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Abstract. Finite element (FE) models for the flexural creep of the sandwich panels with various Kraft
paper honeycomb cores and wood composite skins were established. The creep constants of these FE
models’ core and skin were determined by simulating the experimental results of the flexural creep of the
corresponding skin layer and sandwich panels individually. The influence of the core orientation, core
shape, core and skin thickness, and core cell size was studied using these established FE models. The results
indicated that the panel’s flexural creep in the primary stage was smaller when the panel was thinner, longer,
and wider as well as when the shelling ratio (thickness ratio between panel’s core layer and skin layer) was
smaller. The panel that had a higher stiffness skin layer, or the core’s ribbon direction was parallel to the
panel span, or was loaded at a lower level had a smaller flexural creep. However, there was no observed
influence of honeycomb core’s cell size on the flexural creep behavior of the sandwich panels.

Keywords: Finite element model, primary creep, honeycomb, sandwich.

INTRODUCTION

The ready-to-assemble furniture industry is
using hollow core panels that utilize the high-
* Corresponding author density and stiff materials as the skins and low-
+ SWST member density paper-based honeycomb as the cores to
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make light, stiff structures suitable for shelves and
tables. The skin materials are typically wood-
based composites such as medium-density fiber-
board (MDF), particleboard, or hardboard (HB).
Furniture made from these hollow core panels is
much lighter and uses less raw materials than that
made from its solid slob counterparts. As wood-
based materials are viscoelastic in nature, the
time-dependent behavior of such panels, ie creep,
is important for practical applications.

The viscoelastic behavior of materials, such as
wood, concrete, plastic, and metal, has been widely
studied over the years (Holzer et al 1989). Gen-
erally, there are two types of approaches used
to describe the creep behavior: power models
(empirical models) and mechanical models
(Schniewind 1968; Bodig and Jayne 1982; Taylor
et al 1997). In mechanical models, springs and
dashpots are used to simulate the creep of the mate-
rials. The power model is obtained by fitting a
mathematical function to experimental data and has
been used to describe the deflection creep behavior
of sandwich with wood, polymer, and metal as
the skin. The power model is based on the Baily-
Newton law (Eq 1) (Krause 1980) and has been
used widely by researchers to describe the primary
and secondary creep behavior due to its simplicity.

€ = C,62C1(~C4/T) (1)

Some researchers have obtained experimental
results for the creep strain rates of honeycombs
and other hollow cellular materials made from
polymer, ceramic, and aluminum (Goretta et al
1990; Huang and Gibson 1991; Andrews et al
1999; Oruganti and Ghosh 2002; Xiang et al 2008).
The theoretical expressions for predicting the
creep rate of honeycomb and foam were devel-
oped using mechanical properties of the cell wall
and related density as input (Andrews et al 1999;
Lin and Huang 2005). However, neither the
power model nor the theoretical expressions for
the creep rate considered the effect of cell
shape and extensive long-term stress redistribu-
tion caused by prolonged loading on the creep
response of the honeycomb and foam structures.
Recently it was reported that the elastic-plastic
finite element method could be employed to
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study the creep deformation of nickle honey-
comb structures containing different cell shapes
(Oruganti and Ghosh 2008).

There is little published work on the creep behavior
of honeycomb core sandwich panels. Bitzer (1997)
summarized that creep deflection of a honeycomb
core sandwich panel depended on temperature,
skin and core mechanical properties, panel dimen-
sion, core cell size, core ribbon orientation, prop-
erties of the adhesive used to bind the skin to
the core, and the initial stress distribution. Since
many factors can affect creep, it is difficult to
predict creep behavior a priori. Meanwhile, there
is a lack of study on creep behavior of sandwich
panels containing Kraft paper honeycomb core
and wood composite skins in the literature.

