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Abstract

This article concerns the Finite Element modeling of impacts on compos-

ite sandwich structures. Low velocity normal impacts and medium velocity

oblique impacts on sandwich panels made with woven composite skins and a

polyurethane foam core are investigated. The ply orientations and materials

of the woven composite laminate skin are varied. The woven skin is modeled

using a semi-continuous approach, described in the first part of this two parts

article, in which the behavior of the bundles of fibers and that of the resin

are disconnected. The foam core is represented with solid elements with a

continuous material law. This modeling strategy provides results accurate

enough to represent the damage scenario observed experimentally with an

acceptable calculation time. The numerical results are used to analyze the

damage mechanisms leading to the final fracture shape.
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1. Introduction

This article deals with the modeling of impacts on composite sandwich

panels made with thin woven composite skins and a polyurethane foam core.

Low velocity normal impacts and medium velocity oblique impacts are in-

vestigated. This paper is the second part of a two-parts article. Indeed the

modeling strategy presented in the first part is used here to model the skin.

Due to their low mass to stiffness ratio, composite sandwich structures

are involved more and more in the designing of aeronautical structures. Con-

sequently, composite sandwich panels can be subjected to an impact in flight

with a greater probability. The impacts can be normal to the panel or with

an angle, and the failure of the skin can have catastrophic consequences.

Thus, understanding and predicting impact damages in such structures is

required.

Impacts on composite sandwich structures has been widely studied [1].

Indeed, due to the particular architecture that involves at least two different

materials (for the skins and for the core), the impact behavior of these struc-

tures is complex. In [2, 3, 4, 5] several damage scenario depending on the

panel height, the skin thickness and the core density have been identified.

Indeed, impact can lead to a compressive failure of the upper skin, a shearing

failure of the foam core or a tensile rupture of the lower skin.

The modeling of the impact response of sandwich composite panels can

be performed at different scales, depending on the desired precision. Many

authors have developed analytic models based on beam theories resting on

elastic foundations in order to evaluate the influence of geometrical and ma-

terial parameters on the global response of sandwich panels [6, 7, 8]. Never-
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theless, these modeling strategies can not represent damage scenarios during

impact. To do so, Finite Element Methods have to be used.

Generally, for a better representation of the damage scenario, the compos-

ite skin and the core have to be modeled separately. This is all the more true

when complex loading, like oblique impacts, are studied [9, 10, 11]. For the

modeling of the woven composite skin, the representation scale varies from

the homogenized skin to the representation of the bundles of fibers with solid

elements [12, 13, 14, 15, 16, 17, 18, 19]. A detailed literature survey can be

found in part I of this two-parts article.

Likewise, for the modeling of the foam core, the strategies vary with the

precision needed for the representation of the damages. In the continuous

approach, the idea is to associate a simple continuous mesh with a complex

homogenized constitutive material law. One way to compute the particular

behavior of foams is to define a yield criterion in the material law to deal

with the plateau observed in the crushing [20]. It is also possible to add

a term depending on the volumetric strain is added to compute the hydro-

static pressure [21]. Another strategy consist in representing explicitly the

microstructure of the foam core. [22] has developed a Finite Element Mod-

eling at the scale of the cells of the material. In order to avoid prohibitive

calculation time, only truss element are used and the modeling scale is var-

ied. With this strategy, damage phenomena are well represented. Finally,

many works rely on the use of an idealized microstructure which can come

from experiments or from mathematical constructions based on polyhedra

[23, 24, 25]. These models are well suited to understand the physics that

drives the response at the macroscopic scale. However, they generally in-
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duce a huge computational time directly related to the fine description of

the microstructure.

In this paper, a Finite Element Modeling of sandwich panels at scale that

allows a precision high enough to be able to analyze the damage scenario,

without having prohibitive calculation time is proposed. The woven com-

posite skin is modeled using the semi-continuous strategy described in part

I. The foam core is represented with solid elements with an homogenized

property. The modeling strategy is presented in the first section. In the sec-

ond section, low velocity impact tests on sandwich panels are modeled and

compared to experimental results. Three different skin configurations are

studied. In the third part, medium velocity oblique impacts are modeled.

The results are then analyzed to describe the damage scenario.

The proposed modeling strategy allows a representation good enough to

reproduce the impact response observed experimentally. More, the results

can be used to observe, analyze and understand better the damage chronol-

ogy.

2. Sandwich structure modelling

The studied sandwich structure is composed of a skin with two or three

plies of 5-harness carbon/epoxy and 8-harness glass/epoxy woven fabric, and

an A51 Rohacell foam core.

