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Compressive Response of Honeycombs Under In-Plane
Uniaxial Static and Dynamic Loading, Part 2: Simulations

Jaeung Chung¤ and Anthony M. Waas†

University of Michigan, Ann Arbor, Michigan 48109-2140

The static and dynamic experimental results of polycarbonate circular cell honeycombs subjected to in-plane
uniaxial loading are simulated through numerical analysis using the � nite element method. The experimental
results were presented in Part 1 (Chung, J., and Waas, A. M., “Compressive Response of Honeycombs Un-
der In-Plane Uniaxial Static and Dynamic Loading, Part 1: Experiments,” AIAA Journal, Vol. 40, No. 5, 2002,
pp. 966–973). Through a comparison between the experimental results and numerical analysis, the crushing
mechanism of the circular cell honeycomb material is studied. The in� uence of friction between the load-
ing plate and the honeycomb material is studied numerically in the simulation of the dynamic experimental
results.

I. Introduction

I N Part 1 of this paper,1 we observedand studied the compressive
behavior of two-dimensional circular cell honeycombs made of

polycarbonatesubjectedto two different in-planeloadingconditions
through an experiment. In the present paper, the correspondingnu-
merical analysis via the commercial � nite element code Abaqus is
carried out statically and dynamically. The numerical analysis of
the static experimental results is done by modeling the honeycomb
material subjected to uniaxial loading in two different principal in-
plane directions (X and Y directions), respectively. The numerical
analysis of the dynamic experimental results is executed using the
same circular cell honeycomb model as that used for the static sim-
ulation. Dynamic � nite element analyses corresponding to the dy-
namic experiments of an initial impact velocity v1 in each principal
direction (v1 D 585 mm/s in the X direction and v1 D 702 mm/s in
the Y direction) are carried out to check the experimentalresults nu-
merically. The objective of the present study is to identify features
of the compressive failure mechanism of these solids with the even-
tual goal of providingan understandingthat will enablemodelingof
these materials as equivalent continua that re� ect the observed ex-
perimental results. The latter is one of practical need because when
cellular solids are used for large-scale structural applications, one
has to resort to some degree of continuum modeling for the pur-
pose of ef� cient numerical simulation. (There are several research
investigations aimed at resolving the issue of how to characterize
properly solids with microstructure as equivelent continua; see the
work by Askar2 and the references contained therein.) Once the
initial identi� cation stage is complete, the more important issue of
predicting the energy absorbing characteristics of the honeycomb
and a corresponding sandwich panel or sandwich structure can be
accomplished satisfactorily.The present work has been carried out
with these concernsin mind and is a preliminarystep in the direction
of attaining these larger goals.
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II. Static Case
A. Numerical Procedure

The static responseof the honeycombwas studiedvia the � nite el-
ement method. The commercial code Abaqus (the implicit version)
was used for this purpose. In the � nite element analysis (FEA),
a model was made of the entire microsection of the honeycomb
(Fig. 2b in Ref. 1) using averaged measured representative data as
recorded via an optical microscope.The model includes wall thick-
ness variations and cell ellipticity (Fig. 3 in Ref. 1). The procedure
to generate the FEA mesh for the 12 £ 12 cell microsection was
as follows: Cell wall thickness variation and cell ellipticity of the
microsectionof thehoneycombwas painstakinglymeasuredfor sev-
eral 12 £ 12 cell specimens.The data were gatheredand analyzedto
obtain average cell ellipticity, average cell wall thickness variation,
average double wall thickness (occurring at those locations where
two cells meet), and average contact area. Next, a microsection of
the honeycomb was meshed that included these average measured
properties.After this, the microsectionwas periodicallyextendedin
the horizontal and vertical directions to generate the entire 12 £ 12
cell model of the test specimen. Thus, the 12£ 12 FEA mesh is
periodic, with the microsection representing the average values of
geometrical imperfections and cell ellipticity as recorded through
the measurements carried out via an optical microscope. In the � rst
step of the analysis, a linear elastic eigenvalue analysis is carried
out to obtain the eigenmode shapes of the 12 £ 12 cell model. The
eigenmode shape corresponding to the lowest eigenvalue is used to
perturb the mesh. In addition, the 12 £ 12 cell model is arti� cially
perturbed at the location of the severest localization as observed in
the experiment. The magnitude of this perturbation is such that the
resulting linear slope of the numerical response is unaffected. That
is, beyond a certain size of the magnitude, the linear slope shows
a strong dependence on the magnitude. In the present work, the
largest possible magnitude that shows no change in the resulting
slope of the linear response was used. The largest possible mag-
nitude was determined through several simulations having several
different magnitudes of perturbation, respectively.

