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This paper examines the compressive failure mechanism in edge-to-edge loaded corrugated sandwich
panels. The formation of face wrinkles is specifically considered. A detailed finite element model of face
sheets and web core of a sandwich panel was developed to provide insight on the failure mechanism. A
gradient enhanced continuum damage theory was implemented to capture length effects caused by the
material microstructure including formation of damage in the face sheets and core. Distributions of
strains in the face sheets determined from finite element analysis (FEA) are compared to experimentally
measured strains. The predicted location and orientation of the face wrinkle, as indicated by high values
of the second principal strain, agrees well with experimental observations.

Load vs. out-of-plane deflection curves obtained from FEA with the gradient enhanced damage material
model are compared to those obtained from a linear-elastic material model and experimentally deter-
mined curves. The gradient enhanced solution gives qualitatively better agreement with experimental
results, although the magnitudes of strains are less than those determined experimentally.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The collapse mechanism of corrugated board panels loaded in
edge-wise compression is examined. Corrugated board is a
paper-based packaging material that is primarily used in transport
packaging, such as boxes. The most common form of corrugated
board consists of a sine wave-shaped core, sandwiched between
two flat face sheets as seen in Fig. 1. Some of the benefits of using
corrugated board are that it has a high stiffness in relation to its
weight and it is fairly cheap to produce. It also has shock absorbing
properties, which help reduce product waste during rough trans-
ports. Since corrugated board typically is made from recycled wood
fibers it is considered environmentally friendly. During transporta-
tion and storage, the boxes are usually stacked on top of each
other. Obviously, the boxes in the bottom of a stack are subjected
to highest compressive loads and are the first to fail. For this reason
the top-to-bottom compression strength is one important aspect in
design of such boxes.
The aim of sandwich construction is generally to increase the
bending stiffness by using face sheets with a high extensional stiff-
ness and a core that is able to keep the faces separated (Vinson and
Sierakowski, 2002). The compression strength of corrugated board
boxes is traditionally estimated by semi-empirical models such as
the McKee formula (McKee et al., 1963). The compressive strength
of a box may also be determined experimentally by loading a box
in compression, or by testing a corrugated board panel in compres-
sion. The panel test shown schematically in Fig. 2 mimics the load-
ing situation of the vertical side panels in an actual box
(Nordstrand, 2004). The panels typically buckle before total failure.

Fig. 3 shows a photo of a corrugated board panel tested to fail-
ure in edge-wise compression; the behavior of such panels is
described in a number of experimental studies (cf. Nordstrand,
2004; Hägglund et al., 2012; Viguié and Dumont, 2013). The overall
bulging shape is a clear indication that the panel has buckled, and
is referred to as global buckling. The panel in Fig. 3 also displays
local bucking of the face sheets in the form of small dimples
between the core pipes. Patel et al. (1997) found local buckling
of the face sheets occur due to a combination of normal compres-
sive and shear stresses in the unsupported face sheet elements
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Fig. 2. Fundamental buckling mode of a square corrugated board panel with simply
supported edges loaded in in-plane compression. The gray area represents the
selected quarter symmetry section.
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Fig. 3. Failure of corrugated board panel loaded in top-to-bottom compression.
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between the fluting tips. Face wrinkles form near the corners, at
approximately 50� to the principal loading direction (Fig. 3), at
the point of ultimate failure. In the wrinkle zone, the face material
has failed due to biaxial loading, and the web core has collapsed
locally.

The failure of the panel is thus caused by a complicated
interplay between the core and face sheets and very little is known
of the actual mechanism. It is obvious that the collapse involves
several different length-scales and any model able to predict the
failure mechanisms must include multi-scale effects.

In a previous study by the authors (Åslund et al., 2014),
corrugated board panels were modeled using a linear-elastic
material description, including large deformations and rotations.
Such modeling provides a good description of the general behavior
of test panels but was found to overestimate the ultimate strength
and in-plane stiffness of the panel. It was suggested that the
discrepancy between analysis and experiment could be due to
damage formation in the constituents. Damage theory is often a
good choice when describing the constitutive behavior of paper
materials strained into the non-linear regime. The damage mecha-
nisms in paper materials subjected to in-plane compression are
complex and are often due to delamination in the sheets (Fellers
et al., 1980). This delamination causes a reduction of stiffness on
the macroscopic scale and this behavior can be captured on the
global scale by a damage model but not with a traditional plasticity
model. Plasticity theory is better suited for homogenous materials,
such as polymers or metals, where the dominating dissipative
mechanism is plastic yielding of the material, without any perma-
nent loss of stiffness.