In one earlier study (Chen et al 2011a), a series of
flexural creep tests were conducted to investigate
the influence of Kraft paper honeycomb sandwich
structural parameters, including different paper
honeycomb core types and different wood com-
posite skins. Although that study has shed some
light on the effect of some panel structural param-
eters on creep, due to practical constraints, it was
not possible to isolate the effects of these struc-
tural parameters independently (eg all types of the
sandwich panel had the same geometric dimen-
sions but different thickness ratios of core to skin).
It is impractical to produce large numbers of iter-
ations of sandwich test panels by varying one
structural parameter at a time. To better under-
stand the influence of individual components of
the sandwich panel structure on its flexural creep
step by step, a series of finite element (FE) models
were developed in this study. Material properties
such as modulus of elasticity (MOE), shear mod-
ulus, and Poisson’s ratio for Kraft paper honey-
comb core layers and wood composite skins were
obtained previously (Tables 1 and 2) (Chen et al
2011b). The flexural creep constants for the wood

Table 1. Properties used in the finite element models for
the skin materials (Chen et al 2010b).

Material MOE (MPa) Shear modulus (MPa) Poisson’s ratio
HB 3410 341.0 0.2
MDF 2064 206.4 0.2

MOE, modulus of elasticity; HB, hardboard; MDF, medium-density fiberboard.
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Table 2. Properties used in the finite element models for
the core materials (Chen et al 2010b).

Shear

Core web

Cell size MOE modulus Poisson’s  thickness
Core type* (mm) (MPa)  (MPa) ratio (mm)
Expanded x 31.8 19.9 7.9 0.4 0.13
Expanded y 31.8 19.3 3.8 0.4 0.13
Expanded y 15.9 20.7 3.0 0.4 0.23
Corrugated x 19.1 522 10.0 0.4 0.13
Corrugated y 19.1 18.8 1.1 0.4 0.13

* x and y indicated the ribbon direction of core was parallel with or per-
pendicular to the long edge of the sample.
MOE, modulus of elasticity.

composite skins and Kraft paper honeycomb
core were determined by simulating the measured
flexural creep test data for these components
respectively. The FE models were then used to
carry out parametric studies to predict the influ-
ence of various structural parameters on the panel
flexural creep response.

MATERIALS AND METHODS
Modeling

Based on prior experimental work (Chen et al
2011a), the following types of panels were
selected for the FE model development and creep
simulation: 2.8-mm thick HB solid panel; 32-mm
thick sandwich panel (with 3-mm thick HB skins
and 26-mm thick Kraft paper expanded honey-
comb core); 32-mm thick sandwich panel (with
3-mm thick HB skins and 26-mm thick Kraft
paper corrugated honeycomb core); and 32-mm
thick sandwich panel (with 3-mm thick MDF
skins and 26-mm thick Kraft paper expanded
honeycomb core [Table 2]). Figure 1(a) indicated
the core type we used for this study.

These laboratory-made test panels were con-
structed at the University of British Columbia
in Canada. The honeycomb cores were supplied
by Casewell Products Co. in Vancouver, British
Columbia, Canada, and Pregis Co. in Deerfield,
IL. The flexural creep testing of the HB and sand-
wich panels was carried out at the Material and
Product Evaluation Laboratory in FPInnovations
in Quebec City, Quebec, Canada, according to
ASTM standard C480 (ASTM 2005). The sam-
ple’s width and span for the 2.8-mm thick HB
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Expanded core

Loading edge and direction

(b)

(a) Schematic of a sandwich panel showing the

Figure 1.
skin and core layers and constraint conditions for the finite
element (FE) model under flexural creep test. Each type
of honeycomb core layer was assumed as a uniform entity.
(b) Type of core represented by the uniform entity.

sample were 50 mm and 76.8 mm, respectively.
The constant loading level for flexural creep
test of the HB was 37 N. The widths of all
sandwich panels were 75 mm. The span of
sandwich panel samples was between 465 mm
and 864 mm. The constant loading level for
flexural creep of sandwich panels was between
33.25 N and 70.19 N (Chen et al 2011a). The
testing temperature was controlled at between
20°C and 22°C, and the RH of the testing envi-
ronment was controlled at between 68% and
72%. The creep test of each type of panel was
replicated twice (Chen et al 2011a).

