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Abstract

This article deals with the development of a finite element model for the
prediction of low velocity impact damage within unidirectional composite
laminates. This model is based on analysis of the impact damage observed
experimentally. The modelling scale is that of the bundle of fibers of the
unidirectional ply. These bundles are represented with 1D rod elements. The
matrix is modeled with 2D damageable shell elements. The laminate is the
built using cohesive elements. The strategy is validated by a comparison with
low velocity drop weight impact tests. Several experimental parameters are
varied : the materials (T700/M21 and HTA7/913), the thickness (1.44mm

I and

and 2.4mm), the stacking sequence and the impact velocity (2m.s™
3m.s7'). The calculated load-displacement curves and the damage extent

correlate well with experimental results.
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1. Introduction

This article deals with the modelling of impacts on composite laminates
made with unidirectional layers. The work focuses on the development of
a specific Finite Element model able to predict damage mechanisms and
chronology during impact.

Composite materials are widely used in many applications, especially
where high strength and stiffness to weight ratio is concerned. This ma-
terial characteristics is interesting for a wide range of industries, particularly
in the transport industry such as aircrafts, helicopters, boats or cars. How-
ever, when submitted to low energy impacts, composite laminates exhibit
a relatively brittle behaviour with extensive matrix cracking, delamination
or fibers breakages [1, 2, 3]. This damage can lead to a loss of stiffness
and eventually a loss of load carrying capability when fibers break. Usually,
these damages are defined as intralaminar damages (inside the ply: matrix
cracking, fiber and matrix debonding, fiber breakages), and as interlaminar
damages (between plies with two different orientations: delamination). Con-
sidering the time and cost of physical testing, the prediction of composite
impact damage is still a challenge.

Several authors have performed detailed reviews on impact modelling ap-
proches [4, 5]. They can be divided in three different areas. First, the failure
criteria approaches [6, 7, 8], based on an equivalent stress or strain, are clas-
sically used to describe the failure of multidirectional laminates subjected to
multi axial loading. Nevertheless, these approaches cannot characterize the

damage mechanisms resulting from an impact loading. Then, the fracture



mechanics approaches [9, 10, 11, 12] provide interesting results but causes
difficulties like a sensitivity to the mesh size. Finally, the damage mechanics
approaches [13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24| successfully pre-
dict matrix cracking and delamination responsible for stiffness degradation.
The simulation of the delamination is usually made using interface elements
25, 26, 27, 28, 29]. Wisnom [30] and Abrate [31] have provided detailed re-
views on the use of cohesive zone interface elements to model matrix failures
in polymer composites. Cohesive zone elements capture correctly the form
and propagation of delamination at the interface of adjacent plies through
the definition of adapted damage initiation and evolution laws [32, 33]. This
strategy was used successfully for the modelling of low and high velocity im-
pact damages on preloaded samples [34, 35]. Interface elements can also be
used to model transverse matrix cracks when positioned vertically [36, 37].
It allows a precise representation of intralaminar and interlaminar impact
damages. Nevertheless, the use of vertical interfaces often leads to a complex
mesh that cannot be implemented easily. More, the results provided by this
modelling approach highly depends on the position and the number of the
out of plane cohesive elements.

Thus, a new modelling approach, called semi-continuous strategy, and de-
scribed in [38, 39, 40] has been developed. The modelling scale is that of the
bundles of fibers. It is chosen to represent the impact damage observed ex-
perimentally, so that the use of vertical interfaces is avoided. The fiber and
matrix mechanical behaviors are separated. The fibers are modelled with
rod elements and a specific damageable shell element is used to stabilize the

rod elements. This strategy allows a precise representation of the damage



chronology within the material.

In this paper, an extension of that semi-continuous approach, initially de-
veloped for woven composites, is described and implemented into the finite
element code Radioss to predict damage mechanisms in unidirectional com-
posites under low velocity impacts. The numerical development presented
here are part of an overall work that aims, eventually, to study and model
impacts on hybrid woven/unidirectional laminates. As a consequence, the
proposed model has been set up in order to be fully compatible with the
modelling approach for woven composites described in [38, 39, 40].

