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Abstract
Dual-level stress plateaus (i.e., relatively short peak stress plateaus, followed by prolonged crushing stress plateaus) inmetallic
hexagonal honeycombs subjected to out-of-plane impact loading are characterized using a combined numerical and analytical
study, with the influence of the strain-rate sensitivity of the honeycomb parent material accounted for. The predictions are
validated against existing experimental measurements, and good agreement is achieved. It is demonstrated that honeycombs
exhibit dual-level stress plateaus when bucklewaves are initiated and propagate in cell walls, followed by buckling and
progressive folding of the cell walls. The abrupt stress drop from peak to crushing plateau in the compressive stress versus
strain curve can be explained in a way similar to the quasi-static buckling of a clamped plate. The duration of the peak stress
plateau is more evident for strain-rate insensitive honeycombs.
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1 Introduction

When metallic honeycombs are designed as lightweight
impact energy absorbers to withstand impulse loading, it
is important to characterize their dynamical compressive
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behaviors and explore the physical mechanisms underly-
ing such behaviors. Although numerous efforts have been
devoted to studying the out-of-plane compression of metallic
honeycombs [1–10], most focused on quasi-static load-
ing and low-speed impact cases. The dynamic compressive
behaviors of honeycombs subjected to intense out-of-plane
impulse loading remain elusive, especially from analytical
and numerical points of view.

The fundamentalmechanisms underlying the out-of-plane
compression performance of aluminum hexagonal honey-
combs subjected to quasi-static loading are well understood
[1–5]. Typically, the quasi-static stress versus strain curve
starts with an elastic regime where the response is initially
stiff and nearly linear, then becomes nonlinear elastic due
to elastic buckling of cell walls. At higher stress levels, the
elastic regime ends with a peak stress and the honeycomb
starts to collapse, with stress softening due to cell wall bend-
ing and formation of localized plastic hinges. Followed by
the onset of collapse, the cell walls are progressively folded,
causing an apparent stress plateau regime in the stress versus
strain curve. Finally, the stress plateau regime is terminated
by densified folds and the stress increases rapidly beyond the
densification strain.
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When subjected to low-speed impact, the response is sim-
ilar to that under quasi-static loading, except for obvious
strength enhancement in both the peak stress and crushing
stress plateau regimes [6–10]. This enhancement has been
attributed to the strain-rate sensitivity of the parent material
as well as to the dynamic inertial stabilization of cell walls
against buckling. While strain-rate sensitivity enhances both
the peak and crushing stresses by elevating the flow stress of
the parent material, inertial stabilization enhances the buck-
ling strength due to the activation of higher order buckling
modes (or smaller wavelengths) [11].

When subjected to high-speed impact loading, the out-of-
plane compressive response of a honeycomb can be quite dif-
ferent from that under either quasi-static or low-speed impact
loading. For instance, based on experimental observations,
Harrigan et al. [12] identified dual-level stress plateaus for
hexagonal honeycombs subjected to high-speed impact load-
ing, namely, the peak stress plateau which is relatively short,
and the crushing stress plateau which is much prolonged.
Similar phenomena were observed in prismatic sandwich
cores (e.g., I, X, and Y-cores) and square honeycombs under
high-speed impact loading [13–16]. Interestingly, however,
the prismatic cores and square honeycombs exhibit signif-
icantly prolonged duration of peak stress plateau relative
to the hexagonal honeycombs. Although it is believed that
the peak stress plateau is a result of plastic wave propa-
gation [17–19], the critical event triggering the remarkable
stress drop from the peak plateau to the crushing plateau
still needs further investigation. Further, analytical models
capable of predicting the dual-level stress plateaus, espe-
cially when strain-rate sensitivity is considered, are still
lacking.

