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Compressive Response of Honeycombs Under In-Plane Uniaxial
Static and Dynamic Loading, Part 1: Experiments

Jaeung Chung* and Anthony M. Waas'
University of Michigan, Ann Arbor, Michigan 48109-2140

The crushing response of polycarbonate circular cell honeycombs under in-plane uniaxial loading is studied
through a combination of static and dynamic experiments. The circular cell honeycomb material has a nearly
periodic microstructure. The static experiments correspond to a uniaxial loading condition under displacement
control in two different principal in-plane directions. The corresponding dynamic experiments are carried out
using a low-velocity impact drop test facility. Three different initial conditions (corresponding to different drop
heights) are used in the dynamic tests. In the initial part of the response, the specimens deform in an almost
uniform fashion. Next, a nonlinear phase characterized by progressive localization of deformation is observed. The
progressive localization causes the walls of each cell to contact. The reasons for the observed orthotropic response of
the honeycombs are discussed. A comparison of the collapse mechanisms between static and dynamic experiments
is included. The experimental work is presented first (Part 1), followed by the simulation studies (Part 2).

I. Introduction

ATURAL materials such as bone and different types of wood

and cork are materials that have a cellular microstructure.
To use the mechanical efficiency displayed by these microstruc-
tures, manufactured materials mimicking such microstructureshave
emerged. Examples are polymeric and metallic honeycomb cores
used for sandwich structures, crushable metal, and polymeric hon-
eycomb for energy-absorbingapplications. In the aerospace indus-
try, manufactured cellular materials are increasingly used to make
light and stiff structures or structures that need to absorb energy
during their service lifetime.

The mechanical properties of cellular materials were initially
studied by Gent and Thomas.! Gibson et al.> calculated in-plane
Young’s moduli and Poisson’s ratios of hexagonal honeycombs for
loading in two orthogonal directions. They identified buckling and
plastic collapse mechanisms and derived equations for the collapse
stresses. Investigations into the effects of elastic properties of non-
periodic honeycombs were reported by Silva et al.> Klintworth and
Stronge* studied elastic buckling and plastic collapse of metallic
honeycombs and concluded that yielding occurs at stresses below
those given by the plastic analysis. They discussed the influence of
large deformation before collapse on the collapse criterion. Gibson
and Ashby’ presented expressions for the mechanical properties
such as the moduli and collapse strengths of three-dimensionalcel-
lular solids. In another work,® they analyzed uniaxial loading and
in a limited manner biaxial loading using the approximation of a
constantrotational stiffness of the node where three cell walls meet.
Papka and Kyriakides’ studied the load-displacementresponse un-
der displacement control using hexagonal aluminum honeycomb
specimens. These researchers also investigated the mechanical re-
sponse of circular celled honeycomb under uniaxial loading in one
direction and the response to biaxial loading using a specially de-
signed biaxial loading fixture ®° Lagace and Vizzini'® investigated
the properties of an aluminum honeycomb core in conjunction with
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their study to develop a sandwich column specimen for charac-
terizing the uniaxial compressive strength of composite laminates.
These authors studied several different materials and cell sizes in
their experimental program.

An important goal of the present study is to develop a robust
and well-tested continuumdescription of the honeycomb as a three-
dimensional solid. The present study of in-plane collapse mech-
anisms of the honeycomb material is complementary to the task
of developing a three-dimensional continuum model of the honey-
comb material. To achieve this goal, collapse mechanisms of poly-
carbonate circular cell honeycomb under different uniaxial loading
conditions were studied through static and dynamic loading. In the
static case, two types of experiments were conducted on the honey-
comb specimens. The first experiment was aimed at examining the
static collapse mechanism of the honeycomb material under uni-
axial, compressive loading in the X direction. See Fig. 1 for the
nomenclature. The other was aimed at studying the static collapse
mechanism of the honeycomb material under uniaxial compressive
loading in the Y direction (Fig. 1). In the dynamic case, a total of
six types of experiments were performed. The first three compres-
sive experiments were performed to analyze the dynamic response
of the honeycomb material under three different uniaxial impact
loads in the X direction. The other three compressive experiments
were executed to study the dynamic response of the honeycomb
material under three different uniaxial impact loads in the Y direc-
tion. Young’s modulus of the polycarbonate material used in the
test is 2.4 GPa, and Poisson’s ratio is 0.3. The stress-strain curve
of the polycarbonate material that is used to manufacture the hon-
eycomb given in Ref. 8 is shown in Fig. 2. In theory, a hexagonally
packed circular cell honeycomb must be transversely isotropic (the
X-Y plane being the plane of isotropy), but as noted later, in prac-
tice, due to various imperfections these materials are best classi-
fied as being orthotropic. A detailed characterization of the elastic
mechanical properties of the honeycomb is given by Chung and
Waas.!!

