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a b s t r a c t

Finite Element Analysis of low velocity/low energy edge impact has been carried out on carbon fiber rein-

forced plastic structure. Edge impact experimental results were then compared to the numerical

‘‘Discrete Ply Model’’ in order to simulate the edge impact damage. This edge impact model is inspired

to out-of-plan impact model on a laminate plate with addition of new friction and crushing behaviors.

From a qualitative and quantitative point of view, this edge impact model reveals a relatively good

experiment/model agreement concerning force–time and force–displacement curves, damage morphol-

ogy or permanent indentation after impact. In particular the correlation is faithful concerning the results

of the parameters retained by industry; the maximum crack length on the edge and the permanent

indentation.

Finally, it can be noticed that the model quickly answers in crushing mode and goes in an inadequate

way from the dynamic behavior to the quasi-static behavior. In order to correct this problem it seems

necessary to implement a strain rate effect in the behavior law on the fiber failure in compression. The

next step is to apply this model to the compression after impact.

1. Introduction

Aeronautics integrates many composite structures.

Unfortunately, during a manufacturing operation, these structures

could be significantly damaged by a foreign object and at the same

time the damage occurring might remain undetected by visual

inspection [1–4]. Today aeronautical engineering needs to replace

metallic materials by composites for weight saving consideration.

Metallic materials and their associated plasticity is a well-re-

searched area for many years; however, many such things have to

be learnt about composite behavior where the damage prediction

remains very challenging [5–8]. A composite center wing box of

an airplane is a good example of composite structure with many

free edge stringers inside (Fig. 1a). They are extremely loaded and

are designed to resist buckling to keep the structure safe, but if a

tool drops on the stringer edge during the plane’s maintenance,

its residual properties can be drastically reduced [4,9,10].

Nowadays, structural stiffeners are mostly used for protection

against edge impacts, which needs improvement as additional

weight, and is a major concern in aircraft industry. Therefore, it

is important to study in detail the edge impact phenomenon and

to define the damage scenario, in order to identify the parameters

that affect the residual strength after impact. By the way, it will be

possible to improve the stringer’s impact damage tolerance.

The proof of the impact resistance, depending upon the impact

damage detectability, has to be made in order to certify these

structures for aeronautical industry, which is the concept of dam-

age tolerance [2,4]. With the help of impact damage tolerance and

by defining the damage scenario, it is possible to study and

improve the edge impact damage tolerance.

Dent depth and crack length drive the current edge impact

detectability threshold criterion for aeronautic fields (Fig. 1b).

When the impact indentation is smaller than the barely visible

impact damage (BVID) the structure has to support the extreme

loads that it is subjected to. However, if the damage is detectable,

i.e. when the impact indentation is bigger than the BVID, another

criterion must be considered, such as sustain limit loads, repair

or change the structure [4].

Composite skin impact issues, and the damage mechanism

[1,2,4,11,12] are now fairly well developed. The three types of

damages are classically induced on a low-velocity/low-energy

impact on a uni-directional (UD) composite laminate: matrix

cracking, fiber fracture and delamination [2,10,11]. Matrix cracking

conventionally occurs first in the damage scenario. Then, as the
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damage grows, delamination quickly occurs. An interaction

between these two damage phenomena is also clearly visible dur-

ing the impact tests [4,10,11].

However, if the focus is shifted from skin to edge, then there

seems that the damage tolerance knowledge is missing. As far as

the author is concerned, only two researches have been conducted

in this regard [9,10], which well elaborate the after impact vulnera-

bility. However, the impact damage scenario is missing to predict

an accurate failure by taking into account the physical controlling

mechanisms [5]. The understanding and modeling of the edge

impact scenario is the key to be able to predict the residual

strength, which will be helpful in optimizing composite structures

under low-velocity impact. Indeed, some phenomena like com-

pressive fiber failure or wedge effect, which are of minor impor-

tance during skin impact, become important in case of edge

damage. In addition, the damage scenario of the edge impact test

shows similarities with those of the crushing test [13–15], and

these studies were the starting point of the edge impact modeling

developed in this paper.

The typical load–displacement curve of composite laminate

under progressive crushing is shown in Fig. 2a [13,14], where a

peak load is generally observed during crushing initiation. After

this peak the crushing process turns into progressive crushing that

is characterized by a relatively constant force (plateau) with even-

tual oscillations. This curve is relatively similar to the ones

observed during edge impact test [16] (Fig. 20). Hull [14] has clas-

sified the crushing process into two main failure modes (Fig. 2b).

The first one is known as the splaying mode (Fig. 2a) in which bun-

dles of bending delaminated lamina splay on both sides of a main

crack, and the broken fibers and resins trapped at the crushing

zone can lead to the formation of debris wedge on the surface of

the crushing platen. The second one is called the fragmentation

mode (Fig. 2c) in which the plies sustain multiple short length

fractures due to pure compression, transverse shearing and sharp

Fig. 1. Edge impact principle (a) and detection policy (b).

Fig. 2. Crushing test: the typical load–displacement response (a) [13] and the two main degradation modes: splaying (b) and fragmentation (c) [14].



bending, which lead to the formation of small fragments in the

crush zone. These two failure modes are also observed during the

edge impact test [16].

