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An explicit finite element modelling of the 5-harness satin woven composite material is proposed in this
paper. It is based on the semi-continuous approach which consists in separating fibre and matrix
mechanical behaviours. The bundles are modelled with rod elements and a specific damageable shell ele-
ment is used to stabilize this truss structure. As the woven pattern geometry plays a key role in damage
initiation and propagation, a modification has been made in the failure strain of the rods located at the
crimp regions where warp and weft yarns cross each other.
The method has been implemented into the explicit finite element code RADIOSS and is computation-

ally efficient to model low to medium velocity impact (1–200 m/s) at the structure scale. The modelling
strategy is validated by representing a drop weight test and an oblique impact test and provides good
prediction of impact force history and damage size and location.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction et al. [6] showed that the local variation of the strength of the yarns
This article deals with the modelling of woven composite lam-
inates under impact loading. Indeed, a modelling strategy that
accounts for the internal structure of 5-harness satin woven com-
posite plies is investigated.

In the field of aeronautical designing, 5-harness satin carbon/
epoxy woven composites are increasingly used for the manufactur-
ing of the structure. A minor weakness in this part can have catas-
trophic consequences. Thus, understanding and predicting impact
damage mechanisms in this material is required.

The behaviour of composite structures under impact loading
has been widely studied. Comprehensive reviews by Abrate [1,2]
describe impact damage mechanisms for a large range of compos-
ite materials. Typically, cracks in the resin, delamination and fibre
breakages can be observed.

Damage mechanisms in composite materials highly depend on
its structure. In the specific field of woven laminate composites,
the characteristic structure of the plies leads to complex behaviour
[3–5]. Indeed, even for static loadings, the damage first accumu-
lates in the crimp region where the yarns cross each other. Local
behaviour has an important influence on the global response, dam-
age initiation and propagation. For impact loading, Nilakantan
can have a major effect on the impact response of woven fabrics.
Three levels of representation can be distinguished for the mod-

elling strategies of impacts on woven composite laminates. The
first modellings are build at a macroscopic scale. Customized dam-
ageable energy based material laws are used with FEM [7–13]. In
these models, the woven fabric is represented using homogenised
shell elements. The second level of representation is the bundle
scale. Navarro et al. [14–16] have developed a semi-continuous
modelling where the bundles of fibres are represented with rod
elements stabilized with specific damageable shell elements. The
idea is to model the fact that when the resin is fully damaged,
the woven fabric behaves as a discrete truss structure. This strat-
egy provides a good representation but cannot represent the local
damages due to the weaving pattern. The third strategy is at the
pattern scale. The models are based on properties calculated from
a deforming unit cell. This unit cell is generally very detailed
[17–20]. This strategy is able to represent the local strain and stress
fields due to the weaving pattern, but it can hardly be used for
large structures.

In this paper, an extension of the semi-continuous approach
presented in [15] is described. The modelling is modified in order
to take into account the weaving pattern geometry. The properties
of the rods are adapted to represent local strain concentrations.

In the first part, themodelling strategy is presented. The damage
law used for the specific shell elements and the failure behaviour of
the rods are described. Then a parameter sensitivity study is

http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2015.08.067&domain=pdf
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proposed. Finally the strategy is validated by comparing with drop
weight normal impact tests and gas gun oblique impact tests.

The presented approach is accurate enough to predict the size
and the shape of the damage. The mechanisms observed experi-
mentally leading to the final rupture are well represented.

2. Modelling strategy

The proposed modelling strategy for the woven composite lam-
inate extends previously published models that use a ‘‘semi-
continuous approach” [14–16]. In this model, the ply bundles are
represented by 1D rod elements connected by nodes to the 4 edges
of a quadrilateral shell element (Fig. 1). The element length
respects the woven fabric pattern i.e. the distance between two
bundles. For delamination modelling, each ply are connected with
a shell-to-shell interface element with a cohesive law detailed in
[16]. This strategy allows to both represent the continuous elastic
behaviour of the undamaged skin and the discrete behaviour of the
woven ply when resin is damaged and bundle of fibres are in a
non-stabilized state.

This type of modelling offers good comparison with experimental
data regarding drop weight test and gas gun test. Nevertheless, in
order to simulate more accurately experimental observations, two
main improvements have been made:

� The shell damage formulation has been changed in order to
capture a more accurate damage scenario of the resin during
impact.

