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Abstract — This paper presents experimental and numerical studies of drop tests of corrugated cardboard
packaging containing different foam cushions. An efficient homogenization model for the corrugated card-
board has been developed. In our homogenized model, the corrugated cardboard is represented by a 2D
plate. Instead of using a local constitutive law (relating the strains to the stresses) at each material point,
the homogenization gives the global rigidities (relating the generalized strains to the resultant forces) for
the equivalent homogeneous plate. This model was implemented into the FE software ABAQUS. The foam
behaviour was experimentally determined and modelled using a crushable foam model of ABAQUS. The
packages are tested in free fall from a given height on a rigid floor. The deceleration of the packed product
was recorded using a triaxial accelerometer. The numerical results obtained using the FE simulation with
the homogenized model agree well with the experimental results. We have also shown that the contribution
of the corrugated cardboard box to the shock response could not be neglected in the design of cushioning
package.

Key words: Drop tests / corrugated cardboard / homogenization model / finite-element simulation /
foam cushions

Résumé — Simulation par éléments-finis avec un modeéle d’homogénéisation et étude
expérimentale de tests de chute libre d’emballages en carton ondulé. Cet article présente une
étude expérimentale et numérique d’essais de chute libre d’emballages en carton ondulé contenant différents
calages en mousse. Un modele d’homogénéisation efficace pour le carton ondulé a été développé. Dans notre
modele homogénéisé, le carton ondulé est représenté par une plaque 2D. Au lieu d’utiliser une loi de com-
portement locale (reliant les déformations aux contraintes) & chaque point d’intégration, 'homogénéisation
conduit aux rigidités globales (reliant les déformations généralisées aux forces résultantes) pour la plaque
équivalente homogene. Ce modele a été implémenté dans le logiciel ABAQUS. Le comportement de la
mousse a été déterminé expérimentalement et modélisé avec un modele de mousse déformable d’ABAQUS.
Les emballages sont soumis a des tests de chute libre d’une hauteur donnée sur un sol rigide. L’accélération
du produit emballé a été enregistrée en utilisant un accélérometre triaxial. Les résultats numériques obtenus
en utilisant la simulation avec notre modele homogénéisé concordent bien avec les résultats expérimentaux.
Nous avons également montré que la contribution de la caisse en carton ondulé a la réponse au choc ne
pouvait pas étre négligée dans la conception des calages.

Mots clés : Tests de chute / carton ondulé / modele d’homogénéisation / simulation par éléments-finis /
calages en mousse
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Nomenclature
E; Young modulus along direction
Vij Poisson ratio
Gij Shear modulus
{N} Internal membrane force vector
{T} Internal transverse shear force vector
{M} Internal moment vector
[A] Membrane stiffness matrix
[D] Bending-torsion stiffness matrix
[F] Transverse shear stiffness matrix
[B] Membrane, bending-torsion coupling matrix
{e} Membrane strain vector
{k} Bending-torsion curvature vector
{7} Transverse shear strain vector
P Corrugation period of the cardboard
L Length of a cardboard along MD
B Width of a cardboard along CD
l Curvilinear length on a corrugation period of a fluting
h Height of the corrugation of a fluting
€o, €f, €i  Thicknesses of outer liner, fluting and inner liner respectively
G” Apparent shear modulus
[o] Stress tensor
[s] Deviator stress tensor
P Pressure
Oeq Von Mises equivalent stress
f Yield surface of plasticity
g Plastic flow potential for non associated plasticity
(k, k¢) Parameters of the crushable foam model

1 Introduction

During storage and transportation, products can ac-
cidentally fall onto the floor causing some damages on
the products. The corrugated cardboard packages and the
foam cushions are designed to protect the product from
the shock it may undergo. As the product design always
tends towards light, a high impact performance becomes
extremely important for product design issues [1,2]. Con-
ventionally, a product reliability test to prevent impact-
induced damage is carried out by a procedure of “design
— prototype — test — redesign” which is highly cost and
time consuming. A numerical modelling of the product
and its packaging provides an efficient methodology to
predict the structural strength during impact. Moreover,
the finite-element simulation allows to avoid numerous
experimental tests and to predict possible failures during
the design stage.