The aim of this work is to study the mechanisms of wrinkle for-
mation and to answer some of the fundamental questions related
to failure of corrugated board panels loaded in compression. The
dimpling and wrinkling of corrugated board panels creates regions
of large strain magnitudes. In these regions a damage model is
needed to accurately describe the evolution and distribution of
strains. A damage material model is implemented in the numerical
analysis, to explore the extent to which the wrinkles are caused by
weakening of the constituents (i.e. material damage).

For a classical local action approach, i.e. assuming that the
mechanical state in one particular point in the material is indepen-
dent of the mechanical state in neighboring points, the introduction
of a damage variable in the constitutive equations tends to concen-
trate degradation of material properties to small, isolated areas
(Needleman, 1988; Pijaudier-Cabot and Bazant, 1987). A remedy
for this is to use a nonlocal, or gradient enhanced, form of constitu-
tive equation by introducing an internal length parameter (cf.
Peerlings et al., 1996, 2000; Geers et al., 1997; Ganghoffer and
DeBorst, 2000; Comi, 2001; Eringen, 2002). This approach provides
means for scaling the damage zone upon softening to a certain width
and is explored in this study. Thus, in contrast to earlier known stud-
ies on the subject (cf. Nordstrand, 2004; Viguié and Dumont, 2013;
Åslund et al., 2014; Biancolini and Brutti, 2003) the analysis per-
formed here incorporates damage and length effects.
CD, x2

ZD, x3

MD, x1

Fig. 1. Single wall corrugated board with the principal material axes, i.e. machine
direction (MD), cross direction (CD) and thickness direction (ZD), and x1x2x3

coordinate system defined.
2. Damage modeling

2.1. Non-local damage theory

It is here assumed that the constituent paper layers in the
sandwich panel can be described as a homogeneous orthotropic
material, following (e.g. Baum, 1986; Xia et al., 2002; Huang and
Nygårds, 2010). Because the paper constituents are typically thin,
a state of plane stress is assumed for each sheet making up the
corrugated board. An orthotropic material description is used for
each layer of the sandwich panel. To capture degradation of the
material, a continuum damage theory is applied, (cf. Pijaudier-
Cabot and Bazant, 1987 or Geers et al., 1997). Although paper is
normally characterized as an orthotropic material, an isotropic
scalar damage parameter D is introduced characterizing the degra-
dation in a point of the material. Apart from an intention of keep-
ing the number of model parameters low, the assumption of a
scalar valued damage variable may be justified by the plane stress
conditions assumed here and the loading being predominantly
uniaxial.
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The elastic stiffness tensor C0
ijkl for the undamaged material is

given by

rij ¼ C0
ijklekl ð1Þ

where rij is the second Piola–Kirchoff stress and eij is the Green’s
strain tensor. For the damaged material a parameter D (0 6 D 6 1)
is introduced. A virgin material is characterized by D = 0 while
D = 1 corresponds to a fully disintegrated material and Hooke’s
law becomes

rij ¼ ð1� DÞC0
ijklekl ð2Þ

It is assumed that the elastic-damage stiffness remains constant
within each (small) strain increment deij (cf. Abu Al-Rub and
Voyiadjis, 2003). The corresponding stress increment drij

becomes:

drij ¼ ð1� DÞC0
ijkldekl þ C0

ijkleklð�dDÞ

¼ ð1� DÞC0
ijkldekl � dD

rij

1� D
ð3Þ

To include non-local effects in the damage model, a gradient
enhanced formulation is applied (cf. Peerlings et al., 1996;
Aifantis, 2011). The local damage energy release rate C is defined as