Finite Element Model Construction

The FE models for simulating flexural creep of
honeycomb panels were assembled by combin-
ing the FE models of the two components, ie
Kraft paper honeycomb core layer and wood
composite skin. To simplify the calculation, each
type of honeycomb core layer was assumed as
a uniform entity as shown in Fig 1(b), and the
following assumptions were made for modeling
the assembled panel:

1. The bond between the core and skin is per-
fect and does not contribute to any additional
stiffness or flexibility to the panel.

2. All honeycomb cells are identical in size and
of the same shape and are symmetrical to
longitudinal and transversal central line.
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COSMOSWork 2008 Advanced Professional
(COSMOSWork 2008a) was used to generate
the FE models for simulating and predicting flex-
ural creep behavior using the nonlinear method
and material creep effect module, which is based
on the Baily-Newton law (Eq 1). Ten-node para-
bolic solid element was selected for these FE
models. The Voronoi-Delaunary meshing scheme
for subsequent meshing operations was used. Ele-
ment size was controlled to be between 7.8 mm
and 12.2 mm. The tolerance for element size was
between 0.4 mm and 0.6 mm. The iterative
method used for the nonlinear analysis was the
modified Newton-Raphson (NR) scheme which
is illustrated in Fig 2 (COSMOSWork 2008b),
whereby the tangential stiffness matrix K was
formed and decomposed at the beginning of each
step and used throughout the iteration. This
approach simplifies the forming and decomposing
process of the original NR iterative method at
each iteration. From Fig 2,

I+At{R} _ t+At{F} =0 (2)

{AR}(I'—I) _ t+At{R} . t+At{F}(i*1) (3)

r+At{U}(i) _ t+Ar{U}(i—l) _ t+At{AU}(i) (4)

t+At[K](i71>{AU}(i) — {AR}(FI) (5)
oy O =y (6)

t+At{F}(0) — I{F} (7)

The incremental load control method was devised
to perform the nonlinear analysis. The equilib-
rium iteration was done for every step. The maxi-
mum number of equilibrium iterations was set
at 20. The relative displacement tolerance used
for equilibrium convergence and the tolerance
for strain increment was between 0.9 and 0.97,
respectively. To assist with the convergence in
solution, the stiffness singularity elimination factor
was set between 0 and 0.5, and the direct sparse
solver of COSMOSWork was used.

The values of the constants of Baily-Newton law,
C1, C», and C3, in the material creep effect module
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Figure 2. [Illustration of modified Newton-Raphson itera-

tion, where the tangent stiffness matrix is formed and
decomposed at the beginning of each step and used through-
out the iterations.

of the FE model for the HB skin component were
determined when FE model predictions of creep
deflection for HB fitted well with the measured
creep deflection data for the HB specimen with
the correlation coefficient (R?) between the two
creep deflection values reached maximum. Using
the obtained C;, C», and C3 values for HB, Cy,
C,, and C; for Kraft paper expanded honey-
comb core were determined when the FE model
predicted creep deflection values for sandwich
panels consisted of the Kraft paper expanded core
and HB skins correlated best with the measured
data for these sandwich panels with a highest R
value between the two sets of the creep deflection
values. Similarly, Cy, C,, and C; for Kraft paper
corrugated honeycomb core and MDF skin com-
ponents were deduced according to previous mea-
sured creep test data using the same approach
(Chen et al 2011a). In the FE models, the core
and skin thicknesses of the sandwich panels were
26 mm and 3 mm, respectively. Since the influ-
ence of temperature on creep was not evaluated
in this study, C,4 for all materials was assumed
to be zero.

The stiffness data for wood composite skin and
Kraft paper honeycomb core layer obtained by an
earlier study (Chen et al 2011b) were used in the
FE models which was shown in Tables 1 and 2.
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Table 3. Creep constants for various core layers and skins
obtained by the finite element simulation.

