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Abstract. The primary concern of the current study is estimating the repetitive shock induced damages leading to cumulative 
fatigue on corrugated cardboard boxes experimentally and numerically. Repetitive shock tests were performed on boxes using a 
vibration table to construct a Damage Boundary Curve (DBC). To computationally determine this curve, a finite element approach 
is proposed using an elastoplastic homogenization model for corrugated cardboard. The proposed model was implemented in the 
finite element software ABAQUS. Thanks to adopted model simplifications, a box can be easily and reliably modelled as a 
homogenized structure. A calibration method is used to compute a set of effective parameters in homogenized model in order to 
keep its behavior qualitatively and quantitatively close to the response of a full structural model. For verification, the identified 
model is used to simulate the box compression test. To replicate the experimental tests, simulations of successive repetitive shock 
pulses are carried with the proposed model for oligocyclique and limited endurance fatigue. To reduce computational costs, we 
propose a simple method for unlimited endurance fatigue by extrapolating a trend line after some training cycles. The proposed 
method shows good agreement with experimental results. 

Keywords: Packaging, Shock test, Fatigue, Finite element simulation, Elastoplastic model. 

1. Introduction 

Corrugated cardboard boxes are designed to protect products from hazards of the distribution, transportation, and storage 
environment so that the products can be shipped to consumers without damage. When packaged products are shipped, they may 
encounter many dynamic events such as drops, impacts, compressions, vibrations…etc. during handling and transportation which 
might cause damage to the product. Shocks are one of the most severe factors that cause damage to products. The intensity of a 
given shock is characterized by its acceleration level or amplitude, and the duration over which the shock takes place [1]. Another 
important characterization of a shock pulse is the velocity change, which is represented by the area under the acceleration 
amplitude versus time curve. The damage boundary curve (DBC) is widely used to determine the shock damage of a product based 
on its sensitivity to acceleration and velocity change [2]. DBCs were applied to evaluate repetitive‐shock‐induced damage [3-5]. Test 
procedure to determine DBC usually requires the use of a programmable shock machine, which can vary the amplitude, duration 
and velocity change parameters of repeated impacts [6-9]. In our study, a test procedure is proposed using a vibration table to 
generate shocks of various shapes and intensities to construct the DBC of a corrugated cardboard box. 

Finite element (FE) modelling of corrugated cardboard has been an area of extensive research in static analysis. Biancolini et al. 
[10-11] developed equivalent material models of corrugated cardboard using a homogenization approach to predict the eigenvalue 
buckling load, and ultimate compression load from nonlinear static analyses of boxes. Han and Park [12] and Fadiji et al. [13] 
investigated the effects of vent design on compression strength using FE simulations on ventilated corrugated cardboard boxes. FE 
modelling of corrugated cardboard packages is fastidious, and the meshing generates heavy models which increases CPU time. In 
order to deal with this, researchers developed homogenization models that replace 3D structural models with a single-layered shell 
model. The proposed homogenization methods generally deal only with elastic properties [14-18], while for the description of 
nonlinear behavior of corrugated cardboard also plasticity must be considered [7, 19]. Rabczuk et al. [20] proposed a homogenization 
method for sandwich structures based on the equivalence of the continuum stored energy density function and a discrete energy 
associated to a representative core cell considering material nonlinearities including buckling of the core. They applied this 
homogenization to different types of cores under dynamic loading and in fluid–structure interaction examples. Recently, Anitescu 
et al. [21] proposed a method based on artificial neural networks (ANN) and an adaptive collocation strategy that can be applied for 
such problems. To model the orthotropic plastic behavior of paperboard, the common plasticity models used for are Hill [22], 
Hoffman [23], Tsai and Wu [24], Xia et al. [25], Mäkelä and Östlund [26], Harrysson and Ristinmaa [27]. Since corrugated cardboard 
consists of flat paperboard layers (linerboards) distanced by sine-shaped layer (fluting), the determination of effective elastoplastic 
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parameters for shell model that replaces 3D structural corrugated cardboard model is not an easy task. An inverse identification 
procedure can be used to calibrate effective elastoplastic parameters [7, 19]. 

The main concern of this study is estimating the effect of repetitive shock on corrugated cardboard boxes. Novelty of this study 
is the construction of the Damage Boundary Curve (DBC) using a vibration table and a finite element approach with an elastoplastic 
homogenization model for corrugated cardboard. 

