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Validation of low velocity impact modelling on different stacking
sequences of CFRP laminates and influence of fibre failure
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ARTICLE INFO ABSTRACT

This paper presents a validation of low-velocity impact Finite Element (FE) modelling. Based on switching
ply location of reference layup [0,,455,90,,—45;,]; T700GC/M21 laminated plates from Bouvet et al.
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(2012) [1], twelve possible layups under a constraint of double-ply, mirror-symmetric, balanced, and
quasi- isotropic are allowed. However only seven layups are chosen for the study and one of them reveals
the importance of longitudinal fibre compressive failure during impact events. Therefore, the second
aspect of this work is the introduction of a fibre compressive failure law associated with fracture damage
development. This makes it possible to improve the simulation for all seven different layups. Good cor-
respondence is achieved between simulation and experiment for aspects such as delamination areas/

shapes and force-displacement responses. The influence of the addition of fibre compressive failure
according to fracture toughness in mode I is discussed.

1. Introduction

Low-velocity impact in composite structures has been studying
since 1970s. In aeronautics, many researchers have attempted to
design optimum structures mainly with respect to their weight.
The structures may lose up to 50% of their strength when facing
low-velocity impact problems due to accidents during manufactur-
ing or maintenance processes [2]. To cope with this problem, many
composite structures are over-designed with a high safety factor to
compensate for their low damage tolerance [3], therefore opti-
mised design with Finite-Element Analysis (FEA) becomes neces-
sary and increasingly used in place of experimental tests.

This present workis an extension of Bouvet et al.[1]. Animpact FE
modelling of UD carbon/epoxy plates has been developed. Using
their own model, this team has studied the impact damage in three
conventional failure modes, namely fibre failure, matrix cracking,
and delamination. The results of impact damage from the model
were accurately captured, e.g. force-displacement history, delami-
nation surface, permanent indentation. However, the model was
only validated on a single reference layup at a given impact energy.
To the authors’ knowledge, the literature contains no validation of
different impact conditions. Also, in order to enlarge the validity of
the reference model, this work will therefore focus on model valida-
tion of impact on different stacking sequences, including the
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54032, 31055 Toulouse Cedex 4, France. Tel.: +33 (0) 561338968; fax: +33 (0)
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presentation of a variety of supplementary post-processing results,
e.g. high quality C-scan, and microscopic observation.

The reference stacking sequence is an 8-double-ply, mirror-
symmetric, quasi-isotropic laminated plate of T700GC/M21 (car-
bon/epoxy): [05,455,90,,—45,];, which contains equal numbers of
plies in each direction. Note that double-ply is used to facilitate im-
pact damage observation, especially delamination, as well as to re-
duce calculation time for the simulation. Seven different layups
derived from the reference layup were chosen to be tested (cf.
Table 1).

Thanks to the different impact behaviours of different stacking
sequences, predominant fibre compressive failure was observed in
a particular case. Thus, the second point of this work is to improve
fibre failure simulation by combining the effect of fibre compres-
sive failure which is often considered as a complex mechanism
in the failure of composite structures [4-6].

Some research presents fibre failure models for composites sub-
jected to low-velocity impact. Recently, the energy method seems
to be an effective approach to simulate fibre failure or intralaminar
ply failure based on the crack band theory from Bazant and Oh [7].
This method uses fracture toughness to dissipate the fracture en-
ergy and a characteristic length to avoid the mesh dependent solu-
tion. For example, Falson and Apruzzese [8,9] presented the fibre
failure which was included in the intralaminar failure mechanism.
In their constitutive damage model, the material properties would
degrade according to a linear strain-softening law with seven
defined damage variables, i.e. fibre failure in tension/compression,
matrix failure in tension/compression and three other for the three