In the first part, the modelling strategy is presented. The damage law
used for the developed shell elements and the failure behaviour of the rods
are described. Then, the drop weight impact tests used to validate the mod-
elling strategy, and performed on T700/M21 and HTA7/913 composites, are
described. Finally the results from calculation are presented and compared
to experimental results. A good correlation is found. This demonstrate the
ability of the proposed approach to predict the type and the extent of impact

induced damage.

2. Model description

In this part, a detailed description of the proposed Uni-Directional ply

modelling is provided.

2.1. Principle
The modelling principle is based on a Semi-Continuous strategy, as de-
scribed in [38]. It relies on experimental observations of the failure of Uni-

Directional plies under impacts. A fracture surface of a Uni-Directional thin
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laminate after impact is given in Figure 1. The damage scenario can be de-
scribed in three main steps. First, the resin is damaged. Longitudinal cracks
propagating between the fibers are observed. The groups of fibers between
these cracks, that constitutes bundles of fibers, are not stabilized anymore by
the resin. They behave independently, carrying mainly tensile and compres-
sive loads. Finally, these bundles of fibers fail in tension when the ultimate
strain of the material is reached.

The modelling has to represent this damage scenario, and particularly
unstabilized bundles. Thus, the proposed modelling strategy relies on a
representation of the bundles of fibers with 1D rod elements, stabilized with
a specific 2D shell element that can be damaged. The modelling scale is that
of the size of the bundles of fibers : the mesh size corresponds to the distance
between two longitudinal cracks. A description of the modelling is given in

Figure 2 .

2.2. Rod elements description

A brittle linear elastic law is chosen to represent the behavior of the
bundle of fibers. The elastic modulus E; is that of the fiber material. It is
given by the manufacturer. The section area of the rods is calculated from
the fiber volume fraction V; of the considered ply.

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.
The maximal strain &,,,, is identified from static and dynamic tensile tests.
In order to avoid numerical instabilities, when the maximum strain criterion

is reached, the normal force Fly in the rod is smoothly decreased by the use



of a characteristic time 7 as follow:

Fy(t) = F, (1 ~exp t*T_ t) (1)

where t* is the exact time at which the criterion is reached and Fy; the force
stored at time t*. This law is plotted in Figure 3. The failure in compression

is not considered.

2.8. Shell element description

The role of shell elements is to stabilize the bundles of fibers. The behav-
ior of these elements is peculiar to the semi-continuous modelling strategy, so
that their formulation was specifically developped for the proposed approach.
The elements behave like the homogenized ply for the bending loading, shear-
ing loading and membrane transverse loading (in the direction perpendicular
to the fibers). In that case, the elastic properties are identified from static
and dynamic tensile tests. For the membrane loading in the direction of the
fibers, the elements behave like the resin.

The construction of this element is based on orthotropic shell theory and
on Belytschko’s formulation. Four integration points are used.

This element is damageable. The damage formulation introduced is based
on damage mechanics. The initiation and propagation laws relies on the
developments of Ladeveze and Allix, described in [13, 14]. Two damage
variables, d;, and dr are used. These variables represent the microcrack ap-
parition and propagation in the longitudinal and transverse directions (L
and T'), as explained in Figure 4 . d; and dp vary between 0 (when the
shell is not damaged) and 1 (when the shell is totally damaged). In order to

model the loss of stiffness, these two damage variables degrade membrane,
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bending and out of plane moduli. The Poisson’s ratio are also damaged. As
a consequence, the membrane, bending and out of plane shear stress-strain

relationships are defined by :
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Where 077" and o?, are respectively the membrane and bending stresses; e
and &%, are the membrane and bending strain; o, and ;7 are the out of plane
stress and strain; E7° and E° are the membrane longitudinal and transverse
undamaged elastic moduli; E% and EY are the bending longitudinal and
transverse undamaged elastic moduli; G% , and G%, are the undamaged out

of plane shear moduli; 1%, and v2; are the undamaged Poisson ratios.