Model type* Cl1 C2 C3
HB skin 2.00 x 107'¢ 1.2097 0.8247
MDF skin 7.00 x 1072 0.5000 0.7000
Expanded x core layer  2.06 x 107> 1.9000 0.8020
Expanded y core layer ~ 2.06 x 107> 2,0000 0.7800
Corrugated x core layer  7.80 x 107'>  2.0160  0.5300
Corrugaged y core layer  6.40 x 107" 2.0600 0.6000

* x and y indicated the core ribbon direction was parallel with or perpen-
dicular to the long edge of the sample.
HB, hardboard; MDF, medium-density fiberboard.

The relative flexural deflection was used to
compare the flexural creep of sandwich panels
with different types of cores and skins. The rel-
ative flexural deflection was defined as:

Or = (8, — 3,) /0 (8)

Since the loading condition in flexure is sym-
metric along the panel’s width, FE models were
established in half symmetry for simplicity. The
boundary conditions for each FE model were
set according to ASTM standard C480 (ASTM
2005). The constraint condition for the restrained
edge was: Uy = U = 0. The constraint condi-
tion for the restrained faces was: Uy = Uy = 0.
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RESULTS

The Flexural Creep Constants of Sandwich
Core and Skin Components

Shown in Table 3, C;, C,, and C5 of the FE
models for flexural creep of 2.8-mm thick HB
under 37 N constant flexural loading (corre-
sponding to the loading used in the testing) were
determined as 2 X 10*16, 1.2097, and 0.8247,
respectively, obtained by fitting the FE model to
the test data as Fig 3 indicated. Using these creep
constants and based on the creep test data for the
corresponding sandwich panels, C;, C,, and C;
for the expanded core and corrugated core in both
core ribbon direction parallel and perpendicular
to the samples’ span (wrt to the ribbon direction)
were deduced. Using the deduced creep constants
for the expanded core in core ribbon direction
perpendicular to the sample’s span and the test
data for the sandwich panels containing this type
of core and MDF skins (Fig 3), the creep con-
stants, Cy, C,, and Cs, for MDF skins were
obtained. The constant flexural loading values
for all sandwich panel tests and corresponding
models were set as 54.25 N.

2.5

— 28 mm HB, 16 hr creep, y/x=1.00,
R%0.98

+ HB skin, expanded core-y, 10 hr
creep,y/x=1.00, R*=0.99

4 HB skin, expanded core-x, 10 hr

creep, y/x=1.00, R*=0.95

= MDF sKkin, expanr.led core-y, 12 hr
creep, y/x=0.99, R'=0.99

Measured relative deflection

+ HB skin, corrugatgd core-y, 10 hr
creep, y/x=1.00, R =0.90

»x HB skin, corrugated core-x, 10 hr

creep, y/x=1.06, R*=0.90

0 0.5 1
Predicted relative deflection

1.5 2

Figure 3.

2.5

Comparison of the relative flexural deflection in primary creep predicted by the finite element (FE) models with

the experimental data where y/x is the average creep ratio of the experimental data to prediction.
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Influence of Panel Size and Load Level

It is known that different geometric size and
load level can affect creep behavior (Bodig and
Jayne 1982). Here FE models for sandwich
panels containing Kraft paper expanded honey-
comb core and MDF skins were established with
two levels of span, width, panel thickness, and
load, respectively. All models’ shelling ratios
(thickness ratio of core to skin) were set as
8.67. Table 4 gives the predicted flexural creep
rate and deflection at 5 hours within the primary
creep stage of these models. It indicates that the
specimens with longer span, greater width,
smaller thickness, or lower load level had the
smaller creep rates and deflections in the pri-
mary creep stage for the panels studied.

Influence of Shelling Ratio, Skin Type, Core
Orientation, Cell Shape, and Size

To study these parameters without the influence
of panel’s dimension and load level, all panels in
these FE simulations were fixed at the same size
of 372 mm x 75 mm X 32 mm (length x width x
thickness) and loaded constantly at 54.25 N.

Shelling ratio. The FE predicted curves for
creep deflection vs. time for sandwich panels
containing MDF skins and expanded honeycomb
core with different shelling ratios in the primary
creep stage are plotted in Fig 4. It indicated that
a higher shelling ratio reduced creep deflection.
This response was opposite to what was observed
when the panel was under instantaneous static
load whereby the panel with a higher shelling
ratio had a lower stiffness (Chen and Yan 2012).