Table 1

Total possible stacking sequences with seven experimental tested cases.
Layup name Stacking sequences Experiment Remarks
Al [02,453,90,,—455]; N4 Reference case [1,15]
A2 [90, —453,0,45>]s 90° Rotation of A1
B1 [0,,45,,—45,,90,]¢
B2 [90,,—-457,45,,0,]; 90° Rotation of B1
C1 [02,90,,45,,—45,]; 4
2 [90,,0,,—45,,45;]; v 90° Rotation of C1
D1 [453,0,, —455,90,]¢ vV
D2 [45,,90,,45,,05]s v 90° Rotation of D1
E1 [453,-455,90,,0,]; v
E2 [~45,,455,0,,90,]s  / 90° Rotation of E1
F1 [453,04,90,, —455]¢
F2 [—455,90,,0,45,]; 90° Rotation of F1

shear directions. This law was assigned as a smeared formulation
which assumed constant energy dissipation per unit area in the
volume element to generate a mesh-size-independent solution. It
was applied and tested for example on an open-hole laminate cou-
pon under compressive loading. Fibre compressive behaviour from
their progressive damage law accurately predicted the results of
the experiment. l[annucci and Ankersen [3] previously used a sim-
ilar smeared formulation to develop their low-velocity impact
model. They specifically tested this formulation with bi-linear
stress—strain damage. They showed that to have a mesh-size-inde-
pendent FE model, with a given intralaminar fracture energy as an
input parameter, the strain at final failure and the evolution of the
damage variable may vary with the element size.

Shi et al. [10] added non-linear irreversible shear behaviour to
their 3D continuum model of intralaminar failure to simulate per-
manent indentation for low-velocity impact modelling. Thanks to
the energy based criterion and the shear model under progressive
damage, permanent indentation was well established. Also, Lopes
et al. [11] used energy-based criteria for matrix cracking and fibre
failure in 3D plies in their low-velocity impact damage model, with
an exponential damage evolution law for the damage propagation.
Matrix cracking and fibre failure were accurately predicted. Com-
pression after impact (CAI) modelling was consequently studied
by Gonzalez et al. [12]. According to the same approach for the fibre
failure law, they reported that the collapse of the plate was initially
triggered by fibre failure, and the CAI strengths for their two tested
cases were accurately predicted. Nevertheless, this model was still
limited by the calculation time process, e.g. impact and CAI analysis
lasted twelve days for the laminate [454,04, —454,904]; on 24 CPUs.

As presented above, the modelling of progressive damage with
the energy based method could well represent intralaminar dam-
age as a multi-purpose law, e.g. fibre failure, matrix cracking and
permanent indentation. In addition to the previous work, Bouvet
et al. [1] also used fracture mechanics for their fibre failure model-
ling. Moreover, they have proposed a new methodology to distrib-
ute unequal fracture energy at each integration point (eight
integration points in a volume element) depending on the strain
magnitude (cf. Section 3.1). Only longitudinal tensile damage for fi-
bre failure was addressed in previous work, whereas the compres-
sive effect would be performed in this paper in the following
sections.

However, the value of intralaminar fracture energy, which
should be a material property as a model’s input, still becomes a
sensitive issue since there is no valid standard yet [5,6,4]. Many
studies have proposed approaches to measure this value. For
example, Soutis and Curtis [6] measured the compressive fracture
toughness of T800/924C carbon/epoxy [0,90,,0]3; laminates asso-
ciated with fibre micro-buckling to be 38.8 N/mm. Also, Pinho
et al. [5] used compact compression tests to evaluate the compres-
sive kinking fracture toughness of T300/913 carbon/epoxy

laminates. A 79.9 N/mm of fracture toughness was reported. How-
ever this value was contested because it was considered only for
damage initiation, whereas the propagation was not reliable.
Therefore, this current paper will also consider the importance of
compressive fracture toughness for damage propagation in order
to make the low-velocity impact modelling match the experimen-
tal tests according to data available from the literature [6,5].

2. Experimental study and specimen configurations

Impact tests were performed using a drop tower system with a
16 mm diameter, 2 kg impactor, according to the Airbus Industries
Test Method (AITM 1-0010). Before impacting the specimen, an
optical laser measures the initial velocity. A piezoelectric force sen-
sor is placed inside the impactor to measure contact force during
impact. All data are recorded in an oscilloscope. The rectangular
specimen measures 100 x 150 mm? simply supported on a
75 x 125 mm? frame, as shown in Fig. 1.