The damage variables are function of the energy release rates Y, and Yr,
calculated from the elastic energy W, :

oW,

Y; =
ad;

with i€ (L,T) (6)

The damage evolution is given by :

WYi—VYoi)y ..,
VYo <1 ie(L,T) (7)

d; =1 otherwise

di:

where Yp,; (i € (L,T)) controls the initiation of the degradation and Y¢; (i €
(L,T)) controls the final rupture. The damage parameters are identified with
a reverse engineering method from static and dynamic indentation tests.
Finally, the behavior of unidirectional composites in plane shear is im-
plemented. It presents a non linear behavior, called pseudo-plasticity, char-
acterized by the apparition of an inelastic shearing strain. To account for
pseudo-plasticity in the calculation, the total in-plane shear strain &%, cal-
culated from the displacement of the nodes, is split into an elastic strain €%,

and an inelastic strain €7 .

er =eir+eir (8)

The in-plane shear stress is calculated from the elastic in plane shear. Thus
the proportion between elastic strain and plastic strain has to be estimated.
The calculation of these strains is carried out in two principal steps. Firstly,
in an elastic prediction step, the strain increment is assumed to be purely
elastic. Secondly, an elastic field, given equ 9, is used to verify the nature of

the stress computed under the elastic prediction.

f=lowr| — KPZGS(EIZT)/B — 0o 9)
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where o7 is the in plane shear stress, oy the plastic strength, and (Kpas, )
are material parameters defining the hardening law. These material parame-
ters are identified from static and dynamic tensile tests on laminates oriented
at 45° and —45° from the traction axis. If f > 0, a plastic correction is car-
ried out using a Newton-Raphson iterative scheme to find the value of the
plastic strain.

Besides, a third damage variable (d;7) has been implemented in order to
model the final in plane shear failure when the other stiffnesses are totally

damaged :

drr = 0if max(dp,dr) < 1
orT — 2(1 — dLT)GLT.eEeLT with v ( g T) (10)
dLT =1if max(dL,dT) =1

where G'pr is the undamaged in plane shear elastic modulus.

2.4. Cohesive elements

The laminate is built by connecting each unidirectional ply with specific
shell-to-shell interface elements. These elements, described in detail in [39)],
are 8-node elements with three translational and three rotational degrees of
freedom per node, which allows feasible connection to shell elements. The
idea is to take into account the thickness of the connected shells. Eight vir-
tual nodes representing the physical interface are created. The assumption
is made that the straight lines normal to the mid-surface of the plies remain
normal, so that the virtual nodes are connected to the real nodes with rigid
body elements. The reaction forces and momentum applied on the real nodes
are deduced from the reaction forces applied on the virtual nodes. The prin-

ciple is illustrated in figure 5. In the present work, the cohesive constitutive



law used is a bilinear traction separation law. It consists of an initial linear
elastic stage until damage initiation, followed by a linear softening phase that
represent progressive delamination. The evolution of damage was monitored

by a damage variable (d;,;), ranging from the values 0 to 1, so that :

oint on
ot b= (1—din) K { (11)
Ugnt (St

Where K is the stiffness of the interface ; o/ and §; represents respec-
tively the interface stress and the displacement discontinuities and where the
subscripts n, s and ¢t denotes respectively the mode I, II and III directions.
The initiation criterion is a stress based quadratic criterion (equ 12) and the

propagation follows a linear energy-based interaction law (equ 13):

O.int)2 <0mt)2 + (O.tint)Q
n 4+ 2 =1 12
(% 0 (12
Gr  Gu+Grr
4+ —=1 13
GIC GIIC ( )

Where o9 and 09, are the interface strengths under modes I and II; G, G;
and Gy are the energy release rate in modes I, II and III; G;. and Gy
are the critical energy release rates. The parameters of the cohesive law are

identified from Double Cantilever Beam and End-Notched Flexure tests.

3. Validation of the modelling with low velocity impact tests

In this part, drop weight normal impact tests are performed in order to

validate and evaluate the accuracy of the proposed modelling.

10



3.1. Drop weight impact tests description

Low velocity impact tests have been performed with a drop tower device
(Figure 6). The mass of the impactor is 2kg. It is hemispherical with
a diameter of 16 mm. The samples are rectangular laminates with a size
of 100 x 150 mm?2. The specimen is simply supported on a 75 x 125mm?
rectangular frame. The impact reaction load and the displacement of the
impactor are measured during the test. The bottom of the sample is filmed
with a high speed camera (Photron FastCam APX RS) at a frame rate of
20000 fps . Computed tomography is used after the test to observe resin
cracks, fiber failure and delamination within the impacted samples. The
voxel size is about 60 um.

