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Due to the high damping mechanical properties of fiberboard materials, corrugated fiberboard boxes are
widely used as transport packagings of dangerous goods. Since there is risk of vertical impact within the
distribution system, drop tests are performed as design type tests to assess a package’s ability to with-
stand damage. In this context, however, little is known regarding the transient mechanical response of
a filled fiberboard box. The reason is that the nature of the packaging material presents challenges in
identifying the deformation mechanisms experimentally. The aim of this work is to provide a framework
for predicting the damage resistance of complete, filled corrugated fiberboard boxes which are ready for
transportation. Therein, drop test finite-element simulations are used and validated by experimental
results. These numerical calculation models are a valuable tool for virtual product development and con-
tribute to the optimization of the design cycle.
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1. Introduction

Corrugated fiberboard boxes are an established type of danger-
ous goods packaging for transporting various hazardous sub-
stances. Therefore, certain requirements need to be met to
ensure a uniform level of safety. These requirements are described
in the United Nations Model Regulations [1] as well as in the
Agreement concerning the International Carriage of Dangerous
Goods by Road (ADR) [2]. Thus, to be approved, a packaging must
pass design type tests, such as the drop test. Thereby, a complete,
filled transport packaging shall be allowed to fall under gravity and
get decelerated onto an impact target with an essentially unyield-
ing surface [3]. The purpose of the drop test is to assess a package’s
resistance to mechanical damage since vertical impact can occur in
the transportation chain.

A main requirement for drop tests of dangerous goods packag-
ings, as referred to in ISO 2248 [3], is that the impact surface shall
be integral with a mass at least 50 times that of the heaviest pack-
age to be tested. However, manufacturers of corrugated fiberboard
boxes often do not have an appropriate testing device to meet this
requirement, signifying that they must outsource drop testing.
Safety in transport is compromised if a packaging doesn’t pass
the drop test. This creates problems for manufacturers. Numerical
simulations of a drop test can be a powerful assistance tool in the
design process and ensure that the positions of critical loading of a
filled box are identified correctly. Using this type of virtual product
development, optimization of packaging design can occur before
series production; hence, minimizing costs and maximizing
performance.

This work addresses a deformation analysis of filled corrugated
fiberboard boxes in the context of the mechanical safety testing of
dangerous goods packagings. A finite-element (FE) model of the
drop test is introduced that realistically describes the complex
mechanical behavior of the packaging during impact. The model
is validated experimentally using the digital image correlation
(DIC) technique. DIC enables highly accurate measurements of
deformations and strains on the fiberboard material, as well as
vibrations of the impact surface. Additionally, accelerometers are
applied on the impact surface as a redundant measurement of
vibration data. Furthermore, the proposed drop test simulation
model can be parametrized and used in sensitivity analyses. This
ct tests
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aims to determine failure mechanisms and bearable loads of differ-
ent designs of filled corrugated fiberboard packagings within the
scope of the transportation of dangerous goods.
2. Materials and methods

The test setup [4] comprises model impact target and filled cor-
rugated fiberboard box. The model impact target consists of a steel
plate with a mass ratio of 1:50 to the considered filled boxes which
rests on a bedding of high strength spring elements. The corru-
gated fiberboard box design type complies with dangerous goods
regulations [1,2] and is coded as 4G according to ADR 6.1.2.7 [2].
A polymethylmethacrylate (PMMA) granulate is used as a substi-
tute filling substance and constitutes a homogeneous filling that
causes great strains on impact. The combined weight of package
and filling is 18 kg.

The defined loading scenario consists of a free drop of the filled
fiberboard box onto the impact target’s surface from predeter-
mined critical heights. These drop heights diverge from the ones
in ADR 6.1.5.3.5 [2] for drop testing of dangerous goods packagings.
They have the purpose, however, to statistically determine the
amount of impact energy needed so that the tested package has
a 50 % probability to fail the drop test [5]. Failure of a drop test
is defined as evident leakage of the filling substance. Thus, it is pos-
sible to identify the activated mechanisms of mechanical damage
of the 4G packaging. Furthermore, the drop position according to
ISO 2206 [6] is on the corner of the package to consider the
worst-case impact loading.