2. Material and Methods 

In this section, we present the corrugated cardboard and the experimental techniques used in this study. To determine the 
material parameters, we carried out tensile tests on the papers constituting the corrugated cardboard. Corrugated cardboard boxes 
were then tested to study their behavior in compression and under repetitive shock leading to cumulative fatigue. 

2.1 Corrugated Cardboard 

For this study, we have used a single wall corrugated cardboard material consisting of a fluted corrugated sheet and two flat 
linerboards (Fig. (1)). The thickness and grammage (weight per meter square) of each constituent are given in Table (1). The 
corrugated cardboard was immersed in water to separate the sheets. The peeled off sheets were wrung by pressing them between 
absorbent papers before their conditioning at 23°C and 50% relative humidity (RH) for two days. 

2.2 Tensile Tests 

Using a cutting table (ZÜND M-1600), we cut ten standard specimens from the constituents of the corrugated cardboard to 
perform tensile tests in three directions (MD, CD and 45°). To ensure a better grip of the clamps when tightening these specimens, 
we glued pieces of rigid compact cardboard to both ends. 

The tensile tests were performed on an MTS Adamel-Lhomargy DY35XL testing machine equipped with 2 kN load cell. The 
standard test to evaluate a paperboard’s tensile properties was conducted on a 10 mm wide specimen that was clamped with a free 
span of 100 mm. The specimen was deformed at a constant rate of 10 mm/min while the force is recorded. To minimize the influence 
of climatic conditions, all tests were performed at 23°C and 50% RH. 

2.3 Box Compression Test 

Corrugated cardboard boxes are often stacked on one another to certain layers to form pallets. The box must have the capacity 
to bear the load during storage and transport. It is thus important to check the compression strength of the box. The box 
compression strength is a direct measure of its stacking strength.  

Figure (2) shows the unfolded box with dimensions LxWxH = 300x200x180 mm3. The box is compressed at a constant rate of 10 
mm/min between two rigid platens. The platens are fixed so that they remain parallel on an INSTRON 4204 testing machine 
equipped with a 5 kN load cell. The compression tests were carried out under standard conditions at 23°C and 50% RH. 

2.4 Repetitive Shock Experiments 

Corrugated cardboard boxes are used to protect their contents from the hazards encountered in handling, transportation, and 
storage. These packages are at risk of being dropped or damaged during handling and shipping. Shock is one of the more 
troublesome of these hazards. Shock testing techniques are used to identify the vulnerabilities of engineered products and 
components. Controlled shock input by shock machines provides a convenient method for evaluating the ability of shipping 
containers to withstand shocks. 

 

Fig. 1. Geometry and dimensions of flute B corrugated cardboard. 

 

Fig. 2. Unfolded box. 

Table 1. Thickness and grammage of flute B corrugated cardboard. 

 Thickness (mm) Grammage (g/m2) 

Top linerboard 0.180±0.004 140 

Fluting 0.150±0.008 113 

Bottom linerboard 0.217±0.004 130 

 

H 
W L 
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Fig. 3. Experimental setup for shock testing on the vibration table. 

 

Fig. 4. Example of a half-sine shock pulse and corresponding response. 

Shock tests were performed on the same boxes introduced in previous section using a servo-hydraulic vibration table connected 
to a real-time vibration controller (SEREME, France) programmed to generate shocks of various shapes and intensities. As in most 
mechanical shock test procedures, fixturing of the package on the shock test machine may have significant influence on the test 
results. In this study, the box is fixed on the vibration table by a structure consisting of link bars connected to the table by bolts as 
shown in Fig. (3). The box is preloaded with a total mass of 8.4 kg. 

The test procedure for repetitive shock experiment is as follows: the vibration table generates a shock in the vertical direction 
and the response of the system shown in Fig. (4) is recorded. A box is subjected to repetitive shock with the same intensity until a 
visible damage is observed on the box. The damaged box is then removed and replaced by a new one to undergo a series of shocks 
with another level of intensity. The acceleration and velocity change are the two parameters recorded and plotted in the testing 
procedure. With this procedure, we obtain the Damage Boundary Curve (DBC) which is constructed from the critical acceleration 
and the critical velocity change when the box is damaged. 

3. Material Model 

To efficiently simulate the mechanical behavior of a corrugated cardboard box, we need to use a homogenization model instead 
using the full 3D model to reduce the preparation of the model and the computational times. The homogenization consists in 
representing the corrugated-core sandwich panel by a homogeneous plate. 

