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Abstract: A three-dimensional dynamic damage model that fits both small and large damage sizes is developed to

predict impact damage initiation and propagation for each lamina of T300 - carbon/epoxy laminations. First, 13

specimens of the same lamination sequence are subjected to three different impact energies (10 J, 15 J, and 20 J).

After the impact, the laminates are inspected by the naked eye to observe the damage in the outer layers, and

subsequently X-rayed to detect the inner damage. Next, the stress analysis of laminates subjected to impact loading is

presented, based on the Hertz contact law and virtual displacement principle. Based on the analysis results, a three-

dimensional dynamic damage model is proposed, including the Hou failure criteria and Camanho stiffness degradation

model, to predict the impact damage shape and area. The numerical predictions of the damage shape and area show a

relatively reasonable agreement with the experiments. Finally, the impact damage initiation and propagation for each

lamina are investigated using this damage model, and the results improve the understanding of the impact process.
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0 Introduction

Composites are being used increasingly in the
aerospace and automotive fields, owing to their spe-
cific mechanical properties and lightweightness.
However, the susceptibility to low-velocity impact
damage, which often occurs in routine mainte-
nance, is regarded as the major factor that can re-
duce the strength of composites significantly'’.
Moreover, the impact damage in forms of matrix
cracking, matrix crushing, and delamination is diffi-
cult to detect by visual inspection because the dam-
age 1s often embedded in the laminate. This barely
visible impact damage accounts for the material stiff-
ness degradation of the laminate. Therefore, it is es-
sential to develop a reliable model to predict damage

initiation and propagation for each lamina accurately.
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A large number of low-velocity impact experi-
ments for composites have been performed to study
impact damage forms, shapes, and evolution. Sayer

et al.'¥

examined the impact damage forms of glass-
carbon/epoxy hybrid composites with different im-
pact faces, i.e. glass—carbon (GC) and carbon-glass
(CG). By visual inspection, the study showed that
matrix cracking and delamination were the primary
damage forms in the glass layers while matrix crack-
ing and fiber breaking dominated the carbon layers.
However, the inner damage cannot be detected by
visual inspection. Xu'* X-rayed the impacted com-
posites to detect the damage shapes under different
impact energies for T300-carbon/polyimide. The re-
sults indicated that the damage shape was approxi-
mately a circle under small impact energy while an

elliptical damage shape occurred under larger impact
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energy. Minak et al."" used acoustic emission (AE)
to investigate the damage propagation of T300-car-
bon/epoxy composites, and evaluated the impact
damage evolution by combining a sentry function
and AE.

However, it is time consuming and costly to
detect the inner damage experimentally. Therefore,
several researchers have proposed several analytical
models to predict impact damage initiation and prop-
agation. Ashish et al.”” presented an analytical mod-
el for the response of rectangular, symmetric, lami-
nated composite plates subjected to low-velocity im-
pact and damage initiation in the form of yarn/fiber
and breakage was predicted. Feng et al.'®’ used pro-
gressive damage models in combination with cohe-
sive interface elements to predict the structural re-
sponse and failure mechanisms of composite lami-
nates subjected to low-velocity impact. The poten-
tial of this simulation approach for correctly predict-
ing the through-thickness distribution of internal
damage was examined in the study. Lopes et al.'”
considered the physical progressive failure behavior
of fibers, matrix, and interfaces between plies, and
used the finite element method to predict low-veloci-
ty impact events on composite laminates. The com-
putational effort resulted in the reliable predictions
of the impact dynamics, impact footprint, locus and
size of delamination, matrix cracks, and fiber dam-
age. Periyasamy et al.'"” used the commercially avail-
able software ABAQUS to study the response of in-
dividual layers, with an elastic-plastic model for the
metal layer and a user-defined constitutive model via
a VUMAT subroutine for the composite layer. Men-
na et al."”" performed a numerical simulation of low-
velocity impact tests on glass fabric/epoxy lami-
nates through the LS-DYNA finite element (FE)
code. Two laminates of different thicknesses were
subjected to a transverse impact at different energy