The conventional method of packaging design uses
cushion curves, and assumes that the foam elements of
the package are rectangular blocks, loaded in uniaxial
compression [3]. For the design of complex shaped foam
cushions the finite-element simulation was used in differ-
ent works [4-7]. For the corrugated cardboard, the me-
chanical properties under various solicitations were inves-
tigated by some authors [8-10]. By using some FE models
and commercial FE software the mechanical behaviour of
corrugated cardboard was also studied [11-13]. However,

there is no published research on the design of packaging
systems with both foam cushions and corrugated card-
board boxes.

This article deals with the drop impact problem
of packaging systems using numerical and experimen-
tal methods. Different packaging systems, using corru-
gated cardboard boxes and different configurations of
foam cushion, are studied in terms of shock resistance.

Firstly, we present the materials and experimental
setup. Then, we describe the homogenization model for
the corrugated cardboard, its implementation in the finite
element code ABAQUS and the foam behaviour model.
Finally, the decelerations measured during the shock by
using the data acquisition system of the drop test plat-
form are compared with the results obtained by ABAQUS
simulations using the homogenization model.

2 Materials and methods
2.1 Corrugated cardboard box

Several corrugated cardboard boxes with their inside
dimensions of 150 x 150 x 90 mm?® and 4 mm thickness
are used for the experimental drop tests (Fig. 1). The
product contained in the box is a thick steel plate of 87 x
87 x 30 mm?>.
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Outside liner

Flute

Inside liner

Fig. 1. Corrugated cardboard box.

The corrugated cardboard is composed of outer Kraft-
liner, inner test-liner and a flute recycled-liner. The Kraft-
liner is mainly made with virgin softwood and hardwood
fibres but some recycled fibres are also added (e.g. clip-
pings from corrugated board manufacture or from old
corrugated containers). The test-liner mainly consists of
selected recycled fibres. The recycled-liner is made with
recycled fibres and its quality is lower than that of the
test-liner. These constituents are separated according to
the French norm NFQO03-043 in order to determine the
material parameters of each one. The tensile test samples
are cut using the ELCEDE MFT20 cutting table. The
tensile tests are performed on the two liners and the flut-
ing along the Machine Direction (MD-0°), Cross Direc-
tion (CD-90°) and 45° Direction. The tensile strain-stress
curves for the liners and fluting in the three directions are
shown in Figure 2. It is seen that the strain-stress curves
clearly depict the anisotropic elastoplastic hardening be-
haviour. For the Kraft-liner (Fig. 2a) and the test-liner
(Fig. 2b), the Young’s modulus and the tensile strength
decrease when the angle increases from 0° to 90°; because
the fibres tend to be aligned parallel to the rolling direc-
tion (0°) during the manufacturing process. However, the
fluting is made by running the steam-heated paper be-
tween two toothed rollers (like two wide gears) to form
a sinusoidal shape. This process breaks some fibres along
the machine direction so decreases its MD Young’s mod-
ulus (Fig. 2c¢).

Many paper grades have an almost linear elastic be-
haviour and then brittle behaviour in the MD direction,
but they can have a notable ductility in the CD direction
(Fig. 2a). The rate of recycled fibres used in the compo-
sition of the cardboard changes this behaviour (Figs. 2b
and c).
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Fig. 2. Tensile test curves of the corrugated cardboard con-
stituents: (a) outer liner, (b) inner liner, (¢) fluting.

In this study, the above paperboards are considered as
elastic and orthotropic, having the following constitutive
relations:
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Table 1. Material characteristics of the corrugated cardboard constituents.

Layers E, (MPa) E, (MPa) v.y Gay (MPa) Thickness (um)
Outer liner 1913.7 526.2 0.56 322.0 216.5

Fluting 464.3 355.9 0.33 93.0 191.0
Inner liner 1006.8 279.8 0.56 214.0 282.4

(a)

(b)

Fig. 3. Two foam cushion configurations: (a) Overall protection, (b) Protection on 4 corners.

where the subscripts z and y refer to the MD and CD
directions respectively.