II. Test Specimen Geometry

The dimensions of the test specimens are given in the Fig. 1
caption. The test specimens consist of 12 x 12 cells cut from a
30.5 x 30.5 cm sheetof honeycomb. By the use of an optical micro-
scope, geometrical features pertaining to the cells in the honeycomb
specimens such as cell wall thickness and radius of cell were mea-
sured accurately. The shape of each cell in the test specimen is not
perfectly circular but deviates slightly from circularity. The distri-
bution of aspect ratio (the ratio between the cell diameter in the
X direction and the cell diameter in the Y direction for each cell
of the specimen) is shown in Fig. 3. Also, Fig. 3 shows the mean
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values of a (the diameter in the X direction), b (the diameter in
the Y direction), and ¢ (single wall thickness) characterized using
an optical microscope. As shown in Fig. 4, the wall thickness of
a single cell varies along the cell circumference. The values of a
single wall thickness and double wall thickness (corresponding to
the region of contact between neighboring cells) are as shown in
Fig. 4.

III. Static Case

A. Experimental Procedure

Static compressive experiments were conducted under displace-
ment control in a hydraulic four-actuatorservocontrolledtest frame.
The overall experimental setup used is shown schematically in
Fig. 5. Honeycomb specimens were placed between an upper and
a lower solid steel plate. These plates are hardened and ground and
have lubricated surfaces. The upper and the lower loading plates are
mounted on the upper and lower actuators of the test frame, respec-
tively. The upper actuator and the lower actuator of the test frame
move at the same time collinearly in opposite directions. To record
the specimen axial shortening measured through a linear voltage
displacement transducer and the specimen load measured through
aload cell installed on the upper loading plate, an in-house data ac-
quisition system was used. The measured loads were normalized by
the undeformed effective cross-sectionalarea (b x ¢ for X direction
loading and a x ¢ for Y direction loading, as indicated in Fig. 1),
and the specimen axial shorteningis normalized by the undeformed
height of the specimens. These measures of effective macroscopic
stress ¥; and normalized axial end shorteninge; (also referredto as

[

Fig. 1 Geometry of honeycomb specimen used in experiment, where
typical dimensions of test specimens are a = 49.77 = 0.28,b = 42.10 =
0.19, and ¢ = 25.51 = 0.04 mm.
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Fig. 4a Typical single-cell wall thickness variation along each cell
of honeycomb: minimum = 0.034, maximum = 0.081, and mean =
0.066 mm.

Fig. 4b Typical double-cell wall thickness variation at the junction
of two neighboring cells: minimum = 0.119, maximum = 0.158, and
mean = 0.143 mm.
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Fig. 5 Schematic of test equipment used for static in-plane crushing
experiment of honeycomb.

macroscopic strain) are used for presentation of the experimental
results. The subscript i is used to denote the direction of applied
load. All tests are conducted in a quasi-static fashion with a cross-
head speed of 0.025 mm/s.