levels and modeled by FE. Caputo et al. "

pro-
posed a numerical technique to describe the damage
initiation and propagation of impact damages in com-
posite structures based on advanced material models
and selected failure criteria. Naik et al. """ used a
modified Hertz law and quadratic failure criteria to

predict the in-plane and interlaminar failure initiation

of different polymer-matrix composites subjected to
low-velocity impacts. Aymerich et al.""* used an FE
model based on cohesive interface elements to simu-
late complex three -dimensional damage patterns in
composite laminates subjected to low-velocity im-

pact. Esrail et al.'*”

presented an efficient method to
predict the type, size, and location of damage in im-
pacted quasi - isotropic composite laminates. The
method used the peak force during impact obtained
from energy balance, a Hertzian contact formula-
tion, and energy minimization to determine the com-
plete state of stress in the laminate. Zheng et al."'™*
used an elasto-plastic contact law that considers per-
manent indentation and damage effects, to study
small -mass impact on laminated composite plates.

1 [15]

Maio et a used a progressive damage model to

predict the delamination damage induced by low-ve-
locity impacts in a laminated composite. Shi et al.'""
employed the FE method to simulate the behavior
of the composite subjected to low-velocity impacts.
Interface cohesive elements were inserted between
plies with appropriate mixed-mode damage laws to

model delamination. Sun et al.!'”

employed the co-
hesive zone model to simulate delamination, matrix
cracks, and their interactions, and presented the
predictive damage with different levels in detail.
Roger et al."*® used both layer and interface damage
initiation and propagation models based on the Hash-
in and Benzeggagh-Kenane criteria for the numerical

1.1 used a numerical mod-

simulations. Zangani et a
el based on explicit FE analysis to simulate the be-
havior of the sandwich panels subjected to low-ve-
locity impact. The numerical model has been validat-
ed in terms of the failure behavior of the panel and
the variation in the contact force after the initial peak
load corresponding to flexural failure. Abir et al."*”
developed a damage model that distinguished the dif-
ferent damage forms of fiber breaking, matrix crack-
ing, and delamination. A continuum damage me-
chanics (CDM) approach was proposed to model fi-
ber breaking and matrix cracking, and cohesive in-
terface elements were used to simulate delamina-

?) and Falzon et al.'** pro-

tion. Donadon et al.'
posed a three-dimensional (3D) CDM-based mod-

el, including nonlinear shear behavior, ply friction,
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and damage irreversibility, to investigate the dam-
age propagation in the inner layers. Similarly, Bou-
vet et al."”" and Hongkarnjanakul et al."* developed
a damage model that focused on damage propaga-
tion in the inner layers by combined CMD with the
image capture method. More recently, Tan et al."*"
presented a 3D damage model that included an up-
dated damage initiation criterion and a unified matrix
~dominated damage law. These damage models can
predict impact damage initiation and propagation ac-
curately. However, the predicted results become in-
accurate when the damage size is large'®.
Therefore, the aim of this paper is to develop a
3D dynamic damage model that fits both small and
large damage sizes to predict impact damage initia-
tion and propagation for each lamina. First, lami-
nates with the same stacking sequence were subject-
ed to three different vertical impact energies (10 J,
15 J, and 20 J). After the impact, the laminates
were inspected by the naked eye to observe the dam-
age in the outer layers, followed by X-ray to detect
the inner damage. Next, a three-dimensional dynam-
ic damage model is proposed, including the Hou*”
failure criteria and Camanho'*’ stiffness degradation
model, to predict the impact damage shape and ar-
ea. The numerical predictions of the damage shape
and area show a relatively reasonable agreement
with the experimental data. Finally, the impact dam-
age initiation and propagation for each lamina were
investigated using the damage model, and the re-
sults improved the understanding of the impact pro-

