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Abstract: For the prediction of low-velocity impact damage in carbon fiber composite laminates, this study
examined the influence of three damage initiation criteria and three evolution methods from structural overall
mechanical response and internal damage state. To facilitate our investigation, a three-dimensional finite element
model analyzing the impact behavior of laminate was established. Subsequently, a damage calculation process
encompassing initiation determination, progressive evolution, and constitutive relationship was designed. Addi-
tionally, the quantitative evolution of damage area during impact was studied, which provided a new perspective for
elucidating the damage mechanism. Based on experimental data, the accuracy of numerical simulation was
verified. Then the prediction capabilities of different initiation criteria and evolution methods were evaluated and
discussed. The results show that the numerical prediction agrees well with the experiment in dynamic mechanical
response curve. This proves the numerical model can accurately predict the impact damage. Meanwhile, it has been
found that the combination of initiation criteria and evolution methods significantly impacts the predictive efficacy
of damage models. The pairing of the Hashin-Strain criterion with the linear equivalent strain method (Hashin-
strain-E1) and the Puck criterion with the exponential equivalent displacement method (Puck-E3) yields optimal

results. However, coupling the Hashin-Strain criterion with either the linear or exponential equivalent displace-
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ment method (Hashin-strain-E2/E3) can lead to penetrating damage due to severe degradation in stiffness. These

research findings offer valuable insights into predicting low-velocity impact damage in composite laminates.

Keywords: composite; low-speed impact; initiation criterion; evolution method; damage prediction
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Gye Gy, Gy and Gy are fracture energy; i7 is power exponent; Model [
and I /1l are the failure model in out-of-plane direction and in-plane

| is initiation equivalent displacement in out-plane direction;

is failure equivalent displacement in-plane transverse direction;

transverse direction; N, S and T are the strength in three directions
3 R RITIR AR A 5] - B A R
Fig.3 Constitutive relation of the mixed-model bilinear traction-

separation for cohesive element

A MR EAE R L, P HAEAAR T X,y
Mz =HmeEME, ux=uy=uz=0, K 4=,
T P THT 22 TF) 1 432 Ao 5 B O - ) 2 Wi 7 ) 9 A 1

CFRP laminate
Element type: Intralayer C3D8R; Interlayer COH3D8
Stacking sequence: [0,, 45,, 90,, —45,],

Hourglass control: Relaxation stifness

Material system: T700 GC/M21
General contact between layers
Damage no deleted

Supporting base
Cut-out: 125 mmx75 mm
Element type: R3D4

Constrain all degrees of freedom
General contact interaction with laminate

Intralayer, 0.25 mm
_* Sharing nodes
Intralayer, 0.001 mm

109

Impactor

Diameter: 16 mm

Lumped mass: 2 kg

Element type: R3D4
Surface-to-surface contact

Between the inpactor and the laminate
Constrain all degrees of freedom except the Z direction

CFRP—Carbon fibre reinforced plastics; v,—Initial velocity; ux, uy, uz—Three-dimensional displacement
Kl 4 ARE b A BT (307 mm)

Fig.4 Low-velocity impact finite element model (Unit: mm)
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Sk X 2 G MR B S R o AR SCOR FH T - T4 i R
AR v Sk A0SR THRZE G AR b R I R AT

LA W T R 22 () 349 R FH 38 A il AR 1 SR AR AL
Tiﬁﬂ)% PETE YT 1] R F 511 i (BEHE R AR 0.3), TEE
Tia] SR FH A58 22 flh 325

DR A% SR W . BT R R RA R RRYE . N A
TRORG B RACR Z R P I, A SO 2 6 R A 2
A3 o 240 P A% 1 o DX SR A X A% 1 o T DX B
Hodr, At KR A% 550 K /0 A 0.5 mmx0.5 mm.,
O RS STvE: 3 I I P B 1 AT AR F R N TH
(C3D8R) #E A7 P& Rl 73 o 7 ST FH A st M1 8 3k ik
REITKEMNER, MRS . ZRHICRH
J\T & =4k Cohesive element(COH3D8) i P #% &
PEHEAT R 43 o B RL rf (19 J2 9 ORI (] BT 34
A SCVE IR ot Sk R S Al A DA S AR SR Yy
RS WK DU 31T (R3D4)., B[] Az F1JZ ]
WIZM RIS E, IR 2 hi2]
2.2 HERMNRENIET

B 112 13795 80 i k451 B OE 2% 2 g A TR
VUMAT F 2 ¥ 4, #&J5 F ] ABAQUS/Explicit ~F
B TR, AR E 5 s, R

&2 T700 GC/M21 2 [aiRFnF E it #HSE
Table 2 Material parameters of unidirectional laminate and
interlayer for T700 GC/M21 composite