The microsection of the honeycomb is discretized with three-
noded quadratic beam elements. The beam element (B22) is based
on Timoshenkobeamtheoryand includestransversesheardeforma-
tion. The transversesheardeformation in this element is treated as if
the response were linear elastic, independentof the axial and bend-
ing responses. This feature is used to analyze nonlinear geometric
and nonlinearmaterialbehavior.Each cell of thehoneycombis mod-
eled with 20 curved beam elements, and the contact region between
neighboringcells is made of 2 beam elements. To include thickness
variation, each beam element in the microsection of the honey-
comb has a different thickness that is representative of what was
measured through the optical microscope (Fig. 4 in Ref. 1). To pre-
vent penetration among cells during deformation, contact elements
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were included. When rigid bar elements are used to simulate the
loading plates, the model is subjected to displacement-controlled
loadingalong the X directionandalongtheY direction,respectively.
In addition, contact elements between the rigid bars and the hon-
eycomb materials are used to prevent penetration. The honeycomb
material is initially elastic and then exhibits plasticlike behavior. It
is well known that polymeric materials such as polycarbonate ex-
hibit yieldlikephenomenafound in metals, although the mechanism
by which a metal exhibits plasticity is quite different from that of a
polymer. Nevertheless, for the purposes of simulation, it is conve-
nient and appropriate to resort to classical J2 (volume preserving)
small strain incremental theory of plasticity for modeling the con-
stitutive behavior of the honeycomb material. The basic elements
of this theory are well documented in several texts (for example,
that by Lubliner3). In the Abaqus commercial code, this theory is
provided via a builtin routine that needs as its input the complete
uniaxial stress–strain response of the material (Fig. 2a in Ref. 1).
In Fig. 2a in Ref. 1, the stress and strain are true stress and loga-
rithmic strain, respectively.With individual data points providedon
this curve manipulated according to what is required by Abaqus,
the material speci� cation that conforms to J2 incremental theory of
plasticity is completed. Details of the theory are ommitted here for
the sake of brevity and may be found in Ref. 3 and other plasticity
texts, such as that by Mendelson.4

B. Static Compressive Loading in X Direction
The experimentaland numerical responsesof a honeycombspec-

imen under a compressive loading in the X direction are shown in
Fig. 1a. Figure 1b and Fig. 6b in Ref. 1 showa sequenceof deformed
con� gurationsof the specimenin the simulationand the experiment,
respectively. In Fig. 1a, the straight line is the macroscopic stress
in the X direction to the macroscopic strain in the X direction re-
sponse as measured in the experiment and the dashed line is the
response as obtained via the simulation. The circles and triangles
in Fig. 1a indicate the locations of the experimental and numerical
responsesrelated to the deformed con� gurationsof the specimen in
the experiment and the simulation, respectively. Initially, the model
deforms in a uniform fashion (Fig. 1b, sxs1). The slope of the nu-
merical responsebegins to change due to a reduction in the stiffness
of the specimen caused by initiation of localization (Fig. 1b, sxs2
and sxs3). Then, the numerical response experiences stable nonlin-
earity until the response reaches a maximum stress (Fig. 1b, sxs4).
Developmentof severe localizationsuch as X -band shape at the left
part of the specimen causes the numerical response to exhibitunsta-
ble nonlinearbehavior. After this, cell wall contact causes the slope
of the response to change from negative to positive (Fig. 1b, sxs5
and sxs6). Severe localization is found to occur along the diagonals
of the specimen (more to the left part of the specimen, as shown in
Fig. 1b, sxs6). Localization into an X -band shape was found in the

Fig. 1a Static stress–strain response under compressive loading in X
direction.