The aim of this paper is to define an edge impact modeling in

order to compare its results with experiments where a vertical

drop-weight testing device has been used to perform the edge

impacts on different stacking laminates. Precise microscopic exam-

ination and X-ray analysis have also been done to closely visualize

the damage scenario [16].

2. Experimental study and specimen configuration

First of all, a test specimen has been fabricated to perform pre-

liminary understanding of the phenomenon, which is a representa-

tive of the current needs identified above. T700/M21 UD carbon

prepreg has been selected, which is a well-known aircraft material

[7], and its properties that came from standard tests are listed in

Table 1.

The following two different stacking sequences have been

studied:

� Stacking A: [902, ÿ452, 04, 452, 02]S, 6 mm-thick for 24 plies

� Stacking B: [452, 02, ÿ452, 04, 902]S, 6 mm-thick for 24 plies.

Specimen thicknesses are chosen such as they are consistent

with the laboratory test facilities and are also in agreement with

the industrial ranges. These stacking sequences are oriented with

50% of 0° plies, which match well with the industrial stacking in

such stiffeners. Stacking A is representative of an aeronautical

industrial layup (symmetrical, well beaten, no delta at the interface

greater than 45°, outside 90° plies to limit 0° plies damage in case

of flank impact) and limits the number of interfaces with plies of

different orientation, which is important for the modeling phase,

and shortens the time required for numerical model calculation.

Stacking B follows the same philosophy but has better buckling

resistance due to the outside 45° plies. Finally, the specimen size

is representative of a real life stringer structure i.e. 150 mm-long,

60 mm-high with 30 mm-free outside boundary conditions (Fig. 3).

The present work follows a previous experimental study, and in

order to help the reader understanding of this paper, the main con-

clusions of the edge impact experimental study [16] are resumed:

� If fibers are oriented in the impact direction, then kink-bands

(Fig. 4) are created (dynamic and static loading).

� In case of the dynamic test, regardless of the energy level (10, 20

or 35 J) and stacking sequence, a specific crushing plateau phe-

nomenon appears. This crushing plateau can be modeled

multiplying an average crushing stress of 250 MPa by an aver-

age projected area of impact Spi � 25 mm2 (Fig. 5). In this case,

it can be said that the matrix properties control the crushing

plateau.

� Stacking sequence has a relatively small influence on the impact

damage, which can be due to the fact that for each stacking pre-

sented in this paper [16], proportion of 0° plies is similar.

� For the dynamic impact, irrespective of the energy level and

stacking sequence, the force–displacement curves have similar

initial stiffness. This initial dynamic force can be evaluated by

multiplying the contact surface of each fiber orientation by

the fiber compressive failure strength. Therefore, it can be con-

cluded that the fiber properties control the initial impact stiff-

ness (Fig. 5).

Table 1

T700/M21 mechanical properties.

Carbon/epoxy T700/M21 UD properties

ep Ply thickness 0.25 mm

El Tensile Young’s modulus in fiber direction 135 GPa

Ec Compressive Young’s modulus in fiber direction 110 GPa

Et Transverse Young’s modulus 8.5 GPa

Glt Shear modulus 4.2 GPa

mlt Poisson’s ratio 0.33

Failure

XT Longitudinal tensile strength 2210 MPa

Xc Longitudinal compressive strength ÿ1280 MPa

YT Transverse tensile strength 75 MPa

YC Transverse compressive strength ÿ250 MPa

S In-plane shear strength 72 MPa

Fig. 3. Edge impact tool principle.

Fig. 4. Kink-bands observed after edge impact (SEM cut section-10 J impact) [16].

Fig. 5. Analytical approach to understand the impact damage scenario [16].



� In the quasi-static indentation case, the material is directly

crushed. The initial static force can be evaluated by multiplying

an average crushing stress of 250 MPa by the projected theo-

retical surface of the impactor, during the initial phases of the

indentation experiment. So, the properties of the matrix control

the initial indentation stiffness (Fig. 5).

� There is no equivalence between static/dynamic edge impacts

(Fig. 20). During static edge impact, the impactor shape quickly

destabilizes the fibers and leads to the development of kink-

bands and a crushing phenomenon (Fig. 5).

� The first peak in the indentation force curve is equal to the

crushing plateau force value of 6250 N. Furthermore, the behav-

ior after the impactor displacement of 0.5 mm is more difficult

to explain. It can be assumed that there is a partial increase of

the surface crushing; however, the authors have not verified

this hypothesis.

Experimental results presented in [16] will be compared with

the results of explicit FE-based simulations in the next paragraph.

The FE model consists with interface elements in order to describe

the matrix cracks and delamination, and volume elements in order

to predict the fiber failure. Correct FE models will be good substi-

tute for expensive experiments and thus shortening the develop-

ment time of improved composite structures.