B. Static Compressive Loadingin X Direction

The experimental response of a honeycomb specimen under a
staticcompressiveloadingin the X directionis showninFig. 6a. Fig-
ure 6b shows a sequence of deformed configurations of the specimen
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Fig. 6a Stress-strain response under static compressive loading in X
direction.
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Fig.6b Experiment: sequence of deformed honeycomb specimens un-
der static compressive loading in X direction.
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in the experiment. In Fig. 6a, the straight line is the macroscopic
stressin the X directionto the macroscopic strainin the X direction
response as measured in the experiment. In the first phase of the
experimental response, the specimen deforms in a uniform fashion
(Fig. 6b, exs1). The slope of the response begins to undergo a slight
changearounda stressof 20 KPa (Fig. 6b, exs1). This implies that the
response becomes nonlineardue to a reductionin the stiffness of the
specimen. In this nonlinear regime, the specimen is stable because
the load incrementrequired for further deformation of the specimen
is positive. The continuousreductionof the stiffness of the specimen
results in a gradually weakening response until the attainment of a
maximum load. During this region of the response, which is still
nonlinear and stable, a cluster of cells shows a tendency to collapse
resulting in deformation localization. The initiation of localization
is clearly seen in Fig. 6b, exs4. In Fig. 6, exs4, the localization is
seen to initiate along diagonal lines of the specimen, that is, from a
cell at the bottom row (right end of picture, at A) and at an angle of
117 deg from the positive X axis. The significant development of
the localizationresults in a negative stiffness of the specimen.

C. Static Compressive Loading in Y Direction

The experimental response of a honeycomb specimen under a
static compressive loading in the Y direction is shown in Fig. 7a.
Figure 7b shows a sequence of deformed configurations of the spec-
imen in the experiment. In Fig. 7a, the straight line is the load-
displacement response in the experiment. In the first part of the
experimental response, the specimen deforms symmetrically about
the axis of loading (Fig. 7b, eys1). The slope of the response begins
to change slightly at 27 KPa (Fig. 7b, eys2). This implies that the
response becomes nonlinear due to a reduction in the stiffness of
the specimen. In this nonlinear phase, the specimen is stable, and
initiation of deformation localizationis observed at the center cells
in the first through fourth rows from the bottom row. A continuous
reduction in the stiffness of the specimen progressivelyoccurs until
the maximum load is reached. In this decreasing stiffness region,
the response is still stable. The development of the localization is
clearly seenin Fig. 7b,eys3.In Fig. 7b, eys3, the localizationis com-
pletely developed in four rows (from the bottom row) and in some
center cells in the adjacent fifth row. In Fig. 7b, eys4, the localiza-
tion is completely developed up to and including the fifth row. As
seenin Fig. 7b, eys2, eys3, and eys4, the regions of collapsing cells
gradually spread from row to row. The fully developedlocalization
causes a faster reduction in the stiffness of the specimen beyond the
maximum load. In Fig. 7b, eys6, the completely collapsed third row
deforms significantly more when compared to other rows in which
cells are also collapsed. This shows that the deformationis localized
in this row. In Fig. 7b, eys7, the walls of each cell in the third row
contact each other, and the corresponding slope of the response is
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negative. The slope of the response correspondingto Fig. 7b, eys8,
is positive, whereas that corresponding to Fig. 7b, eys9, is nega-
tive. The series of photographsshown in Fig. 7b, eys7-eys9, reveals
progressively increasing amounts of cell wall contact. When this
process occurs, the corresponding stress-normalized end shorten-
ing response curve displays an up-down-up oscillatory feature. In
other words, whenever each cell completely collapses thereby re-
sulting in a zero local stiffness contribution momentarily, the slope
of the response turns negative and immediately becomes positive as
cell wall contact begins, once again. This mechanism occurs only
beyond the maximum load.

IV. Dynamic Case
A. Experimental Procedure

Dynamic compressive experiments were performed using the
polycarbonate circular cell honeycomb specimens in a drop tower.
The experimental setup used is shown schematically in Fig. 8. Hon-
eycomb specimens are placed between an upper solid steel plate
and a lower solid steel block, which have hardened, ground, and lu-
bricated surfaces. An upper solid steel block is connected between
two ball bushing bearings installed into two circular steel rods. To
prevent the test specimen from moving from their original location
when the upper loading plate impacts the specimen, the specimen is
attached to the lower steel block using an epoxy adhesive. Surfaces
of the circular bars are smooth and lubricated to prevent friction
when the solid block is dropped in the Y direction (Fig. 8). A load
cellis mounted between the upperloading plate and the upper block.
An accelerometer is installed on the upper block.