C ¼ �@w=@D ð4Þ

where the strain energy density of the damaged material (Pijaudier-
Cabot and Bazant, 1987) is given by

w ¼ 1
2
eijð1� DÞC0

ijklekl ð5Þ

The gradient enhanced damage (i.e. non-local) energy release
rate C in a point p is calculated from the damage energy release
rate in a neighborhood of p. The range of non-local interactions
in the material is defined by the characteristic length c. The isotro-
pic kernel function

u ¼ 1
4pc2 exp � q2

4c2

� �
ð6Þ

is used for calculating C as indicated in Fig. 4. The distance between
p and a neighboring point p0 is q. The gradient enhanced damage
energy release rate C is obtained by solving the modified inhomo-
geneous Helmholtz equation (cf. Peerlings et al., 1996; Isaksson
and Hägglund, 2009)

Cðx1; x2Þ � c2r2Cðx1; x2Þ ¼ Cðx1; x2Þ ð7Þ

where r2 is the Laplace operator. A derivation of Eq. (7) is found in
the Appendix A and the interested reader is advised to earlier work
in the subject (e.g. Pijaudier-Cabot and Bazant, 1987; Peerlings
et al., 1996; Geers et al., 1997; Aifantis, 2011; Isaksson and
Hägglund, 2009). When solving Eq. (7), a natural boundary
condition of a vanishing gradient is applied along the boundary
surrounding the entire problem domain, i.e. nrC ¼ 0 on K , where
n is the outward normal vector to the boundary K (Lasry and
Belytschko, 1988; Mühlhaus and Aifantis, 1991).

The damage evolution law used in this work is
Fig. 4. Illustration of the kernel function, Eq. (6), around point p is and its relation to
the characteristic length c.
dD ¼ bð1� DÞdC for C > R

0 else

(
ð8Þ

where dC P 0 is the increment of damage energy release rate and R
is the maximum value C has reached in the deformation history
(with an initial value of C0, i.e. the strain energy density at onset
of damage). The rate of damage growth is controlled by the damage
hardening parameter b. It is reported in earlier studies (cf. Hägglund
and Isaksson, 2005) that the damage evolution law (8) captures
material degradation of different types of high-density paper rea-
sonably well. The material parameters C0 and b are estimated from
uniaxial tensile test as will be described later.
3. Numerical implementation

The compression loaded panel is analyzed using the finite ele-
ment method. The implementation of the damage model in the
finite element analysis follows mainly the procedure outlined by
Peerlings et al. (1996) and Geers et al. (1997). For an easy-to-use
manual of the implementations the reader is advised to Peerlings
et al. (2000). The gradient enhanced formulation guarantees that
no spurious effects arise in the numerical solution.

The numerical analysis is aimed to simulate a simply supported
4.10 mm thick 400 mm by 400 mm square symmetric corrugated
board panel loaded in uniaxial compression. The properties of
the constituent sheets in the modeled panel are found in Table 1.
The finite element model is implemented in Matlab code
(MATLAB, 2013) and is a further development of the model pre-
sented in a previous work by the authors (Åslund et al., 2014)
where non-linear shell elements (Bathe, 2007) were utilized.

3.1. Boundary conditions

The panel is assumed to buckle in its fundamental buckling
mode, see Fig. 2. This problem is considered double-symmetric
allowing the lower left quarter of the panel to be modeled, which
significantly reduces the computational costs of the finite element
model. The modeled symmetry section includes a geometrical
model of the corrugated structure where the face and web core
are rigidly connected at the tips of the corrugations, see Fig. 5a.

The full geometry of both face and core of the panel symmetry
section was meshed with the resolution shown in Fig. 5a (element
side length 1.3–1.8 mm). This resulted in roughly 20,000 elements
for each individual layer, and a total of around 840,000 degrees of
freedom for the entire panel. If the mesh resolution would be inad-
equate the solution results would depend on the mesh size. For
validation purposes, finite element analysis using a high-resolution
mesh shown in Fig. 5b (element side length 0.63–0.91 mm) was
performed. This refinement resulted in roughly 60,000 elements
for each layer and a total of about 2,560,000 degrees of freedom.
Analysis utilizing the normal and refined meshes in Fig. 5a and b
yield very similar results.