According to the reference case, 8-double-ply layups (0.25 mm
nominal ply thickness) of UD carbon- epoxy T700GC/M21 were
manufactured based on 0°, 90°, 45° and —45° ply directions. Con-
sidering only balanced and mirror-symmetric laminates, switching
ply locations makes it possible to have up to 24 configurations. Half
of these configurations are symmetric to each other, along the lon-
gitudinal axis, ie. layups [02,45,,90,,—455]s and
[0,,—-45,,90,,45,];. Therefore, the 24 potential cases can be re-
duced to 12 cases studied. However, only seven cases (including
the reference case), summarised in Table 1, were experimentally
tested, chosen according to the plate’s behaviour from analytical
calculations and the first-trial simulation. Half of the specimens
are derived from a 90° orientation in relation to another specimen.
Therefore, to number specimen configurations, the same letter will
be used for a laminate and its associated 90° rotation laminate. The
quasi-isotropic reference layup Al contains plies stacked at a con-
stant interface angle of 45°. However, when ply orientation is
changed, the interface angle of 90° becomes unavoidable in layups
B1, B2, C1, C2, E1 and E2.

3. Numerical modelling

In the previous study, [1] presented a discrete 3D impact model
which was simulated with the Abaqus v6.9 explicit solver and a
user-defined Vumat subroutine. In their model, three major failure
modes observed in composite impact tests were considered: (i) fi-
bre failure in intra-ply, (ii) matrix cracking in intra-ply, and (iii)
delamination in inter-ply.

The mesh construction from the previous work was maintained.
Positions of nodes are uniformly stacked in row and column for all
oriented plies. However, the shapes of mesh are different: 0° and
90° plies are meshed in square shape, while 45° and —45° plies
are meshed in parallelogram shape in order to follow the fibre

J16mm — 2kg

Fig. 1. Impact test setup with the boundary condition.
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Fig. 2. (a) Modelling of impact damage and element types and (b) mesh shape in
each oriented ply [15].

direction and to have coincident nodes in adjacent plies (Fig. 2(b)).
The fibre failure was assigned in volume elements C3D8, where
non-thickness cohesive elements COH3D8 of delamination are hor-
izontally inserted in-between. Also, vertical non-thickness cohe-
sive elements COH3D8 are placed between volume element strips
in the fibre direction to impose the region of matrix cracking, as
shown in Fig. 2(a). Meshing of these three damage types is gener-
ated only on half the plate, due to the symmetry consideration. The

Superscripts
0-] 1 T  :tension
A . C  : compression
Tension i : value at integration point
h node : value at node
Subscripts
N 0 : damage initiation
i 1 : final failure
(i) 0] t
D izl
: C
£ £ i
0 ; £
yenn o= _ & &
>y ) (i)
(i) Damage initiation
Compression | (ii) Damage propagation

(a)

total number of elements (volume elements and interface ele-
ments) is approximately 100,000 elements for each layup configu-
ration. Then, the laminated plate is placed on analytical rigid body
supports, and is impacted by a semi-spherical analytical rigid body.

3.1. Modelling fibre failure

Since the fibres primarily break in the fibre direction, the fibre
failure mode in this current model means purely longitudinal fail-
ure. Shear failure 7,3 is assumed to have no effect on intralaminar
damage, whereas 7,3 is instead assigned to matrix cracking crite-
rion (cf. Section 3.2). In the experiment, the fibres are locally bro-
ken crossing the fibre direction, as illustrated in Fig. 2 and the
micrograph in Fig. 8(a). For FE modelling, an alternative method
is to dissipate the energy release rate of fibre failure spreading over
the volume finite element such as the modelling of [8,1,13,12,11].
Based on crack band theory from [7], a simplified formulation to
dissipate the constant energy release rate per unit area in the 3D
continuum element can be written as:

/(/]o—-ds)-dV:S-G,ﬁC”re (1)
v 0

where Gﬁbre,s, ¢ are the fracture toughness for the opening mode
(I), the strain in fibre direction, and the strain in fibre direction at
final failure, respectively. As seen in Fig. 3(a), these parameters
are applicable either in tension (G™™*" and &!), or in compression
(G™*C and £5). V and S are element’s volume and element’s cross
section normal to fibre direction, respectively. Then, V and S can
be reduced in terms of an internal element length I, which is com-
parable to the FE characteristic length [7,8,10] to make FE model
mesh-size independent. Note that the subscripts 0 and 1 denote
damage initiation and final failure, respectively.