CesS.
1 Materials and Methods

1.1 Materials

This section describes the specimen properties
and experimental setup. Thirteen cruciform speci-
mens were tested. The aim of the cruciform design
is to investigate the biaxial residual strength after im-
pact in a further study that will not be discussed
herein. The geometrical schematic diagram and actu-
al structure of the specimen are shown in Fig.1. The
specimens were produced in an autoclave by over-

lapping 17 unidirectional plies of T300 carbon fiber-

25

4-R10

150

(a) Geometrical schematic diagram

(b) Actual structure
Fig.1 Specimen

epoxy prepreg and the lamination sequence is
[(0/90),/0 ]s. Each lamina is 0.118 mm thick and
its mechanical properties are shown in Table 1.

Table 1 T300 carbon-epoxy material properties

Material property Value
Young’s modulus in the fiber direction E,/ GPa 132

Young’s modulus in the transverse direction E,/
GPa

Young’s modulus in the normal direction E5/ GPa 8.8

8.8

Poison’s ratio v, 0.021

Poison’s ratio v, 0.021

Poison’s ratio v, 0.315
Shear modulus G,/ GPa 5.3
Shear modulus G5/ GPa 5.3
Shear modulus G,/ GPa 5.3

Tensile strength in the fiber direction X/ MPa 1593
Compressive strength in the fiber direction X/ MPa 1238
Tensile strength in the transverse direction Y1/ MPa 58

Compressive strength in the transverse direction

242
Yo/ MPa

Tensile strength in the through-thickness direction -
Z+/ MPa

Shear strength for matrix cracking S,/ MPa 99.7
Shear strength for matrix cracking S,,,;/ MPa 99.7
Shear strength for delamination S,;/ MPa 99.7
Shear strength concerning fiber failure S;/ MPa 189
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1.2 Test procedure

The specimen was clamped in the test bed of
the impact testing machine KS-1501.C (Fig.2), and
subjected to a low-velocity impact produced by a cy-
lindrical impactor with a hemispherical head striking
the center along the vertical direction. Fig.3 shows

the clamping system and shape of the impactor.

Guide rail

Console ||

Fig.2 Impact testing machine

Fig.3 Illustration of the impact testing setup

Accidental handling damages such as “tool
drop” often occurs during maintenance and the im-
pact energy ranges from 10 J to 20 J. Therefore,
three impact energies (10 J, 15 J, and 20 J) were
chosen for the impact tests. The value of impact en-
ergy was set by the console (Fig.2) in the testing
machine and controlled by the guide rail (Fig.2).
The initial velocity under different impact energies

can be calculated by

2F
v, = Z i=1,2,3 (1)

m,

where m,(1.5 kg) and E.(10J, 157, and 20 J) rep-

resent the impactor mass and impact energy , respec-
tively.

The specimens’ numbering uses the E-Z form.
E represents the impact energy and Z represents the
sequence number of the specimen under the same
impact energy. For example, 10 J-2 presents the
second specimen under 10 J impact energy.

The experimental plan consisted of two stages:

(1) Thirteen specimens were tested under three
different vertical impact energies. The arrangement

1s shown in Table 2.

Table 2 Arrangement of specimens

) Initial velocity/ ~ Number of
Specimen .
(mes ") specimens
10 J-Z(1-4) 3.7 4
15 J-Z(1-4) 4.5 4
20 J-Z(1-5) 5.2 5

(2) After the impact, the specimens were first
inspected by the naked eye to observe the damage in
the outer layers, and subsequently X-rayed to detect

the inner damage.

2 Experimental Results

Impact damage was examined by both visual in-
spection and X -ray. Only the visual inspection re-
sults are shown in this section, and the X-ray results
will be presented in Section 4.2.

Fig.4 shows the visual inspection of the dam-
age for different impact energies and Table 3 pres-
ents the data for the damage size.

