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Fig.2 One-dimensional stress distributions at two impact velocities
2.2
(a) v=200 m/s, £=0.5
1
12 0y 3 o
10 :l*“-\—~,."v~~ ; s s em - -a- o= () _I,;
; E
\ N . _1 <
81 ! &
o 1L g ’
& & =
s o HE 12 5
vl =
L ‘b-'b ]
4 - '
Stress ' . 1-3 % 4 °
o=~ Stress gradient ] )
@ Shock front @ ! 44 ’
1 L L L 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1.0 4
/L °
(b) v=50 m/s, £=0.4 .
0.02
1.4
o sof
E
12 -002 £ 4o}
<
&
g g
g 1o 004 = E sof & v=200 m/s
= g © o v=150 ms
— <
Stress 0.06 5o 20k v v=120 m/s
0.8 = = = Stress gradient % < =80 m/s
@® Shock front @ -0.08 5 » v=60 m/s
10F
0.6 =50 m/s
1010 Linear fitting
1 1 1 1 1 1 1 1 1 1 1 1 1 L L
0 01 02 03 04 05 06 07 08 09 1.0 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
/L t/ms
3 4
Fig.3 One-dimensional stress distributions Fig.4 Variation of shock front position with impact time
and the corresponding stress gradients at different impact velocities
2.3

013102-3



vp(8) = wa(1) =0,(1) (e5(1) = ea(1)) (3)
ay(1) —ou(1) =pev(1) (vs(1) —vy(1)) (4)
co (1) Op~Ep~Uy N TA~Ep U, .
_ o B( ) —o A( 1)
v (1) = (5)
pol ex(t) —&,(1))
2.0
/ ( 5) 12
. 10 —H1.5
o 8
£ 6 f— L0 «
5. 3
g 4
9 Averaging for | 0.5
° Op and €
1.5 0 , , , 0
R o 0 0.2 0.4 0.6 0.8 L0
‘ X/L
®-1.5R, ;
+ o . . . e e
P+1.3R, (5) Fig.5 One-dimensional stress and strain distributions
° and the idealizations
2.4
- RPPL :
v, =v/g, (6)
Len . R-PH "
v =0+ /Tl (7)
:C o £.=0.64 C=0.226 MPa,
6 o 350
B Strain field calculation method
RPH 300k @ Cross-sectional stress method v
4 One-dimentional shock theory
¥ R-PP-L model
. 250 R-PH model v
e - = Impact velocity "1
° R-PP. g 200F —— Linear fitting v
o R-PP-L &
150
° 100
. R-PH -
50 1 1 1 1 1 1
75 100 125 150 175 200 225
v/(m-s™)
’ 6
3 Fig.6 Comparison of shock wave speeds obtained
using different methods
3.1
48

013102-4



39 : 1

7o
13
0 1 S o S ( sigmoid
function)
do, 1
== (8)
Ul v e
a b o
v=b
v,=aln(l +e«) +¢ (9)
‘e o ( 9) 250 —
@ Finite element method R
7 a - .
. —— Fitting curve R
=3.603 m/s 5=40.68 m/s ¢=54.91 m/s. 200F === Jmpact velocity
(8) -
= 150
0.05 @
E
Ve = 100
=b - aln19=30.07 m/s. (8)
0.95 50 2
v, =b + alnl9 = ',"'
51.29 m/s. a b 0 50 T00 T50 500 250
0 O<v<b v, v/(ms™)
v=b v=b
Cco v=>b l+ee =e« 7
v, =v-b+c R-PH Fig.7 Variations of the shock wave speed
¢, =c=b. (9) with the impact velocity
3.2
e =0 0v,=0 vwy=v o0,=0,
(3) (4
gy =v/v,
{ (10)
Oy =0y + povv,
(9)
v=b
ep =v/[aln(l +e«) + (]
v (11)
oy =0y tpvlaln(l +e«) + (]
8 (11) (11)
9
9 vy~=10 m/s £ £,=0.02,
(3) (4
gy =&y t (v —wy) /v,
B o+ ( A) (12)
g =0 T plv = vy) v,
(9)