� The maximum strain to failure of the rods is now dependent on
their physical positions in the woven pattern. It allows to take
into account the strain concentrations due to woven pattern
geometry.

2.1. Shell damage model

In this subsection, the finite element formulation and the
damage variables used for the shell are presented.

2.1.1. Formulation used
The developed shell element is based on Batoz Q4c24 shell

formulation [21] with four Gauss integration points and reduced
integration for in-plane shear (Fig. 1). No hourglass control is
needed for this shell.

Due to the particular modelling strategy, the shell element has a
membrane stiffness different from the bending one. In membrane
Fig. 1. Woven element modelling strategy: the four rod elements (in blue) are embed
references to colour in this figure legend, the reader is referred to the web version of th
loading, the shell is regarded as matrix material whereas in bend-
ing and transverse shear loadings, the rods do not have any influ-
ence so the shell stiffness is assimilated to the homogenised ply.
Hence, the distinction is made by differentiating the values of the

corresponding elastic modulus, Em for membrane, Eb for bending
and Gs for out-of-plane shear.

2.1.2. Damage variable
In order to better understanding the matrix damage scenario

during an impact loading, a specific experimental set up has been
made. A drop weight test impact has been performed onto a single
ply of carbon-epoxy 5-harness satin woven fabric. A high-speed
camera was used to film the bottom face of the plate. Besides,
the face was covered with a very thin layer of white paint to
emphasise the matrix cracks. All impact tests have led to a fracture
shape similar to Fig. 2. Every crack is oriented along a carbon bun-
dle and matches exactly with the 5-harness satin weave pattern.
Further details on the experimental set up and results will be pre-
sented in Section 4.1.1.

The main assumption about damage mechanism is as follows:
when resin is damaged, the local structure is lost and the ply bend-
ing stiffness is affected. The bundles are temporally and locally
relaxed until, carrying all the loads, they fail in tension.

Numerically, the idea is to capture the oriented cracks observed
experimentally just before the first fibre ruptures. Thus, matrix
failure is modelled with two damage variables for each local fabric
direction namely d1 and d2. They are functions of the energy
release rates Y1 and Y2 calculated from the resin material proper-
ties. Then, in order to model the complete loss of bending stiffness,
this two damage variables degrade both membrane (resin) and
out-of-plane (homogenised woven) moduli. This can be
summarised as:

� d1 ¼ f ðEmÞ affects Em
1 ; E

b
1 and Gs

13

� d2 ¼ f ðEmÞ affects Em
2 ; E

b
2 and Gs

23

Damage evolution is given by:

di ¼
ffiffiffiffi
Yi

p
�

ffiffiffiffi
Y0

p� �
þffiffiffiffi

Yc

p if di < 1

1 otherwise

8<
: ði ¼ 1;2Þ;

where Y0 controls the damage initiation, Yc the damage evolution
and the energy release rate Yi regarding the local direction i is given
by:
ded into the specific 4-nodes shell element (in green). (For interpretation of the
is article.)



Fig. 2. First resin failure observed on a single ply plate under drop weight test.
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Yi ¼ sup
t6s

Em

2ð1� m2Þ emii þ ebii;max

D E2

þ

� �
ði ¼ 1;2Þ;

with emii þ ebii;max

D E
þ
which denotes the positive part of the sum of

the membrane and the maximum positive bending strains in local
direction i ¼ 1;2 and m the matrix in-plane elastic Poisson’s ratio.

Hence, d1 and d2 manage all the mechanical variable of the shell
except for the in-plane shear modulus G12. Indeed, it has been
observed experimentally that pseudo-plasticity was the predomi-
nant phenomenon concerning in-plane shear. Thus, a plastic strain
cp12 has been introduced. A classic elastic prediction and plastic cor-
rection based on a Newton–Raphson iterative scheme has been
implemented. The elastic field is defined by:

f ¼ jr12j � Kplas ep12
� �b � r0;

where r12 is the in-plane shear stress, r0 the plastic strength, ep12
the plastic shear strain and (Kplas;b) are material parameters defin-
ing the plastic hardening law.