The impact data were captured with the help of two high speed
cameras by means of 3D deformation measurement and point
tracking [7–9], as well as with Integrated Electronics Piezo-
Electric (IEPE) accelerometers on the impact surface. The numeri-
cal analysis of the impact was developed by the commercially
available simulation software LS-DYNA. This includes structural
and material modeling in preprocessing (LS-PrePost), the FE solver
(LS-DYNA), and postprocessing of the results (LS-PrePost).
Fig. 1. Steel plate on spring element bedding as

Fig. 2. Corrugated fibe
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2.1. Experimental setup of the drop test

The surface of a 980 kg steel plate is used as an impact target.
Hence, the regulation requirement of a mass ratio of at least 1:50
between target and package is satisfied. For the purpose of control-
ling and minimizing the energy that gets transmitted outwards
from the system and into the ground during impact, a set of five
high strength spring elements is used as a bedding for the steel
plate. The technical data of the model impact target are depicted
in Fig. 1.

This impact target foundation structure has been verified to
conform to regulations [2,3] and its properties are described in
detail in the investigations regarding impact target requirements
in the mechanical safety testing of dangerous goods packagings
by Lengas et al [4].

The walls of the 4G packaging consist of a double faced and
double-walled corrugated fiberboard in BC-profile. Its geometry
is displayed in Fig. 2.

The values for the geometrical properties depicted in Fig. 2 are
given in Table 1. The total wall thickness amounts to 6.72 mm and
was measured as described in ISO 3034 [10].

The grammage values of the board composition are 125 g/m2

for the top and bottom liner, 115 g/m2 for the insert liner, and
150 g/m2 for the B- and C-flute respectively. The corrugated fiber-
board box geometry is designed as per drawing shown in Fig. 3
according to FEFCO 0201 [11].

The 40 mm wide gluing flap (manufacturer’s joint) has been
glued and taped at the outside of the outer packaging for the pur-
pose of holding the two ends of the box blank together. Informa-
tion regarding the dimensions of the entire empty packaging can
be found in Table 2.

The substitute filling substance is a PMMA granulate with the
commercial name Esplas H130. The substance’s specifications can
be found in [4]. It exhibits good flow properties in order to cause
large strains in the fiberboard walls of the 4G box on impact, and
homogeneity in its grain shape and size to increase test repro-
impact target foundation for the drop test.

rboard geometry.



Table 1
Geometrical properties of BC fiberboard. All properties are given in mm.

Fiberboard components Thickness ts Thickness tF Thickness tC Adhesion length a Wavelength LW

Top / Bottom liner 0.235
Insert liner 0.153
C-Flute 3.6 3.4125 1 7.2
B-Flute 2.5 2.375 0.8 6.1

Fig. 3. Fiberboard box design according to FEFCO 0201 [11]. All dimensions are given in mm.

Table 2
Corrugated fiberboard box properties.

Packaging dimensions Length [mm] Width [mm] Height [mm] Volume [L] Mass [g]

Exterior 382 382 330
Interior 368 368 302
Outer packaging 40.9 831
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ducibility and reduce complexity of modeling. The combined mass
of 4G packaging and substitute filling substance is 18 kg. The com-
plete filled corrugated fiberboard box is shown in Fig. 4.

The box is sealed with a 75 mm wide cross-woven fiber-
reinforced self-adhesive tape that has a tensile strength of 300 N/
cm at a 10 % elongation at break. As seen in Fig. 4, the preferred
regulation compliant closure type is a Double-T-Seal (closed 6-
tape seal). This is necessary due to the nature of the small-
grained filling substance which would otherwise spill out and
Fig. 4. Complete, filled fiberboard box.
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require an interlayer between packaging and filling. Fig. 5 shows
the 4G packaging brought to position for the drop test. The package
is placed in a fixed position where the corner of the manufacturer’s
joint will be the first point of contact with the impact surface [6].

The impact angle is controlled by an edged metal sheet angle
with a steel rod attached to it. The metal sheet angle is applied
on the inside of the box. This ensures drop position reproducibility.
A device for moment-free dropping is used that is connected to the
hook of an overhead crane. Preliminary tests were carried out to
guarantee reproducibility and repeatability for impact position
and impact angle with respect to the packaging’s center of gravity.
2.2. Sensing equipment of the drop test

The packaging’s and target’s mechanical response to impact are
captured by means of DIC which enables 3D deformation measure-
ment and point tracking. Round target stickers applied on the
impact target function as markers which are necessary to create
a reference system for tracking local displacements. By means of
a commercial digital photogrammetry system (GOM Correlate),
numerous amounts of photos of different points of view are used
to define a coordinate system with respect to the markers (see
Fig. 6). This creates a plane corresponding to the impact surface
according to the least squares method.