3. Numerical modeling

Hongkarnjanakul et al. [17,18] presented a discrete 3D impact

model using Abaqus explicit solver and a user-defined Vumat sub-

routine. In the model, the three major failure modes observed in

composite impact tests were considered: the intra-ply matrix

cracking, the inter-ply delamination and the intra-ply fiber failure

(Fig. 6). Nevertheless in order to simulate loadings such as edge

impact or crushing, the crushing process should be taken into

account. Indeed such tests induce high compressive loading lead-

ing to crushing process and to high compressive strains in the

transverse and longitudinal directions. In the next paragraph, the

‘‘Discrete Ply Model’’ (DPM) will be presented and the crushing

modeling will be particularly focused. Firstly the behavior in the

transverse direction, i.e. the matrix cracking and the transverse

crushing, will be presented. Afterwards the delamination modeling

will be briefly reminded; interface elements with cohesive zone

[19] are classically used. Lastly the behavior in the longitudinal

direction, i.e. the fiber failure and the longitudinal crushing, will

be presented.

3.1. Modeling in the transverse direction

Matrix cracking is taken into account in the DPM using interface

element normal to the transverse direction (Fig. 6). The onset of

damage of these interface elements is based on Hashin’s theory

[20]. The Hashin’s criteria is calculated in the neighboring volume

elements (for more details, see [17]) to avoid stress singularities at

the matrix cracking crack tip:

hrti
þ

r
f ;t
t

 !2

þ
slt

2 þ s2tz

s
f 2

lt

¼ 1 ð1Þ

where rt, slt and stz are respectively the transverse stress, the shear

stress in the (l, t) plane and the shear stress in the (t, z) plane, evalu-

ated in the neighboring volume elements, rf ;t
t the transverse failure

stress in tension and s
f
lt the failure shear stress [18].

This criterion is assessed at each time increment and the inter-

face stiffness becomes zero if the criterion is reached, i.e. the

matrix develops cracks, and remains intact in otherwise. The initial

stiffness of the interface element is chosen very high, typically

106 MPa/mm.

As previously mentioned, the transverse crushing must be

taken into account. Israr et al. [15] showed that during crushing

process, the crushing stress is about constant (Fig. 20) and its value

is similar to the compressive matrix failure stress. Then a crushing

plateau is applied in transverse direction (Fig. 7) in order to repre-

sent, at the same time, the compressive matrix failure and the

crushing in this direction.

Moreover, to simulate the plastic deformation e
pl
t due to trans-

verse crushing, a plastic behavior is imposed using a yield function

ft:

e
pl
t such as f t ¼ jrt ÿ rcrush

t j 6 0 ð2Þ

where rcrush
t is the crushing stress and the transverse stress rt is

evaluated using:

rt ¼ Hlt � ð1ÿ df Þ � ðel ÿ e
pl
l Þ þ Htt � ð1ÿ df Þ � ðet ÿ e

pl
t Þ

þ Htz � ð1ÿ df Þ � ðez ÿ eplz Þ ð3Þ

where Hlt, Htt and Htz are the elasticity stiffness, el (ez) the longitudi-

nal (out-of-plane) strain, df the damage in the fiber direction and

e
pl
l ; e

pl
t ; e

pl
z , the plastic strain respectively in the l, t and z-directions.

The fiber damage df and the plastic longitudinal strain e
pl
l will be

explain in the next paragraph, and the plastic out-of-plane strain

e
pl
z is due to the expansion in the z-direction due to crushing in the

transverse direction considering a constant volume:

[90°]2 ply

[0°]2 ply

transverse

longitudinal

out-of-plane

transverse longitudinal

out-of-

plane

Fibre failure

(volume elements)

Delamination

(interface elements)

Matrix cracking

(interface elements)

Fig. 6. Modeling of impact damage with the different element types in each

oriented ply [17].

Loading

Unloading

εt
pl

σt
crush

Fig. 7. Crushing principle in the t direction.



eplz

�

¼ ÿeplt

�

ð4Þ

This relation makes possible the coupling between the transverse

and out-of-plane directions during a t-crushing. In parallel, it would

be necessary to consider a crushing in the z-direction and to take

into account the coupling between these 2 crushings. This work

has not been done so far because the z-crushing is not present in

the edge impact. Moreover the coupling between the transverse

crushing and the fiber crushing is not considered due to the lack

of data and because it is not considered of first importance. The

fiber crushing will be explained in the next paragraph and will

allow determining of epll .

In fact the coupling between plastic strains in t and z-directions

(Eq. (4)) could lead to high positive strain in the out-of-plane direc-

tion and to increasing of the crushing stress rcrush
t . But the results of

Israr et al. [15] showed that during crushing process, the crushing

stress is about constant, then it is necessary to take into account

this expansion to define the t-crushing stress:

rcrush
t ¼

r
f ;c
t

k
pl
z

ð5Þ

where rf ;c
t is the transverse failure stress in compression and k

pl
z the

plastic elongation in the z-direction. This elongation k
pl
z makes it

possible to take into account the variation of the element size

according to z and represents the increase (if it is higher than 1)

of plastic size, that is to say the z-size increase corresponding to

the t-crushing. This increase is due to remaining debris; therefore

it cannot physically increase the crushing force. This expansion is

obtained by integrating the plastic deformation according to z:

k
pl
z

�

¼ k
pl
z � eplz

�

ð6Þ

In the initial position, k
pl
z is obviously equal to 1 and can only

increase because eplt is negative due to crushing and then eplz is posi-

tive due to the coupling (Eq. (4)).Moreover in order to limit the

excessive expansion due to crushing process, kplz is averaged on each

volume element and is limited at a maximum value:

k
pl
z ¼ average

i¼1;8

k
pl
z ðiÞ

k
pl
z ¼ min k

pl
z ; k

max
� �

8

>

<

>

:

ð7Þ

where k
pl
z ðiÞ is the plastic out-of-plane elongation of the ith integra-

tion point, considering the volume elements are C3D8 with 8

integration points, and k
max is the maximum plastic out-of-plane

elongation taken equal to 2 in this study. In the same way, in order

to avoid excessive distortion of volume elements the plastic strains

are limited to a minimum value emin. To do that, the crushing stress

rcrush
t is increased with exponential function versus plastic strain:

If eplt < emin then rcrush
t ¼

r
f ;c
t

k
pl
z

� exp ÿk � e
pl
t ÿ emin

� �� �

ð8Þ

where k is taken high enough, usually equal to 2, and emin is usually

taken equal to ÿ1.6, that is to say to approximately 80% of the initial

height. Of course, in order to simulate higher crushing process, it

should be necessary to remove volume element. But in the present

Fig. 8. Fiber failure in tension (a) and corresponding cut section after impact in carbon–epoxy laminate (b) [23]; and fiber failure in compression (c) and corresponding cut

section after impact in a carbon–epoxy laminate (d) [23].

Tension

Compression

(i)

(i) Damage initiation

(ii) Damage propagation

C

0ε
C

1ε

T

0ε
T

1εcrush

l
σ

(ii)

(i)(ii)

l
ε

l
σ

crush

l
ε

Fig. 9. Behavior law of the fiber in the longitudinal direction in tension and

compression with damage initiation and propagation [17].



case, this phenomenon is not considered of first importance and is

not taken into account.

Then permanent indentation is managed in the matrix cracking

elements. Indeed, a large part of the permanent indentation seems

to come from remaining debris in cracks oriented at 45° in the ply

thickness [7]. This phenomenon is taken into account in the matrix

cracking elements applying a «pseudo-plastic» behavior with rt in

tension and in shear with stz in order to limit the no-closure of a

crack at 45° in the (t, z) plan after failure. This part of the modeling

is not developed in this article but the interested reader can obtain

details in [15].

Permanent indentation plays a crucial role in the detection of

the damage and aeronautical certification damage tolerance policy

[1,4,8,9,11,21]. Permanent indentation is thus very important in FE

analysis. Furthermore, a large part of this indentation is due to

crushing in l and t-directions.

3.2. Modeling of delamination

Delamination damage consists with important cracks between

plies. It is typically modeled with cohesive interface elements

based on fracture mechanics [19,22]. This modeling choice makes

it possible to correctly take experimental observations into account

and has been adopted in this study. Then after the different plies

are meshed with volume elements and matrix crack interface ele-

ments, two consecutive plies are joined using zero-thickness inter-

face elements (Fig. 6). These delamination interface elements are

written in mixed fracture mode (mode I, II, III) to simulate the

energy dissipated by delamination. Moreover the shearing (II)

and tearing (III) fracture modes are combined and mode II is sup-

posed equal to mode III. And in order to represent the overlap of

2 consecutive plies, the 0° and 90° plies are meshed with square

elements and the 45° and ÿ45° plies are meshed with diamond-

shaped elements [17]. Moreover, a linear criterion is used:

GI

Gc
I

þ
GII

Gc
II

þ
GIII

Gc
III

¼ 1 ð9Þ

where Gc
I , G

c
II and Gc

III represent the critical energy release rate (ERR)

of delamination in mode I, II and III, respectively. Then, thanks to

energy dissipation of fracture mechanics, the delamination criteria

presents a classical behavior of the cohesive zones with a linear

propagation of the stress function of the displacement [19,22].

3.3. Modeling in the longitudinal direction

The fiber failure plays a great role on the impact damages and

on the crushing (Fig. 8) [5,13–15] and should be taken into

account. Due to the high critical ERR of fiber failure [23], it is neces-

sary to dissipate this energy in the model. Additional interface ele-

ments could be used but would result in very complex meshing.

Therefore, to avoid the use of such interfaces, fiber failure is taken

into account using conventional continuum damage mechanics but

with original formulation between the integration points of the

element to produce a constant ERR per unit area. This approach

can be compared to methods based on characteristic element

length which makes possible mesh-size independent modeling

[23–25].

Therefore, to be able to produce the critical ERR due to fiber

fracture per unit area of crack [5,7,23–25], the behavior laws of

the 8 integration points of a volume element are managed

together. In this case, the law is written only in opening mode I,

but could be generalized with other fracture modes:

Fig. 10. Crushing transmission principle.

Fig. 11. Machining friction (a) and friction coefficient observed during tests (b) [26].