Fig.4 shows that (1) indentation is barely visi-
ble on the top surface for all the specimens despite
different impact energies; (2) for the back surface
of the specimens, fiber breaking and delamination
are the primary damage forms for the 20 J impact
energy while only fiber breaking is dominant for the
10 J and 15 J impact energies. Table 3 indicates
that (1) the indentation depth for the three impact
energies (10 J, 15 J, and 20 J) ranges from
0.1 mm to 0.3 mm, suggesting no distinct differ-
ence in indentation depth among the three impact
energies; (2) for the back surface of the speci-

mens, the height of swelling (ranging from 0.1 mm
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30 mm

20J-1

(a) Surface

10J-1

20J-1

(b) Back

Fig.4 Visual inspection of impact damage

Table 3 Damage size of visual inspection

Specimen Indentation depth /mm Swelling height /mm Length of fiber breaking / mm
10 J-Z(1-4) 0.1—0.15 0.1—0.15 5—7

15J-Z(1-4) 0.1—0.2 0.3—0.5 15—24

20 J-Z(1-4) 0.2—0.3 0.7—1.0 20—29

to 1 mm) and the length of fiber breaking (ranging

from 5 mm to 29 mm) increase with impact energy.

3 Damage Model

Based on the Hertz contact law and virtual dis-
placement principle, the stress analysis process of
laminates subjected to impact loading is derived.
Further, based on the derivation results, a three-di-
mensional dynamic damage model, including the
Hou failure criteria and Camanho stiffness degrada-
tion model, is proposed to predict the impact dam-

age shape and area.
3.1 Analytical model

To obtain the stress distribution at every mo-
ment during the impact process, a 3D dynamic
model was developed to investigate the impact dy-
namics.

A system consisting of a laminate and impactor
is shown in Fig.5, and the origin of the coordinates
is located in the middle of the short side. We assume

the element displacement and stress of the laminate

- {
ok %

Fig.5 Coordinates of laminate and impactor

as ‘u, and ‘o, at moment ¢, respectively. The equilib-
rium equation is given by

oy — 0l — pi, =0 (2)
where p, u#, 4, ,and ‘i, represent the density,
damping coefficient, and the first and second deriva-
tives with respect to time, respectively.

We assume that the force per unit area at the
force boundary (S,) is T, at moment ¢, thus the
force boundary condition is given by

/a,,nj* T.,=0 (3)

According to the Galerkin method, the equiva-

lent integration form combining Egs.(2), (3) can

be written as

J ou('ay, — p it — p i) dV —
§

[ 0wl — Tyds=o0 (4)
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The nonlinear geometric equation in the form

of the Green strain tensor is given by

1
[ez']:Bij [UIj: E (’u[,j+ [uj.i+ Iu/e.i[u/e,j) (5)
The physical equation is given by
t t— A t
0, — Qi]k/ Eu (6)
where A/Q,W represents the lamina’s elastic matrix

in the Cartesian coordinate at moment 7 — A¢.
When the angle between the fiber direction and

Cartesian coordinate equals ¢ ( shown in Fig.6) ,

t— At S

Q. can be defined as

11— A~ 1— At

Z3)

\ Y
(] 2
1
X
Fig.6  Angle between fiber direction and Cartesian co-

ordinate

Qu=T "QT" (7) mation matrix and elastic matrix in the principal co-
where T and * “'Q represent the coordinate-transfor- ordinate, and are given as follows
[ cos’0 sin’0 0 0 0 — 2sinfcosd |
sin®d cos’d 0 0 0 2sinfcosd
T — 0 0 1 0 .O 0 (8)
0 0 0 cosd  sind 0
0 0 0 —sind cosd 0
Lsinfcosd —sinfcosd 0 0 0 cos*d — sin®6
Qw0 0 0 ]
Qe Qe T 0 0 0
0 0 0 Qu 0 0
0 0 0 0 "7Qs 0
L0 0 0 0 0 Q)
where HAIQ,‘, is the elastic constant function that de- Ma(t)+ Ca(t)+ Ka(t)=— F(t) (13)
grades at moment £ — Af. where M, C,K,a(t), and F(z) represent the lami-
Substituting Eq.(6) into Eq.(4) yields nate’ s mass matrix, damping matrix, stiffness ma-
J (5%’*&’@& /EUJF 5u,-,0[ii,-+ 5u,-/x[L2f)dV: trix, node displacement vector, and node internal
" B force, respectively.
jsg ou; 'T,dS (10) The laminate’ s equation of motion is obtained,
The element displacement is given by and the impactor’s equation of motion can be deduced.
u = Nat (11) For the impactor, we assume the initial dis-