Boundary conditions consistent with those used in the panel
compression experiment are chosen to simulate compressive load-
ing of an actual panel. With reference to the quarter symmetry sec-
Table 1
Properties of the individual sheets. t is the thickness, M is the areal weight, E1 and E2

are the Young’s moduli in x1 and x2 directions, the factor bC0 governs the onset of
damage, the ratio C0/Ey controls the rate of damage growth and c is the characteristic
length.

t [mm] M
[g/m2]

E1

[GPa]
E2

[GPa]
bC0

[–] � 10�6
C0/Ey

[–] � 10�6
c [mm]

Core 0.215 138 6.54 2.16 96 1.9 4.0
Face 0.235 186 7.72 3.12 56 1.3 4.0
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Fig. 5. Sample portions of (a) normal and (b) fine meshes of a corrugated core panel.
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tion of the board shown in Fig. 2, the edges at x1 = 0 and x2 = 0 are
simply supported and prevented to move in the out-of-plane
direction. Symmetry boundary conditions are applied to the
symmetry sections at x1 = 200 mm and x2 = 200 mm.

The panels should ideally be flat, but inspections of real panels
show that they typically are slightly warped. Hence, the panel is
assumed to have an initial imperfection with a magnitude w0

and parabolic shape in both x1- and x2-directions as seen in
Fig. 2. The value of w0 used in the numerical model is determined
by an initial parametric study where the value of w0 is varied from
0.1 to 4.0 mm. The slope (P/w) of the initial part of the load vs. out-
of-plane deflection curve obtained from a finite element analysis
using a linear-elastic material model is compared to experimental
curves. Results are shown in Fig. 6 where the solid curve represents
a fit to the finite element results and the dashed horizontal line
represents an average of the experimentally measured initial slope
of the P vs. w curves. An initial deflection w0 = 0.3 gives agreement
with experimental load vs. out-of-plane deflection curves and that
imperfection is henceforth implemented in the numerical model. It
is worth to note that small initial deflections (w0 < 1.0 mm) trigger
panel pre-buckling behavior similar to experiments while large ini-
tial deflections causes the panel to deform as a curved shell with
low initial stiffness and unstable collapse.
Fig. 6. Initial slope of the load vs. out-of-plane curve plotted versus initial
deflection w0. The horizontal line indicates the experimentally measured slope of
the load vs. out-of-plane deflection curve.
3.2. Materials

A symmetric ‘‘C-grade’’ board with total thickness tb of 4.10 mm
and areal weight M of 568 g/m2 is considered (see Table 1). The
areal weight, M, is a common descriptor of paper sheets and board
material and is simply a measure of the weight of one square meter
of the material. The wavelength of the web, k, is 7.6 mm, and the
take-up factor, i.e. the length ratio of web core material in the
x1-direction per length of the finished board, for this web core is
a = 1.43. The geometrical and mechanical properties of the layers
are obtained from the sheet materials used to manufacture the
corrugated core sandwich panels used in the experiments. The
given values are based on average test results. Table 1 provides
the thicknesses and the in-plane Young’s moduli of the face and
web materials as determined by uniaxial tensile tests. E1 and E2

denote the Young’s moduli in the machine direction x1 (MD) and
cross direction x2 (CD) (see Fig. 1), and t is the thickness. The
in-plane Poisson’s ratio m12 and in-plane shear stiffness G12 were
obtained based on estimates provided by Baum (1986); m12 = 0.14
and G12 ¼ 0:378

ffiffiffiffiffiffiffiffiffiffi
E1E2
p

.
The two parameters controlling the damage evolution in the

material (C0 and b as defined in Eq. (8)) are calibrated numerically
using finite element analysis. The calibration is performed by tun-
ing the two damage parameters in a FE modeled uniaxial test to
give agreement with stress–strain curves obtained from uniaxial
tensile experiments in the cross-direction (x2) of the constituent
materials. The procedure is conducted for the face and web core
materials. The energy release rate at the onset of damage C0

controls the onset of non-linear material behavior in the stress–
strain curve and the rate of damage softening b controls the
stiffness loss in (rate) the non-linear region of the curve. The
parameters are fine-tuned until a set of values able to replicate
the experimental stress–strain curve is obtained. Fig. 7 displays
the experimentally determined stress–strain response in the
x2-direction of the web core material along with the numerical
results obtained using calibrated values of the damage parameters
C0 and b. Calibrated values of the damage parameters on
non-dimensional form (bC0 and C0/Ey) are found in Table 1. In
the uniaxial test a homogeneous strain field is applied, i.e. no
gradients in strain. Hence, the internal length c (i.e. the area over
which strains are averaged in the finite element model) does not
influence the calibration procedure.