Z

V

Z e1

0

rl � del � dV ¼ S � G f
I ð10Þ

where rl is the longitudinal stress, V the volume of the element, S

the section normal to the fiber direction l, el the total strain degra-

dation of the fiber stiffness and G f
I the critical ERR in opening mode

in the fiber direction (Fig. 9). Then the fiber stiffness is classically

degraded by using a damage variable df. This damage variable is

conventionally calculated compared to the longitudinal strain with

the aim to obtain a linear decrease of the longitudinal stress:

df ¼
eT or C
1 � ðel ÿ eT or C

0 Þ

el � ðe
T or C
1 ÿ eT or C

0 Þ
ð11Þ

where eT0 (eC0) is the starting strain degradation of the fiber stiffness

in tension (compression) and eT1 (eC1) the total strain degradation of

the fiber stiffness in tension (compression).

Obviously the critical ERR is different under tension or com-

pression loading [15,23,24] because the failure phenomena are dif-

ferent: a classic fiber failure is observed under tension loading

(Fig. 8b) and kink-bands are observed under compression loading

(Fig. 8d) [23]. Then it is necessary to take into account these 2 phe-

nomena and to apply a coupling because it is possible to observe

fiber failure in compression and in tension at the same time in

the 8 integration points of the same volume element. It is for

example the case if the volume element is submitted to bending

loading. Moreover due to the lack of data on this coupling, a ten-

sion/compression linear coupling is applied:

Gt
I

Gf ;t
I

þ
Gc

I

Gf ;c
I

¼ 1 ð12Þ

With:

If el > 0 then
Gt

I ¼
1
S
�
R

V

R eT
1

0 rl � del � dV

Gc
I ¼ 0

(

ð13Þ

If el < 0 then
Gt

I ¼ 0

Gc
I ¼

1
S
�
R

V

R eC
1

0 rl � del � dV

(

ð14Þ

where Gf ;t
I (Gf ;c

I ) is the critical ERR in tension (compression). These

equations (Eqs. (12)–(14)) makes it possible to determine eTl and

eCl and the Eq. (11) makes it possible to evaluate the fiber damage

df. Then the longitudinal stress in tension is calculated as:

If el > 0 then

rl ¼ Ht
ll � ð1ÿ df Þ � el þ Hlt � ð1ÿ df Þ � ðet ÿ e

pl
t Þ

þ Hlz � ð1ÿ df Þ � ðez ÿ eplz Þ ð15Þ

where Ht
ll is the elasticity stiffness in the longitudinal direction in

tension which is different of this one in compression Hc
ll. If the long-

itudinal strain is negative, the problem is more complex because it

is necessary to distinguish the fiber behavior before and after crush-

ing. Before the crushing the stress is evaluated similarly to the ten-

sion case:

If el < 0 and before crushing then:

rl ¼ Hc
ll � ð1ÿ df Þ � el þ Hlt � ð1ÿ df Þ � ðet ÿ e

pl
t Þ

þ Hlz � ð1ÿ df Þ � ðez ÿ eplz Þ ð16Þ

But when the crushing starts, i.e. when the strain el reaches the

crushing strain ecrushl for the first time, a plastic longitudinal strain

e
pl
l is added and the stress is evaluated as:

If el < 0 and after crushing then:

rl ¼ Hc
ll � el ÿ e

pl
l

� �

þHlt � ð1ÿ df Þ � et ÿ e
pl
t

� �

þ Hlz � ð1ÿ df Þ � ez ÿ eplz
ÿ �

ð17Þ

The problem of this formulation is to induce a discontinuity of the

plastic strain e
pl
l at the moment of the crushing starting: the plastic

strain is null before crushing and reaches the crushing strain ecrushl

when the crushing starts. This point will have to be focused and a

solution could be to manage the fiber damage in compression using

a plastic strain e
pl
l in spite of the damage parameter df. This work is

in progress.

Moreover as the crushing process in longitudinal direction is

supposed independent of the matrix crushing process (in t and

support

Anti-friction 

bearing guide

150
T

N
impactor

5

30

N

specimen

Fig. 12. Friction experiment principle.

Fig. 13. Friction experiment: normal force versus tangential force. Fig. 14. Edge impact model principle.



z-directions), the crushing stress rcrush
l is supposed constant and

equal to the matrix failure stress:

rcrush
l ¼ r

f ;c
t ð18Þ

It means in particular that the mean crushing stress is supposed the

same in longitudinal and in transverse direction, as shown by Israr

et al. [15]. This result is very surprising and is difficult to explain,

and until now is only the result of experimental tests [15]. In the

future it will be necessary to focused on this problem, and perhaps

if it is necessary, to use different values of crushing stress in the

longitudinal and in the transverse direction.

Finally the plastic strain e
pl
l can be determined using a yield

function fl and the corresponding crushing stress:

e
pl
l such as f l ¼ jrl ÿ rcrush

l j 6 0 ð19Þ

And contrary to the transverse direction, no coupling is considered

between the longitudinal plastic strain and the transverse and out-

of-plane plastic strains. This means the different crushing processes

in the fiber direction and in the (t, z) plane are supposed totally

independent. Of course this hypothesis should be confirmed by

specific experimental tests and this assumption must be questioned

if necessary.