Fig. 5. Experimental drop test of the 4G packaging.

Fig. 6. (a) Impact target with calibration equipment and markers; (b) Digital reconstruction and reference system generation.

Fig. 7. Experimental setup with two PHOTRON FASTCAM high-speed cameras.
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To capture the impact event of the drop test, two PHOTRON
FASTCAM high-speed cameras are operated at a frame rate of
20 kHz and a resolution of 1024 � 1024 pixels. The setup is
depicted in Fig. 7.

The side of the fiberboard box in the camera line of sight is
painted white and provided with a random pattern of black
spots, as shown in Fig. 8. This grayscale pattern is necessary
for the generation of a high-quality digital 3D surface (consisting
of a mesh of triangular elements) of the respective packaging
side. This allows for the accurate computation of 3D displace-
ments. Furthermore, the data noise is identified before each
measurement in order to determine the measurement uncer-
tainty. The range of data noise across all optical measurements
was approximately ± 10 lm.

In addition to DIC, uniaxial IEPE accelerometers with an ampli-
tude range of ± 50 g and a frequency range up to 10,000 Hz are
applied on the impact surface. The response of the impact surface
is captured and cross-referenced with the respective image corre-
lation data. Thereby, the acceleration-time history is used to derive
the relative displacements at the monitored locations by means of
numerical integration. The expanded measurement uncertainty of
the IEPE measurements was approximately ± 2 %.
4



Fig. 8. (a) grayscale pattern on fiberboard box; (b) corresponding digital 3D surface.
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2.3. Finite element structural modeling

The FE-model of the impact target consists of three parts: steel
plate, springs, and ground. The steel plate is modeled with a fine
homogeneous mesh of solid hexahedral elements. The spring ele-
ments are modeled as discrete one-dimensional elements defined
by the spring constant in vertical direction. A rigid plate of solid
elements with constrained translations and rotations in all direc-
tions is used for the ground. The model of the entire structure is
shown in Fig. 9.

An implicit static analysis of gravity loading was carried out to
investigate prestress of the steel plate. This is important for accu-
Fig. 10. FE-model generat

Fig. 9. FE model of impact tar
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rately simulating the mechanical response of the target structure
during impact. Mass damping is also invoked and set at 10 % of
critical damping to simulate vibration decay. The eigenfrequency
of the system f 0 was derived analytically and experimentally in [4].

The modeling of the corrugated fiberboard and subsequently
fiberboard box is realized through certain steps. An analytically
homogenized fiberboard geometry, where the corrugated fiber-
board properties are given by a mathematically equivalent homo-
geneous board geometry, as described in [12], was utilized to
reduce computational times. This allows to define the same mate-
rial properties through the thickness direction ZD. Thereby, the
laminate theory for composite plates is used and enhanced by cal-
ion of fiberboard box.

get foundation structure.
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culating effective stiffnesses for the transverse shear and torsion
moments. The finite-element mesh is modeled with fully inte-
grated shell elements to achieve good results at high strain rates.
Furthermore, the box geometry is simplified to achieve stability.
The whole generation process of the finite-element model of the
fiberboard box is described in Fig. 10.

As denoted in Fig. 10 by the red colored shell elements, the
walls no. 5–8 and the manufacturer’s joint are given double thick-
nesses to approximate the folding pattern. The fiber-reinforced
tape is modeled as well, but only for the impact side (see Fig. 10;
walls no. 5, 6) since loading of the opposite-side walls (no. 7, 8)
is negligible. The Double-T-Seal closure is comprised of fully inte-
grated shell elements with nodes that are tied to the respective
faces on the box, as shown in Fig. 11. Therewith, the tape adheres
ideally to the fiberboard.