Besides, a third independent damage variable d12 has been
implemented to model the final in-plane shear rupture. Its evolu-
tion is driven by a brittle law:

d12 ¼ 0 if cp12 < cpmax

1 if cp12 P cpmax ;

(

where cpmax is the in-plane shear plastic strain to rupture.

2.1.3. Stress strain relationship with damage
The membrane, bending and shear stress–strain relationships

are defined by:
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with:

Em
i ¼ 1� Hidið ÞEm ði ¼ 1;2Þ
Eb
i ¼ 1� Hidið ÞEb ði ¼ 1;2Þ

m12 ¼ 1� H1d1ð Þm
m21 ¼ 1� H2d2ð Þm
G�

12 ¼ 1� d12ð ÞG12

Gi3 ¼ 1� Hidið ÞGs ði ¼ 1;2Þ

8>>>>>>>>>><
>>>>>>>>>>:
where Em

i and Eb
i are respectively the damaged membrane and

bending moduli in local direction i, (m12; m21) the damaged in-
plane Poisson’s ratios, Gi3 the damaged out-of-plane shear moduli
and Hi is defined by:

Hi ¼ 0 if emii þ ebii;max

� �
< 0; Hi ¼ 1 otherwise:
2.2. Rod failure

The bundle rupture is assumed to be brittle in tension. Therefore,
a classic maximum tensile strain criterion is used for the rupture of
the rods. In order to avoid numerical instabilities, when the maxi-
mum strain criterion is reached, rod normal force is smoothly
decreased by the use of a characteristic time s as follow:

F11 ¼ F�
11 1� exp

t� � t
s

� �
;

where t� is the exact time at which the criterion is reached and F�
11

the force stored at time t�. s has been taken equal to 1 ls which cor-
responds to the best compromise between stability and parameter
sensitivity to the results. The compression failure mechanism i.e.
kink band phenomenon is neglected in our study.

The weave pattern geometry is demonstrated by several
authors to be a key factor in damage initiation and
propagation. Melro et al. [18] illustrate this phenomenon with a
micro-mechanical modelling of a representative unit-cell of a
5-harness satin woven fabric. Fig. 3(a) shows the yarn transverse
damage during a uni-axial tensile load. The authors highlight that
damage first tends to accumulate in the crimp region of the warp
where the yarns cross each other. Likewise, Daggumati et al. [5]
observed from DIC measurements that maximum local longitudi-
nal strain on surface of a 5-harness satin woven loaded in tension
occurred at the centre of the weft yarn at the yarn crimp location
(Fig. 3(b)).

As a result of the woven pattern influence on strain concentra-
tions and damage initiation, an improvement has to be made in
the modelling strategy to be in better agreement with the exper-
imental observations. The main issue is that the 2D modelling
cannot allow to catch naturally this stress concentrations. How-
ever, a new approach has been adopted and consists in lowering
the tensile failure strain of the rods located at the crimp regions.
The idea is to localise the rupture at this specific points without
modelling the waviness of the yarns in those regions. Fig. 4 shows
a schematic representation of the carbon epoxy woven fabric on
study superimposed with the adopted FE meshing. Three types
of rods are thus distinguished: warp yarns at the crimp location,
weft yarns at the crimp location and the others (regardless of
warp or weft yarn).
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3. Implementation and identification

3.1. Implementation

The developed woven element is implemented into the explicit
finite element code RADIOSS (Altair Hyperworks) through a 4-
nodes user element (SUSER Fortran subroutine). The four nodes
are used to model both the shell element and the four rod
Fig. 3. Damage location for uniaxial tensile load on a 5-harness satin woven fabric:
(a) numerical transverse damage in yarns [18]; (b) experimental longitudinal
surface strain contours [5].

Fig. 4. Introduction of the 5-harness satin weave pattern into the modelling
strategy.

Fig. 5. Meshing of a 5-harness satin woven fabric.
elements. Therefore, the rod elements do not need an additional
meshing work since they are embedded into the user element for-
mulation. Besides, the section of each rod is half the real bundle
one since each bundle is represented with two rods (one from each
adjacent element) which are superimposed on each other. Finally,
the rod tensile failure strain depends on the position of the user
element in the woven pattern and is defined by a user property
number.