Fig. 1b FEA simulation: sequence of deformed honeycomb specimen
under static compressive loading in X direction.

right part of the specimen in the experiment. As seen in Fig. 1a, the
numerical response shows good agreement with the experimental
response. The predicted difference in the maximum load in both
cases is within 6% of the measured maximum load. Clearly, these
differencesare to be expectedbecausethe numericalmodel includes
the microsectionof the honeycomb with average geometric proper-
ties, which is periodically extended to form the 12 £ 12 simulation
model. This is quite different from the variations that are present in
a particular test specimen.

C. Static Compressive Loading in Y Direction
The experimentaland numerical responsesof a honeycombspec-

imen under a compressive loading in the Y direction are shown in
Fig. 2a. Figure 7b in Ref. 1 shows a sequence of deformed con-
� gurations of the specimen in the experiment and Fig. 2b (here)
shows the correspondingsequence in the simulation. In Fig. 2a, the
stright line is the macroscopic stress in the Y direction to macro-
scopic strain in the Y direction response in the experiment, and
the dashed line is the response as predicted via the simulation. The
� nite element model of the circular cell honeycomb experiences
linear deformation initially (Fig. 2b, sys1), and then stable nonlin-
ear behavior occurs in the model (Fig. 2b, sys2 and sys3) until the
maximum stress is reached (Fig. 2b, sys4). Beyond the maximum
stress, the responseis unstableand nonlinear(Fig. 2b, sys5 and sys6)
until the cell walls of the honeycomb material contact each other.
When the cell walls contact each other, the slope of the numerical
responsebecomespositivefor a while (Fig. 2b, sys7–sys9), and then
the slope changes from positive to negative again due to collapse
of other cells, until cell walls contact begins again. The second row
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from the bottom of the specimen was signi� cantly more localized
when compared to other localized rows (Fig. 2b, sys5), whereas,
in the experiment, the third row was deformed most signi� cantly
among the rows of the specimen (Fig. 7b, eys5, in Ref. 1). As seen
in Fig. 2a, the predicted stiffnessof the response in the linear region
matched the experimental result very well. The difference between
the maximum loads correspondingto the two cases is about 15% of
the experimental value.

III. Dynamic Case
A. Numerical Procedure

The experimentally measured dynamic response of the honey-
comb was studied throughthe � nite elementmethod.In the dynamic
FEA (DFEA), the geometric model adopted in the static numerical
simulationis used. In otherwords,thenumericalmodelof thehoney-
comb material is made by periodic extension of the microsectionof
the test specimen measured directly through an optical microscope.
The only difference between the static and dynamic model is the
location in the numerical model of the perturbation associatedwith
the � rst eigenmodeshape.That is, the numericalmodel is perturbed
more at the location of the severest localization in the honeycomb
specimen observed in the dynamic experiment. Like in the static
numerical model, each cell of the honeycomb is discretized with a
three-noded beam element (B22), and contact elements are used to
prevent penetrationamong cells during deformation in the dynamic
numerical model. To simulate the loadingplates, rigid bar elements
are used. In addition, contact elements between the rigid bars and
the honeycomb are used to prevent penetration.To specify the plas-
tic part of the polycarbonate honeycomb material, small strain J2
incremental theory of plasticity is used.3;4 To model the viscoplas-
tic character of the honeycomb material in the DFEA, the RATE
DEPENDENT option provided in Abaqus is used. This assumes
that the material obeys a power law relation between the plastic
strain rate and the rate dependent yield stress. Thus, for N¾ ¸ ¾ 0,

PN"pl D D[. N¾=¾ 0/ ¡ 1]p

where

D; p = material parametersPN"pl = equivalent plastic strain rate
N¾ = yield stress at the nonzero plastic strain rate
¾ 0 = static yield stress

In theequation,D and p aredeterminedfromFig.2a in Ref. 1.The
numerical analysis enforces the same physical boundary conditions
as that in the dynamicexperimentby enforcingthe measured time vs
displacement data obtained through the experiment in the DFEA.