013102-5



39

1
0-b
ey =&yt (v—-v,)/[aln(l +e«) +¢]
- (13)
oy =0y +po(v—v,) [aln(l +e«) +]
1.0 14
e et 12l @ Finite element method
0.8 | . === Original model
A @ Finite element method 10 = Modified model
0.6 === Original model s g
— Modified model E
& %
©
0.4 6
4
02F
2
O 1 1 1 L 0 1 1 1 L
20 60 100 140 180 220 20 60 100 140 180 220
v/(m-s™) v/(m-s™)
8
Fig.8 Variations of strain and stress behind shock front
with impact velocity
b
8 o E=eu (13)
lng +8 -«
Ey = 2N t
In(1+¢§) +y (14)
o5 =0 T B(Iné + B —a) [In(1 +¢&) +4]
ca=v,/a B =bla y=cla B=pya’. (14)
o 10 0 10
(14) o
250 12
—a— Quasi-static
200 —y— =50 m/s 10 ® Dynamic I
=60 m/s
—a— =100 m/s sk
~ 150 —o— v=150 m/s
I <
é‘f’ —A— =200 m/s % 6l
=100 °
4}
sok
. . 2F
Low-velocity region
1 1 1 e 1 1 1 1
0 10 20 30 40 50 0 0.2 0.4 0.6 0.8 1.0
x/mm €
9 10
Fig.9 Velocity distributions at different impact velocities Fig.10 Quasi-static and dynamic stress-strain relations
o R-PP-. R-PH