The PMMA granulate filling substance is modeled in the simu-
lations by means of the Smoothed-Particle-Hydrodynamics (SPH)
method [13–15]. Thereby, the substance is approximated as a con-
tinuum by a set of homogeneously distributed particles around the
packaging’s center of mass. Each particle is assigned material coor-
Fig. 11. FE-model of Double-T-Se

Fig. 12. Model of filling subst
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dinates which are independent variables. This particle based prob-
abilistic method allows for large material distortion and
fragmentation, as well as free surface flow. The model for the filling
substance is visualized in Fig. 12.

The SPH particles enable fast computation times in explicit
problems with fluid–structure interactions. This is important since
the accurate representation of the interaction between filling sub-
stance and fiberboard box packaging is crucial for achieving a real-
istic deformation pattern in the transient impact simulation.

2.4. Material modeling

The fiberboard material is modeled by means of a preset in LS-
DYNA [16] labeled as MAT_274 for paper and paperboard. This
modeling approach is based on the work of Nygårds et al [17]
and Xia et al [18]. Thereby, an elastoplastic model with decoupled
in-plane and out-of-plane properties is used. The in-plane proper-
ties (plane spanned by MD and CD, see Fig. 10) are defined by
orthotropic elasticity with six yield conditions (tension in MD, ten-
sion in CD, positive shear, compression in MD, compression in CD,
al closure (on impact side).

ance with SPH particles.
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negative shear), each with their own independent hardening func-
tions. The out-of-plane properties are described by empirical mod-
els which account for the non-linear elastic material behavior in
compression in ZD, and the respective out-of-plane and transverse
shear flow surfaces. The required elastic material constants were
derived from tensile testing of fiberboard samples in MD and CD
direction as well as calculations according to [19,20]. By means
of curve-fitting of the hardening functions to the measured
stress–strain curves, the plasticity parameters for tension in MD
and CD were approximated. The remaining plasticity parameters
were chosen in agreement with the literature [17,18,20]. Imple-
menting the homogenization of the corrugated fiberboard geome-
try, the equivalent material parameters were calculated and are
tabulated in Table 3.

To define the properties of the substitute filling substance, an
equation of state (EOS) is defined. The bulk behavior of the mate-
rial is determined by the EOS which calculates the pressure compo-
nent of the total stress (hydrostatic behavior) as a function of
density [21,22]. It is assumed that deviatoric stresses in bulk mate-
rial behavior are negligible. In LS-DYNA, the material type card
MAT_NULL allows equations of state to be considered without
computing deviatoric stresses. An appropriate EOS to calculate
the pressure component P is the polynomial form as described in
Equation (1) [16]. Thereby, pressure is linear in internal Energy E
and a function of l, where l ¼ q=q0 � 1 with q being the current
density and q0 the reference density.
Table 3
Homogenized fiberboard material properties.

Material parameter Value Material parameter Value

Density q [kg/m3] 115 Hardening parameter A0;3

[MPa]
6

E-modulus in MD E1 [MPa] 283 Hardening parameter B0;3 [-] 310
E-modulus in CD E2 [MPa] 197 Hardening parameter C0;3

[MPa]
225

E-modulus in ZD E3 [MPa] 1.41 In-plane plasticity yield
parameter S0;4 [MPa]

7.3

Poisson’s ratio m21 [-] 0.25 Hardening parameter A0;4

[MPa]
6

Poisson’s ratio m32 [-] 0.01 Hardening parameter B0;4 [-] 160
Poisson’s ratio m31 [-] 0.01 Hardening parameter C0;4

[MPa]
300

Shear modulus G12 [MPa] 91.4 In-plane plasticity yield
parameter S0;5 [MPa]

6.3

Shear modulus G23 [MPa] 5.64 Hardening parameter A0;5

[MPa]
9

Shear modulus G13 [MPa] 5.14 Hardening parameter B0;5 [-] 310
Elastic compression

parameter EC3 [-]

0.38 Hardening parameter C0;5

[MPa]
225

Elastic compression
exponent CC [-]

16.3 Tensile plastic Poisson’s ratio
in MD m1p [-]

0.5

Exponent in in-plane yield
surface TWOK [-]

2 Tensile plastic Poisson’s ratio
in CD m2p [-]

0.13

In-plane plasticity yield
parameter S0;1 [MPa]