The Young’s modulii are obtained by calculating the
slopes of the tensile curves in the elastic zones. The em-
pirical relations established by Baum et al. [14] are used
to determine the Poisson ratios and the in-plane shear
modulus as follows:

Gy ~ 0.387\/EL B,

1% 1Z
Vaglyz ~ 029 with —% =22 (2)
E, E,
These relations are used to obtain the elastic properties
of the two liners and the fluting given in Table 1.

2.2 Foam cushions

The foam cushions are cut in Ethafoam 400 extruded
polyethylene (PE) foam having a density of 58 kg.m™3
and supplied by Dow Chemical Company. In this study,
two configurations are considered (Fig. 3): the foam cush-
ion surrounding the entire product (Fig. 3a) and the
foam cushion limited to the four corners of the product
(Fig. 3b).

Uniaxial and hydrostatic compression tests are per-
formed to characterize the foam. The nominal stresses
versus nominal strains are plotted in Figure 4. These
curves are used to estimate the elastic modulus and the
hardening law of the foam.

2.3 Drop test system

The drop test is used to determine the package ability
to retain and protect its contents under a shock due to a
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Fig. 4. Uniaxial and hydrostatic compression curves of
Ethafoam 400.

free fall. The drop test is a simple method and corresponds
well to the reality. The package is placed on a fork at a
given height, then the fork is withdrawn very fast and the
package falls to the ground. The impact velocity depends
on the drop height. This velocity is a crucial parameter,
leading to great forces during a short time.

The drop test equipment used here is an AccruDrop
Tester from L.A.B. Equipment Inc. (Fig. 5). The drop
height is fixed to Hqrop = 1.05 m. To record the accel-
eration of the product, a triaxial accelerometer (Andevco
Isotron 2258 A-10) is glued to its horizontal top face. The
analysis and the visualization of the measurements are
done with Lansmont Test Partner 3 software.

3 Material behaviour models

The material models used in the FE simulations are
presented in this section. The 3D corrugated cardboard
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Fig. 5. Drop test system.

panels are homogenized to 2D orthotropic elastic plates.
This H-model is then implemented into ABAQUS using
user’s subroutine UGENS [15]. The crushable foam model
of ABAQUS is used for the foam which is considered as
an isotropic material; with a hardening law in function of
the volume change.

3.1 Corrugated cardboard homogenized model

A 3D geometrical modelling of the liners and the flut-
ing of the corrugated cardboard is a very tedious and time
consuming task. In our homogenization model, a corru-
gated cardboard panel is replaced by a 2D plate. Instead
of using a local constitutive law (relating the strains to
the stresses) at each material point, the homogenization
leads to global rigidities (relating the generalized strains
to the resultant forces) for the equivalent homogeneous
plate.

Using the theory of laminated plates and integrating
the stresses through the thickness (z) and then along the
MD direction (z), we obtain the following generalised con-
stitutive law [12]:

(NYT 1418110 ] [}
(y | = |1B]D][0] | | {x} (3)
(ry | Lol o [#1] [ {re

where {N}, {T'} and {M} are the internal forces and
moments; [A], [D], [B] and [F] are the stiffness matri-
ces related to the membrane forces, the bending-torsion
moments, the bending-torsion-membrane coupling effects
and the transverse shear forces respectively; {} is the
membrane strain vector, {k} is the curvature vector and
{7} is the transverse shear strain vector.

The corrugated cardboard is more complex than a
laminated plate because of the fluting core and the cav-
ities between the two liners. Consequently some global
effective stiffnesses in the matrix (3) obtained by the the-
ory of laminated plates should be modified [12,16].

3.2 Traction and bending stiffnesses

On the MD section, if we apply a traction force (N,
along z) or a bending moment (M, around y), the flute
behaves like a thin membrane so it can almost not with-
stand the normal stress along x. Our theoretical and nu-
merical studies [12] indicate that the flute has no contri-
bution to the extension and bending rigidities related to
N, and M,. The following changes are required in the
matrices [A], [B] and [D]:

Ng{:O:>A{1:A{QZA{3:B{1:B{2:B{3:0(4)

M£:0:>B{1:B{QZB{3:D{1:D{2:D{3:?5)

where the superscript f stands for the fluting.