where u“, a“, and N represent the element displace-
ment, nodal displacement, and displacement shape
function, respectively.
Substituting Egs.(5),(11) into Eq.(4), we ob-
tain the element’s equation of motion
Mea(t)+ Ca*(t)t+ Ka (t)=F°(t)

where

(12)

M= [ NNV, C'= [ uNTNdV

K=

| B'@BAV, F'= | N'Nds

Further, the laminate’ s equation of motion is

given by

placement and velocity as w; =0 and w, = v,, re-
spectively. The equation of motion is given by
mwi +F=0

where F represents the reactive force of F/(7).

(14)

According to the Hertzian contact law, F can
be calculated by
kal.S

aFF —

where £ and ¢ are constant; F,, and «,, represent the

Loading
(15)

q
aao) Unloading
0

An — A

maximum force and indentation depth during load

process, respectively; a, represents the unrecover-
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able indentation depth; and « is a variable of the in-

dentation depth.£ and a, are expressed as follows
—1

4 1—0° 1
/e_gﬁ( 5 +ES) (16)

= (17)

Q

a, — A

q
a— Qg
F. () an < a.

where a,, 1s constant, R,v, and E represent the radius,
Poisson ration, and elastic modulus of the impactor,
respectively, and E; represents the lamina’ s elastic
modulus in the thickness direction.a can be given by

a(t)=w(t)—u(x, vy, t) (18)
where (x., y.) is the coordinate of the contact ele-
ment.

Substituting F into the laminate’” s equation of
motion (Eq.(13)), the nodal displacement at mo-
ment ¢ (a°(¢)) can be calculated. Subsequently, sub-
stituting a‘(z) into Eq.(11) , the element displace-
ment at moment £ («°(¢)) can be calculated. Finally,
the laminate’s element strain (‘e) and stress (‘o) can
be obtained by substituting «“ () into the geometric
and physical equations (Eqs.(5),(6), respectively).

When the calculation is completed, the damage
will be detected by the Hou'®' failure criteria. Once
the damage is found, the lamina’s elastic matrix up-

[30]

dates by the Camanho™" stiffness degradation mod-

el, where hAlQW turns into /Q,Jk,. The laminate’ s
stress-strain relationship subsequently becomes

/0'/]’ - HA[QW /Skl (19)

It is obvious that the laminate’ s stress will

change once damage occurs. Therefore, /a,j will be

iterated using Eqs.(12), (5) and (19) until no dam-

ages are detected by the Hou'*' failure criteria.
3.2 Failure criteria

The Hou'®' failure criteria was employed, in
which five damage modes were considered: fiber
tensile breaking, fiber compressive breaking, ma-
trix cracking, matrix crushing, and delamination.

(1) Fiber tensile failure(o,, = 0)

011 ’ 0'122 013 27
53 o B ) R

(2) Fiber compressive failure(s;, << 0)

on ’ 012 ’ 013 27

(X(T)+(Sf)+(sf)_1 (21)
(3) Matrix cracking( g, = 0)

2 2 2

() 012 0323

o e I e 22
ST el I e B
(4) Matrix crushing(o,, << 0)

2 2
1 —o0 012 Yczﬁzz 022
< + (2] + S - 22 =123
4 ( S ) ( Slz) 4Sf2YC Yo (23)

