0
175 0.936 7 0.930 1 0.9215 0.9150 0.887 6 0.879 6 0.872 4
200 0.937 4 0.930 6 0.921 7 0.916 4 0.888 9 0.880 0 0.8729
250 0.937 8 0.9312 0.922 1 0.9183 0.889 3 0.880 2 0.873 1

veo/(m-s™) 42 54 64 76 108 121 132
£po 0.785 4 0.778 2 0.767 4 0.760 6 0.723 0 0.7184 0.715 1

£DD 0.936 3 0.929 7 0.920 2 0.912 8 0.886 6 0.879 1 0.872 6
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Fig.9 &p-#/R curves of regularly-arranged circular honeycombs in the diagonal line direction under in-plane crushing loadings

0.88 F
0.86 -
0.84 -
0.82 |

£ 0380

0.78

0.76 1

0.74

0.72 ‘l/ CII 1 |:/( 3 1 1 1

0 40 80 120 160 200 240
v/(ms™)

a AR E

098 —
096 | | PEERE
L i @ 4R=0.017 .
094 1w yR=.033 !
092 [ |V yR=0.067 ;
090 [ ! :
£ 0.88 | 5/5
086 | | ;
084 | |
082 | | | | |
080 11, | v
| cl ' © '
o Lo L
0 10 20 30 40 50 60 70 80 90 100 110
v/(m-s™)
b Pk

B0 KLU HES [ s g 2 i 1 2607 1) B i ep—v AR 4R

Fig.10 &p-v curves of regularly-arranged circular honeycombs in the diagonal line direction under in-plane crushing loadings

EEEMEERT (v=ve), Y /R —ER, N
10a ATLLEH v XT ep s/, ep TTRNRT v A
U, AT IR e 05 /R B, WiFRAMX
#, WKl 9a.

25 LPTAR, AUHES R i s LT A 2 7 A
BN AR i B RRE AR LU G R AT AR A «

t
&pg = kg —/"LQE(V < vcl)

Epy = ky _ﬂ'r%+kvv(vcl<V<V02) (%)

t
Epp =kp —Ap E(VZ ch)

K EDQ~ ept Al epp 73 A L HORT b

TR AERNAS, ko kr. ko W EL, Ag. Ar. Ap I
ke R FFRHL

WAl A, R A N ep 5 v O,

24— oRTEARTE v T AlEAREFIEHE T o #YF

PHEM N epg Fl epp, FHHHAEI TR 1)E 217, F
s/ 3Rk A, A5 20 0 00 HE 3] 5 TE e 5 3 1 %of
LTI A SEAL N AR ep B A LU0 AN
o =0.789 1-0.828 2¢/R
&pr =(0.867 5-0.66017/R)+
0.600 9x10°3v

£pp =0.9393-0.714 81/ R

<
V=V,

(6)

Vcl <V<ch

>
V=YV,

33 FENA
331 FENNEMEEREHXRE

FERNLTT op A B AR b E Y 2R
B, AR v AL ¢ TR RN HES 5 AE e s A X £ 2T
W] 11 op (5 TR 20 BT —dEnhi g™, o
TRLZRAROA -

Op = Gpy + AV’ (7)



£ 240 -

(-

2022 4F 12 A

x2 AE v THRUHSERES LB FH LT E LTSN NER=3 mm)
Tab.2 Plateau stresses of regularly-arranged circular honeycombs with various t values in the diagonal line direction at
different v values(R=3 mm)

t/mm
i H v/(m's™)

0.03 0.05 0.07 0.10 0.20 0.25 0.30
1 0.003 2 0.0220 0.0350 0.128 9 0.462 6 1.270 5 1.882 4
3 0.005 1 0.022 1 0.038 1 0.1380 0.4810 1.302 6 1.909 2
6 0.006 1 0.022 7 0.043 0 0.143 5 0.501 2 1.326 6 1.9450
10 0.007 5 0.0230 0.048 3 0.164 2 0.5214 1.370 7 2.0513
20 0.009 2 0.028 7 0.058 1 0.198 0 0.5416 1.422°8 23214
30 0.022 4 0.047 0 0.082 6 0.248 7 0.574 6 1.606 2 2.780 5
50 0.056 2 0.108 9 0.167 3 0.348 9 1.052 8 2.1558 2.970 1

op/MPa

70 0.257 5 0.198 8 03185 0.539 6 1.712 0 2.9509 3.8925
100 0.359 6 0.438 7 0.6511 1.000 5 2.8430 4.654 3 59316
125 0.4353 0.724 1 1.073 7 1.5579 4.071 2 6.454 0 8.103 7
150 0.629 2 1.063 5 1.565 4 2.309 2 52513 8.477 4 10.707 0
175 0.8516 1.500 9 2.141 1 33430 6.2190 11.002 1 13.707 0
200 1.1455 1.9852 2.8716 42826 7.863 8 13.9930 17.042 9
250 1.670 2 2.814 8 3.986 8 52355 8.924 1 15.050 2 19.8412
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Tab.3 Values of B and k at different impact velocities

v/(m-s ) B k
1 4.97 2.88
3 4.45 2.82
6 4.24 2.79
10 4.88 2.83
30 21.69 3.35
50 1.59 2.18
70 0.86 1.81

100 0.81 1.6
125 0.84 1.48
150 0.96 1.42
175 1.13 1.39
200 1.26 1.34
250 1.13 1.24
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