In the case of a 5-harness satin weave modelling, 5 different
properties of the user element are needed to differentiate the three
types of rods and to take into account their positions into the
woven pattern. Fig. 5 shows a meshing of a 5-harness satin woven
fabric and the pattern of element properties used. Property number
1 defines the woven element which is not located at the crimp
region. The four rods see their failure strain unchanged. The four
other properties (2–5) refer to the elements located at the crimp
region where the yarns cross each other. Each one of them have
2 rods representing a crimped yarn (warp and weft). Their failure
strain can thus be changed via the user property parameters.

3.2. Identification and strain-to-failure study

The material parameters of the 5-harness satin carbon–epoxy
woven fabric have been identified with the same approach that
was used in [14] which was concerned with the 8-harness satin
glass–epoxy woven fabric. The matrix (and membrane) modulus
Em is a material property given by the fabrics manufacturer. Then,
quasi-static and dynamic tests on (0/90)� and �45� oriented
specimens have been performed. The other parameters are thus
determined with a reverse engineering method which consists in
minimising the difference between experimental and computed
load/displacement curves. The evolution of the damage variables
(d1; d2) have been calculated from static and dynamic indentation
tests. The identified parameters for the shell elements are given
in Table 1.

Concerning the parameters that lead the fibre ruptures, a qual-
itative study of their influence on the final fracture shape during a
normal indentation load has been performed. Three parameters are
Table 1
Identified parameters for the shell elements.

Shell elasticity In-plane shear
plasticity

Shell damage

Em (MPa) 4500 G12 (MPa) 2500 Y0 (J) 1.5

Eb (MPa) 52,500 r0 (MPa) 80 Yc (J) 0.4

Gs (MPa) 4000 Kplas (MPa) 120 cpmax 0.07
m 0.3 b 0.5



Fig. 7. Drop weight impact test: (a) experimental conditions; (b) modelling of the
specimen.
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under investigation and correspond to the maximum tension strain
of the three types of rod:

� emax for the rods away from crimp regions,
� ewarp

max ¼ pwarpemax for the crimp warp rods,

� eweft
max ¼ pweftemax for the crimp weft rods.

ewarp
max and eweft

max can be expressed in a more convenient manner
with a percent of emax : pwarp and pweft . Fig. 6 shows the result of this
study for three sets of parameters. The case a corresponds to the
reference modelling where every rod has the same strain to failure.
It leads to a large cross crack induced by two straight line cracks in
both warp and weft directions. By decreasing to 20% the maximum
strain of the rods located at the crimp regions (case b), the cross
crack is shortened. Two sinusoidal crack paths are formed in both
directions by localising the failure at the crimp regions. At last, the
case c demonstrates the possibility to favour one crack path direc-
tion by differentiating the maximum strain-to-failure between
crimp warp and crimp weft rods.

For the next section, the set of parameters for the maximum
strains of the rods is fixed to emax ¼ 0:016; pwarp ¼ 0:9 and
pweft ¼ 0:8. It corresponds to the best compromise between exper-
imental and numerical results from (0/90)� tensile test, drop
weight test and gas gun test. The identified parameters used for
the rod elements are given in Table 2.

4. Validation and discussion

In this section, the ability of the model to predict the failure of
composite structures is investigated upon two kind of tests: drop
weight normal impact and gas gun oblique impact.

4.1. Drop weight normal impact test

4.1.1. Experimental device and numerical modelling of the drop weight
test

The drop weight normal impact test is performed on laminated
specimen made of two (0/90)� plies of 5-satin carbon fibres (AS4)/
epoxy matrix (913) woven fabrics. The specimen is a square of
edge length 100 mm and of thickness 0.72 mm. It lays on a rigid
table containing an open circle window of 50 mm diameter as
illustrated in Fig. 7. The steel impactor has a 20 mm diameter
hemispheric shape and a mass of 2 kg. It impacts the specimen
Fig. 6. Rod failure parameters influence upon the fracture shape during a drop
weight impact.

Table 2
Identified parameters for the rod elements.