To record impact load data through the load cell and acceleration
data of the specimen through the accelerometer, a four-channel,
high-rate oscilloscope is used. The oscilloscope can acquire digi-
tized dataathigh samplingrates. (The maximum samplingrate of the
oscilloscopeis 2 GHz.) In these dynamic experiments, a sampling
rate of 10 kHz is used for the oscilloscope. The axial displacement
of the specimen (in the direction of the falling impactor) is obtained
after double integrationof the accelerationdata. In addition, a high-
speed digital camera is used to record the deformation shapes of
the honeycomb specimen. The camera has a maximum framing rate
of 1000 frames/s, for a total duration of 2.8 s. In the present ex-
periments, this maximum framing rate is used. The measured loads
(through the load cell) are normalized by the undeformed effective
cross-sectionalarea, and the displacementsof the specimen are nor-
malized by the undeformed height of the specimen. These measures
of effective stress and effective strain, similar to what was used for
the static case, are used for presentation of dynamic experimen-
tal results. The upper loading plate connected to the upper block
is dropped on the honeycomb specimen at three different heights
in two different inplane directions [X and Y directions (Fig. 1a)].
These directions are the material principal orthotropicdirections.In
each direction, the test specimen is collapsed by the upper loading
plate free falling from three different heights. This results in three
differentinitial impact velocities. Hence, a total of six tests are per-
formed in the dynamic experiment. Three differentheights (1, h,,
and hs; the initial distance between the upper loading plate and top
of the test specimen) and velocities in each direction are shown in
Fig. 9. The initial impact velocity of the upper loading plate (v, v,
and vs; see Fig. 9) is obtained using the following energy balance
equation:

mgh = $mv> - v =/2gh

For the heights used in the present experiment, this equation was
found to be accurate up to 97% of the value measured, when cali-
brated against measurements made through the images of the high-
speed camera.

B. Dynamic Compressive Loading in X Direction

The experimental response of a honeycomb specimen under an
impact compressive loading, corresponding to an initial impact
velocity of 585 mm/s in the X direction, is shown in Fig. 10a.
Figure 10b shows a sequence of deformed configurations of the
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Fig.8 Schematic of test equipment used for dynamicin-plane uniaxial
crushing experiment of honeycomb.
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Fig.9 Three different heights and initial impact velocities of dropped
upper loading plate; a) dynamic compressive loading in X direction:
h1=mm, vl =585mm/s; h2 =35 mm, v2 = 831 mm/s; and A3 = 56 mm,
v3 = 1049 mm/s; and b) dynamic compressive loading in Y direction:
h1 =25 mm, vl =702 mm/s; h2 =43 mm, v2 =917 mm/s; and 73 = 64
mm, v3 = 1118 mm/s.

specimen in the experiment. In Fig. 10a, the straight line is the
stress-strain response in the experiment, and square symbols in the
response curve indicate the corresponding deformed shapes shown
in Fig. 10b. In Fig. 10a, the response of the honeycomb specimen
is shown up to the maximum displacement of the specimen during
the impact event. At the end of this response, the specimen starts to
recover, with a reversalin the axial displacement. That is, stress and
strain of the response start to reduce.