In addition to distributing the fracture energy over the whole
volume element, [1] have proposed a new approach to dissipate
the fracture energy defined in terms of eight integration points of
each volume element, shown in Fig. 3(b).

3.1.1. Damage initiation

3.1.1.1. Damage initiation of fibre tensile failure. Before reaching the
damage initiation state, linear elastic evolution of stress according
to longitudinal strain ¢ at each integration point is defined. As the
volume elements can be subjected to bending, the value of strain
calculated at nodes can reach the criterion before the strain

&' :Longitudinal strain at integration point
g"*%: Longitudinal strain at node

£"7 : Representative strain

. (max. at integration point)
at mﬁ’&(é‘ww) t  :Time increment at undergoing damage
“« node=
t, :Time increment at damage initiation
t,  : Time increment at final failure
(= E
! =
i g
=
i
(I-d,)H,
|
il ! T
¥ i & i
HH i o ol
7N 4 - €
T . 8
T,i & £ =max(e') t=t
=

&

(b)

Fig. 3. Constitutive laws of fibre failure in the longitudinal direction: (a) overall fibre failure law with damage initiation and damage propagation under tension and
compression and (b) detail of the law when applied to the eight integration points of a 3D element under tension.



Table 2

Mechanical properties of T700GC/M21 unidirectional ply as input in simulation.

Density 1600 kg/m>
Orthotropic elastic properties [18-20]

E]T Tensile Young’s modulus in fibre direction 130 GPa

E]C Compressive Young’s modulus in fibre direction 100 GPa

E, Transverse Young's modulus 7.7 GPa

Gia Shear modulus 4.8 GPa

012 Poisson’s ratio 0.33
Matrix cracking [18,19]

'd Transverse tensile strength 60 MPa

st In-plane shear strength 110 MPa
Fibre failure [5,14,18,20]

gg Tensile strain in fibre direction at damage initiation 0.016

‘t,g Compressive strain in fibre direction at damage initiation -0.0125
Xcrush Longitudinal compressive mean crushing stress —270 MPa
G{ib’” Fracture toughness for mode I in traction 133 N/mm*
G{ibrff Fracture toughness for mode I in compression 40 N/mm®
Delamination [18,21]

G,df' Interface fracture toughness for opening mode (I) 0.6 N/mm
Gﬂil Interface fracture toughness for shear mode (II and III) 2.1 N/mm

¢ Material: T300/913 [5].
b predicted value in this study.

calculated from integration points. Thus, in this model the strain
values obtained from eight integration points are computed with
the shape function and extrapolated to nodes in order to take into
account bending behaviour. Then, the extrapolated strain at each
node drives the maximum strain failure criterion defined as:

8 node T
max (&"%) < & (2)
where the superscript node means the extrapolation to node and &}
is the tensile strain in the fibre direction at damage initiation, given
in Table 2.

When any one of the eight strains calculated at nodes reaches
the tensile strain at damage initiation (beyond the limit in Eq.
(2)), all stresses at the eight integration points are simultaneously
established in the damage initiation state at t = t°, as illustrated in
Fig. 3(b).

3.1.1.2. Damage initiation of fibre compressive failure. Similarly to fi-
bre tensile failure, damage initiation of fibre compressive failure
can be defined as:

8
min (&"%) > &§ 3
nadezl( ) 0 ( )
where &§ is the compressive strain in fibre direction at damage ini-
tiation, given in Table 2.

3.1.2. Damage propagation

3.1.2.1. Damage propagation of fibre tensile failure. The representa-
tive strain is the maximum strain of eight integration points which
is computed at each time increment. This representative strain will
be used for the linear degradation of damage, defined as:

& — nléx(s") 4)
where the superscript i means the value at integration point (funda-
mentally computed by FE method), and &™” is the representative
strain.

Due to fracture toughness for the opening mode (I) in traction
focbre'T i.e. the material input property for the calculation, the frac-

ture energy in volume elements can be dissipated. The tensile final
failure strain (&) can then be determined by solving Eq. (1).