The purpose of these tests is to assess the modelling accuracy. Thus
various test configurations have been tested. The varied parameters are
the material, the laminate thickness, the stacking sequence and the impact
velocity.

First, two different materials, largely used in the aeronautic industry, are

tested:

e HTA7/913 Uni-Directional composite : it is made up of carbon fibers

and of heat-hardening resin.

e T700/M21 Uni-Directional composite : it is made up of high strength

carbon fibers and of mixed heat-hardening and thermoplastic resin.

Then, six different stacking sequences, corresponding to two laminate

thicknesses are investigated:
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e Four stacking sequences with a laminate thickness of 1.44 mm : [0q, 902, 0],

[9027 027 902]7 [027 4527 02]7 [9027 4527 902] .

e Two stacking sequences with a laminate thickness of 2.4 mm : [05, 905, 02, 90, 05],

[902) 027 9027 027 902]

Finally, two impact velocities are tested : 2m.s™1 (4 .J) and 3m.s~! (9 J).
A list of the impacted configurations with the corresponding impact ve-

locity is given in Table 1.

3.2. Modelling description

The low velocity impact tests presented above are modeled using the
Semi-Continuous strategy presented in Section 2, on the explicit FEM soft-
ware Radioss. The laminate is built using the specific cohesive element
presented in [39]. The mesh size is 1mm. It corresponds to the size of
the bundles of fibers. The impactor and the rigid frame are modeled using
rigid surfaces. The contact between the impactor and the laminate, between
the frame and the laminate, and between the plies is accounted for. The
computational time is about 20 minutes on 120 cores from HPC ressources
(supercomputing centre CALMIP).

The material parameters used for the calculation are given in Table 2 and

in Table 3.

4. Results and discussion

In this part, a comparison between experimental and numerical results is
achieved. For the sake of clarity and conciseness, detailed results and analyzes

are provided for a selection among the ten impacted configurations. The
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choosen configurations represent the entirety of the investigated parameters.
Furthermore, relative errors between experimental and numerical results for
the maximum load (F,,;), the maximum impactor displacement (t,q,) and
the maximal size of delamination (Ld,,,.)are given for all the configurations

in Table 4.

4.1. Load/Displacement curves

The numerical and experimental load /displacement curves for the config-
urations S1, S3, S6 and S10 are given in Figure 7.

These curve are divided in two main steps. First the load increases lin-
early with the impactor displacement until a maximal value. Then the im-
pactor rebounds and the load decreases.

A good correlation is found between experimental and numerical results.
More, the relative experimental /calculation errors provided in Table 4 are un-
der 7.3 % for the maximum load and under 10.2 % for the maximal impactor

displacement.

4.2. Damage within the laminate

The intralaminar and interlaminar damages calculated and measured with
tomography are provided for two different thicknesses and impact velocities
in Figure 8 for the configuration S3 and in Figure 9 for the configuration S6.
The damages observed experimentally are well represented by the modelling.
The modelling strategy is able to reproduce the typical shape of delami-
nation and its size. The longitudinal cracks within the plies are also well
represented. The relative experimental /calculation error provided in Table 4

for the maximal size of delamination is under 16.2 %.
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Finally, for most of the tests, fiber failures are noticed experimentally
within the second to last ply. These ruptures, represented with the failure of
the rod elements in the modelling, are well represented. An example is given

in Figure 10 for the configuration S8.

4.3. Analysis of the damage mechanisms
The mechanisms leading to the final damage map can be analyzed from
both experimental and numerical results. An illustration is given in Fig-

ure 11.

e First, a longitudinal crack appears in the bottom ply. It is caused by
the bending of the panel. The propagation of this crack is very fast
(Figure 11.a).

e Several cracks, parallel to the fibers, appear in the other plies. Two

main cracks per ply are noticed (Figure 11.b).

e Then, delamination initiates and propagates. This phenomenon oc-
curs mainly in mode I (Figure 11.c). Indeed, the part of the upper
ply between the two cracks pushes on the lower ply which opens the

delamination crack.

e Finally, if the energy is high enough, a failure of the fibers within
the second to last ply occurs. It corresponds to a slight drop in the

load/time curve (Figure 11.d).