It could be also noticed that with this approach the other fiber

failure modes (II and III) are not taken into account because data

are missing and they are judged of secondary importance [18].

Moreover if a laminate is subjected to shear loading, in some cases,

the matrix is quickly damaged and once the fibers are degraded

they are ‘‘dry’’ and are thus mainly subjected to tension loading.

The last step to achieve to correctly simulate the crushing is to

transmit the crushing information between consecutive elements

in the longitudinal direction. In the same way than Israr et al.

[15], when the crushing is reached, the crushing is transmitted

(Fig. 10) to the two neighboring elements (or with the neighbor

element if it is an edge element). Indeed once the crushing process

is initiated, the neighboring elements cannot reach any more the

failure compression stress according to longitudinal direction,

nor to dissipate Gf ;c
I .

In the same way than the transverse crushing, in order to avoid

excessive distortion of volume elements, the longitudinal plastic

strain is limited to a minimum value emin. To do that, the crushing

stress rcrush
l is increased with exponential function versus plastic

strain:

If epll < emin then rcrush
t ¼ r

f ;c
t � exp ÿk � e

pl
l ÿ emin

� �� �

ð20Þ

where k is taken high enough, usually equal to 2, and emin is usually

taken equal to ÿ1.6, that is to say to approximately 80% of the initial

height.

3.4. Conclusion on the modeling

This model based on DPMmakes it possible to take into account

the loss of stiffness of the specimen due to the impact damage and

the delaminated surfaces shape [17,18]. In particular, the good

correlation between the delaminated surfaces shape obtained in

experiments, which is however very complex and characteristic

of the impact damage, allows to show that the model of interaction

between matrix cracking and delamination seems correct.

Nevertheless this model must be still tested on other impact con-

figurations, such as other stacking or boundary conditions.

In particular the integration of the crushing, which is done in

this paper, is the first step to generalize the DPM to severe solic-

itations. Of course this work is only a preliminary job and some

hypotheses should be detailed and confirmed, or abandoned if it

proves to be wrong. In particular these points should be focused

and discussed:

Fig. 15. Experiment/model comparison of cut sections of stacking A (a), and B (b) impacted at 10 J just under the impactor.



� The out-of-plane crushing is not simulated because it is consid-

ered of second importance for the edge impact.

� The transverse crushing is supposed to create expansion only in

the out-of-plane direction.

� Only the first mode of fiber failure is taken into account.

� The coupling between crushing in fiber direction and crushing

in the plane normal to the longitudinal direction is neglected.

In particular the expansion in the transverse and out-of-plane

directions due to longitudinal crushing is not taken into account

and vice versa.

� The compressive fiber failure is simulated using a damage

parameter and the corresponding crushing by a plastic model;

these two approaches could be mixed.

4. Edge impact model results

An important point of the edge impact is the friction between

the impactor and the specimen. Indeed the friction influences the

opening of the composite plate during the edge impact and then

should be studied. An experimental test has been carried out in or-

der to measure the friction coefficient under conditions represen-

tative of the edge impact test [16].

4.1. Friction test

Some studies on the friction between steel and composite were

already carried out in the literature [26,27]. A particularly

interesting study (Fig. 11) was carried out on friction between a

machining tool and a laminate carbon [26].

The major result of this study lies in the relatively low friction

coefficient observed during the experiment (Fig. 15b) from

approximately 0.1. In order to benchmark this value, a friction test

was carried out on a 100 kN electro-mechanics Instron machine

(Fig. 12).

The experimental set-up consists with a composite specimen

glued on a support translational with the frame. A normal force

is imposed using a 16 mm-diameter spherical impactor on the

composite specimen and the force necessary to move the support

is measured (Fig. 12).

A UD plate was manufactured with all the plies directed in the

same direction: [030], that is to say a 7.5 mm-thickness for 30 plies

of T700/M21 carbon UD prepreg. Five specimens are then cut out

with five fiber orientations: [030], [4530], [6030], [8030] and [9030].

This study makes it possible to study the impactor/specimen fric-

tion according to the fiber orientation. Finally specimen dimen-

sions are 150 mm-length, 30 mm-height including 5 mm out of

the boundary conditions. The tests are carried out dry, i.e. without

oil or grease.

A normal effort N is applied to the specimen using the 16 mm-

diameter spherical impactor of the edge impact test. A guide with

bearing is positioned between the specimen and the frame to leave

free the specimen translation. Then the tangential force T is

increased until reaching the slip which makes possible to obtain

the friction coefficient f:

Fig. 16. Microscopic cut section of kink-bands of the stacking B impacted at 10 J (a) and corresponding fiber damage numerically obtained (b).



T ¼ N � f ð21Þ

The normal force versus tangential force is plotted Fig. 13 for the

different fiber orientations.

A similarity of the behavior, whatever the orientation of UD

specimen, could be noted with a higher value for 60° and 90° speci-

mens. Due to the low number of experimental tests, it is difficult to

conclude with the effect of the fiber orientation on the friction

coefficient and thereafter it is supposed constant. In conclusion a

friction coefficient of 0.06 is evaluated whatever the fiber ori-

entation; this friction coefficient value will be used in the FE

model. This value, although low, is in relative good agreement with

the Mondelin et al.’s study [26].