Fig. 2a Static stress–strain response under compressive loading in Y
direction.

Fig. 2b FEA simulation: sequence of deformed honeycomb specimen
under static compressive loading in Y direction.
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That is, displacement boundary loading as a function of time is
enforced.

In the dynamic experiments, the test specimen is attached to the
lower steel block using an epoxy adhesive to prevent the test speci-
men from moving from its original location.To enforce this experi-
mental constraint in the numericalmodel, in the dynamic numerical
analysis corresponding to an X direction impact loading, the left
side nodes of the model contacting the rigid bar element (Fig. 3b,
undeformed shape) are � xed. In the dynamic numerical analysis
corresponding to a Y direction impact loading, the bottom nodes
of the model connected to the lower rigid bar (Fig. 4b, undeformed
shape) are � xed.

In the dynamic experiments,when the free falling upper loading
plate impacts the specimen, friction occurs between the specimen
and the loading plate (see Figs. 10b and 11b in Ref. 1). As seen in
Figs. 10b and 11b in Ref. 1, friction effects between the specimen
and the loadingplate under the X direction impact loadingare larger
than the friction effects between the specimen and the loading plate
under the Y direction impact loading. Hence, in the dynamic simu-
lation under X direction impact loading, the right side nodes of the
numerical model (Fig. 3b, undeformed shape) contacting the right
rigid bar are not allowed to move in the Y direction. In the dynamic
simulation under the Y direction impact loading, the top side nodes
of the numerical model (Fig. 4b, undeformed shape) contacting the
upper rigid bar are free to move in the X direction. In the discus-
sion that follows, the effect of friction between the impactor and
the specimen will be discussed through a comparison of three cases
for each in-plane loadingdirection (¹ D 0, ¹ D 0:05, and � xed case,
where ¹ is the coef� cient of friction between the two surfaces).

B. Dynamic Compressive Loading in X Direction
The experimentaland numerical responsesof a honeycombspec-

imen under an impact compressive loading with an initial impact
velocity of 585 mm/s in the X direction are shown in Fig. 3a.
Figure 10b in Ref. 1 and Fig. 3b (here) show a sequenceof deformed
con� gurationsof the specimen in the experimentand simulation,re-
spectively.In Fig. 3a, the straight line is the macroscopicstress in the
X direction to the macroscopic strain in the X direction response
in the experiment, and the dashed line is the numerical response.
Squares and triangles on the response curves in Fig. 3a indicate the
stress and strain values corresponding to the mode shapes in the
experimental and numerical responses, respectively. In Fig. 3a, the
experimental and numerical responses are shown up to the max-
imum displacement of the specimen during the impact event. In
the � rst phase of the numerical response, the � nite element model
of the honeycomb material deforms symmetrically about the load-
ing direction (Fig. 3b, sxd1). Next, the model experiences stable
nonlinearity (Fig. 3b, sxd2 and sxd3) caused by the initiation of lo-
calizationuntil the maximum stress is reached (Fig. 3b, sxd4). After
the maximum stress, the slope of the numerical response changes to
negative (Fig. 3b, sxd5) until some cell walls of the model contact

Fig. 3a Dynamic stress–strain response under impact compressive
loading with initial impact velocity of 585 mm/s in X direction.

Fig. 3b FEA simulation: sequence of deformed honeycomb specimen
under impact compressive loading with the initial impact velocity of
585 mm/s in X direction.

each other (Fig. 3b, sxd6). As seen in Fig. 3b, sxd4–sxd6, the local-
ized band in the simulation is formed along a diagonal line from the
fourth cell (from the left end of the top row) to the third cell (from
the right end of the bottom row) and an adjacentdiagonalline on the
right side of this line. This localized band is similar to that found in
the experiment. The development of this localized band causes the
slopes of the experimentaland numerical responses to change from
positive to negative.