3.3 In-plane shear stiffness

We consider a corrugated flute having a length of semi-
period P/2 along x and a width B along y. A shear force
N,y (per unit width along y) applied on the MD section
implies a transverse displacement v in y direction. If we
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unfold the flute to a flat plate, the shear stress 7., can be
easily calculated:

N, v
Tey = :y = Giy%y =q (6)
£

Ty l/_2
where ngy is the shear modulus of the fluting, ey its thick-
ness and [ its curvilinear length defined by:

P P
l—4/zds—4/I ! dz (7)
o " Jo cosf

H(z)=%sin (27%)

6 (z) =tan~! (%g(f))

where h is the corrugation height (see Fig. 1).
Thus we obtain the in-plane shear behaviour of the
fluting:

with

(8)

Gg 6fP
yl Vay 9)

Ngy =

Finally, the shear stiffness of the corrugated cardboard is
obtained by adding the contribution of the two liners:

efP :
Ass = G2, e0 + GgyT+G;yei

(10)
where e,, ey and e; are the thicknesses of the outer liner,
the fluting and the inner liner respectively; G ngy and

. Yy
G, are their shear modulii.

3.4 Transverse shear stiffness on CD section

It is difficult to directly determine the rigidity of trans-
verse shear on the CD section because of the coupling
of bending and transverse shear. According to the reci-
procity theorem, Nordstrand et al. [17] proposed to re-
place the transverse shear under the shear force T}, (along
2) by a shear on the thickness under a force along y.

The shear stiffness on the total thickness for corru-
gated board is obtained as follows:

o f 4h2 )
Foy = Gmyeo + Gwyef— + Gmyei

Pl (11)

3.5 Transverse shear stiffness on MD section

The transverse shear under the shearing force T, on
the MD section (along z) is replaced by a shear on the
thickness under a force along x. Thus this shearing prob-
lem becomes a bending problem of the fluting and liners
which was solved by using the curved beam theory [17].
Finally, the transverse shear stiffness relative to 7, is ob-
tained as follows:

Fi1 =G"h (12)

where G* is the apparent shear modulus calculated us-
ing the analytical formulas developed by Nordstrand
et al. [17] and implemented into our H-model.

3.6 Torsion stiffness on CD and MD sections

In a previous work [16], we have theoretically demon-
strated that the torsion of an orthotropic plate could be
decomposed into two beam torsion problems, thus the
torsion stiffness of a corrugated cardboard has been ob-
tained:

1
Dig = —

1 (13)

GJup  GJep\ _ GJcp
B L )7 4L

where GJyp and GJcp are the beam torsion stiffnesses
on MD and CD sections respectively (GJup < GJ¢p for
corrugated cardboards), L is the length along = and B is
the width along y (see Fig. 1).

The beam torsion stiffness GJcp can be analytically
obtained using the Bredt’s formula for a closed thin wall
beam section:

ALR2G?

i
weoGwei
Go e + GLyé6i

GJcp = (14)

3.7 Implementation of the homogenized model
in a nonlinear FE analysis

For this dynamic non linear problem, the corrugated
cardboard is modelled by shell elements, the internal
forces and moments are calculated incrementally. Their
increments {dN} and {dM} have the following relation-
ship with the increments of the membrane strains and
bending-torsion curvature:

9] () [ - 3] o0

where the stiffness matrix [H] is determined by our ho-
mogenization model which is implemented into ABAQUS
by programming a user subroutine UGENS.

In ABAQUS, the 4-nodal shell element S4R has 6 de-
grees of freedom per node (3 displacements and 3 rota-
tions). In the UGENS subroutine, the generalised forces
and strains are passed in using the arrays FORCE (6)
and STRAN (6), and will be updated at the end of the
subroutine; the known generalised strain and curvature
increments {de} and {dx} are passed in using the array
DSTRAN (6). The main purpose of the UGENS is to cal-
culate the stiffness matrix [H| in Equation (15) which is
stored in the array DDNDDE (6, 6) at the end of the
subroutine.

This array will be used by ABAQUS to define the el-
ement stiffness matrix in the FE solution. The transverse
shear stiffness is directly introduced in the input file of
ABAQUS.