2.1. Woven skin modelling

The strategy used for modeling the woven composite laminate that com-

pose the skin of the sandwich structure is fully described in Part 1 of this

paper. It consists in modeling each ply bundles with a truss structure which
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follows the woven pattern geometry. The mesh size respects the woven fabric

pattern i.e. the distance between two bundles. The interlacing of the warp

and the weft tows at the crimp regions is approximated with oblique rod

elements. The epoxy matrix which embed the fibre bundles is modeled with

damageable shell elements placed at the neutral axis of the ply. The connec-

tion between the rods and the shell elements is made at the nodes through

rigid links. Finally, the woven laminate is created by connecting each ply

with a specific cohesive interface element which allow a feasible connection

between shell elements.

This strategy allows to both represent the continuous elastic behaviour of

the undamaged ply and the discrete behaviour of the woven ply when resin

is damaged and fibre bundles are in a non-stabilized state.

2.2. Foam core modelling

The foam is modeled with a homogeneous property and a material law

known in the explicit code Radioss as FOAM PLAS. This law is adapted to

the low density foam with a visco elasto plastic behavior in compression. The

crushing behavior of the foam cells is represented by a stress plateau with

irreversible strains. An elasto plastic behavior is introduced in the deviatoric

part of the stress tensor in order to represent this phenomenon.

σdev
plas = A+B(1 + Cγvol) with γvol =

V

V0
− 1

where σdev
plas is the plastic stress applied to the principal stress of the deviatoric

tensor, γvol is the volume strain and A, B and C are modeling parameters.

The densification phenomenon is modeled by a pressure term in the spher-
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ical stress tensor.

σspher
ij = −Pδij with P = − P0γvol

1 + γvol − Φ

where δij is the Kronecker symbol, Φ is the foam porosity and P0 the initial

air pressure.

Low velocity tests realized on cylindrical foam specimens ([Navarro, 2010]

[Aubry, 2013]) have been used to identify the parameters of this model. The

used parameters are given in Table 1.

3. Drop weight impact damage prediction

This section aims to show the ability of the proposed modeling to predict

the damage induced by a drop weight impact onto a sandwich structure made

with woven composite skins and a foam core.

3.1. Drop weight impact test

Twelve sandwich structure coupons have been impacted with a drop

weight test bench. Several laminate configurations have been studied for

the sandwich skin. The idea was to observe the behavior of the specimen

with different ply orientations and materials. The three configurations inves-

tigated are presented in table 2. Four impacts have been realized for each

configuration.

The specimen dimensions are 100×100×20 mm. The sandwich structures

are placed on a rigid support as illustrated on Fig. 1. The steel impactor

has a 20 mm diameter hemispheric shape and a mass of 2 kg. It impacts the

specimen with an initial velocity of 3 m/s. That is to say an impact energy
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of 9 J. The reaction force and the impactor displacement are recorded during

impact.

3.2. Modelling results

A modeling of this test, relying on the strategy presented in Section 2,

is proposed (Fig. 2). The modeling of the specimen involves 120,000 user

developed finite elements for the carbon material configurations and 225,000

for the glass material configuration. Indeed, the mesh size is 1.4×1.4 mm

for the carbon material and 0.5×0.5 mm for the glass material in agreement

with the measured woven fabric patterns. The boundary conditions are in-

troduced by the use of a contact between the specimen and a rigid wall. The

impactor is a rigid sphere with the adequate mass and initial velocity. All the

computations are performed with the explicit finite element code RADIOSS

on 60 cores from HPC resources. Time calculation is about 30 to 90 mins.

3.2.1. Analysis of a carbon laminate with two identical orientations [(0/90)2]

C0C0 is a configuration with two plies of carbon/epoxy woven fabrics

with the same orientation. After an impact on this configuration, a crack in

the shape of a cross is visualized on the two plies with a longer crack on the

lower ply. The ply damage is compared with the one obtained with the FEM

in the Fig. 3. The first column shows the damage of the upper ply and the

second one the damage of the lower ply which was experimentally obtained

by removing the foam from the skin after the test. The first line shows the

experimental crack. The second and the third lines show the fibre and the

resin numerical damages. In order to simplify the visualization of the rod

failure (fibre damage), a yellow/red style contour on the woven element has
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been used. Yellow means that only one rod has failed in the element whereas

red contour means that at least two rods have reached their failure criteria.

The cracks in the shape of a cross are well captured by the modeling in

the two plies. The sinuous path of the crack is well represented by the failure

of the rod at the crimp regions. The matrix is first damaged, then the rods

fail in tension. The maximal relative error on the crack length is lower than

21%.