C. Dynamic Compressive Loading in Y Direction
The experimentaland numerical responsesof a honeycombspec-

imen under an impact compressive loading with an initial impact
velocity of 702 mm/s in the Y direction are shown in Fig. 4a.
Figure 4b shows a sequenceof deformedcon� gurationsof the spec-
imen through simulation and the corresponding sequence of de-
formed con� gurations in the experiment is shown in Fig. 11b in
Ref. 1. In Fig. 4a (here), the straight line is the macroscopicstress in
the Y direction to the macroscopicstrain in the Y direction response
in the experiment, and the dashed line is the numerical response.
Squares and triangles on the response curves in Fig. 4a indicate the
values of stress and strain corresponding to the mode shapes in the
experimental and numerical responses, respectively. In Fig. 4a, the
experimental and numerical responses are shown up to the max-
imum displacement of the specimen caused by the initial loading
condition.The numericalmodel of the honeycombmaterial exhibits
an initial linear response(Fig. 4b, syd1). This progressesto a nonlin-
ear but stable behavior (Fig. 4b, syd2 and syd3) until the maximum
stress is reached.As seen in Fig. 4b, syd2, the third and fourth rows
(from the bottom row) are localized into a zigzag shape. As seen
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Fig. 4a Dynamic stress–strain response under impact compressive
loading with the initial impact velocity of 702 mm/s in Y direction.

Fig. 4b FEA simulation: sequence of deformed honeycomb specimen
under impact compressive loading with the initial impact velocity of
702 mm/s in Y direction.

in Fig. 4b, syd4, the cell walls of the sixth row (from the bottom
row) are totally in contact with each other and the left side cells
of the third and fourth rows have deformed more severely than the
other cells of these rows. Beyond the state correspondingto Fig. 4b,
syd4, of the numerical response, the slope of the response starts
to change from negative to positive. The slope of the numerical re-
sponsecorrespondingto the deformedshapesbetweenFig. 4b, syd5,
and Fig. 4b, syd6, changesfromnegativeto positiveand backto neg-
ative again. This variation of the response is caused by some cell
walls of the third and fourth rows contacting each other. Deformed
con� gurations in the simulation are identical to these found in the
experiment. The difference between mode shapes observed in the
experiment and the numerical simulation is the cause of the differ-
ence in the macroscopic stress and strain between the experimental
and numerical response. However, the difference between the two
responses is not so large. The numerical response still predicts the
experimental response resonablywell and captures the trends of the
experimental response.

IV. Discussion
From theexperimentalandnumericalresults,thelinearstiffnesses

of the static and dynamic response in the X direction is higher than
those in the Y direction. This is mainly caused by deviation from
circularity for each cell of the specimen. In other words, if each
cell of the specimen is perfectly circular, the linear stiffnesses in the
X and Y directions are equal. If each cell is elliptic, then the linear
stiffnesses are dependent on the cell aspect ratio.

Hence,

E¤
x D E¤

y if a D b

E¤
x > E¤

y if a > b

E¤
x < E¤

y if a < b

where

a = diameter of an elliptical cell in the X direction
b = diameter of an elliptical cell in the Y direction

The preceding results on elastic stiffness have been derived and
explained in detail in Ref. 5. In Tables 1 and 2, the linear stiffnesses
of the full-scale numerical simulation are compared to experimen-
tally measured linear stiffnesses of the honeycombs statically and
dynamically.Because the full-scale numerical model has imperfec-
tions, such as cell size, wall thickness,wall thickness variation,and
deviationfromcircularityfor each cell, the numericalanalysisusing
the model shows good agreement with the experimental results.

The macroscopic orthotropy in elastic stiffness due to the dis-
cussed imperfections acts synergistically with orthotropy induced
due to deformation, resulting in the observed and predicted local-
ized deformation patterns in the postbuckled regime of the spec-
imen response. Indeed, the X -direction response and proceed-
ing diagonal localized deformation bands are in stark contrast to

Table 1 Comparison of static linear stiffnesses for full-scale
numerical simulations and experimental results

Static 12 £ 12 cell section including 12 £ 12 cell section,
loading imperfections, numerical experiment

E ¤
x , kPa 1178 1176

E ¤
y , kPa 699 693

Table 2 Comparison of linear stiffnesses for full-scale dynamic
numerical simulations and dynamic experimental results

with initial impact velocity v1

Dynamic 12 £ 12 cell section including 12 £ 12 cell section,
loading imperfections, numerical experiment