Cell size. The predicted relative deflection as a
function of time for panels with different core cell

Table 4. Relative deflection and creep rate at 5 h within
primary stage creep.

Sample Sample  Sample
span thickness ~ width ~ Load level  Relative Creep
(mm) (mm) (mm) (N) deflection rate (s ')
744 32 40 54.25 396 220x107*
744 32 75 20.00 1.00 557 x107°
744 32 75 54.25 152 844 x107°
744 20 75 54.25 0.84 4.67x107°
1488 32 75 54.25 056 3.11x107°

Predicted relative deflection

0 T T T

0 2 4 6 8 10
Time (hour)

Figure 4. Finite element (FE) model predicted relative
flexural deflection as a function of time for sandwich panels
with shelling ratio of 2, 4, 9, and 12.

sizes is plotted in Fig 5. This is for sandwich
panels that contained 3-mm thick HB skins and
26-mm thick expanded honeycomb core. The
other geometric size of the panel, test span, and
load level were the same as it has been men-
tioned before. The results showed that although

2.5 - 159 mm
=
S o) 31.8 mm
g
Q
=
5
S 1.5
2
s
g 4]
=1
2
S
D 0.5-
o
04 : : ' : : ;
0 2 4 6 8 10 12

Time (hour)

Figure 5. Finite element (FE) model predicted relative
flexural deflection as a function of time for sandwich panels
with 15.9- and 31.8-mm cell size core.
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the web thickness of the honeycomb core with
15.9-mm size cell was 0.23 mm, which was
0.10 mm thicker than the web of the core with
31.8-mm size cell, predicted flexural creep behav-
iors of these two types of sandwich panels were
almost the same.

Honeycomb core shape and the orientation.
Figure 6 shows the creep deflection as a function
of time for panels containing 3-mm thick HB
skins and different shapes of 26-mm thick honey-
comb cores with core ribbon oriented (x direc-
tion) either parallel or perpendicular to the long
edge of the sample. The sandwich panels con-
taining 31.75-mm cell size expanded core showed
higher flexural creep than the panels containing
19.05-mm cell size corrugated core in the corre-
sponding core orientation. In addition, the panels
with the core ribbons oriented perpendicular to
their span (y direction) showed higher flexural
creep in the primary stage than the panels with
the core ribbons parallel to their span.

2.5

Predicted relative deflection
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Types of skin material. Predicted flexural
creep of sandwich panels containing MDF skins
or HB skins are shown in Fig 7. Both types
of sandwich panels had a 3-mm thick skin and
26-mm thick expanded honeycomb core. Panels
with HB skins had slightly less flexural creep in
the primary stage than those with MDF skins.
Since the MOE of HB is higher than that of
MDF (Table 1), the results suggested that the
panels with higher stiffness skins were likely to
have lower flexural creep.

DISCUSSION

It is known that the size of the sandwich panels
may affect the flexural creep of the sandwich
panels (Taylor 1996; Bitzer 1997). FE models
can help to overcome the practical limitations of
making large numbers of sandwiches with the
same sizes and at the same time adjusting shelling
ratio, core shapes and sizes, and skin materials.

Sample's span ribbon direction

Expanded core
Corrugated core

Sample's span |
Ribbon direction

Expanded core
Corrugated core

Sample's span //
Ribbon direction

0 T T T T T
10

Time (hour)

1
12

Figure 6. Finite element (FE) model predicted relative flexural deflection as a function of time for sandwich panels with

different core structures.
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MDF skin

o HB skin

Predicted relative deflection

0 2 4 6 8 10 12
Time (hour)

Figure 7. Finite element (FE) model predicted relative

flexural deflection as a function of time for sandwich panels

containing medium-density fiberboard (MDF) and hard-
board (HB) skins, respectively.