(5) Delamination

2 2 2

033 013 023
+ (2] + =1 24
(ZT) (513) (SIZS) (24)

where o, 1s the stress in the fiber direction, o,, the

stress in the transverse direction, o, the stress in
the through-thickness direction, o), the shear stress
in the plane of fiber and transverse directions, oy,
the shear stress in the plane of through - thickness
and fiber directions, o3 the shear stress in the plane
transverse and through-thickness plane, X the ten-
sile strength in the fiber direction, X the compres-
sive strength in the fiber direction, Y the tensile
strength in the transverse direction, Y the compres-
sive strength in the transverse direction, Z; the ten-
sile strength in the through-thickness direction, S,
the shear strength in the fiber and transverse plane,
S1; the shear strength in the through-thickness and fi-
ber plane, S; the shear strength involving fiber fail-
ure, S, the shear strength for matrix cracking in
the transverse and through-thickness plane, and Sy,
the shear strength for delamination in the transverse

and through-thickness plane.
3.3 Stiffness degradation model

To consider the stiffness degradation induced

[30]

by the impact damage, the Camanho ™" stiffness deg-

radation model was employed, as shown in Table 4.

Table 4 Stiffness degradation model

Parameter

. . . ElaE‘_HG]ZleB,
Fiber tensile failure 0.07
723, V12, V13, U3

Damage mode Degradation factor

Fiber compressive E |, E,, G, G,

0.14
failure Go3,012, V13,53
Matrix cracking Ey Gy Gy 0.2
Matrix crushing E; G, Gog 0.4
Delamination Es, Gis, Gos, 015,055 0
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4 FEM and Results

An FE was developed in ANSYS LS-DYNA
based on the damage model described above, with
(APDL).

Moreover, the damage shape and area were evaluat-

ANSYS parametric design language

ed by comparing the FEM results with X -ray re-
sults.
4.1 FE model

Solid 164 was used for the 3D modeling and
this element was defined by eight nodes of the fol-
lowing degrees of freedom at each node: Transla-
tions, velocities, and accelerations in the nodal x,
v, and z directions. To assign orthotropic material
properties (listed in Table 1), the element coordi-
nate was changed from Cartesian to principal coordi-
nate. The impactor was modeled as a rigid body and
its acceleration was assigned as g(9.8m/s*). The
impactor was placed at a small distance (h,) above
the surface of the specimen and the velocity at this
displacement can be calculated by

Z(Ei_mlgho)

my

(25)

Vy —

Furthermore, the analyses were performed in

the nonlinear geometric behavior. Fig.7 shows the

50 mm

10J

157

ANSYS
nre

Fig.7 Meshed modeling of the lamination and impactor

meshed modeling of the lamination and impactor.
The impactor was modeled as a sphere.

First, for each element, five damage forms
(including fiber tensile breaking, fiber compres-
sive breaking, matrix cracking, matrix crushing
and delamination) were detected by the Hou fail-
ure criteria (Section 3.2). Subsequently, once
one of the damage forms was detected, the ele-
ment was printed with the corresponding color
(shown in last row of Fig.8) and its material prop-
erties were modified by the stiffness degradation

model ( Section 3.3).
4.2 FEM results (compared with X-ray)

Fiber breaking was evaluated by the compari-

son between the FEM and X-ray results, as it was

(a) X-ray results

10J

90°

breaking breaking

157
(b) Numerical results

L’OoFiber tensile Fiber compressive

20J

Matrix  Delamination
crushing

Matrix
cracking

Fig.8 Damage shape under three impact energies
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the major cause of strength reduction.

Fig.8 shows the comparison of damage shape
between X-ray results and FEM results. The X-ray
result shows that despite the three different impact
energies, the damage yields a shape that is similar
to an ellipse. To investigate the inner damage, the
total damage elements were projected on the sur-
face lamina and the total damage is shown in second
row of Fig.8. The FEM results suggest that the
damage shape of fiber breaking (red and purple ele-
ments) is predicted satisfactorily.

Table 5 shows the comparison results of the
damage area from the X-ray and FEM results ,
and Fig9 shows the relationship between the

damage area and impact energy.