E ¤
x ,a kPa 1289 1128

E ¤
y ,b kPa 882 875

aVelocity v1 D 585 mm/s. bVelocity v1 D 702 mm/s.
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the Y -direction response and the corresponding parallel localized
deformationbands.Thus, if we were to model these honeycombsas
equivalentcontinua,then a representationthat involvesmacroscopic
orthotropy (because of initial imperfections and that which is in-
duced by deformation) is essential to capture properly the observed
localized deformation patterns. What we have here is initial geo-
metric imperfectionsand cell deformation at the microscopic level,
resulting in an effect at the macroscopic level that is re� ected via
the equivalent (macroscopic) constitutive description of the solid,
which essentially renders the solid to be orthotropic. As seen in
Figs. 1a and 2a, the discrepancybetween the experimental response
and the numerical prediction for the Y -direction static loading, in
the nonlinear regime, is larger than the corresponding discrepancy
between the reponses under X-direction static loading (in the non-
linear regime). This is caused by the degree of relative accuracy
of the imperfection in the numerical model. In other words, if the
imperfection is more accuratelyprescribed in the numerical model,
that is, the numerical model is closer in geometry to the real test
specimen, the numerical response becomes closer to the experi-
mental response. As seen in Figs. 1b, Fig. 6b in Ref. 1, Fig. 2b, and
Fig. 7b in Ref. 1, the deformed numerical model under X-direction
static loading is closer to the deformed test specimen in compari-
son with the deformed model and test specimen under Y -direction
static loading. The experimental results (Figs. 1a, 2a, 3a, and 4a)
indicate another feature that is related to the observed orthotropyof
the honeycomb specimens. In the static experiments, the maximum
macroscopicstress in the X direction,6x , is approximately52 kPa,
whereas the corresponding maximum macroscopic stress in the Y
direction, 6y , is 37 kPa (Table 3). In the dynamic experimentswith
an initial impact velocity v1, the maximum macrscopic stress in the
X direction, 6d

x , is around 51 kPa (v1 D 585 mm/s) and the maxi-
mum macroscopic stress in the Y direction, 6d

y , is around 47 kPa
(v1 D 702 mm/s) (Tables 4 and 5). These numbers were predicted
with reasonable accuracy via the full-scale numerical simulations
reported herein (Tables 3–5). As seen in Tables 3–5, Young’s mod-
uli of the dynamic numerical responses are higher than those of
the static numerical responses in both principal in-plane directions.
This is caused by the following reasons. First, the linear slope of
the response simulated dynamically is usually higher than that of
the statically simulated response because the inertia of the impact-
ing mass drives the material response to be time dependent, with a
higher linear stiffness as the strain rate increases.Second, the nodes
located on the left-end X-direction loading case (correspondingly,

Table 3 Comparison of maximum stress vs corresponding
strain in static experimental results and numerical simulation

Maximum stress, kPa/strain, %

Direction Experiment Simulation

X 52/10.3 49/8.6
Y 37/10 43/7.7

Table 4 Comparison of maximum stress vs corresponding strain
and maximum strain vs corresponding stress in dynamic experi-

mental results and numerical simulation with initial impact
velocity v1 = 585 mm/s in X direction

Maximum stress, Maximum strain,
Method kPa/strain, % %/stress, kPa

Experiment 51/10.7 18.7/48
Simulation 60/10.6 18.7/60

Table 5 Comparison of maximum stress vs corresponding strain
and maximum strain vs corresponding stress in the dynamic

experimental results and numerical simulation with initial impact
velocity v1 = 702 mm/s in Y direction