At each time increment, &7 and ¢ will be updated during the
undergoing damage propagation state, and the linear degradation
of strain-softening can be assigned in terms of the damage
variable:

T( o T
& (a”fp — & )
ds = —
&rep (81 — &y )

where & is tensile strain at damage initiation which is translated
to the integration point in order to take into account dr at the inte-
gration points instead of nodes. Note that the damage variable dj,
computed from the representative strain, will be the same for eight
integration points, and it will govern the linear degradation behav-
iour, as illustrated in Fig. 3(b).

()

3.1.2.2. Damage propagation of fibre compressive failure. Due to the
complexity of damage propagation state in compression, paramet-
ric study of the longitudinal compressive fracture toughness G{’f’e‘c
is performed based on available information from the literature
[5,6]. The compressive strain at final failure (&) is then determined
by solving Eq. (1)similar to the tensile damage. And the represen-
tative strain in compression can be defined as:

8 .
&P = mi]n(.s’) (6)
i=
with the same fibre failure damage variable, dr as in tension.
&§ <8’5P - sg'i>

C Ci
&rep (81 —& >

Additionally, the fibre compressive failure behaviour is slightly
more complicated than in tension. Crack initiation in compression
is due to the kink band, but when one continues to apply compres-
sion, the two sides of the crack come into contact and lead to
crushing of packs of fibres. Therefore, the compressive mean crush-
ing stress of T700/M21, X" proposed by [14] is then applied as a

dp = (7)



plateau to complete the law. Moreover, the plasticity is also taken
into account to prevent compressive strain from returning to zero
during the unloaded state, as illustrated in Fig. 3(a).

Then, the stress tensor of orthotropic elasticity in terms of the
elastic stiffness matrix and the single fibre damage variable, df
(both for tension and compression) can be specified as:

o1 (1—df)Hyy (1—-df)Hyz (1—df)Hys 0 0 0 en
022 Hz, Has 0 0 0 [55]
o33 | Hs; 0 0 0 €33
on (1—df)Ha 0 0 1
o13 sym (1—df)Hss 0 £13
O3 (1—df)Hes | \ €23
®)

where the lamina’s stiffness matrix [H| is computed by using the
orthotropic elastic properties in Table 2.

3.2. Modelling of matrix cracking

A particular model of matrix cracking is introduced using inter-
face elements (different principal to delamination), between two
neighbouring volume elements, which are generated in 1-3 planes,
as illustrated in Fig. 2. That means the occurrence of matrix crack-
ing is imposed by the mesh density. The authors assume that it is
not necessary to represent the complex matrix microcracks net-
work but only stripes of plies that enable to simulate the changes
in load transfers between parts of plies when the matrix is dam-
aged and thus to drive delamination and fibre failures. Therefore
a very fine mesh is not necessary. For the same reason, the energy
dissipated in matrix cracking is not taken into account in the inter-
face model (brittle failure), but it is nevertheless included in the
energy dissipated in the delamination interfaces to keep the energy
balance. Matrix tensile failure (., > 0) based according to Hashin’s
failure criterion is applied to the volume elements. As soon as this
criterion (on either one or both neighbouring volume elements) is
met, the out-of-plane stresses in the interface elements are set to
zero. The two neighbouring volume elements will therefore be
independent, meaning that the matrix is broken [15]

2 2
(T12)” 4 (T23) <

(wﬁyf ()

where the subscript 1, 2 and 3 denote the direction of stress accord-
ing to the volume element. Y7 is the transverse tensile strength and
St is the in-plane shear strength. In addition to matrix cracking,
these interface elements can also model permanent indentation
(see more details in [1]).

)

3.3. Modelling of delamination

The formation of delamination generally relates to matrix
cracking [2,1,11]. For this present discrete model, even if there is
no coupling parameter of delamination and matrix cracking, the
discontinuity still enables this interaction to be represented.
Delamination normally occurs between different ply directions. It
is therefore simulated in interface elements by joining nodes of
upper and lower volume ply elements. Thanks to energy dissipa-
tion of fracture mechanics, the delamination criterion is simulated
as linear coupling in three modes based on the power law criterion
of mixed-mode delamination propagation with the energy release
rate: mode [ is in the thickness direction normal to delamination
plane, whilst mode II and mode Il are in the in-plane direction,
as explained in [1].