3.8 Crushable foam model
Foam materials have a cellular structure and hence be-

have in a complex manner, especially under crush condi-
tions. A typical stress-strain curve of polymeric foam has
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four distinct parts, which are caused by different mecha-
nisms. A linear elastic region, followed by an almost hori-
zontal plateau (Fig. 4) resulting from the cells collapsing;
they buckle elastically and recover completely when the
foam is unloaded. When the cells collapse completely, the
stress rises steeply (densification) [18-20]. For this part, a
phenomenological non associated plasticity model is pro-
posed for isotropic crushable foam materials. It consists
of a modified plasticity model that accounts for a different
behaviour in compression or tension, which incorporates
uniaxial and hydrostatic compressive hardening laws.
This model with volumetric hardening uses a yield sur-
face with an elliptical dependence of the deviator stress
tensor [s] on the pressure p in the meridional plane.
The elastic behaviour of the foam can be considered as
isotropic and linear. The yield surface and the flow po-
tential for the crushable foam model are defined in terms
of the hydrostatic pressure stress p = —%trace [o] and

von Mises equivalent stress oeq = 1/ 3 [s] : [s]. The yield

surface is defined as follows:

f=\Jot +a2p—po)—5=0 (16)
where the parameter « represents the shape of the yield
ellipse in the p—o.q stress plane, py is the centre of the
yield ellipse, & is the length of the vertical axis (geq) of
the yield ellipse; a can be calculated from the initial yield
strength in an uniaxial compression (00 taken as a posi-
tive value), the initial yield strength in hydrostatic com-
pression (p?) and the yield strength in hydrostatic tension

(o)

0
o = 3k with kzg—g and kt:p_(t)
(Bky + k) (3—k) b c
(17)

The plastic flow potential g for non associated plasticity

is given by:
9
g =102+ §p2

The parameters of this model were identified from the
experimental results of Figure 4, giving k = 1.1 and ky =
0.

(18)

4 Results and discussion
4.1 Finite-element simulations

The product is considered as a rigid body. The
corrugated cardboard box is modelled with 4-node
S4R/ABAQUS shell elements and is considered as a ho-
mogenized material. The foam is modelled with 4-node
C3D4/ABAQUS tetrahedral elements and is considered
as elastoplastic material. The ground is considered as a
fixed flat rigid body. A frictionless contact is assumed.
The package is positioned 1 mm from the ground and has
an initial velocity V' = \/2gHarop, with the drop height
Hirop = 1.049 m.

S, Mises
(Avg: 75%)

+1123e+04

Fig. 6. Von Mises stresses (in Pa) for configuration 1: (a) on
the corrugated cardboard box and (b) on the foam cushion
(section).

In Figures 6 and 7, we have plotted the von Mises
stresses for the box and for the two considered config-
urations (configuration 1: foam cushion surrounding the
product, configuration 2: foam cushion at the corners of
the product). We can see that the corrugated cardboard
box undergoes higher stresses than the foam. This indi-
cates that the box contributes also to the shock absorp-
tion. The highest stresses on the box are located on the
central region of the topside. In fact, the cardboard un-
der a very great deceleration is not supported by the foam
cushion in this region.

4.2 Comparison of drop test experimental results
and FE simulations

Two types of test are performed for the configura-
tions 1 and 2 to study the influence of the packaging
on the product protection: the product is protected only
by the foam, or by both the foam and the corrugated
cardboard box. Figure 8 shows typical curves of deceler-
ation vs. time corresponding to the shock on the ground.
The deceleration is presented in terms of the vector re-
sultant magnitude. We observe that in the case without
the corrugated cardboard box, the maximum acceleration
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Table 2. Maximum deceleration and shock duration for drop tests.

Configuration 1 Configuration 2
With box Without box ~ With box = Without box
176.8 & 16.2  70.2 £ 4.6 98.5 + 15.3

Maximum deceleration (nb. of g) 143.1 + 13.3

Duration of shock (ms) 93+14

9.5+ 1.2 19.5 £+ 3.0 204 £ 2.6

Table 3. Comparison of the results obtained by the drop test and FE simulation.