In Fig. 4, the modeling is used to explain the damage scenario during

the impact test. It can be split up in four steps reported on the force versus

time curves: (i) the first load decrease is due to a line crack obtained in the

lower ply of the laminate, (ii) a crack is then initiated in the upper ply at the

maximal load, (iii) the rupture in the shape of a cross in the two plies of the

laminate is observed after a significant decrease of the load, (iv) the cracks

propagation is done at a constant load. The remaining stiffness is provided

by the crushing of the foam and the bending stiffness of the four petals of

the cracked laminate.

3.2.2. Analysis of a carbon laminate with mixed orientations [(0/90),±45]

The second configuration is composed of two plies of carbon/epoxy woven

fabric: one lower ply oriented at ±45o and the upper ply oriented at (0/90)o.

The Fig. 5 shows a comparison between experimental and numerical fracture

shapes after the impact. The same representation style than in the previous

section is used. For a carbon laminate with mixed orientation, the crack path

is driven by the orientation of the fibre in each ply. Indeed, a (0/90)o cross is

observed on the lower ply and a ±45o on the upper ply. This fracture shape

is well captured by the FEM with a relative error on the crack length lower
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than 21%.

3.2.3. Analysis of a glass laminate with mixed orientations [±45,(0/90)]

For the third configuration, a laminate with mixed orientations have been

made with a 8-harness glass/epoxy woven fabric. The lower ply is oriented

at (0/90)o and the upper ply is oriented at ±45o. The experimental and

numerical fracture shapes after the impact test are represented in the Fig. 6.

The experimental results are different from the observations made on the

carbon laminate with mixed configurations. Indeed, the failure of the lower

ply is oriented at (0/90)o, which corresponds to the fibre orientations of the

ply. However, for the upper ply, the crack propagation seems to be influenced

by the lower ply failure and a (0/90)o cross is also observed in this ply. This

crack orientation is slightly captured by the FEM. The sinuous crack path of

the upper ply tends to illustrate the influence of the lower ply on the crack

propagation of the upper ply. The maximal relative error on the crack length

is also lower than 21%.

4. Oblique impact damage prediction

In this section, the capacity of the modeling strategy to predict the re-

sponse to an oblique impact at 90 m/s onto a sandwich structure is investi-

gated.

4.1. Oblique impact test

Nine sandwich structure coupons have been impacted with a gas gun de-

vice. Several laminate configurations have been studied for the sandwich skin.

Three specimens are impacted for each configuration in order to check the
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reproducibility of the experimental results. Three configurations, presented

in Table 3 are under investigation.

The specimen are 200mm long and 240mm width. The skins are about

1 mm thick and the foam is 20 mm thick. The impactor is a spherical steel

ball of diameter 19 mm and mass 28 g. The impact angle measured from the

surface of the upper skin is 15o. The testing device is presented in the Fig. 7–

a. The test is recorded with a high-speed digital camera (Photron FastCam

APX RS) at a frame rate of 36000 fps and a resolution of 512×128 pixels. The

use of a speckle on the impactor, and the use of a digital image correlation

(DIC) algorithm developed at the laboratory [26], 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 Fig. 7–b. The modeling developed for the simulation of this

test reuse the same strategy as presented before for the drop weight normal

impact test. There is simply one more ply for the skins. Some details on the

model are shown in the Fig. 7–c. 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 minutes.

4.2. Modelling results

4.2.1. Influence of the orientation of the plies from the impact axis

The overall results for the two configurations C03 and C453 are illustrated

in the Fig. 8. The damage shapes and the normal force versus time curves

obtained with the FEM are compared to the experimental results. All the

pictures dimensions fit the same scale. The fibre failures are highlighted with
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yellow dotted lines. The impact occurs from left to right. The left column

shows the C03 configuration when all the plies are oriented at 0o from the

impact axis and the right column shows the C453 configuration when all the

plies are oriented at 45o from the impact axis.

The experimental damages are very different for the two configurations.

The C03 configuration shows only one crack following a roughly straight tra-

jectory with multiple crack branches on the upper ply. Concerning the C453

configuration, two parallel straight lines with a V-shape crack initiation are

observed. The crack lengths are very close between the two configurations.

Besides, for the C03 and C453 configurations, the crack is about 10% greater

on the lower ply than on the upper ply.

The FEM gives a crack damage very close to the experimental observa-

tions. The straight cracks for the C03 configuration and the two parallel

cracks for the C453 configuration are well represented. Quantitatively, the

maximal relative error on the crack lengths is lower than 17%. Besides, the

experimental and the numerical force vs time curves follow similar trends for

both configurations. It highlights a good overall behavior of the modeling

during the impact.

Consequently, a further analysis of the damage scenario has been con-

ducted by using the FEM. The Fig. 9 shows the evolution of the skin damage

during the impact of the C453 configuration. The formation of the V-shape

fracture is thus explained in three steps: (A) the fibres of the ply fail in ten-

sion, (B) the crack propagates at ±45o from the impact axis like during the

drop weight impact test and (C) the imposed displacement of the ball tends

to propagate the ±45o crack in the 0o direction. This phenomenon applies
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equally to the three plies but at different times.