G Gy, Gu _
del del del —
Glc GIIc Glllc

(10)

where G, Gy, Gy represent the energy release rate of delamination
in mode I, Il and III, respectively. G, G™  G™ represent the critical
energy release rate of delamination in mode I, Il and III, respectively.

At the end of the calculation, all layer interface delamination
areas are displayed to create a “numerical C-scan”. The same col-
ours are used as for the experimental C-scan in order to compare

results from simulation with experiments.

4. Experimental validation of the model

In experimental tests, impact energy was expected at 25 ], but
in reality the tests were carried out between 24.63 ] and 24.82]
for the seven cases studied. To validate the impact damage from
the experiments, all seven cases were simulated and compared
with the experimental results. Each calculation of impact model-
ling (5 ms of actual time) lasts approximately 4-5h on 8 CPUs.
According to the previous study [1], impact damage in terms of en-
ergy dissipation is mainly separated into two parts, i.e. delamina-
tion and fibre failure, as layup D1 shows in Fig. 9(a2). Hence,
comparisons between experiments and numerical simulations
are presented as follows:

4.1. Delamination

In Fig. 4, delamination is shown. Projected delamination areas
are experimentally obtained by ultrasonic C-scan. Thanks to the
double-ply stacking configuration, each inter-ply delamination
can clearly be distinguished by different colours. Delamination is
visibly obvious in the first inter-ply on the non-impacted side
(red colour surface in the figures), and the shape at each inter-
ply is often oriented in the fibre direction of the lower ply.

The seven experimental tested configurations are compared.
The difference between the biggest delamination area (case D2)
and the smallest delamination area (case A1) is up to 46% as shown
in Fig. 5(a). This difference cannot be attributed only to the effect of
stacking sequence, due to parameters coupling when changing the
stacking sequence:

o Stiffness of the panel: switching the order of stacking
sequences will not affect the membrane stiffness, while
the bending stiffness is changed. For example, the lami-
nates C2 is stiffer than C1 and, as a consequence the elastic
response during impact is different. The stresses due to
bending of laminate C2 are higher than in any other config-
urations, thus a compression fibre failure is expected.
(cf.Section 4.2.2).

e Boundary condition: [16] showed the importance of
boundary condition in composite subjected to impact load-
ing when designing real laminated structures near stiffen-
ers of aircraft structures. In this study, except the
laminates A1 and C1, the delamination tip is very close to
the boundary conditions, which makes it difficult to con-
clude on the study of influence on extent of damage.

Numerical simulation results show excellent delamination
shape comparisons to the experiments for all seven cases. The mar-
gin of error between experimental determination of the delamina-
tion area and the simulation is within 20%. This margin of error is
acceptable since there are many factors affecting the delamination
results, for example the quality of experimental C-scans, or uncer-
tainty concerning the values of the parameters of the inputs in
modelling, e.g. Gi¢, Ga¢!,

Another advantage of numerical simulation on delamination is
the possibility of separating delamination in each interface and
being able to determine the sum of the delamination areas.



Fig. 5(a) shows that the projected delamination and the total
delamination (sum of each interface) follow the same trend.

4.2. Fibre failure

Fibre failure is normally difficult to study experimentally, espe-
cially during the impact event. However, microscopic observation,
X-ray techniques after impact, or de-ply techniques [17] are prob-
ably also effective methods to study it. In this work, we simply ob-
serve fibre failure using 2 methods:

4.2.1. Major load drop (studied using either the force-displacement
curve or the force-time curve)

Fibre failure can be determined from the major load drop from
history curves as presented in Fig. 4. At this energy level (25 ]), the
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major load drop obviously appears in case D1 and D2 in experi-
ment (see Fig. 9(a) for case D1), as well as in numerical simulation.
This phenomenon is probably due to fibre tensile failure rather
than fibre compressive failure which will be detailed in Section 5.1.