013102-6



39 : 1

10

11

12

13

14

15

16

17

REID SR BELL W W BARR R A. Structural plastic shock model for one-dimensional ring systems J . International
Journal of Tmpact Engineering 1983 1( 2) : 175-191.DOT: 10.1016/0734-743X( 83) 90005-2.
REID SR PENG C. Dynamic uniaxial crushing of wood J . International Journal of Impact Engineering 1997 19( 5/
6) : 531-570. DOI: 10.1016/S0734-743X( 97) 00016-X.
ZHENG Z] YUJL LIJR. Dynamic crushing of 2D cellular structures: A finite element study J . International Journal
of Impact Engineering 2005 32( 1) : 650-664. DOI: 10.1016/].ijimpeng.2005.05.007.
LIUYD YUJL ZHENGZ]J et al. A numerical study on the rate sensitivity of cellular metals J . International Jour—
nal of Solids and Structures 2009 46( 22) : 3988-3998. DOI: 10.1016/j.ijsolstr.2009.07.024.
J. 2009 26( 6) : 220225.
ZHANG Xinchun LIU Ying ZHANG Zimao. Research on dynamic properties of suppercell honeycomb structures under
in-plane impact loading J . Engineering Mechanics 2009 26( 6) : 220-225.
. I 2014 34( 1) :41-46. DOT: 10.3969/j.
issn.1001-1455.2014.01.008.
HU Lingling JIANG Ling. Mechanism of cell configuration affecting dynamic mechanical properties of metal honeycombs
J . Explosion and Shock Waves 2014 34( 1) : 41-46. DOI: 10.3969/j.issn.1001-1455.2014.01.008.
ZOU Z REID SR TAN P J et al. Dynamic crushing of honeycombs and features of shock fronts J . International Jour—
nal of Impact Engineering 2009 36( 1) : 165-176. DOI: 10.1016/j.ijimpeng.2007.11.008.
LIAOSF ZHENG ZJ YU J L. Dynamic crushing of 2D cellular structures: Local strain field and shock wave velocity
J . International Journal of Impact Engineering 2013 57( 1) : 7-16. DOI: 10.1016/j.ijimpeng.2013.01.008.
TAN P J REID SR HARRIGAN J ] et al. Dynamic compressive strength properties of aluminium foams. Part II:
“Shock ”theory and comparison with experimental data and numerical models J . Journal of the Mechanics and Physics of
Solids 2005 53( 10) : 22062230. DOTI: 10.1016/j.jmps.2005.05.003.
TAN PJ REID SR HARRIGAN J ] et al. Dynamic compressive strength properties of aluminium foams. Part | : Ex—
perimental data and observations J . Journal of the Mechanics and Physics of Solids 2005 53( 10) : 2174-2205. DOI:
10.1016/j.jmps.2005.05.007.
ZHENG Z]J YU JL WANG CF et al. Dynamic crushing of cellular materials: A unified framework of plastic shock
wave models J . International Journal of Impact Engineering 2013 53( 1) : 29-43. DOI: 10.1016/j.ijimpeng.2012.06.
012.
J. 2013 33( 6) : 587-593. DOI: 10.3969/
j.issn.1001-1455.2013.06.005.
WANG Changfeng ZHENG Zhijun YU Jilin. Dynamic crushing models for a foam rod striking a rigid wall J . Explo—
sion and Shock Waves 2013 33( 6) : 587-593. DOI: 10.3969/].issn.1001-1455.2013.06.005.
ZHENG Z]J WANG CF YUJ L etal Dynamic stress-strain states for metal foams using a 3D cellular model J .
Journal of the Mechanics and Physics of Solids 2014 72:93-114. DOI: 10.1016/j.jmps.2014.07.013.
BARNES AT RAVI-CHANDA K KYRIAKIDES S et al. Dynamic crushing of aluminum foams: Part [ : Experiments
J . International Journal of Solids and Structures 2014 51(9) : 1631-1645. DOI: 10.1016/].ijsolstr.2013.11.019.
SUNYL LIQM MCDONALD S A et al. Determination of the constitutive relation and critical condition for the shock
compression of cellular solids J . Mechanics of Materials 2016 99:26-36. DOI: 10.1016/j.mechmat.2016.04.004.
WANG P WANG X K ZHENG Z ] et al. Stress distribution in graded cellular materials under dynamic compression
J . Latin American Journal of Solids and Structures 2017 14( 7) : 1251-1272. DOI: 10.1016/j.ijimpeng.2017.10.006.
WANG L L. Foundations of stress waves M . Amsterdam: Elsevier Science Ltd. 2007. DOI: 10.1002/prep.200790014.

013102-7



1 39

Dynamic stress—strain states of cellular materials
and a uniformly approximated relation

WANG Peng' > ZHU Changfeng' ZHENG Zhijun' YU Jilin'
(1. CAS Key Laboratory of Mechanical Behavior and Design of Materials
Department of Modern Mechanics University of Science and Technology of China
Hefei 230026 Anhui China;
2. Institute of Systems Engineering China Academy of Engineering Physics
Mianyang 621999 Sichuan China)

Abstract: Cellular material under high-speed impact is deformed in a mode of layer-wise propagation of crush—
ing bands which can be characterized by the plastic shock models. In this paper we obtained the one-dimen—
sional stress distribution of a random honeycomb under constant-velocity compression using the cross-sectional
stress calculation method analyzed the shockwave propagation and examined the relation between the shock—
wave velocity and the impact velocity obtained by different methods under high—velocity impact. The results
show that the shockwave speed is overestimated by the R-PP-. ( rate-independent rigid-perfect plasticloc—
king) model but the shockwave speeds obtained by the R-PH ( rate-independent rigid-plastic hardening)
model and the one-dimensional shock theory are close to that of finite element simulation. The relation between
the shockwave velocity and the impact velocity tends to be linear at high impact velocities and the shockwave
speed reduces to a constant with the decrease of the impact velocity. In light of these characteristics and based
on the plastic shockwave model we developed a uniformly approximated model is developed to characterize the
relation between the shockwave velocity and the impact velocity and the dynamic stress-strain relation of cellu—
lar material.

Keywords: cellular material; stress distribution; shock theory; shock wave speed; constitutive relation
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