3.1 Governing equations 

The dynamic boundary value problem (BVP) in a 3D cartesian frame is written in a strong form as: ��� � = ���,� + 
� (1) 

where �� are the displacement vector components, � is the density value, ��� are the stress tensor components, and 
� are the 
body force components. 

The kinematic relations for the strain rates are given as follows: 

���� = 12 ��� �,� + ���,�� = ����� + �����  (2) 

where ��� are the strain tensor components, ����  and ����  are the components of the elastic and plastic strain tensors. 
The constitutive equations relating stress rates and elastic strain rates are given by: ���� = ����������  (3) 

where ����� is the matrix of elastic moduli. 
Considering the decomposition of the strain rate tensor into elastic and plastic components, the Hooke’s law is written in the 

following form: ���� = ���������� − ����� � (4) 
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The boundary conditions set on the �� and �� surfaces, respectively, are: 

��� � = �� ,              �� ������� = �� , �� �� (5) 

where �� is the loading velocity, �� is the traction and �� is the surface normal. 

3.2 Paperboard Elastoplastic Model 

In this work, the orthotropic elastoplastic material model proposed by Mäkelä and Östlund [26] was used to predict the behavior 
of the linerboards and the fluting. This model is based on the concept of material equivalent isotropic plasticity (IPE) introduced by 
Karafillis and Boyce [28]. The IPE-material is a fictitious isotropic material, subjected to a stress state that equals the corresponding 
stress state in the actual anisotropic material. 

The yield criterion may be expressed as: 


 = �� − �! = "32 ⟨%⟩'%()*/, − -.��. + �� � �*//
 (6) 

where �!  is the yield stress, '%( is the deviatoric stress tensor, �� �  is the equivalent plastic strain, -. and �., are two model 
parameters. 

However, the definition of the deviatoric stress tensor for the IPE-material differs from J2-flow theory and is expressed as: 

'%( = 0 %1%!%2%1!
3 = 456'�( = 13 7 28 9 − 8 − : 09 − 8 − : 2: 0: − 9 − 8 8 − : − 9 00 0 3<= > �1�!�1!? (7) 

where 8, :, 9 and < are model parameters. 
Since this material model is not available in ABAQUS software, it was implemented using the material user subroutine VUMAT 

[29]. The aim of this material subroutine is to invoke a given increment in total strain and return the corresponding stress state and 
the internal state variable (the equivalent plastic strain in our case). A backward-Euler approach is adopted in the implementation 
of the subroutine. 

The starting point of the calculation of the stress state, corresponding to a given increment in total strain ∆���, is the calculation 
of the trial stress state ���AB/�C assuming a pure elastic behavior: 

���AB/�C = ��� D�E + �����∆��� (8) 

The value of the loading function 
 is evaluated by Eq. (6): if 
 < 0 a pure elastic deformation is occurring during the increment 
and the evaluated stress state is the correct stress state, if 
 > 0 the deformation is partly plastic and the elastic trial stress state 
must be corrected for plastic deformation such as: 

��� /�C = ���AB/�C − ∆H����� I
I��� (9) 

where ∆H is the plastic multiplier increment given by: 

∆H = I
I��� �����∆���I
I��� ����� I
I��� + I�!I�� � ��
 (10) 

3.3 Homogenized Corrugated Cardboard Elastoplastic Model 

A corrugated-core sandwich plate consists of a fluted corrugated sheet and two flat linerboards, where the fluting shape is 
defined with a sine function as: 

⎩⎪⎨
⎪⎧NOPQ = tanU* V<ℎOPQ<P X

ℎOPQ = "ℎY2 − Z,2 ) sin ]2^ P_` (11) 

where ℎY is the distance between the linerboards, Z, is the flute thickness and _ is the fluting period defined in Fig. (5). 
 

 

Fig. 5. Representation of the periodic unit cell for corrugated cardboard. 
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For the elastic homogenization, the classical lamination theory was modified to consider the corrugated sheet. The laminate in 
plane forces 'a(, transverse shear forces '�( and out of plane moments 'b( can be related to the deformations '�(, 'c( and the 
curvature 'd( of the laminate by the following expression: 

⎩⎪⎪
⎪⎨
⎪⎪⎪
⎧ a1a!a1!b1b!b1!�1�! ⎭⎪⎪

⎪⎬
⎪⎪⎪
⎫

=
⎣⎢
⎢⎢
⎢⎢
⎢⎡k** k*, 0 l** l*, 0 0 0k*, k,, 0 l*, l,, 0 0 00 0 kmm 0 0 lmm 0 0l** l*, 0 n** n*, 0 0 0l*, l,, 0 n*, n,, 0 0 00 0 l** 0 0 nmm 0 00 0 0 0 0 0 o** 00 0 0 0 0 0 0 o,,⎦⎥