4.2.2. Fibre failure crack on impacted surface (visual inspection)

An apparent long crack on the upper surface (impacted side)
across the fibre direction is visible only in case C2, as shown in
Fig. 6. In order to investigate the cause of this crack, the specimen
C2 was cut for microscopic observation. As presented in Fig. 7, dis-
connected longitudinal fibres at the impacted side, as well as some
small debris from the kink band between the disconnected fibres
are observed. The formation of these fibres is similar to fibre mi-
cro-buckling/kinking in Fig. 8(b), which could confirm the appear-
ance of the fibre compressive failure. However, rupture modes

Fig. 4. Comparison between experimental and numerical C-scan for delamination areas, force-displacement curves, and force-time curves of 25 J impact tests.
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500 m

Fig. 7. Microscopic observation of fibre compressive failure of specimen C2 after
impact.

from the two images might be slightly different because the fibre
compressive failure in Fig. 8(b) involved internal confined plies,
whereas in Fig. 7 fibre compressive failure from case C2 was
exterior.

To validate the numerical simulation, as seen in Fig. 6, case C2
shows fibre failure in terms of the fibre failure damage variable
similar to the noticeable crack in the experimental observation.
The detail of fibre compressive failure in this simulation is dis-
cussed in Section 5.2.

4.3. Force—displacement history and global impact response

This section again demonstrates that this present model is ro-
bust and applicable even if the stacking sequence is changed. The

force-displacement and force-time history in Fig. 4 show good
agreement in terms of maximum force, maximum displacement
and global evolution of impact response. The simulation accurately
represents the load drop due to fibre failure as mentioned before,
as well as the energy dissipation. The error between the experi-
ment and the simulation of these seven tested cases is less than
12%, as shown in Fig. 5(b).

5. Discussion of failure mechanisms in simulation
5.1. Fibre tensile failure mechanism

According to the previous numerical studies [ 1], although only fi-
bre tensile failure behaviour was studied in the fibre direction, force
response during the impact event was fairly well corroborated with
the experimental results. This may therefore imply that fibre tensile
failure is predominant for longitudinal failure. Consequently, the
same fibre tensile failure law is maintained in this case. In fact, fibre
tensile failure appeared at the beginning of the impact event but it
was not apparent until a dramatic load drop was recorded. This
can be an indicator to identify fibre failure which is confirmed by
the simulation, presented in case D1 in Fig. 9.

The dissipation of energy in fibre failure mode, especially on the
non-impacted side: ply 2nd, 3rd and 4th plies, suddenly increased.
This was simultaneous with the major load drop, precisely in
Fig. 9(a1-a3). In addition, the number of elements for fibre failure
visibly increased after the major load drop. The number of ele-
ments with fibre tensile failure is about 30% more than in fibre
compressive failure, which may be induced by the tension from
the plate’s deflection, as presented in Fig. 9b1-b2.

5.2. Fibre compressive failure mechanism

Some fibre damage was visible after the specimen was im-
pacted, but it does not appear in all cases, as shown in Fig. 6. C2

50 pm
—

Fig. 8. Micrograph of: (a) fibre tensile failure in the specimen after impact and (b) fibre micro-buckling/kinking formation in CFRP laminate [5].
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is an interesting layup, having 90° plies on the exterior, lying in the
small edge direction of the boundary condition. This observation
led to improvement of the model by adding the effect of fibre com-
pressive failure which is a key objective of this paper.

As mentioned previously, fibre failure in this simulation is
based on fracture energy, therefore an accurate value of fracture
toughness is essential. Before obtaining accurate corroboration be-
tween the simulation and the experiment as presented in preced-
ing sections, a parametric study of fibre compressive law and
fracture toughness was performed, according to values from the
literature. The first value tested for fracture toughness in compres-
sion was G/*™¢ = 10 N/mm. The result clearly shows the damage
variable of fibre compressive failure on the upper surface in case
C2, but in the force-displacement curve, the load drop is still over-
estimated, as seen in Fig. 10(a). In addition to this inaccuracy, other
cases (A1, C1, D1, D2, E1 and E2) have an overestimation of fibre
compressive failure as well, for example layup E2 as seen in
Fig. 10(b). Then, G — 79.9 N/mm of T300/913 [5] was tried.
This shows a better delamination area according to experimental
results with a bigger delamination interface on the impacted side,
but fibre compressive failure is underestimated for all seven con-
figurations. Therefore, the value of G/ between 10 and 79.9 N/
mm should be considered. G[”*“ = 40 N/mm was taken and it
could give very accurate results according to experiments in terms
of both fibre compressive failure on the upper surface, load drop in
force-displacement and delamination shape as shown in Figs. 6,
10(a), and 10(b).