3.3. Length-scale of the material

In a previous analysis of damage mechanics of paper, a charac-
teristic length c equal to the fiber length lf was used (Hägglund and
Isaksson, 2005). The average fiber length of the papers considered
here is lf � 2 mm. Hence, a value of c = 2 mm was chosen and
implemented in the present model.

With element side lengths of 1.3–1.8 mm in the mesh displayed
in Fig. 5a the integration points are spaced no more than 1 mm.



Fig. 7. Stress vs. strain curve obtained from uniaxial loading in the cross direction of
the web core material. Dashed curve represent experiments results and solid curve
damage modeling (FEA) of corresponding test.

Fig. 9. Schematic sketch of DIC setup with the stereoscopic camera rig to monitor
the concave side of the test panel.

Fig. 10. Load versus out-of-plane deflection of panel midpoint obtained from
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This means that this mesh resolution is capable of describing non-
local effects within a characteristic length of c = 2 mm.

A transformation is performed to determine the material dis-
tance q in the web core since this structure is not flat. A curvilin-
ear coordinate system (s1, s2, s3) is introduced, defined so that s1,
s2 and s3 coincides with the principal material axes MD, CD and
ZD of the sheet material. Fig. 8 shows the coordinate system
(s1, s2, s3). Obviously, a benefit of using a damage law based on
the scalar quantity strain energy density is its invariance of coor-
dinate system.

Due to the ‘‘extruded’’ geometry of the web core, s2 = x2 and
transformation is only required in the x1x3-plane. In this plane
the centroid location for the sine shaped web core is described by

x3 ¼
hc

2
sin

2px1

k
ð9Þ

where hc is the amplitude of the sine wave (i.e. height of the core
midline). The distance given by the s1 coordinate for point p is then
obtained as the arc length of the sine shaped curve, given by

s1 ¼
Z p

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ dx3

dx1

� �2
s

dx1 ð10Þ
Fig. 8. Schematic drawing showing the transformation of the wave shaped core to its flattened counterpart.

linear-elastic and damage-model finite element analyses and panel compression
test.



P.E. Åslund et al. / International Journal of Solids and Structures 56–57 (2015) 248–257 253
4. Experimental

4.1. Sandwich panels and compression test fixture

Square test panels of size 400 mm by 400 mm were cut from a
commercially produced large board panel. The compression testing
of the panels was conducted in a special rig designed to impose a
uniform edge displacement of the top horizontal edge with all
edges simply supported, (cf. Nordstrand, 2004; Hägglund et al.,
2012; Åslund et al., 2014). A test panel was placed in the test rig
with the corrugations oriented along the vertical loading direction
(Fig. 2), just as in an actual box. Panels with initial deflection
w0 > 1 mm were discarded. The test rig was then mounted below
the moveable crosshead in a 20 kN capacity MTS 4/ML universal
test machine. The load and uniform edge displacement were
2E)b(1E)a(

2L)e(1L)d(

2D)h(1D)g(
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Fig. 11. Second principal strains in the region (30<x1 < 80, 20 < x2 < 60) of the compressi
elastic (L) and gradient enhanced (D) formulations. The last row (Photo) displays photo
recorded during the test. The panel compression tests were con-
ducted at a crosshead speed of 1 mm/min.
4.2. Monitoring displacements and strains of panel

In-plane strains of the panels were monitored using an ARAMIS
3D digital image correlation (DIC) system (cf. GOM mbH, 2009;
Peters and Ranson, 1982). The concave face in the corner region
of a panel, highlighted in Fig. 9 (30 < x1 < 80, 20 < x2 < 60), was spe-
cifically examined since the compressive strains are largest on this
face. The DIC measurements require a random speckle pattern
sprayed on the face sheet. The displacements are tracked by two
cameras in a stereoscopic setup, see Fig. 9. The Aramis system
allows evaluation of the in-plane strains (e1, e2 and c12). Further-
more, the out-of-plane displacement of the panel center was
(c) E3 

3L)f(

3D)i(

(l) Photo E3 

80 30 55 8020
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ve face determined from Experiments (E) and finite element analysis using a linear-
s taken of the panel during the experiments.



Fig. 13. Contour plot displaying maximum load obtained from finite element
damage model as a function of core and face thickness.
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measured contact-free with a laser range finder. A total of five sim-
ilar panels were tested. The results from a representative panel will
be discussed.