⎥⎥
⎥⎥
⎥⎤

⎩⎪⎪
⎨
⎪⎪⎧

�1�!c1!d1d!d1!c12c!2 ⎭⎪⎪
⎬
⎪⎪⎫

 (12) 

with: 

⎩⎪⎪
⎪⎪⎨
⎪⎪⎪
⎪⎧k��OPQ = s��O*QZ* + s��O,Q�NOPQ� Z,cos NOPQ + s��OmQZm

l��OPQ = s��O*Qv*Z* + s��O,Q�NOPQ�v, Z,cos NOPQ + s��OmQvmZm
n��OPQ = s��O*Q Vv*,Z* + Z*,12X + s��O,Q�NOPQ� Vv,, Z,cos NOPQ + Z,,12 cos, NOPQX
                                                 +s��OmQ Vvm,Zm + + Zm,12X
o��OPQ = 56 "���O*QZ* + ���O,Q�NOPQ� Z,cos NOPQ + ���OmQZm)

 (13) 

where s��O�Q is the reduced stiffness matrix (Eq. (14)), ���O�Q
 is the transverse shear stiffness matrix (Eq. (15)), and subscripts 1, 2 and 

3 denote outer linerboard, inner linerboard and fluting, respectively. 

4s6O�Q = ⎣⎢⎢
⎡ yz*U{z|{|z }z|~|��}z|}|z 0

}|z~z��}z|}|z ~|��}z|}|z 00 0 �1!⎦⎥⎥
⎤O�Q

 (14) 

4�6O�Q = ��!2 00 �12�O�Q
 (15) 

where -1 , -! , �1! , �1! , �!2 , �12  are the elastic material properties, with P, �, v  the paperboard MD, CD and ZD directions, 
respectively. 
The global equivalent stiffness matrix for elastic case is obtained by integrating Eq. (13) over a fluting period _: 

⎩⎪⎪
⎪⎪⎪
⎨
⎪⎪⎪
⎪⎪⎧k��ℎ = � k��OPQ<P�

.
l��ℎ = � l��OPQ<P�

.
n��ℎ = � n��OPQ<P�

.
o��ℎ = � o��OPQ<P�

.

 (16) 

Some simplifying assumptions and detailed calculations of the equivalent stiffness terms can be found in [14-17]. 
The elastic parameters of linerboards and fluting are obtained from standard experimental tensile tests. Then, the homogeneous 
stiffnesses of corrugated cardboard are computed using Eq. (16). Finally, the homogenized material stiffness matrix s���  of the 
corrugated cardboard is obtained from Eq. (17): 

s��� = 12n��ℎ�
ℎ

m  (17) 

with: 

�ℎ = �∑ n//ℎm/�*∑ k//ℎm/�*  (18) 

To find the effective elastoplastic parameters for shell model that replaces 3D structural corrugated cardboard model, an inverse 
identification procedure is used. We carried out three tensile test simulations on different samples: MD-sample, CD-sample and 45° 
oriented-sample using a 3D structural model to generate tensile curves, which are then used to identify an equivalent shell. The 3D 
structural and the 2D homogenized tensile samples are meshed with rectangular reduced integration shells elements (S4R) with a 
mesh size of 0.5 mm as shown in Fig. (6). 

The obtained load vs displacement curves are compared to the numerical equivalent shell curves by minimizing the least square 
error defined in Eq. (19). 
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Fig. 6. Three-dimensional structural and equivalent corrugated cardboard meshes. 

 

Fig. 7. Boundary conditions for box compression test. 

o�BB = 1a ��oℎO'_(, ��Q − om�O��Q�,�
��*  (19) 

where o�  and om�  are the equivalent shell and 3D structural numerical forces at ��  sampling point, respectively, '_( ='-., �., �, 8, :, 9, <( is the unknown parameter vector and a is the number of sampling points. 
The nonlinearity of the objective function and the possibility of non-uniqueness of the solution make the inverse problem a 

nonconvex optimization problem. Therefore, a robust global optimization method was required. In this study, the Multi-Objective 
Genetic Algorithm (MOGA-II) [30-31] was used. It uses a smart multisearch elitism for robustness and directional crossover for fast 
convergence. Its efficiency is ruled by its operators (classical crossover, directional crossover, mutation and selection) and by the 
use of elitism. In this study, we used the following parameters: population size = 12, Probability of Directional Cross-over = 0.5, 
Probability of Selection = 0.05, Probability of Mutation = 0.1, and number of generations = 20. 