Taylor (1996) reported that thicker structural insu-
lated sandwich beams (consisting of an expanded
polystyrene core [EPS] and oriented strandboard
faces) had smaller flexural creep. However, Taylor
did not mention if the shelling ratio of these sand-
wich beams was kept the same when the beams
became thicker or thinner. Tabuchi et al (1997)
mentioned that greater thickness of the specimen
increased the creep crack rate of 1Cr-Mo-V steel
specimen. According to the results from this study,
both the sandwich panel thickness and the shelling
ratio affected the flexural creep of the sandwich
panels. In addition, Taylor reported that increasing
load level from 1/3 of modulus of rupture (MOR) to
2/3 of MOR did not change the flexural creep of
the EPS sandwich beams significantly. The results
from this study suggested that a higher load level
would result in greater flexural creep (Table 4).

Bitzer (1997) had drawn some experimental based
conclusions generally. He mentioned that creep in
the ribbon direction of honeycomb is less, which
agreed with the predictions of the FE models
in this study, which were in turn generated from
empirical data. Bitzer also concluded that creep
rate increases with increasing cell size. However,
he did not mention whether this influence of cell
size occurred in the primary creep or secondary
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creep stage. Since our results showed that cell
size did not affect the primary creep, perhaps it
is the secondary creep that was affected by the
cell size. Bitzer’s conclusion on the influence of
core orientation was also consistent with the find-
ings from this study.

CONCLUSIONS

Using the experimental results of flexural creep
of HB solid panels and the sandwich panels
containing Kraft honeycomb core and HB or
MDF skins from an earlier study, FE models for
flexural creep of these sandwich panels in the
primary creep stage were developed. The FE
models were used to analyze the influence of
various panel parameters. The following conclu-
sions were obtained from this study:

1. Flexural creep of sandwich panel in the pri-
mary stage was affected by panel geometric
size and load level. The FE model predicted
sandwich panels undergo less flexural creep
if they were thinner, longer, wider, higher in
shelling ratio as well as if they were under
lower constant loading level. However, there
was no influence of expanded honeycomb
core cell size on the flexural creep behavior
of the sandwich panels.

2. Flexural creep for sandwich panels contain-
ing expanded Kraft paper honeycomb core
was greater than those containing corrugated
honeycomb core.

3. Sandwich panels with their span parallel to
their core ribbon (x direction) had lower pri-
mary flexural creep than the panels with their
span perpendicular to the x direction.

4. Sandwich panels containing HB skins had
slightly lower flexural creep than those con-
taining MDF skins.

However, given the intrinsic variability in mate-
rials, applicability of these conclusions for a
larger set of samples involving different mate-
rials and configurations needs to be thoroughly
tested. In addition, the impact of the bonding
between the skin layer and the core has to be
studied further.
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o = the total uniaxial stress at time t.
¢ = creep strain
t = creep time
T = temperature (Kelvin)
C, C, and C; = the constants of Baily-Newton

1aw.C2> 1,0<C3§ 1

C4 = amaterial constant defining the
temperature-dependency

d,, = relative deflection at time t

0, = deflection at time t

8, = deflection under instantaneous
elastic load.

x = the ribbon direction of the
honeycomb core, the direction
of the continuous honeycomb
sheets.

y = the direction in which the
honeycomb core is expanded
(ie perpendicular direction to
the ribbon direction)

z = the direction parallel to the cell
openings in the honeycomb
core, direction along the
thickness of the sandwich panel.

Nomenclature

WOOD AND FIBER SCIENCE, OCTOBER 2012, V. 44(4)

AR} = vector of externally applied
nodal loads
THANFY = vector of internally generated
nodal force
{AU}” = vector of incremental nodal
displacements at iteration (i)
HA YD = vector of total displacements at
iteration (i)
Ui = displacement in I direction
{AR}™Y = the out-of-balance load vector at
iteration (i)
HHATK)D = the tangent stiffness matrix at
iteration (i)
= vector of internally generated
nodal force at iteration (i)
MOE = modulus of elasticity
MOR = modulus of rupture
RH = relative humidity

1+A1{F}(i71)
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