5. Results and discussion

5.1. Load vs. deflection response

The dashed curve in Fig. 10 shows the experimentally measured
load vs. out-of plane deflection response of a panel. The deflection
(w) represents the load-induced deflection measured at the panel
center. Also shown in this Figure are corresponding results from
the finite element analysis to be discussed later. The load–deflec-
tion curve shows an initial steep part prior to global buckling of
the panel. An apparent knee in the curve indicates that the panel
starts to buckle. The post-buckling response is approximately lin-
ear and ends when the panel fails. The average collapse load of
the tested panels was 1.30 kN, with a standard deviation of
0.06 kN.

Three points E1, E2 and E3 are indicated close to collapse of the
test panel. The point E1 marks the first appearance of dimples
(local buckling) in the concave face of the test panel, while E2
and E3 marks load levels just before and just after the appearance
of a distinct wrinkle in the corner region of the concave face of the
test panel (see also Fig. 3). The wrinkle formed at an angle close to
35� with respect to the horizontal.

Results from finite element analysis are also shown in Fig. 10.
Load levels selected similar to those shown for the experimental
test panels (E1, E2 and E3) are also indicated as points L1, L2 and
L3 on the linear-elastic model curve (dotted curve), and D1, D2
and D3 on the damage model curve (solid curve). The linear-elastic
model and gradient enhanced damage model behave identically
prior to global buckling (the apparent knee in the load vs. deflec-
tion curve), and through the initial part of the post-bucking region.
The pre-buckling stiffness and initial post-buckling stiffness (i.e.
the slopes of the P vs. w curve before and after the knee) of both
finite element generated curves agree reasonably well with the
experimentally determined stiffnesses. However, both FE
generated curves displays a shorter pre-bucking region than the
D1

D2

D3

CoConvnvexex Facace CoCore Cononcacave Fe Facace

Fig. 12. Distribution of damage (D > 0) in face sheets and web core in the corrugated core panel at points D1, D2 and D3 on the loading curve (Fig. 10). White corresponds to
undamaged material and black to fully damaged material (D ? 1).
curve obtained from experiments. The curve from the linear-elastic
model displays a slightly stiffening behavior at late stages in the
post-buckling region while the gradient enhanced solution dis-
plays a more linear response in the post-buckling regime, which
agrees with the experimental response curve. The linear-elastic
model predicts a smooth maximum, while the gradient enhanced
model predicts unstable failure of the panel.

As seen in Fig. 10, the maximum load predicted by the damage
model (1.28 kN) agrees with the experimental failure load
(1.30 ± 0.06 kN) although the out-of-plane deflection obtained
from finite element analysis exceeds the experimental results.
The linear-elastic material model over-predicts both maximum
load (1.36 kN) and out-of-plane deflection.
5.2. Distributions of strain

The magnitude of the second principal strain is used in the com-
parison of experimental and finite element strain results. Since the
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panel is loaded in compression the maximum in-plane strain mag-
nitude is given by the second in-plane principal strain eII,
eII ¼
e1 þ e2

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e1 þ e2

2

� �2

þ c2
12

r
ð11Þ
where e1 and e2 are the normal strains (Green) in the x1 and x2 direc-
tions and c12 is the shear strain in the x1x2-plane.

The strains in the corner region of the panel (30 < x1 < 80,
20 < x2 < 60) were examined at the load levels (E1, E2 and E3) indi-
cated in Fig. 10. Fig. 11a–c shows the second principal strains
determined experimentally using the DIC. Also shown in Fig. 11
are finite element predictions using linear-elastic modeling
(Fig. 11d–f) and damage modeling (Fig. 11g–i).

Both the experimental and finite element strain results indicate
local buckling of the face sheet (i.e. local strain peaks) at the late
stages of the post-buckling region. Close to the ultimate load of
the panels (at E3, D3 and L3 respectively) the experimental and
finite element results all display strain localization in streaks ori-
ented at an angle of about 35� with respect to the horizontal. The
strain distributions obtained from finite element analysis are in
qualitative agreement with those determined experimentally.
The experimental strain magnitude exceeds 2.5% in the wrinkle
region. Fig. 11c also displays local strain peaks with magnitudes
up to 2.1% in the region outside the distinct black streak of the fully
formed wrinkle. The strain magnitude and angular orientation of
the streak localized strains predicted by the damage model agrees
better with the experimental results those predicted by the linear-
elastic model. The results of the gradient enhanced damage model
displays strains up to 1.7% whereas the highest strains in the lin-
ear-elastic model is about 1%.