4. Results and Discussion 

4.1 Model Calibration 

We used the method proposed in previous section to evaluate the equivalent elastoplastic parameters of the corrugated 
cardboard as follows: 

 Evaluation of the linerboards and the fluting elastic properties from the experimental tensile tests. The obtained properties 
are given in Table (2).  

 Simulation of three tensile tests on different samples (MD, CD and 45°) using a 3D structural model to generate tensile 
curves. 

 Identification of the equivalent elastoplastic parameters of the corrugated cardboard using inverse analysis procedure by 
comparing the generated tensile curves with the simulation tensile curves obtained using the homogenized shell.  

The determined equivalent elastoplastic parameters of the corrugated cardboard are summarized in Table (3). 
The identified model is finally used to simulate the box compression test presented in section (2.3). The finite element model 

consists of two rigid plates that transmit loads to the box and which size is the same as experiment (Fig. (7)). For this simulation 
friction interaction between plates and box was used to model boundary conditions of system. Bottom rigid plate is fixed so it 
serves as support for box and top plate is moved vertically for a given displacement. Furthermore, the displacements and rotations 
of top plate is constrained in other directions. The box is meshed using 9603 rectangular reduced integration shell elements (S4R) 
and 10152 nodes. 

Table 2. Elastoplastic properties of linerboards and fluting. 

 -1 (MPa) -! (MPa) �1! �1! (MPa) -. (MPa) � 8 : 9 < �. 

Top linerboard 3008 1505 0.17 834 256 2.03 1 2.03 2.28 1.18 0.0034 

Fluting 3072 1454 0.15 705 436 1.62 1 2.01 1.25 1.13 0.0010 
Bottom linerboard 3034 1502 0.23 737 184 2.06 1 2.21 2.19 1.32 0.0011 

 

Table 3. Equivalent elastoplastic properties of the corrugated cardboard. -1� (MPa) -!� (MPa) �1!�  �1!�  (MPa) -.� (MPa) �� 8� :� 9� <� �.� 

368.8 351.8 0.092 166.2 38.5 2.04 1 1.65 0.84 1.55 0.0068 

 

100 mm 

24 mm 24 mm 

100 mm 

Fixed plate 

Moving plate 
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Fig. 8. Comparison of numerical and experimental box compression test curves. 

 

Fig. 9. Boundary conditions for shock test. 

 

(a) 

 

(b) 

Fig. 10. Effect of mesh refinement on variable responses recorded at top rigid plate: (a) acceleration and (b) velocity. 

Figure (8) shows the comparison of the experimental and numerical compression curves of the box with a good agreement. The 
maximum load obtained by the homogenized model is 1716.8 N compared to the experimental value of 1569.1 N giving a relative 
difference of 9.4%. 

4.2 Repetitive Shock Results 

For the simulation of shock test, the finite element model consists of a box placed between two rigid plates connected by rigid 
bolts as shown in Fig. (9). Top plate has a mass of 8.4 kg as in experimental test and is free to move only vertically. An acceleration 
shock pulse is applied to the bottom rigid plate for a short time. Acceleration and velocity change are recorded on the bottom plate 
during the simulations. For this simulation friction interaction between plates and box was used to model boundary conditions of 
system. 

To replicate the experimental fatigue shock tests, simulations of successive shock pulses are carried out until the box is damaged. 
The box is considered damaged when the equivalent plastic strains exceeds 5%. 

To gain confidence in the accuracy of our model, we solved the model on progressively finer meshes and compared results. 
Since we need the accelerations and the velocity variations to plot DBC, we have plotted in Fig. (10) the results obtained for five 
successive shocks for three mesh refinements (h=8, 4, 2 mm) in the case of acceleration shock pulse of 16g and shock duration of 
14.2 ms. The acceleration and velocity responses recorded at top rigid plate show similar trends for the three meshes, but the 
amplitudes are closer for the meshes h = 4 mm and h = 2 mm. We have also plotted various model energies for the three meshes 
in Fig. (11). As we perform a dynamic calculation, the internal and kinetic energies change over time (Figs. 11(a) and 11(b)). Figure 
11(c) shows also the energy dissipated by plasticity. The energy balance for the three meshes is shown in Fig. 10(d) which should be 
constant. However, in the numerical model this is only approximately constant, generally with an error of less than 1% which is the 
case in our simulations. After this sensitivity analysis, we selected the mesh h = 4 mm for relevant computations while keeping a 
reasonable computational cost. 