The current study aims to explore the physical mecha-
nisms that govern the appearance of dual-level stress plateaus
in metallic hexagonal honeycombs subjected to out-of-plane
high-speed impact loading. Since it is, at present, difficult
to experimentally observe and quantify plastic wave propa-
gation in cell walls, which is of significant importance for
understanding the dual-level stress plateaus phenomenon, a
combined numerical and analytical study is carried out. A
finite element (FE) model for hexagonal honeycombs sub-
jected to out-of-plane impact loading is constructed, which
is validated by comparing simulation results with exist-
ing experimental data. Systematic FE simulations are then
performed by varying the impact velocity from 30 m/s to
170 m/s, with the physical mechanisms underlying the cor-
responding compressive responses explored. Built upon the
mechanisms identified, an analyticalmodel is developedwith
the strain-rate sensitivity of the parent material accounted
for.

Fig. 1 Schematic of periodic FE model for hexagonal honeycomb

2 FE simulation

2.1 FEmodel

Numerical simulation models of hexagonal aluminum hon-
eycombs are constructed using the commercially available
FE code ANSYS/LS-DYNA. Due to periodicity and sym-
metry, only one unit cell in the L direction with symmetric
boundaries in the W direction is considered, as shown in
Fig. 1. For the case considered here, the honeycomb block
with cell wall length D and cell wall thicknesses h and 2h for
single-thickness walls and double-thickness walls, respec-
tively, is sandwiched between two rigid plates. The height
of the honeycomb block is H . The supporting plate is fixed,
while the impact plate moves downwards to compress the
honeycomb with a prescribed constant velocity V . Unless
otherwise stated, D �3 mm, h �0.05 mm, and H �15 mm
are selected.

Cell walls are discretized using solid elements (solid164),
with at least three elements placed across the cell wall thick-
ness. Mesh sensitivity study shows that an element size of
0.05 mm is sufficient to achieve numerical convergence. Sin-
gle surface contact is employed on cell walls, and automatic
node-to-surface contact is applied between the honeycomb
block and the rigid plates. A friction coefficient of 0.15 is
adopted for all contact interactions [20].

With strain-rate and strain hardening effects taken into
account, a bi-linear constitutive relation is adopted for cell
wall material, as

σ �

⎧
⎪⎨

⎪⎩

Esε, ε ≤ σ sy
Es

,

σ s
y + Et

(

ε − σ sy
Es

)

, ε >
σ sy
Es

,
(1)

where σ s
y � σys is the static flow stress, which is replaced

by the dynamic flow stress σ d
y when strain-rate sensitivity of
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Table 1 Mechanical properties of the parentmaterial for aluminumhon-
eycombs

E
(GPa)

σys
(MPa)

ρs
(kg/m3)

Et
(MPa)

ν C
(s−1)

P

69 126.8 2700 278.7 0.33 6500 4

cell wall material is considered. To this end, the well-known
Cowper–Symonds relation is employed

σ d
y � σ s

y

⎡

⎣1 +

( ·
ε

C

)1/ P
⎤

⎦, (2)

where
·
ε denotes the strain-rate, and C and P are the strain-

rate parameters [21]. The parentmaterial of the honeycomb is
selected as aluminum (Al3003-H24) [22, 23]. Its mechanical
properties are listed in Table 1.

2.2 Validation of FEmodel

To validate the FE model, the numerical simulation results
are comparedwith existing experimentalmeasurements [12].
For the validation, the geometry of the FE model is con-
structed in accordance with the honeycomb specimen used
in Ref. [12], and the same parent material is selected. As
shown in Fig. 2, with the impact velocity fixed at 128 m/s,
the present FE simulations not only reproduce the dual-level
stress plateaus observed experimentally, but also show rea-
sonable agreement with the experimentally measured peak
plateau stress (σ d

peak), crushing plateau stress (σ d
plateau) and

truncation strain (εt). The truncation strain refers to the
instant when the peak plateau ends. In the current study, for
simplicity, it is assumed that it may be defined as the strain
when the stress drops to 95%of the average value of the stress
ahead of the strain. It should be mentioned that the original
experimental data [12] exhibited a delayed elastic regime,
which has been ignored in Fig. 2 so as to show more clearly
the stress plateaus.

3 Dynamic compressive response
of honeycombs

The FE model, as validated above, is now employed to cal-
culate the stress versus strain curves exerted on the impact
face of the present hexagonal aluminum honeycombs, as
shown in Fig. 3a, b for both strain-rate insensitive and
sensitive honeycombs, respectively, with h

/
D � 0.167.