Configuration 1 Configuration 2 Configuration 2
(vertical shock) (vertical shock) (lateral shock)
Simulation Test Simulation Test Simulation Test
Maximum deceleration (nb. of g) 139 143.1 + 13.3 80 70.2 £ 4.6 73.2 65.5 £ 6.7
Shock duration (ms) 6.5 9.3 £ 14 16.2 19.5 £ 3.0 17.3 19.1 £ 0.5
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Fig. 7. Von Mises stresses (in Pa) for configuration 2: (a) on
the corrugated cardboard box and (b) on the foam cushion.

(deceleration) is 20% higher than that in the case with
the box. This can be explained by the fact that the box
strengthens the foam package in the lateral directions and
gives some damping effects on the underside of the foam.
Five dropping tests have been done for each configuration;
the mean and the standard deviation of the maximum de-
celeration and the shock duration are given in Table 2.

The comparisons of experimental and numerical
curves of deceleration vs. time for the configurations 1 and

2 in the case of underside shocks are shown in Figures 9
and 10 respectively. Figure 11 presents the comparison of
the experimental and numerical curves of deceleration vs.
time for the configuration 2 in the case of lateral shocks.
We can see that the finite element simulation results agree
well with the experimental results. In the drop tests, the
underside surface of the package must be well flat and
horizontal in order to obtain the underside impact. Other-
wise, some impacts may take place on the package edges.
In Figures 9 and 11, only one peak is present on the ex-
perimental results. However, we observe two peaks on the
experimental curve in Figure 10. The reason is that the
underside is not entirely flat and horizontal, so the first
shock on an edge gives the first peak and the second shock
on the opposite edge immediately gives the second peak.
It is evident that an impact test in two shocks gives a
less maximal deceleration and more impact duration than
that in one shock.

In Table 3, we present the maximum deceleration and
the shock duration for different configurations. Between
the experimental and numerical results, we have obtained
an error of 2.87% for the maximum deceleration in the
case with the foam around the product, —13.96% in the
case with the foam on the corners of the product and
—11.76% in the case with the foam on the corners but the
shock on the lateral side.

It can be noted that the corrugated cardboard box
contributes about 20% to the shock absorption. The com-
parison between configurations 1 and 2 shows that the
surrounding foam offers a more rigid support to the prod-
uct leading to a shorter shock duration (more than 50%)
but a greater maximum deceleration (about 50%).

The comparison between the underside (Fig. 10) and
lateral side (Fig. 11) shocks for configuration 2 shows that
the shock duration is almost the same and the maximum
deceleration is about 7% lower for the lateral shock. This
means that the foam cushions at the corners of the prod-

uct also provide a good protection of the product on the
lateral side of the box.

5 Conclusion

In the design stage of packaging systems, we need
to simulate the contributions of both the corrugated
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Fig. 9. Comparison of experimental and numerical curves of
resultant magnitude deceleration vs. time for configuration 1.
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Fig. 10. Comparison of experimental and numerical curves of
resultant magnitude deceleration vs. time for configuration 2.

cardboard box and the foam cushions. According to the
drop tests, it is evident that the contribution of the cor-
rugated cardboard box to the protection cannot be ne-
glected. An efficient homogenization model for the cor-
rugated cardboard has been developed and implemented
into the FE software ABAQUS through the user subrou-
tine UGENS. This model has been used to simulate the
drop tests of the corrugated cardboard box containing dif-

Fig. 11. Comparison of experimental and numerical curves of
resultant magnitude deceleration vs. time for configuration 2
with lateral shock.

ferent foam cushion configurations. The drop tests were
instrumented, giving the curves of deceleration vs. time.
The FE simulation results agree well with the experimen-
tal results. We have also shown that the corrugated card-
board box with the corner foam cushions gives a more
damping effect to the shock response of the product.

In this study, we have not presented the results for
the shock on an edge or corner of the box. In fact, in
these two cases the corrugated cardboard box undergoes
a large plastic deformation, damage and rupture. These
phenomena are not yet included in our homogenization
model. We intend to extend our work on elastoplastic
homogenization model considering large deformations of
the corrugated cardboard.
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