12 Compressive plastic Poisson’s
ratio in MD m4p [-]

0.5

Hardening parameter A0;1

[MPa]
19 Compressive plastic Poisson’s

ratio in CD m5p [-]
0.13

Hardening parameter B0;1

[-]
266 Out-of-plane plasticity yield

parameter Ar [MPa]
11.9

Hardening parameter C0;1

[MPa]
800 Out-of-plane hardening

parameter Br [MPa]
1.92

In-plane plasticity yield
parameter S0;2 [MPa]

6.5 Out-of-plane hardening
parameter Cr [MPa]

6

Hardening parameter A0;2

[MPa]
40 Transverse shear plasticity

yield parameter s0 [MPa]
0.95

Hardening parameter B0;2

[-]
177 Transverse shear hardening

parameter As [MPa]
9

Hardening parameter C0;2

[MPa]
250 Transverse shear hardening

parameter Bs [MPa]
2

In-plane plasticity yield
parameter S0;3 [MPa]

6
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P ¼ C0 þ C1lþ C2l2 þ C3l3 þ C4 þ C5lþ C6l2� �
E ð1Þ

In this case, the most important parameter to simulate bulk
behavior is given by the polynomial coefficient C1 which repre-
sents the elastic bulk modulus [21]. All other polynomial coeffi-
cients, i.e., C0, C2, C3, C4, C5, and C6 are set to zero. Thus, the
pressure component of total stress is based only on volumetric
strain. The respective values of the material properties are shown
in Table 4.

An orthotropic elastic material model for the cross-woven fiber-
reinforced adhesive tape is defined, according to manufacturer’s
specifications. Considering a plane spanned by two axes (1 and
2) which correspond to the directions of the length and width of
a strip of tape, the respective young’s moduli are defined as
E1 ¼ 1500 MPa and E2 ¼ 900 MPa. Out-of-plane normal and shear
stresses are negligible (plane stress behavior), since the thickness
of the tape is very small compared to its other dimensions.
3. Results and discussion

The drop test was performed experimentally and simulated.
There were 5 drop tests captured with DIC from a test series of
25 tests. The test series had the purpose of determining the drop
height (i.e., the potential energy) from which a fiberboard box
has a 50 % probability to fail the drop test [5]. From the 5 drop tests
recorded by the high-speed cameras, one package failed the drop
test. In total, 9 packages failed and had evident leakage of the fill-
ing substance. This helped greatly in identifying the activated fail-
ure mechanisms which are accurately represented in the
simulation results. The drop test parameters are explicitly
described in Table 5.
3.1. Validation of FE model

In Fig. 13, the 3D deformation measurement is compared with
the simulation results. The contour plots display the relative dis-
placements of the deformed state to the undeformed state in Y-
direction with respect to a common coordinate system. The
depicted timestamps are chosen to be representative of the
increase of deformation until reaching maximum rigid body deflec-
Table 4
PMMA granulate material properties.

Material parameter Value

Density q0 [kg/m3] 460
1st polynomial equation coefficient (elastic bulk modulus) C1 [MPa] 2000

Table 5
Drop test parameters.

Test parameters

Packaging total weight
[kg]

18

Drop height [m] 5.0 – 7.1
Drop position (ISO 2206

[6])
On a corner (Top corner/manufacturer’s joint)

Impact target Steel plate on bedding of high strength spring
elements

Impact surface area [m2] 1
Impact target mass [kg] 960
Total spring stiffness [kN/

mm]
12.1

Point of impact Centre of impact surface of target
Observed impact duration

[ms]
50



Fig. 13. Deformation comparison of fiberboard box side between optical 3D measurement and simulation.
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tion and bulging of the observed side respectively. This occurs at
approximately 15 ms after initial contact t0 between the corner
of the fiberboard box and the impact surface.

Furthermore, the rigid body deflection of packaging and target
during impact are evaluated, as shown in Fig. 14. Firstly, a point
with negligible relative displacement to the undeformed state is
defined on the fiberboard box side and projected along the vertical
axis onto the impact surface plane with respect to the defined ref-
erence system. This allows for tracking the distance between these
two points which can be interpreted as the rigid body deflection of
the package. Secondly, the impact target vibration is derived from
the points defined in the photogrammetry procedure. Due to the
considerably high mass of the target, the vibration data exhibit
very small deviations across all considered points. The target
behaves like a rigid body, and the elastic deformation of the impact
surface is negligible. This is also backed up by impact simulations
Fig. 14. Definition of measurement for rigid body d
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of the drop test as well as vibration analysis [4]. In this instance,
the chosen position (Position 2, see Fig. 14) has the purpose of
cross-referencing image, accelerometer, and simulation data. Thus,
a round target sticker was applied directly onto the IEPE
accelerometer for point tracking.