Certainly changing Gﬁbre'c directly affects fibre compressive fail-
ure. It should be noted that to obtain these accurate results, the va-

lue of G’ — 40 N/mm is assigned in the model using the trade-
off method. This value is in accordance with the fracture toughness
of T800/924C from [6] which is in the same material family as the
T700GC/M21 material studied in this work. Nevertheless, further
work to determine the fibre compressive failure fracture toughness
value of T700GC/M21 is currently in progress. The following stage
to determine the residual strength after impact, known as CAI, will
be performed based on the same law of impact test fibre compres-
sive failure in this study.

5.3. Coupling between failure modes

The validity of the model is broadened. Thanks to the disconti-
nuity of the particular meshing and independent material law
among three failure modes (without coupling parameter), this
present model is able to show very good interactions.

e Coupling among fibre failure, matrix cracking, and delami-
nation: As seen in the view of the non-impacted side in
Fig. 9(b3), splitting of the lowest ply, induced by matrix
cracking and delamination, rather than fibre failure mode,
is found. This shows accordance with the experimental
observation, as shown in Fig. 9(b4).

e Coupling between fibre failure and delamination: Fibre
compressive failure is accompanied by delamination as
reported in [5,6]. Microscopic section of specimen C2 in
Fig. 7 confirms this phenomenon. In addition, numerical
modelling of layup C2 also reveals this interaction, which
is in agreement with the experiment, as shown in Fig. 11.
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Moreover, global behaviour of the impact response, e.g. cou-
pling of matrix cracking and delamination, force-displacement re-
sponse, overall delamination area, etc., also needs the interaction
between each failure mode. Therefore, a careful trade-off must be
made to balance the selected parameters of all impact damage
types, in order to obtain an accurate impact simulation.

6. Conclusions

Fibre failure mechanisms have an important role in the re-
sponse of composite structures subjected to impact. However, in
experiments, fibre failures are difficult to observe because of their
location inside the laminate, and the fact that they are not as visi-
ble as delamination from ultrasonic C-scans.

In this work, we can easily determine the presence of fibre rup-
tures with the noticeable load drop of force-displacement or

force-time curves. This load drop predominates in fibre tensile fail-
ure which can occur when the plate is submitted to adequate im-
pact energy. Fibre compressive failure is less well known and is
rarely observed during impact tests. In this study, seven layups
were experimentally studied, including an interesting case (C2)
with a 90° ply on the upper surface of the laminate. Fibre compres-
sive failure was visible in this upper ply after the laminate was
impacted.

The fact that compressive fibre failure was observed led to im-
prove the reference model [1]. A new compressive law was
implemented. This law is similar to the one already used for fibre
rupture under tension, with a dissipation of fracture energy in the
volume elements, driven by a damage variable calculated at the
eight integration points. Moreover, the effect of crushing in the
cracks induced by fibre failure is taken into account with a pla-
teau and a plastic-like law. An identification of the fracture
toughness value for compression fibre failure was made by means



of a parametric study. The 40 N/mm value is found to be the most
appropriate to best describe the observed damage in the C2
laminate.

This new compressive law, applied to the six other laminates,
also improves the results of impact simulations on these plates
in terms of force-displacement history, force-time history, and
delamination.

The current model proves to be quite reliable, and presents a
certain number of advantages such as the calculation time (4-
5 h/calculation), a relatively limited number of material parame-
ters required, and without any coupling parameters between fail-
ure modes.

To widen the validity of this model, other validations such as ef-
fect of impact velocity/energy, effect of boundary condition, ply-
drops configuration, and sub-laminate/ply grouping are still in pro-
gress in order to approach the situations of real aeronautical struc-
tures. Thanks to the proposed fibre compressive failure law,
modelling of compression after impact (CAI) will soon be contin-
ued using the same law.
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