4.2. Edge impact experiment/model comparison

The objective of this paragraph is to test from a qualitative and

quantitative point of view the behavior law proposed in the last

paragraphs and to compare its results to the edge impact experi-

ments carried out in [16]. The FE model deals with a composite

plate of 150 mm-long and 30 mm-high, consisting with the part

of the plate outside of the boundary condition during the experi-

ment (Figs. 3 and 14). The bottom part of the plate is clamped

and the initial velocity of the 16 mm-diameter and 2.368 kg mass

impactor is imposed to obtain the desired impact energy level.

The volume element size is fixed to 1 mm-long and 1 mm-width

Fig. 17. Experiment/model comparison of the edge impact force/time curves of the stacking A impacted at 10 J (a), 20 J (b) and 35 J (c), and stacking B impacted at 10 J (d), 20 J

(e) and 35 J (f).



(Fig. 14) to obtain a good representation of the plate avoiding a too

long calculation time. One volume element is used for each ply, or

more precisely for each plies group in the same direction; that to

say 9 plies for stacking A [902, ÿ452, 04, 452, 04, 452, 04, ÿ452,

902] and B [452, 02, ÿ452, 04, 904, 04, ÿ452, 02, 452] (Fig. 15).

An explicit dynamic analysis has been carried out. The cases of

stacking A and B impacted at energy level of 10, 20 and 35 J, are

presented. After the validation of this edge impact model, the

model could directly be applied to the compression after impact

modeling; it is the next step of this work.

Experiment/model visual comparison of the damage can be car-

ried out. In particular, the cut sections just under the impactor

make it possible to have a first idea of the damage numerically

obtained (Fig. 15). It can be noticed in this figure that edge impact

Fig. 18. Experiment/model comparison of the edge impact force/displacement curves of the stacking A impacted at 10 J (a), 20 J (b) et 35 J (c), and stacking B impacted at 10 J

(d), 20 J (e) and 35 J (f).



model causes the delamination of all the interfaces as well as the

experiment.

It can be noticed using the cut sections of stacking A (Fig. 15a)

that the interfaces 90°/ÿ45°(1) and ÿ45°/0°(2) are delaminated in

the experiment and model. Failure of the offset 0°(3) and center

0°(4) plies is also qualitatively well simulated. The permanent

indentation under the impactor seems also qualitatively well

restored. In the case of stacking B (Fig. 15b), the interfaces 45°/

0°(1) are delaminated on an asymmetrical way in the experiment

specimen whereas the model delamination is symmetrical.

Delamination of the interfaces ÿ45°/0°(2) seems also numerically

underestimated, even if the experimentally obtained delamination

is asymmetrical which could explain the discrepancy. Finally the

failure of the center 90°(3) plies presenting kink-bands on the

experiment is well modeled as it can be seen in Fig. 16 where

the fiber damage numerically obtained is plotted.

The model thus seems to restore qualitatively fiber failure,

matrix cracking and delamination observed during the experiment

in an adequate way. From a quantitative point of view the first step

to achieve is the study of the force–time curves (Fig. 17).

These curves show an acceptable correlation in terms of total

impact time and force fall; the phenomenon is thus more or less

well restored in time for the two stacking sequences. It can also

be noticed that the maximum force is systematically under-

estimated for the two stacking sequences. The model of stacking

B does not seem to present a force plateau (following the maxi-

mum force) such as raised in experiments and this whatever the

impact energy level, contrary to the stacking A which presents

force plateau similar to the experiment. The second step to achieve

consists with the study of the force–displacement curves (Fig. 22).

For the stacking A (Fig. 18a–c), the force increases gradually and

reaches a maximum force. Then this force falls and reaches a pla-

teau of a value from approximately 6 kN whatever the impact

energy level. The displacement direction of the impactor is finally

reversed, the effort falls and a permanent indentation remains. The

force–displacement curve of the model is then in relatively good

agreement with experiment, even if the force peak is

underestimated.

For the stacking B (Fig. 18d–f), the force increases gradually and

reaches a maximum force without reaching a crushing plateau. At

maximum displacement, there is a sharp fall of the force and a per-

manent indentation remains. The force–displacement curve of the

model is overall in bad agreement with experiment. This discrep-

ancy can be explained by an excessive out-of-plan swelling

(Fig. 19a) numerically obtained. Indeed, it lies between two times

(stacking A at 20 J; Fig. 19a) and five times (stacking B at 10 J;

Fig. 19b and c) the experimental values.

It is interesting to superimpose the force–displacement curves

of the model with those of the edge impact and edge indentation

(corresponding to quasi-static loading) experiments (Fig. 20).

It can be noticed that the model quickly answers in crushing

mode and seems to pass in an inadequate way from the dynamic

behavior to the quasi-static behavior. In order to correct this prob-

lem it seems necessary to implement a strain rate effect in the

Fig. 19. Experiment/model comparison of the out-of-plan swellings (a) and out-of-plan displacement field numerically (b) and experimentally (c) obtained of the stacking B

at 10 J.