In the first phase of the experimental response, the specimen
deforms in a uniform fashion (Fig. 10b, exdl). The slope of the
response begins to change around ¥, =24 KPa. (Positive values
of stress correspond to compression.) This implies that the impact
response becomes nonlinear due to a reduction in the stiffness of
the specimen. In this nonlinear regime, further deformation of the
specimenrequires an increasein the external load. This implies that
the specimen is stable until the attainment of a maximum load.
Figure 10b, exd3 (stable nonlinear regime), shows the initiation
of deformation localization scattered throughout the specimen. In
Fig. 10b, exd4, the localization is clearly seen, and propagation of
the localization results in the formation of diagonal deformation
bands in the specimen similar to the results of the static experiment.
This localized band is clearly seen in Fig. 10b, exd5. In Fig. 10b,
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exd), the severest developmentof this band is seen along the diago-
nal from the fifth cell (from the left end of the top row) to the second
cell (from the right end of the bottom row). This diagonal localized
band in the specimen results in a negative macroscopic stiffness of
the specimen. That is, the localized band causes a reductionin load
for subsequentincrease of axial deformation.

C. Dynamic Compressive Loadingin Y Direction

The experimental response of a honeycomb specimen corre-
spondingto an initial impact velocity of 702 mm/s in the Y direction
is shown in Fig. 11a. Figure 11b shows a sequence of deformed
configurations of the specimen in the experiment. In Fig. 11a, the
straight line is the stress-strain response in the experiment, and the
square symbolsindicatethe stress and strain values correspondingto
the deformed shapes shown in Fig. 11b. Figure 11a shows the spec-
imen response up to and including the maximum axial deformation.
Beyond this, the specimen experiences a reduction in the macro-
scopic strain (and the correponding macroscopic stress). In the first
part of the experimental response, the specimen experiences sym-
metric uniform deformation about the Y direction (Fig. 11b, eyd1).
In Fig. 11b, eyd2, initiation of localizationis observed in the speci-
men. The localization causes the slope of the stress-strain response
to be changed. That is, the stiffness of the specimen is reduced due
to the localization. Figure 11b, eyd3, shows the localization clearly.
The localizationis more developedin the cells located on the left of
the specimen [second and third rows (from the bottom row)] and in
some cells located on the right side [sixth and seventh rows (from
the bottom row)]. Figure 11b, eyd4, shows a fully developed lo-
calization in the specimen. In Fig. 11b, eyd5 and eyd6, cell wall
contact between adjacent cells in some of the cells is seen to com-
mence. This contactis seen to occur at large values of &, >~ 0.2, well
into the postlocalization regime. The corresponding slope of the
macroscopic response become positive at this stage. This implies
that whenever the cell walls in some areas of the specimen contact
each other, the slope of the response curve becomes momentarily
positive. Beyond this, the slope of the macroscopic stress-strain
response continuously decreases until the next set of cell walls in
other areas of the specimen contact each other, when an increase in
the instantaneous stiffness occurs.

V. Discussion

The response under compressive loading in the X direction is
somewhat more complex when compared to the response under
compressive loading in the Y direction. The linear stiffness of the
response is affected by several factors such as cell size, wall thick-
ness, and wall thickness variation for each cell and deviation from
circularity for each cell of the specimen. The difference between
the stiffnesses of the linear regions of the responses under X direc-
tion loading and Y direction loading is mainly caused by the men-
tioned unintended imperfections that are present in the specimens.
As shown by Chung and Waas,'' a perfectly circular cell hexago-
nally packed honeycomb displays macroscopic transverse isotropy.
Itis, therefore, prudent to investigate the sensitivity of the specimen
stiffness to these different imperfections, the most important being
the deviation from circularity of each cell of the specimen. In other
words, if each cell of the specimen is perfectly circular, the differ-
ence between the stiffnesses of the linear regions of both responses
will only be slightly different resulting from the nonuniformity in
the thickness distributions along the cell wall contact region (line
contact as contrasted against point contact). Even this would dis-
appear as the specimen is scaled up to include a larger number of
cells. However, if the aspectratioa /b of each cell of the specimen s
larger than 1, the stiffness of the linear region of the response under
uniaxial X directionloading becomes larger than the corresponding
stiffness in the Y direction. Young’s moduli of the honeycomb ma-
terial under static and dynamic loading in each in-plane direction
is shown in Table 1. As seen in Table 1, the static Young’s modu-
lus in the X direction is similar to dynamic Young’s moduli in the
X direction, and the static Young’s modulus in the Y direction is
lower than dynamic Young’s moduli in the Y direction. The differ-
ences among dynamic Young’s moduli of the specimen in the two
in-plane principal material directions are not too big. This implies

that the in-plane linear stiffness of the honeycomb material is inde-
pendent of the intial impact velocity. Thus, in the regime of strain
rates examined in the present work, the in-plane linear stiffness of
the macroscopic dynamic response of the honeycomb specimen is
rate independent.