The result comparison shows very good agreement between
experiments and FE simulation. This is illustrated by the graphs
in Fig. 15 where the rigid body deflection is plotted against time
for target and fiberboard box respectively, starting from the first
moment of contact between the two objects.
3.2. Deformation and failure mechanisms of the filled fiberboard box

Two mechanisms which are activated on impact show signifi-
cant influence on packaging deformation. On the one hand, there
is bulging of the walls and on the other hand, there is creasing
eflection of fiberboard box and impact surface.



Fig. 15. (a) Rigid body deflection of impact surface; (b) Rigid body deflection of filled fiberboard box.
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relating to delamination. The relevance of these effects is further
supported by evidence found in [23–25].

Wall bulging occurs due to in-plane tension (see Fig. 16).
Thereby, the extent of bulging is highly dependent on the inertia
and bulk behavior of the filling substance. In addition, large bul-
ging of the walls causes the edges of the box as well as the fiber-
Fig. 16. Effects of in-plane tension response of t

Fig. 17. Flexure-induced fracturing o

9

reinforced tape (joining walls no 5 and 6) to carry a significant
amount of impact load.

The failure types that were observed experimentally correspond
with this identified mechanism in the FE simulation, i.e., failure
occurs at the critical moment tcrit¼ t0 þ 15� 2ms of maximum
deformation due to in-plane tension. On 5 instances of packaging
he filled fiberboard box in corner drop test.

f fiber-reinforced tape-laminate.
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failure out of a total of 9, there was flexure-induced fracturing of
the tape-laminate, as illustrated in Fig. 17. This is attributed to
the extensive loading of the tape which can be seen in the simula-
tion results by the triaxiality factor (ratio of pressure forces to
shear forces) contour plot. The triaxiality factor provides an inter-
pretation of activation of failure mechanisms regarding fracture
processes due to void extension, such as the tape-laminate fractur-
ing due to the bulging of the coalesced walls no. 5 and 6. Hence, it
is evident, that the tape quality used to seal fiberboard box packag-
ings is crucial with regard to mechanical safety.

In the remaining 4 instances, there was distinct fracturing along
the edge of the manufacturer’s joint, as shown in Fig. 18. This is
caused predominantly by tension forces and is the direct effect of
large edge loading. However, a very high amount of impact energy
is necessary to initiate this type of failure in the fiberboard material
in a corner drop test (approx. more than 1200 Nm).

The second distinct type of deformation mechanism is
described by high local strains due to in-plane compression and
Fig. 18. Fracturing along the edge

Fig. 19. Effects of in-plane compression and out-of-plane shea
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out-of-plane shear, e.g., caused by the substantial relative displace-
ment of the box’s corner (point of impact) which initiates local
damage in form of creasing associated with delamination; see
Fig. 19. This effect alone, however, did not lead to failure of the
filled fiberboard box.

Regarding drop testing, crease formation contributes to the
damping of impact energy and temporary reduction of the effective
stress in the fiberboard box.
4. Conclusion

A validated finite-element simulation model for complete, filled
fiberboard boxes was proposed based on experimental drop test
results using highly accurate measuring techniques like digital
image correlation. This approach enabled the identification of
dominant deformation and failure mechanisms in filled fiberboard
boxes in the context of mechanical safety testing of dangerous
goods packagings. Thereby, creasing associated with delamination
of the manufacturer’s joint.

r response of the filled fiberboard box in corner drop test.
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and bulging of the fiberboard walls were major sources of defor-
mation with the latter being responsible for initiating damage.
The damage assessment highlights the importance of the proper-
ties of the adhesive tape used for sealing the package. The likeli-
hood of failure for fiberboard boxes rises significantly with
decreasing quality of tape-laminate. The findings of this work are
highly relevant for industrial application. Using the described
methods, parametrization of geometrical properties, board compo-
sition and material properties is possible to derive accurate models
of manufacturer specific designs. Namely, modeling can be tailored
to the needs of the respective manufacturer for achieving produc-
tion of optimized regulation-compliant packaging.
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