5. Conclusion

This article presents a semi-continuous approach for the modelling of low

velocity impacts on unidirectional composites. The strategy is validated by

14



a comparison with low velocity drop weight impact tests. The materials,
stacking sequences, thicknesses and impact velocities are varied. The cal-
culated load-displacement curves and the damage extent correlate well with
experimental results.

The originality of this strategy is that the plies are represented at the
scale of the bundles of fibers. The intermediate damage state observed ex-
perimentally, where the resin is cracked and where the bundle of fibers behave
independently, is well represented. Consequently, the damage within the ply
can be modeled even though transverse cohesive elements, that leads to a
complex meshing process, are not used. More, another contribution of this
article is to provide a model for unidirectional composites fully compatible
with the semi-continuous modelling strategies developed in previous work
for woven composite. It makes now possible the study of hybrid unidirec-
tional /woven laminates that could be used to improve the performances of

composite structures under impact loading.
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Figure 1: Fracture surface of a UD thin laminate after impact
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Figure 2: Semi-continuous strategy for the modelling of a UD ply
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Figure 5: Principle of the specific shell-to-shell interface element used
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Calculation : failure of rod
elements

Experimental : fiber breackage

Figure 10: Fiber breackage for the specimen S8
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Specimen | Material | Stacking sequence | Thickness | Velocity
S1 T700/M21 [02, 902, 0s] 1.44 mm 2m.s !
S2 T700/M21 (904, 02, 905] 1.44mm 2m.s~!
S3 T700/M21 (02, 455, 05] 1.44mm 2m.s !
S4 T700/M21 (909, 455, 905] 1.44mm 2m.s~!
S5 T700/M21 | [0g,905, 02,904, 0] 2.4mm 2m.s !
S6 T700/M21 | [0g,905, 02,904, 0] 2.4mm 3m.s~!
S7 T700/M21 | [90s, 05,902, 00,905] | 24mm | 2m.s
S8 T700/M21 | [903,00,905,05,905] | 24mm | 3m.s~
S9 HTA7/913 (02,905, 02] 1.44mm 2m.s~!
S10 HTA7/913 | [02,902,02,905,0] | 24mm | 2m.s

Table 1: List of impacted configurations
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Parameters for the ply modelling

E; | 255500 M Pa || €mag 1.9%
Vi 0.57 Yor, 0.8J
Grr | 4500 M Pa Yeor 5J
Epn | 1365 MPa Yor 0.5J
Ern, | 7260 M Pa Yor 2J
Er, | 147000 M Pa o 19 M Pa
Ery | 7260 MPa || Kpps 25 M Pa
vpr 0.28 I6] 1
Parameters for the interface modelling
o1 60 M Pa Gie | 0.32Nmm™!
09 60 M Pa Goc 1.1 Nmm™!

Table 2: Parameters for the T700/M21 composite

Parameters for the ply modelling

Ey | 220000 M Pa || €maz 1.25%

Vi 0.59 Yor 0.8J
Grr | 2000 M Pa Yor 5J
Ep, | 1200 M Pa Yor 0.5J
Ern, | 5860 M Pa Yor 2.J
Ery | 131000 M Pa o 70 M Pa
Ery | 5860 MPa | Kpias 25 M Pa
VLT 0.28 B 1

Parameters for the interface modelling

01

40 M Pa

Gic

0.28 N.mm™!

02

40 M Pa

34720

1.6 Nmm™!

Table 3: Parameters for the HTA7/913 composite




Specimen || Foax | Umax | Ldmax
S1 02% | 09% | 16.2%
52 73% | 1.3% | 154 %
53 1% | 1.6% | 11.4%
54 54% | 7.6% | 16.1%
S5 1L.7% | 23% | 83%
S6 59% | 102% | 2.2%
ST 28% | 03% | 12%
S8 73% | 5.2% | 14.3%
59 6.8% | 1% 13%
510 6.8% | 45% | 5.6%

Table 4: Relative errors between experimental and numerical maximum load (Fiqz),

maximum impactor displacement (u;,q,) and maximal size of delamination (Ld,,qz)
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