Fig. 20. Experiment/model comparison of the edge impact and edge indentation force/displacement curves of the stacking A impacted at 20 J (a), and stacking B impacted at

20 J (b).



Fig. 21. Experiment/model comparison of the maximum damage depth (a), the projected delaminated area (b) and a model/X-ray comparison of the delaminated surface of

the stacking A (c) and B (d) impacted at 10 J.

Fig. 22. Experiment/model comparison of maximum crack length on the edge (a) and permanent indentation (b).

Fig. 23. Experiment/model comparison with different friction coefficients of the edge impact force/displacement curves of the stacking A (a), and B (b) impacted at 10 J.



behavior law of the fiber failure in compression [6,14]. Indeed it

has been shown using experimental study [16] that the first force

peak of the dynamic edge impact is due to fiber loading until the

compressive fiber failure, while the first loading of the quasi-static

edge impact is due to crushing process (Fig. 5). Then it will be

necessary in the future to take into account more accurately the

passage between crushing process and fiber failure, and in particu-

lar to account for the strain rate effect in the behavior law of the

fiber failure [6,14].

Then the evolution of the maximum damage depth (Fig. 21a)

and projected delaminated area (Fig. 21b) can be drawn according

to the impact energy stacking.

The projected delaminated area presents a good agreement

between experiment and modeling for stacking A whereas mod-

eling of stacking B underestimates this delaminated area of 55%

on average. Nevertheless the damage form seems faithful simu-

lated for stacking A (Fig. 21c) and B (Fig. 21d). Finally, a rela-

tively good experiment/modeling agreement is revealed

concerning the results of the parameters retained by industry;

the maximum crack length on the edge (Fig. 22a) and the per-

manent indentation (Fig. 22b). Once again, higher is the impact

energy, longer the crack is.

4.3. Friction sensitivity

It is interesting to perform a sensitivity study of the friction

coefficient using the model and in particular to evaluate the accu-

racy of the measured value of 0.06. Indeed this very low friction

coefficient is close to the value commonly used of 0.1 for a contact

between two lubricated surfaces (steel–iron) whereas a value clo-

ser to 0.3, commonly used for two dry surfaces (Steel–Cast iron

type), could be expected. We thus propose to compare these three

values with the edge impact model of the stacking sequences A and

B. The force–displacement curves (Fig. 23) clearly make possible to

identify the influence of the friction parameter.

It is noticed that the friction coefficient acts particularly on the

two results of the edge impact modeling which are the permanent

indentation and the maximum force. When the friction coefficient

increases, the permanent indentation decreases and the maximum

force increases. It is interesting and reassuring to observe the

model with a coefficient of friction of 0.06 presents the best experi-

ment–model correlation.

5. Conclusions

This paper presents the major modifications provided to the

DPM of [17,18] in order to take into account the crushing process

in the fiber and in the transverse direction. Here are the major

results of this study:

� From a qualitative and quantitative point of view, edge impact

model causes the delamination of all the interfaces as well as

the experimental study.

� Kink-bands observed during experiment are relatively well

modeled.

� The model seems to restore fiber failure, matrix cracking and

delamination during the experiment in an adequate way.

� From a quantitative point of view, the force–time curves show a

relatively good correlation in terms of total impact time and

force fall; the phenomenon is thus well restored in time for

the two stacking sequences.

� The maximum force is systematically underestimated for the

two stacking sequences. Then it could be necessary in the future

to take into account more accurately the passage between

crushing process and fiber failure, and in particular to account

for the strain rate effect in the behavior law of the fiber failure

[6,14].

� Projected delaminated area presents a good agreement between

experiment and modeling for stacking A whereas stacking B

underestimates this delaminated area of 55% on average.

Nevertheless the damage form seems faithful simulated for

stacking A and B.

� Finally, a relatively good experiment/model agreement is

revealed concerning the results of the parameters retained by

industry; the maximum crack length on the edge and the per-

manent indentation. Once again, higher is the impact energy,

longer the crack is.

� A sensitivity study has been performed to determine the influ-

ence of the friction coefficient on the model and to validate the

friction coefficient of 0.06. The model with this friction coeffi-

cient presents the best experiment–model correlation. The fric-

tion phenomenon has an effect on the model results and in

particular on the failure form. Part of edge impact model dis-

crepancies could be due to the friction effects.

� It can be noticed that the model quickly answers in crushing

mode and seems to pass in an inadequate way from the

dynamic behavior to the quasi-static behavior. In order to cor-

rect this problem it seems necessary to implement a strain rate

effect in the behavior law of the fiber failure in compression.

This work will have to be taken into account in the future.

This edge impact model is similar to out-of-plan impact model

on a laminate plate [17] with addition of new friction and crushing

behaviors. The trends are restored overall but obviously it remains

a lot of work to carry out for better restoring the damage scenario

and in particular the strain rate effect on the compression and the

crushing behaviors. Nevertheless, this model will be applied to the

compression after impact model for the moment.
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