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Peridynamic modeling of composite laminate under low-velocity impact

using energy-based criteria

JIANG Xiaowei" , WANG Hai®, ZHU Jianhui®
(1. AECC Commercial Aircraft Engine CO., LTD., Shanghai 200241, China; 2. School of Aeronautics and Astronautics,
Shanghai Jiao Tong University, Shanghai 200240, China; 3. College of Aerospace Engineering, Nanjing University of

Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: Peridynamic (PD) theory has been proven to be of advantages in low-velocity impact modeling of
composite laminate. Based on ordinary state-based PD composite spherical-horizon model, energy-based failure
criteria was established, which considered mixed-mode fracture in each time step. PD modeling of composite
laminate under low-velocity impact was conducted using the established energy-based criteria. Firstly, the model-
ing stiffness was validated. PD modeling impact load, impact velocity and impact displacement agree well with
finite element method (FEM) results. Then, PD damage modeling of composite laminate under low-velocity impact
was conducted, and the fiber breakage, matrix crack and delamination damage process were illustrated. Compared
with test results, PD modeling delamination area and shape are in good accordance, which validates the conducted
PD modeling of composite laminate under low-velocity impact using energy-based criteria.

Keywords: composite; peridynamics; low-velocity impact; delamination damage; matrix crack
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(k) —Material point; u( )—Deformation; H —Horizon zone;

*)
6 —Radius of horizon zone; x(]-)—Bond material point;

HU)—Displacement of X;); £—Bond; n'—Bond deformation
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Fig.1 Peridynamic notations

Horr,
Ay = 2ad 1A B +26bsao()+
|x(j) (k) (4)
26(upbr +,UTbT)3838))
B(jx) = 2ad Ao j) + 26Dy +
| ¥ (k) x(,)| (5)
26(upbr +ﬂTbT)S$))((Z))
N q:' ’
() (n)
~ |.Y(j) _J’(k)| - 'x(j) _x(Z)
S = o (6)
’x(j) Xk
n) _ ,m)| _ (n) )
() _ i) “ Yol ~ o) *w @)
(k)(j) (n) _ ()
Yo T *w
H
() _ 0y 1 4
0 HAt
) _ )y | oo
0 HoAth

Horfr, S(k)(j)IElii PD (1) 4 L ; Szzgéj)){t%‘:i%%ﬁ
N ZF 4 5 1o BCEE BT AR 4R 5 ] B 4 L o
B, H

Y<j>—y§Z)) X~ EZi

X

(10)
Ly .
'y@ y<k>||x<f> )

Ay =

=419 PD RN AR 0y 22 LR

0 = d ) 6300p Aoy Vo (11)
=1
PD & &M BRI M B 28 a. d. b. bg.
by A

1
a=3(C33=3Css) (12)
9
= 13
4ot (13)
15Css
b= 14
2165 (14)
Cp -C
bp _ - 11 33 (15)
(n) _ ]
2‘52”"0) Xw| Yo
=
Cyp-C
bT 22 33 (16)

o

() _
262’ Y T *w (1)

/\HF‘, Cn\ ng\ ngﬂeﬂ C55%E§%mj§‘r$§%
MORHRI A B C RIS 8L, & N

Oy = LTY23V32 _ I-vizvs
n=—F7 - Cn=—7F7—:/
EyE3A EE34
1-viavai
Ciy3=————, C55=G 17
B3 B 55 = G31 (17)
= 17V12v21=va3vi—vivs1 —2va1vaavis (18)
E\EE;

Horbe v ONIARALE; E NSRPERE; G NI bR
1.2 ETREMNRIFEEN
bSO UL =S LT %I/\T%fﬁﬂ#lﬁjﬂ?t’tT

A 5] 1B 24 1k I:EE’J%E';%AI%'JE{EW'JO TE B —
W] 23 A 25, a3 SR B TR Iiﬂ&lllﬁ!

AN [m] W A SRR ey, AR Y b A
P 28R G L, T 21 5T e 9 I 2 () 7 2
Pk BT R MEN A S S pRHIR i i i 5 3
J12EB A R T P
(1) T+ 58 W o s i > i s ] 25 W 0 B R
Plabs(D)  Priabs(D) « Piitabs (i) :
Prans() = [ 1.0,/ =v.)dV’
H

Dllabs () = jtx(vx, —vydV’ (19)

H
Pritabs (D) = jty(vyl —vy)dV’
H

Horbe HABUMEG vy BEOCHY) BT
VBt R s VIR B R AR

B vh



Lt 5 HET AR LI Y 5 A bHRHZ A M e b o 3 523 8 ) 2 B0 2129 -
(2) TFE Y i AR R T wiG) . wi() . NS W)
wi (@) : J
(m)(n)
A " Haoy
N .dt: (k) .At P
m@!m@ ;m@ e rctage = 1= 1
t n
. . . N
win® = [ puans(dr= )" pib (DA (20) R
0 k=l Z;“(k)m
win (i) = j Piitabs ()dt = Zpilﬁ)abs(i)m $matrix cracking = 1 NG
0 k=1 N((]‘:)pper)
Horp o NS AR (m)(m)
X , . Hao
(3) T Wy 5 2 TRl T S G (i) - () R = |
0 ) 7 "Dout—of—plane_upper - N((:)Pper)
+
Geli) = Gre + (Grie — Gro)| — 2 MIEY__ ) (21) loven
wi (D) + wi (i) + win (i) ® )
Hb, Ge. Gy B 1M TTRZ B8P o H e Jz; Hiow
M RE Pout-of-plane_lower — 1- N((]lswer)
(4) VI B s, % 07 B P 1 55 BT 24 T wo (d) gwm _@mfl S0 )
tion out-of-plane_upper out-of-plane_lower
%Hﬁ%ﬂwM%ﬁiﬁ L3k [22]: .
(26)
. 2Gc()
welh) = — (22)  Step R AT 5 R T 4 T 1 R