Table 5 Damage areas for X-ray and predicted results

Impact energy /  X-ray area / Predicted area/

‘ Error / %
J mm’ mm’
10 196.98 181.25 —7.99
15 267.88 243.75 —9.01
20 346.36 329.69 —4.81
350 r
—a— X-ray damage area
—e— Predicted damage area
Né 300 -
E
8 250
& 200}
150 . L )
10 15 20
Impact energy / J

Fig.9 Relationship between damage area and impact energy

5 Damage Initiation and Propaga-

tion

Because the inner damage is difficult to detect,
it 1s important to be able to predict the initiation and
propagation for each lamina. The aim of the follow-
ing sections is to investigate the damage propagation
including the five damage forms using the damage
model proposed above.

The initiation and propagation of the five dam-

age forms were investigated by the FEM. For
each lamina, the damage was detected with in-
creasing contact time and the FEM results are
shown in Fig.10. Because no obvious difference
was found between the damage propagation under
the three impact energies, the damage under 15 J
was chosen as a representative. Layers 1 and 17
represent the surface and bottom laminas, respec-
tively.

Fig.10 (a) shows that when the contact time
reaches 0.628 ms, damage initiation occurs,
where only layers 1 and 2 exhibit fiber compres-
sive breaking and delamination, respectively.
Fig.10 (b) indicates that delamination and matrix
cracking occur from layers 13 to 17 at the mo-
ment + = 1.252ms while only delamination ap-
pears in layer 12. The damage reaches the maxi-
mum at the moment 7 = 1.876 ms, as shown in
Fig.10 (c¢). Fig.10 (c) suggests that damage has
propagated in all layers, where the primary dam-
age forms are fiber compressive breaking, matrix
cracking , and delamination from layers 1 to 3,
while fiber tensile breaking and delamination domi-
nate layers 10 to 17 and only delamination in the
middle layers.

Moreover, Fig.10 also indicates the following:

(1) Damage initiation occurs in the top layers
and subsequently in the bottom layers. Finally,
damage appears in the middle layers with damage
propagation along the thickness direction.

(2) For the top layers, fiber compressive
breaking is always the primary damage form during
the impact process, and the damage shape is ellipti-
cal.

(3) For the middle layers, delamination and
matrix cracking occur first, and fiber tensile break-
ing appears in the lower layers with time. More-
over, all the three damage forms are dumbbell
shaped.

(4) For the bottom layers, dumbbell - shaped
delamination occurs first; subsequently, elliptical fi-

ber tensile breaking appears with time.
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40 mm
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6 Conclusions

A 3D dynamic damage model that fitted both
small and large damage sizes was developed in this
study to predict the impact damage initiation and
propagation for each lamina of T300-carbon/epoxy
laminations.

Based on the Hertz contact law and virtual dis-
placement principle, a 3D dynamic damage model,

including the Hou failure criteria and Camanho stiff-

Layer 15(0°)
(¢)t=1.876 ms

Layer 16(90°)

Layer 17(0°)

| )
Matrix crushing Delamination

cracking

Initiation and propagation of five damage forms

ness degradation model, was used to predict the im-
pact damage shape and area. The numerical predic-
tions of the damage shape and area indicated a rela-
tively reasonable agreement with the experiments.

The impact damage initiation and propagation
for each lamina were investigated using this damage
model and the results are as follows:

(1) Damage initiation occurred in surface lay-
ers and subsequently in the bottom layers; subse-

quently, damage propagated in the middle layers
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along the thickness direction.

(2) The primary damage form was elliptical fi-
ber breaking in the surface and bottom layers while
dumbbell -shaped fiber tensile breaking and delami-
nation dominated the middle layers.

However, some differences still existed be-
tween the numerical predictions and X-ray results,
implying that it is worth refining the model further
using the X-ray results for improved accuracy and in-
creased applicability. Nevertheless, the effect of

these differences on impact damage initiation and

propagation must be investigated in future studies.
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