Laminate property

Density/(kg-m™) 1600

, E1=130; E;y=E33=7.7;
Young’s modulus/GPa Gyy=Gy5=4.8; G,y=3.8
v15=013=0.33; v53=0.35
X1=2 080; X;=1 250; Y1=60;
Y(=140; S;,=5,5=5,,=110

G;=133; G¢=40; G,,=0.6 N;

Poisson’s ratio

Strength/MPa

Fracture energy/(N-mm™)

Gp=2.1
Interlayer properties
Elastic modulus/GPa E=5
Strength/MPa N=8§=T=30
Fracture energy/(N-mm™) Gc=0.6; Gyc=2.1
Power exponent 1.45

VUMAT subroutine encoded using fortran language

SRR, MY D Ry £ R 3% A2 7E ABAQUS/
Exp11c1thJ,u?kﬁ7ﬁi'=%§'fPﬂfﬁo TR 75 > 1 120
BELRSK A%, ABAQUS/Explicit M 24 >4 §if 1 745 14
E%LQA?ﬁfhﬁf Lt Ar o LA J7 e S 3]
T ok BB R A 56 R R AT BT ARy s AL

r ] i
i L i
! Dynamic loading i i Intralayer element Damage evolution stage !
! Start : i Evolution methods |
! T [ i | Damage initiation stage El, linear Eq strain Eq. (11) '
! : : ——— — E2, linear Eq displacement Eq. (16) 1
! i I nriiation criteria E3, Exponential Eq displacement Eq. (19 !
: e I g iy aghemen 0,09 | |
| % ' ! Hashin-strain Yes | [Trrey ersibility principle |
: >} : (. Puck = d(r+Af=max {0, min [1, d(r+Af)]} Hs
i Calculate strains: 1 : ¥ d(r+AD)=d(t) Eq. (11) ||
1 g L 1
i &,11=6,Ae 1 ! ¥ !
! | i Calculate damage variable i
| Notes: Yes | Element ]
i g . /RSO (A =17 —| '
[ Update, output state 1 : D Egs. (1)-(8) HEET) failure :
& ! I 2) i=ft, fc, mt, and mc ! :
: ‘f 3 Update stiffness matrix A L m—— NG3-——-—----------------- S 1
1
'8+ T '
i é’ 'Hi Update stress: i i Built-in algorithm of ABAQUS for cohesive elements ]
< Lk 1
i 5 1 nid | i Interlayer element | B-K linear evolution |
: g ‘ i i G=G.HG G Gl[+Glll 1 :
! Iy Output: ! ! [ Quadratic initiation criterion =GicH(Guc=Gic) G+G,+Gy, !
! Opt15 €ntl | | i
i L ; :
I I
J No Impact end? | : Damage variable No i,
! ! ! d=1? !
1 1 i
I 1 | 1
| I 1 |
! 1 1 \
} | | 1
! 1 1 d
1 ; ! 1

E—Evolution; Eq—Equivalent; Ae—Strain increment; f—Time; At—Time increment; {,—Damage state variable
Kl 5 JZE AR B E R AR

Fig.5 Numerical simulation flowchart of low-velocity impact for the laminate
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Fig. 6 Dynamic mechanical response and index verification of the

numerical simulation for the laminate
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tensile damage; As,,.—Increment of area for matrix compressive damage
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Fig. 7 Dynamic characterization of damage area for the laminate
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El evolution method
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Fig.8 Dynamic mechanical response during impact progress for the laminate
%3 TR EE NEARITEM
Table 3 Index evaluation for the capability of prediction model
Peak force/kN Max. displacement/mm Impact time/ms Absorbed energy/]
Experiment 8.65 5.11 3.60 13.00
Hashin-stress 10.50(+21.4%) 4.72(-7.6%) 3.24(-10%) 8.66(-33.4%)
Hashin-strain El 8.84(+2.2%) 4.97(-2.7%) 3.70(+2.8%) 10.03(-22.8%)
Puck 11.44(+32.3%) 4.64(-9.2%) 3.11(-13.6%) 8.08(-37.8%)
Hashin-stress 8.74(+1.0%) 4.91(-3.9%) 3.70(2.8%) 11.00(-15.4%)
Hashin-strain E2 - - - -
Puck 8.62(=0.3%) 4.93(-3.5%) 3.50(-2.8%) 9.44(-27.4%)
Hashin-stress 9.40(+8.7%) 4.96(~2.9%) 3.70(+2.8%) 10.60(~18.5%)
Hashin-strain E3 - - - -
Puck 7.85(-9.2%) 5.09(-0.4%) 3.70(+2.8%) 9.44(-27.4%)

e TBoE MR A AL 25 1F, AFIERCRNIBER B A 25 R A A A At i 5, HC Rt 2 B3 O
e, Homih B FaA B g . BAh, B2 FIE3 T KRR TEMMB T EAR, HRZ KUK
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Fig.9 Dynamic characterization of damage area for the laminate
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Fig. 10 Damage morphology within the laminate predicted by different initiation criteria combined with E1 evolution method
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