4.2.2. Analysis of a mixed materials and orientations laminate [C0C45G0]

Finally, a more complex laminate is studied with the C0C45G0 config-

uration. The idea is to assess the performance of the modeling strategy to

predict the damage due to an impact onto a mixed material and orientation

laminate. The results of both experimental and numerical studies for this

configuration are compared in the Fig. 10.

As expected, a more complex crack propagation is observed compared

to the mono-material and mono-orientation laminate configurations. First,

there is a straight crack in the lower ply which corresponds to the (0/90)o

carbon ply. This result is quite similar to the last reported on the C03 config-

uration. However, for the upper ply which corresponds to the (0/90)o glass

ply, the crack propagation seems to be strongly influenced by the ±45o car-

bon ply at the middle of the laminate. Indeed a straight crack was expected

corresponding to the fibre orientations of the ply but there is a very sinuous

crack. This result is consistent with the last observation on the drop weight

impact test with the G45G0 configuration (see section 3.2.3). Once again,

a competition seems to appear between the ply behavior and the laminate

structure influence.

Despite the complexity of the configuration represented, the results ob-

tained are very correct on both fracture shapes and normal force curve. The

damage of the glass ply is very well represented by the model. Indeed, the

several bifurcations on the crack path and the damaged resin surface corre-

spond with the experimental observations. The maximal error on the crack

length is obtained for the lower ply which is overestimated by 32%. The force
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curve correlates very well with the experimental one.

Finally, the numerical damage scenario during the impact is illustrated

in the Fig. 11. A first fibre failure occurs at 0.11 ms in the lower carbon ply.

At 0.25 ms, a V-shape crack appears in the middle ply which is characteristic

of the ±45o orientation of the carbon fibres. At the same time, a crack is

initiated in the upper glass ply. This time corresponds to the maximal force

value recorded (Fig 10). Then, the cracks propagate in the impact direction.

Finally, at 0.49 ms, the failure on two parallel lines of the central ply tends

to modify the distribution of the load and makes it easier for the crack to

bifurcate in the upper glass ply. At this stage the force is stabilized on a

plate until the rebound of the ball.

5. Conclusion

This article presents a finite element modeling of low velocity normal

impacts and medium velocity oblique impacts on sandwich structures. The

woven composite skins are modeled using the semi-continuous approach pre-

sented in the first part of this two-parts article. The foam core is represented

using solid elements with a continuous material law.

The main interest of this modeling strategy is that the local damage

phenomena that can occur within the thin woven composite skin can be

represented with an acceptable calculation time, even if the whole sample is

modeled.

The results provided are good enough to represent the damage scenario

observed experimentally. More, the analysis of the results can help to under-

stand better the mechanisms leading to the final fracture shape.
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Figure 1: Experimental conditions of drop weight test.

Figure 2: Modeling of drop weight test.
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Figure 3: Experimental and numerical damage shape after drop weight impact on the

C0C0 sandwich configuration.
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Figure 4: Experimental and numerical force versus time curves explained with the numer-

ical damage predicted during the impact.
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Figure 5: Experimental and numerical damage shape after drop weight impact on the

C0C45 sandwich configuration.
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Figure 6: Experimental and numerical damage shape after drop weight impact on the

G45G0 sandwich configuration.
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Figure 7: Oblique impact test conditions, tracking of the impactor by Digital Image

Correlation technique [26] and modeling of the specimen
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Figure 8: Oblique impact test results for the C03 (left) and the C453 (right) configurations
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Figure 9: FEM results of the C453 configuration during the impact

Figure 10: Oblique impact test results for the C0C45G0 configuration
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Figure 11: FEM results of the C0C45G0 configuration during the impact
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Table 1: Identified parameters for the Rohacell A51 foam material

Parameter Value

E (MPa) 20

A (MPa) 0.63

B (MPa) 0

C 0

P0 (MPa) 0.01

Φ 0.25

Table 2: Skin configurations studied for the drop weight impact tests

Configuration name Lower ply Upper ply

C0C0 Carbon (0/90)o Carbon (0/90)o

C0C45 Carbon (0/90)o Carbon ±45o

G45G0 Glass ±45o Glass (0/90)o

Table 3: Skin configurations studied for the gas gun impact tests

Name Lower ply Middle ply Upper ply

C03 Carbon (0/90)o Carbon (0/90)o Carbon (0/90)o

C453 Carbon ±45o Carbon ±45o Carbon ±45o

C0C45G0 Carbon (0/90)o Carbon ±45o Glass (0/90)o
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