Acceleration shock pulse 

Rigid bolts 

Rigid plates 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 11. Effect of mesh refinement on various model energies: (a) Internal energy, (b) Kinetic energy, (c) Plastic energy dissipation and (d) Energy 
balance . 

 

Fig. 12. Numerical and experimental damaged box. 

Low fatigue cycle, also called “Oligocyclique Fatigue”, is characterized by high stress and low fatigue life. For the limited 
endurance fatigue, lifetime is intermediate and varies rapidly in function of applied stress. For unlimited endurance fatigue, the 
lifetime is infinite. 

In this study, for oligocyclique and limited endurance fatigue, the number of shocks necessary for the box to damage is 
determined directly from the Abaqus simulations since the number of cycles is low. However, the number of cycles to damage the 
box can be very high and it is practically not feasible to perform a cycle-by-cycle simulation. To reduce computational costs, we 
propose a simple method consisting in extrapolating the equivalent plastic strain after some training cycles. This method is based 
on a trend line, established during finite element analysis for training cycles. This trend is used to extrapolate the remaining cycles. 

For oligocyclique fatigue, damage of the box is observed after the first shock both experimentally and numerically as shown in 
Fig. (12).  

For limited endurance fatigue, damage of the box is observed after several shocks given in Table (4). We can see that our 
numerical model gives the same order of magnitude as the experimental results. 

For the unlimited endurance fatigue, we stopped experimental testing after a thousand shocks considering that the box reaches 
the unlimited endurance zone. We compare in Table (5) shock numbers for box to undergoes damage obtained for experimental 
tests and with the extrapolation method. Despite the various simplifying assumptions, the proposed model gives satisfactory 
results. 

Figure (13) represents the experimental and numerical damage boundary curve of the studied box that define its fragility based 
on its sensitivity to acceleration and the that occurs during shock. 

To compare the velocity change experimental and simulation results, Figs. 14(a) and 14(b) display experimental and simulation 
frequency distribution for grouped data. The distributions are asymmetric and positively skewed, the values tend to cluster toward 
the lower end of the scale. Hence, in these sets of points, the mean is higher than the median because the latter is dragged in the 
direction of the tail. Figs. 14(c) and (d) show a good comparison of the approximated Probability Density Function (PDF) and 
Cumulative Distribution Function (CDF) of experimental and numerical velocity change variables. 
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Table 4. Number of shocks for limited endurance fatigue. 

Acceleration (g) Shock duration (ms) Experimental shock number Numerical shock number 

17 13.7 4 2 

14 17.0 7 10 

20 13.5 2 2 

14 16.2 9 13 

14 17.2 8 11 

15 15.9 4 2 

16 13.3 36 20 

16 14.2 3 5 

18 13.9 4 1 

17 14.2 3 1 

17 14.4 2 1 

19 14.1 3 1 

31 7.8 3 3 

45 6.65 2 1 

 

 

Fig. 13. Comparison of experimental and numerical shock fatigue results. 

 

(a) Experimental results PDF 

 

(b) Numerical results PDF 

 

(c) PDF 

 

(d) CDF 

Fig. 14. Statistical comparison of experimental and numerical shock fatigue results. 
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Table 5. Number of shocks for unlimited endurance fatigue. 

Acceleration (g) Shock duration (ms) Experimental shock number Numerical shock number 

5 49.8 >1000 1740 

12 20.1 >1000 600 

10 25.0 >1000 1273 

13 17.1 >1000 420 

6 59.4 >1000 1505 

7 80.8 >1000 1160 

13 48.7 >1000 140 

5. Conclusion 

In present work, the effect of shock fatigue on corrugated cardboard boxes was estimated by vibration table and finite element 
methods. The damage boundary curve of the studied box, that define its fragility based on its sensitivity to acceleration and the 
velocity change that occurs during shock, was constructed using both methods. To efficiently simulate the mechanical behavior of 
a corrugated cardboard box, we proposed an elastoplastic homogenization model to replace a corrugated-core sandwich panel by 
a homogeneous plate. The proposed model performs satisfactorily in static and dynamic loading. Experimental characterization 
can be time-consuming and expensive. We have showed that it is possible to estimate DBC of the package using finite element 
method with good precision. This technique can easily be applied to other packaging. However, the physical testing is still needed 
to validate the final design. 
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