Table 2 shows a comparison of the maximum stress vs the corre-
spondingstrainin the staticexperimentalresponseof the honeycomb
material. Table 3 shows a comparison of the maximum stress vs the
corresponding strain and the maximum strain vs the corresponding
stress in the dynamic experimental response of the honeycomb ma-
terial in the X direction. Table 4 is the corresponding comparison

Table1 Comparison of static and dynamic Young’s moduli
of honeycomb material in each in-plane direction

Loading Velocity, Velocity,
condition mm/s E}, kPa mm/s E}, kPa
Static 1176 693
Dynamic
v 585 1128 702 875
vy 831 1120 917 987
U3 1049 1144 1118 844
Table 2 Comparison of maximum stress vs
corresponding strain in static experimental
response of honeycomb material
Maximum stress,
Direction kPa/strain, %
X 52/10.3
Y 37/10
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Fig. 12 Comparison of static and dynamic experimental responses of
the honeycomb material.
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Table3 Comparison of maximum stress vs corresponding
strain and maximum strain vs corresponding stress
in the dynamic experimental response in X direction

Initial impact
velocity (mm/s)

Maximum strain,
% Istress, kPa

Maximum stress,
kPa/strain, %

vy (585) 51/10.7 18.7/48
vy (831) 52/10.7 30.9/51
v3 (1049) 55/15.7 44/51

Table4 Comparison of maximum stress vs corresponding
strain and maximum strain vs corresponding stress
in dynamic experimental response in Y direction

Initial impact
velocity (mm/s)

Maximum strain,
%/stress, kPa

Maximum stress,
kPa/strain, %

vy (702) 47/1.2 26.9/39
vy (917) 4716.7 41.7/40
v3 (1118) 48/7.1 64.4/42

\j

Fig. 13 Typical response of honeycomb specimen under static and dy-
namic loading.

in the Y direction. From Tables 3 and 4, the maximum stress and
maximum strain of the honeycomb material in both in-plane direc-
tions do not occur at the same time. Furthermore, the maximum
stress achieved increases as the impact velocity increases. The ex-
perimental results (Fig. 12) show that the macroscopic response of
the honeycomb occurs in two stages. The first stage is a linear re-
sponse. This is followed by stage of nearly constant load, during
which the load oscillates in a saw-toothed manner about this con-
stant value. The magnitude of this mean load is dependent on the
rate of loading, but the linear stiffness appears to be rate indepen-
dent. These findings are schematically summarized in Fig. 13. A
companion paper'? adopts the finite element method to simulate the
static and dynamic experimental results.

VI. Conclusions

Results fromstaticand dynamicexperimentson the in-plane com-
pressive crushing behavior of polycarbonate circular cell honey-
combs have been presented. The experimental results show that the
macroscopic behavior of the honeycombs to be orthotropic. Indeed,
there is a considerabledifferencein the X and Y directionresponse
inboththe staticand dynamiccases. Furthermore, thereis no consid-
erable differencein the X direction experimental response between
the static and dynamic cases, but the difference between the static
and dynamic cases exists in the Y direction experimental response
(Fig. 12). For the range of impact velocities examined, there is no
discernibledifferencein response among the dynamic cases in so far
as macroscopic stiffness is concerned. The response corresponding
to the X direction loading is stiffer than the correspondingresponse
for the Y direction loading for both of the static and dynamic cases.
In either case, the macroscopic response exhibits two stages. The
first stage is a linear response. This is followed by a stage during
which the stress exhibits an approximately saw-toothed behavior
with a mean plateau stress.
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