Rod elasticity Rod failure

Young modulus (MPa) 120,000 emax 0.015
Section area (mm2) 0.106 pwarp 0.9

pweft 0.8
with an initial velocity of 3 m/s. That is to say an impact energy
of 9 J. A load cell, of capacity 120 kN, is embedded into the impac-
tor in order to measure the reaction of the specimen and to com-
pute the displacement of the impactor by use of the fundamental
principle of dynamics and by double integration. At last, the
bottom face of the specimen is recorded with a high-speed digital
camera (Photron FastCam APX RS) at a frame rate of 36,000 fps and
a resolution of 512 � 128 pixels. Three specimens are impacted in
order to check the reproducibility of the experimental protocol.

A modelling of this test, relying on the strategy presented in
Section 2, is proposed. The specimen involves 14,000 user
developed finite elements for a total of 48,000 dofs. The boundary
conditions are introduced by the use of a contact between the
specimen and a rigid wall. The impactor is a rigid sphere
Fig. 8. Load versus displacement curves of drop weight impact test.
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with the adequate mass and initial velocity. The mesh size is
1.4 � 1.4 mm in agreement with the measured woven fabric pat-
tern. All the computations are performed with the explicit finite
element code RADIOSS on 20 cores from HPC resources. The com-
putational time is about 45 mins.

4.1.2. Results of drop weight test
The comparison between the experimental and numerical

results is achieved in Figs. 8 and 9. Fig. 8 presents the load versus
displacement curves whereas Fig. 9 presents associated damage
states. Each damage state is located on the curves by the use of
an upper case letter (A, B and so on).

As a first observation, the model gives a satisfactory estimation
of the force versus displacement response of the specimen.
Although the dissipated energy is slightly over estimated (19.6%
of relative error), both the two peak forces (points B and C)
Fig. 9. Experimental (lines 1&7) and numerical (lines 2–6) damage evolutions during th
3.1 mm (A), 3.9 mm (B), 4.7 mm (C), 5.0 mm (D), 9.5 mm (E) and 17.5 mm (F).
(6.25% of relative error) and the final load drop are in good agree-
ment with the experimental data.

The scenario of failure can be deduced from a more detailed
analysis.

(1) From the beginning up to point A on the curve, the specimen
is subjected to global bending. There is no visible damage on
the bottom face of the specimen and the load versus dis-
placement curve rises linearly after an initial adjustment of
the whole device.

(2) At point A, the first visible damage occurs at the bottom of
the specimen. It corresponds to matrix micro-cracking. The
cracks follow the 5-satin weave pattern and tends to
separate the bundles of the fabric. At this stage, the model
predicts the matrix micro-cracking and a slight debonding
between the two plies of the laminate. These two kind of
e normal drop weight impact test at different values of the impactor displacement:



Fig. 10. Oblique impact test: (a) experimental conditions; (b) tracking of the
impactor by digital image correlation technique [22]; (c) modelling of the specimen.
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damages: matrix micro-cracking and delamination, evolve
up to point B.

(3) At point B, the response curve exhibits a slight brutal
decrease of the load which can be explained by the appear-
ance of the first fibres failure in the bottom ply. As can be
seen in Fig. 9, line 7, the crack presents a complex shape,
linked to the pattern of the ply. The model also predicts this
first warp fibre breakage. It is associated with an increase of
the matrix micro-cracking of the bottom ply, of the delami-
nation and with the first matrix micro-cracking in the upper
ply.

(4) From point B, the macro crack propagates in the weft direc-
tion (warp fibres breakage). It follows a winding path that
has the overall shape of a complex line aligned with the
5-satin weave pattern.

(5) At point C, a peak force is reached. From point C to point D
many events occur in a short time. The main new failure
mechanism is the first weft fibres breakage in the bottom
ply and the fibres breakage in the upper ply (warp and
weft yarns). As a result, a cross crack that involves both
plies of the laminate appears. This is well predicted by
the model as can be seen in Fig. 9 columns C & D, lines
3 & 6. At this stage, the bending stiffness decreases drasti-
cally as can be seen in the load versus displacement curve
of Fig. 8. Moreover, all the other damages highlight a sig-
nificant increase: matrix-micro cracking of both plies,
macro-crack of bottom ply and delamination. Once again,
the crack of the bottom ply predicted by the model is in
very good agreement with the experimental observations
(last two lines of Fig. 9).