Maximum stress, Maximum strain,
Method kPa/strain, % %/stress, kPa

Experiment 47/7.2 26.9/39
Simulation 49/9.5 26.9/45

the bottom for the Y -direction loading case) of the dynamic nu-
merical model are � xed on the rigid bar, and the nodes located on
the right-end X-direction loadingcase (correspondingly,the top for
the Y -direction loading case) of the model are affected by friction,
whereas the nodes at the left end (the bottom) and the right end (the
top)of the static numericalmodel is free to move on the loadingrigid
bars. These stiffer boundary conditions in the dynamic numerical
model compared to those in the static model also contribute to mak-
ing the linear slope of the response to be higher in the dynamic case.
The dynamic numerical responses with friction included between
the rigid bar (impactor) and the nodes of the right-end X-direction
loading case (the top nodes for the Y -direction loading case) are
comparedwith the dynamic experimental responses in Figs. 5 and 6
and Tables 6 and 7. In Figs. 5 and 6, we show results for three differ-
ent cases: the � rst with ¹ D 0, the second with ¹ D 0:05, and � nally
a fully � xed (clamped) case. As seen in Figs. 5 and 6, as the fric-
tion force increases, Young’s modulus and maximum stress tend to
increase.The friction conditiondoes not affect Young’s modulus of
the dynamic numerical response in the X direction when compared
to that in the Y direction. In other words, the linear response of the
numerical model in the Y direction reacts to the friction condition
(occuring between the impactor and the honeycomb model) more

Table 6 Dynamic uniaxial experiment compared with dynamic
numerical simulations, v1 = 585 mm/s, X direction

Young’s modulus, Maximum stress, Maximum strain,
Method kPa kPa/strain, % %/stress, kPa

Experiment 1128 51/10.7 18.7/48
Simulation

(¹ D 0) 1226 59/14.4 18.7/54
Simulation

(¹ D 0:05) 1238 59/15.4 18.7/58
Simulation

(� xed) 1289 60/10.6 18.7/60

Table 7 Dynamic uniaxial experiment compared with dynamic
numerical simulations, v1 = 702 mm/s, Y direction

Young’s modulus, Maximum stress, Maximum strain,
Method kPa kPa/strain, % %/stress, kPa

Experiment 875 47/7.2 26.9/39
Simulation

(¹ D 0) 882 49/9.5 26.9/45
Simulation

(¹ D 0:05) 912 51/9.4 26.9/48
Simulation

(� xed) 1120 51/8.1 26.9/46

Fig.5 Effect of friction between the impactorand the honeycombspec-
imen through comparison of dynamic uniaxial experiment and three
dynamic numerical simulations with the initial impact velocity v1 =
585 mm/s in X direction.
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Fig. 6 Effect of friction between the impactorandthe honeycombspec-
imen through comparison of dynamic uniaxial experiment and three
dynamic numerical simulations with the initial impact velocity v1 =
702 mm/s in Y direction.

sensitively than that in the X direction. Note that these static and
dynamicsimulationsinclude the static and dynamicplasticbehavior
of the polycarbonatematerial, which has a signi� cant in� uence on
the maximum(plateau) stress carryingcapabilityof the honeycomb,
respectively.This latter aspect is important in predicting the energy
absorbing capability of the honeycomb.6 The biaxial characteriza-
tion, reported by Chung,7 is needed to clearly ascertain the energy
absorbing characteristics of these honeycombs under more general
multiaxial loading situations.

V. Conclusions
The resultsfroma combinedexperimentaland analyticalstudyon

the crushing response of circular celled polycarbonatehoneycombs

under uniaxial compressive loading in two mutually orthogonal di-
rections were reported by Chung and Waas1 and were numerically
simulated via the � nite element method in this paper. Our results
show that hexagonally packed nominally circular cell honeycombs
are orthotropic (not transversely isotropic as would be expected
in the perfect case). Initial cell ellipticity, nonuniform contact be-
tween neighboring cells, and deformation-inducedorthotropy (be-
cause of the manner in which the cells are packed) are found to be
major causes of this deviation from intended behavior. This macro-
scopic orthotropy is re� ected in various aspects of the crushing re-
sponse. For example, the linear stiffness, the localized deformation
mode, and the maximum (plateau) stress are all affected. Equiva-
lent macroscopiccharacterizationsof suchhoneycombsmust re� ect
these observed experimental � ndings because they bear heavily on
our ability to predict accurately the energy absorbing characteris-
tics of thesehoneycombcore materialsand correspondingsandwich
panels made with these materials.
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