Fig. 11j–l shows photos of the corner region taken during the
panel compression experiment at the load levels E1, E2 and E3
indicated in Fig. 10. In Fig. 11j (E1) barely visible dimples has
formed and in Fig. 11k (E2) these dimples have grown and are
more distinct. Fig. 11l (E3) shows a fully formed wrinkle. The
Fig. 14. Distribution of damage in corrugated core and face sheet on the concave side of t
indicates fully damaged material (D ? 1). Out-of-plane displacements are exaggerated wi
(baseline) panel (as listed in Table 1), and (C) panel with thick web core material and th
difference in load between Fig. 11k and l (i.e. load levels E2 and
E3) is only 13 N, indicating that the face wrinkle forms suddenly.

5.3. Damage evolution

Fig. 12 shows contour plots of the distribution of the damage
parameter D in both face sheets and web core materials at load lev-
els D1, D2 and D3 (Fig. 10), obtained from damage modeling. White
regions indicate undamaged material, D = 0, and black fully dam-
aged material, D ? 1. The low levels of damage found late in the
post-buckling region (at stage D1) in Fig. 12 indicates that damage
does not form prior to buckling of the panel. This observation is
also supported by the results shown in Fig. 10 where the gradient
enhanced and the linear-elastic finite element solutions are identi-
cal up to loads far exceeding the knee in the load vs. deflection
curve.

At load level D2 smooth damage fields are observed in the cor-
ner region of the face sheet and along the vertical edge in the core.
The damage growth in the core and concave face between load lev-
els D1 and D2 is moderate. However, near the point of panel fail-
ure, at D3, damage in the concave face concentrates to thick dark
streaks (D ? 1) originating from the panel corner and stretching
towards the interior region. The dark areas indicate substantial
damage growth and severely reduced mechanical properties. It
should be pointed out that the high levels of damage first occur
in the concave face and later forms in the core.

5.4. Effect of layer thickness

A parametric study using the gradient enhanced finite element
model is performed to study effect of layer thickness on the max-
imum load bearing capacity of the panel, Pmax. The thicknesses of
the face and web core layers are changed, while the total board
thickness and wavelength of the web core are kept constant
(tb = 4.10 and k = 7.6 mm). The boards are kept symmetric (i.e.
the faces are identical). The layer thicknesses are varied from
40% to 180% of the baseline. The mechanical properties of the
he panel at the collapse load. White indicates undamaged material (D = 0) and black
th a factor 2. (A) panel with thin web core material and thick face sheets, (B) original
in faces (see Fig. 13).



Fig. 15. Maximum load obtained using damage modeling for panels with constant
areal weight (568 g/m2) vs. web material thickness.
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undamaged paper sheets and the damage parameters are those
listed in Table 1.

Fig. 13 shows a contour plot of the maximum load Pmax for the
range of face and core thicknesses considered in the parametric
study. As expected the load bearing capacity increases with
increased web and face thicknesses. However, the optimal board
will be one with maximum strength at minimum total weight.
To examine this further, consider the boards A, B and C indicated
in Fig. 13 representing boards with the same total basis weight
(568 g/m2). Board A represent a panel with a thin web core and
thick face sheets. Board B is the board investigated earlier in this
paper (baseline, see Table 1), and board C represents a board with
thick web core and thin faces.

Fig. 14 displays the damage levels and out-of-plane deflections
for the web core and concave face for panels A, B and C at the point
of maximum load. Panel A with thick faces and thin core exhibits
high damage levels in the core. This panel fails due to collapse of
the face near the vertical panel edge at a collapse load of
1.19 kN. For board C with thin faces and thick web core, the dam-
age levels are highest in the face sheet. Furthermore, the face dis-
plays (local) buckling between the core tips. The collapse load is
1.20 kN. The panel with more balanced core and face thicknesses
(B) displays a high concentration of damage in diagonal streaks
originating from the panel corner. The collapse load of panel B is
1.28 kN.