(6) From points D to E, there is no significant event in the degra-
dation of the specimen. All the damages: matrix micro-
cracking, macro cracks due to fibres breakage and delamina-
tion, rise during the penetration of the impactor. The bend-
ing of four petals, accompanying the expansion of the cross
crack, is clearly visible on the pictures (Fig. 9, column D &
E, line 7).

(7) At point E, a critical state is reached. It corresponds to the
full penetration of the impactor that is now clearly visible.
At this stage it is worth to notice the ability of the model
to give a satisfactory estimate of both the complex shape
and the size of the cross crack. However, the bending stiff-
ness of these four petals is a little bit too high which results
in an overestimated load in the load versus displacement
curve (Fig. 8).

(8) At the end of the test, point F, a new damage is visible on the
top and bottom faces of the specimen: a square shaped
matrix failure located at the basis of the four petals which
is due to the important bending. This degradation
phenomenon is predicted with accuracy by the model as
can be seen in Fig. 9, column F, lines 1, 2, 5 & 7. The load
level also retrieve a satisfactory level compared with
experimental results (Fig. 8).

At the end, the relative errors between experimental and numeri-
cal results in terms of crack lengths for the bottom ply is 8.1% for
the warp direction and 5.3% for the weft direction. For the top
ply, the relative errors are 40% for the warp direction and 6.2%
for the weft direction. The overestimated result for the crack length
in the warp direction is due to a 3D effect observed on the exper-
imental fracture surface. Indeed, the macro crack seems to be
stopped by a weft yarn and continues through thickness by delam-
ination. Therefore, the model appears to be able to give a satisfac-
tory prediction of the failure scenario and state of the specimen
subjected to normal impact.
4.2. Gas gun oblique impact test

4.2.1. Experimental device and numerical modelling of the oblique
impact test

The oblique impact test is performed on a more complex speci-
men which is a sandwich structure made of two skins of three
(0/90)� plies of the same woven fabric as in Section 4.1.1 separated
by a Rohacell 51A foam core. The specimen is 200 mm long and
240 mm width. Each ply has a thickness of 0.36 mm and the foam
has a thickness of 20 mm. It is simply supported on an inclined table.
The impactor is a steel ball of diameter 19 mm and mass 28 g. It is
launched by a gas gun in order to reach the velocity of 90m/s with
an angle of 15� measured from the surface of the upper skin. The
testing device is presented in the upper part of Fig. 10. The test is
recordedwith the samehigh-speed camera as in Section4.1.1, under
the same conditions. The application of a speckle on the impactor, in
conjunction with the use of a digital image correlation algorithm
developed at the laboratory [22], enables a fine computation of the
velocities of the impactor. The signal is smooth enough to deduce
the acceleration of the impactor, and thus the normal impact force
FN . Some examples of the tracking of the speckled impactor by the
DIC algorithm are given in the middle of Fig. 10.

The modelling developed for the simulation of this test reuses
the same strategy as presented before for the drop weight normal
impact test. There is simply one more ply for the skins. The foam is
introduced thanks to the FOAM_PLAS material law from RADIOSS.
Its mechanical properties have been identified in previous work
[15,16]. The impactor is considered to be a rigid body and the table
on which it is placed is simply dealt with by a contact on a rigid
wall. Some details on the model are shown at the bottom of
Fig. 10. At last, the model involves around 1.2 Mdof and is run on
a 60 cores parallel computer for a computational time of about
60 mins.

4.2.2. Results of oblique impact test
The main results are summarised in Figs. 11 and 12. In Fig. 11,

the normal force FN versus time curve is plotted whereas Fig. 12



Fig. 11. Load versus time curves of oblique impact test.
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presents the experimental and numerical states of the specimen
after the impact.

The load versus time curve computed by the model appears to
be very close to the measured one during the test. The shape and
the level of the two curves are indeed very similar. The relative
errors are around 5.5% on the peak force and 6.1% on the dissipated
energy. Once again, upper case letters are used for the description
of the curve. This time, the failure of the specimen is analysed
through the model since it gives a fine description of what hap-
pens. A comparison of the final states of the specimen obtained
numerically and experimentally is finally proposed.