(5) TR M RrE )20 i, ) BRFRI A Bw, (G, ) -
m@ﬁzzyxwwmt (23)

(6) I 22 B (i, j) A2 75 /A AT 338t D

AR (wei, )/ we@) > 1, WA A 32 8 AN Al g
Hi W7

X ohil T, 5 IR A A Dy 4R R T
HWF BB, HEHEN S % Hu 522, Y
AN T A 22 T SR 3R i — N I FE, A
I 3l D R A T PN £ AR ) R A
T B ) I A SRR A TR A =R

T
=X oS o T
0 E;

x¢ -

=2 s <O M EFAE T T

; (24)
ot = X s oy At g
0 E,

C
e = Y2 oy Hof
0 E>

Horp, xT, xC, YT, YCRESHMBIATREME,
RS AL e L H

B 1, ks (25)
=0, it
EAR iU N A | B K i el R -

NS T8 4 3T 55 B AR £ 4 O 1 0 0 R
NP L S8 I 5 R 2 O 16 0 R
NI 5 ST BT

2 S&MEYRIE D TIRIFSN RN EEIE

K I 3 3 3 2 A4S UL 2 BT s TR 8 A o 1
B, ANEZREAMEB, RIIEE MASEE
Bl 324 5 bR R A B AR e b o A U R
MIEE T SE M o i 3 b gk op AR B2 8 75 mm,
J& BE S 2mm, i JE N [0/90], HJZE RN
0.25 mm, AHN IR G A BB S ENZ 1 s
i/ NER I B AR R 15 mm, R 0.5kg, W) E
K 1m/s, YIHEEREE TR, BRSNS

B2 GAEPEHMKEE i NS TIE R 2R

Fig.2 Composite low-velocity impact stiffness validation diagram
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Table1 Composite circular laminate material parameters

E;/GPa E>/GPa
153 10.3 6.0

G12/GPa vi2 p/(kg-m™)
0.3 1 600

Notes: E;, E» and Gj»—Modulus; v, —Poisson's ratio;
p—Density.

VA
Y
\

u,—Displacement in z direction
183 A RORHIRER i W2 SR 25

Fig.3 Deformation cloud for low velocity impact of composite
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FEM—Finite element method; PD—Peridynamics
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Fig.4 Low velocity impact load-time curves of composite
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Fig.5 Low velocity impact velocity-time curves of composite
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Fig.6 Low velocity impact displacement-time curves of composite
(iR = TR (S I AN S e S P K (TR AR SEN
T 2O WRR e 2 0 A BE AR TT B 4



LGRS FETREREMEIN A9 52 5 BEBHZ & WK oh i 30T 3 3l ) 24 B4 - 2131 -

%3 T700/M21 E &HHIE M RHERE)
Table 3 Out-plane material parameters of T700/M21*!
Gic/MPa Giic/MPa n
0.5 1.6 1.45

Notes: Gjc and Gyic —Fracture toughness; 7—Exponent.

9
(a) Low-velocity impact illustration 0 —— FEM_NoDamage
u=0 u=0 u=0 -~ | A AL PD_NoDamage
7 r -——- PD_Damage
6r N pinl)
U VAR ™
z v .
u=0 =0 ) 5+ ,//
X i 3 i
< 4 r I YA
¥ =0 ~ / /; ' 1y \\
3 A
=N\
T I \‘
TR 2 F A\
: i NN
(b) 1/4 model boundary condition (Top view) P | \\
u,, u,, u,—Displacement in x, y, z directions ! ! ! 1 L
e 0 0.5 1.0 1.5 2.0 2.5 3.0
7 A PRHRE A R R )
Time/ms
Fig. 7 Schematic diagram of low velocity impact damage FEM_NoDamage—Finite element method result without damage;
simulation of composite PD_NoDamage— Peridynamic results without damage;
£ 2 FRTHHEIRTEMIES S (T700/M21) B PD_Damage—Peridynamic results with damage
E R A RHERER K8 ek Gl Jg - i i 2
Table 2 In-plane material parameters of carbon fiber Fig.8 Low velocity impact damage modeling load-time curves of
reinforced epoxy resin composite (T700/M21)*! composite materials

p=1580 kg/m*

i SRR (0.5~1.5ms), 1 Y whdi /N ek

B/ Bl Go X/ X/ ¥/ ¥ N o e o
GPa GPa GPa 2 Mpa MPa MPa MPa mla vk IR, Sr R A AR T L
130 7.7 48 03 2080 1250 60 290 T ARFEAY R (1.5-3 ms).
Note: X", X%, Y" and Y°—Strength.
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Fig.9 Delamination variation of composite each ply under low-velocity impact with time
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Fig. 10 Fiber breakage variation of composite each ply under low-velocity impact with time
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@matrix cracking —Matrix cracking damage factor
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Fig. 11 Matrix crack variation of composite each ply under low-velocity impact with time

(a) Test C scan delamination shape!>

0.95
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0.75
0.65
0.55
0.45
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20 30 40 50 60
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(b) Modeling delamination shape (1/4 model)

Legend in the figure is envelope of delamination damage factor
B 12 A PRHIRER il BRI Z IR L

Fig. 12 Delamination shape comparison of composite under low-velocity impact
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Table4 Delamination area comparison of composite under
low-velocity impact
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