Fig. 15 shows the maximum load for panels with constant total
areal weight (568 g/m2). Constant areal weight is achieved by
changing both face and core web thicknesses simultaneously. The
horizontal axis is the thickness of the core web. The best perform-
ing board (highest load bearing capacity Pmax) is found for a bal-
anced combination of core and face materials where the panel
exhibits a favorable ‘‘type B’’ failure (Fig. 14). The curve in Fig. 15
displays a maximum at tcore = 0.246 mm which suggests that
increasing the thickness of the web core in the baseline board
(tcore = 0.215 mm) and reducing the face thickness would improve
the strength of the panel at constant areal weight. Although this
is the case, the strength increase would be small (1.4%). Using a
thin web core reduces the strength. This is attributed to the dom-
inance of ‘‘type A’’ failure in the panel (Fig. 14). The reduction in
strength for thicker web cores is attributed to a domination of
‘‘type C’’ failure.
6. Conclusions

This study presents the numerical modeling of corrugated
board panels using a gradient enhanced continuum damage
approach. Specifically, the evolution of damage in the different
layers of the panel is examined. Results show that damage (degra-
dation of mechanical properties due to high strain levels) evolves
in both face and core during the post-buckling regime and concen-
trate in diagonal streaks on the concave face when the panel
reaches its maximum load.

Distributions of strain in the concave face sheet of a test panel
are determined experimentally using a digital image correlation
technique. The strain patterns from experiments are compared
with model results. Both experiments and analysis show regions
of large compressive strain in streaks oriented about 35� with
respect to the horizontal at the panel corner leading to face
wrinkling. The results from the gradient enhanced solution are
found to better describe the strength and distribution of strain in
the panel face sheets than the linear-elastic material model.

A numerical parametric study is performed where the thick-
nesses of the face and core materials are altered. Apart from sup-
plying a tool for strength optimization of corrugated board
panels, the results from the parametric study also revealed that
the failure mechanism depends on board composition. Composi-
tions resulting in failure by diagonal wrinkles in the face sheets
seem to promote optimal usage of the constituent materials.
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Appendix A. Gradient enhanced damage theory

Several techniques exist to incorporate length scales in a
continuum formulation. Examples of such approaches include
nonlocal integral formulations (cf. Eringen, 2002; Kröner, 1967;
Eringen and Edelen, 1972) and gradient theories (cf. Peerlings
et al., 1996; Aifantis, 2011). The most established formulations
assume that the value of a nonlocal counterpart C of a local state
variable C is obtained by integrating C over a surrounding domain
X (cf. Altan and Aifantis, 1997). In the planar case this yields

Cðx1; x2Þ ¼ U�1
Z

X
uðqÞCðx01; x02ÞdXðx01; x02Þ ðA1Þ

where q is the distance between (x1, x2) and ðx01; x02Þ. The scaling fac-
tor U is given by

U ¼
Z

X
uðqÞdX ðA2Þ

This scaling guarantees that C and C coincide for a homogenous
field in X . The range of mechanical interactions is controlled by a
gradient sensitivity length c and u in (A1) and (A2) is a symmetric
interaction kernel given by

u ¼ 1
4pc2 exp � q2

4c2

� �
ðA3Þ

The formulation (A1) can for sufficiently smooth fields of C be
rewritten into a gradient formulation around (x1, x2) using a Taylor
series expansion (cf. Lasry and Belytschko, 1988; Mühlhaus and
Aifantis, 1991)

Cðx01; x02Þ ¼
Xn

k¼0

Xn

l¼0

ðx01 � x1Þkðx02 � x2Þl

k!l!
@k@lCðx1; x2Þ
@xk

1@xl
2

ðA4Þ
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where n denote the order of the series expansion. Dropping unsym-
metrical terms in (A4) and substitution into (A1) yields,

Cðx1; x2Þ ¼ Cðx1; x2Þ þ
1

m!
c2mr2mCðx1; x2Þ þ � � � ðA5Þ

Where m = 1, 2, . . . Finally, subtracting the Laplacian of (A5) from
the original (A5), neglecting derivatives of the forth order and
higher, provides an implicit gradient formulation in the form of
an inhomogeneous Helmholz equation suitable for finite element
formulations (cf. Aifantis, 2011; Altan and Aifantis, 1997):

Cðx1; x2Þ � c2r2Cðx1; x2Þ ¼ Cðx1; x2Þ ðA6Þ
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