(1) After a short part of elastic loading by bending of the upper
skin under the impactor, point A is reached. It corresponds to
a macro-crack (fibres breakage) of the bottom ply of the
upper skin. This crack is due to the high level of tension seen
by the fibres which are orthogonal to the impactor trajec-
tory. The crack is also accompanied by micro-cracks inside
Fig. 12. Experimental (top) and numerical (bottom) dama
the resin. The peak force is visible on both the experimental
and numerical curves.

(2) From point A to point B, the damage propagates in the thick-
ness direction. It goes up to reach the two top plies of the
skin.

(3) Points B and C reflect the fibres breakages of these two upper
remaining plies. After point C, the upper skin is cut on its
whole thickness which results in a sudden fail of the load.

(4) From points C to D, the impactor penetrates the specimen.
The plateau between points D and E relates the progress,
practically parallel to the upper skin, of the impactor inside
the specimen. At this stage, the macro and micro-cracks
propagate along the impactor trajectory.

(5) Last step, point E indicates the beginning of the rebound of
the impactor. The load decreases to zero, when the contact
is broken. This first analysis shows the ability of the model
to capture with accuracy the failure events of this complex
specimen.

The post impact residual state of the specimen is now presented in
Fig. 12 for the upper (left) and bottom (right) plies of the upper
skin. The red lines superimposed on the pictures placed at the
top of Fig. 12 highlight the macro-cracks corresponding to fibres
failure. The orange lines correspond to the micro-cracks (resin
cracks) located inside and between the yarns of the woven fabric.
A schematic representation of the macro and micro-cracks is given
below to illustrate the importance of the 5-harness satin weave
pattern on the shape of the cracks.

It is worth to notice the distinct appearances of the damages
between the lower and the upper plies. The main macro-crack of
the lower ply is clear, with few transverse macro-cracks initiated
at some intersections of warp and weft yarns (right column of
Fig. 12). This can be explained by the brittle nature of the failure
of the fibres and by the protection given by the upper plies. Indeed,
the lower ply is not directly in contact with the impactor. The
upper ply exhibits a smaller macro-crack surrounded by a rectan-
gular (in white in Fig. 12) shaped diffuse damage whose upper and
lower limits are due to the important local friction and bending of
ged specimens after the gas gun oblique impact test.
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the skin in contact with the impactor. This ply, directly in contact
with the impactor, suffers from a more important matrix damage
as illustrated by the orange lines. They are in accordance with
the bleached white appearance of the yarns in the upper left pic-
ture of Fig. 12.

4.3. Discussion

To conclude this section dedicated to the validation of the pro-
posed model, it can be said that on both kind of tests: drop weight
normal impact and gas gun oblique impact tests, the model is in
good agreement with experimental observations. The predictions
of the load during the tests is coherent with the measures in terms
of magnitude and time scale. Moreover, a close look at the failure
mechanisms highlights the satisfactory behaviour of the model
which seems able to distinguish between the various different fail-
ure phenomena that are: fibre breakage, resin micro-cracking and
delamination. At last, the introduction of the 5-harness satin
weave pattern inside the model, by adequate failure strains at
the intersections of warp and weft tows, improves the capability
of the model to catch the macro-cracks bifurcations evidenced by
the experimental tests.

5. Conclusion

A 2D modelling of the 5-harness satin woven composite mate-
rial has been presented in this paper. A modelling strategy based
on the semi-continuous approach and at the woven pattern mesh
scale is used. Bundles of fibres are represented with rod elements
and matrix is modelled with a damageable shell element.

In order to be more in agreement with experimental observations,
two main improvements have been carried out from the original
modelling presented in [15]. First, a work on the shell damage has
been performed to represent the typical matrix cracks observed dur-
ing a drop weight impact test. Then, an original approach has been
conducted in order to take into account the damage initiation (stress
concentrations) at the crimp regions. Indeed, instead of modelling the
waviness of the bundles which would inevitably lead to more expen-
sive computational cost, the idea was to lowering the strain to failure
of the rods located at the crimp regions.

Comparisons with experimental data from drop weight tests and
gas gun tests show good accuracy in the force history and damage
size and shape (Figs. 9 and 12). The modelling strategy allows to
catch the complex macro-crack path observed experimentally and
also the resin micro-cracking and delamination.

This 2D-modelling allows to model a 5-harness satin woven
fabric material but is currently developed in order to allow the
simulation of a 8-harness satin woven fabric.
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