Strain-rate sensitivity is seen to elevate both plateaus but
reduce the duration of the peak plateau. To have a comprehen-
sive understanding of the underlyingmechanisms, strain-rate

Fig. 2 FE simulation results compared with existing experimental
measurements for out-of-plane compression of hexagonal aluminum
honeycomb at impact velocity of 128 m/s [12]

Fig. 3 Out-of-plane compressive stress versus strain curves of honey-
comb made from a strain-rate insensitive and b strain-rate sensitive
parent material under selected impact velocities

insensitive honeycombs are investigated in this section; the
effect of strain-rate sensitivity will be discussed in the next
section.
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Fig. 4 a Stress versus strain curve at impact velocity of 90 m/s and
b contours of plastic strain corresponding to each point marked in
plot a

As is shown in Fig. 3a, the peak stress, crushing stress and
truncation strain all increase with increasing impact velocity.
For further insight, the evolution of plastic strain contours for
a corner element adjoining single and double thickness cell
walls of the hexagonal honeycomb are plotted in Fig. 4. The
dynamic compressive response of the honeycomb is seen to
be a successive process including bucklewave propagation in
cell walls, buckling and progressive folding of cell walls, as
illustrated in more detail immediately below.

3.1 Propagation of bucklewaves in cell walls

With reference to Fig. 4, upon impact loading, an incident
plastic wave front with large plastic strain (>10%) initiates
at the impact side and propagates towards the fixed end of
the honeycomb (point I). Then, an opposing plastic wave

Fig. 5 Buckle patterns of single thickness (h) cell wall (Fig. 4b) along
the Lagrange location of cell wall height, withw

/
h denoting normalized

transverse deflection of cell wall

Fig. 6 Theoretically predicted peak plateau stress compared with FE
simulations over a wide range of the dimensionless loading index
ρsVcp

/
σys

front with small plastic strain (within the range of 0.2%–2%)
forms at the fixed end due to reflection of the elastic wave
(point II). During this stage, the stress remains at the peak
plateau level until a critical event is reached that triggers the
stress drop at point III, while additional evidence (Fig. 5)
indicates that short wave buckles are coupled with the prop-
agation of the plastic wave front. Due to dynamic inertial
stabilization, the short wave buckles do not induce cell wall
buckling, suggesting that the peak stress plateau is a result
of the propagation of bucklewaves. Prior to the onset of cell
wall buckling, classical one-dimensional (1D) elastic–plastic
wave theory can be employed to calculate the peak stress of
hexagonal honeycombs (with strain-rate sensitivity ignored),
as

σ d
peak � σysρ + ρcVcp � σysρ

(

1 +
ρsVcp
σys

)

, (3)
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where cp ≡
√

Et
/

ρs is the plastic wave speed, ρc ≡ ρρs

is the density of honeycomb, and ρ is the relative density of
honeycomb. Figure 6 compares the theoretical prediction of
Eq. (3) with the FE calculation. Relatively good agreement
is achieved, and it is seen that the (normalized) peak stress
is linearly proportional to the dimensionless loading index
ρsVcp

/
σys.

3.2 Buckling of cell walls

As shown in Fig. 4a, the stress drops rapidly from point III to
IV. Correspondingly, the plastic strain contours of Fig. 4b
reveal that bucklewaves stop propagating in the single-
thickness cellwallwhile obvious buckling is observed behind
the incident plastic wave front. In contrast, in the cell wall
of double thickness, the plastic wave front is still propagat-
ing, with no obvious buckling observed. These phenomena
indicate that, upon reaching the crushing stress plateau, the
rapid stress drop from III to IV is caused by buckling of
single-thickness cell walls. Beyond point IV, obvious buck-
ling is also observed in double-thickness cell walls and the
stress continues to drop until reaching the crushing plateau
(Fig. 4b: point V). Thus, buckling is dependent on cell wall
thickness, and a thicker cell wall can sustain a larger strain
without buckling. These findings are different from those of
prismatic cores, wherein stress drop occurswhen the incident
plastic wave arrives at the fixed end [13–16].

To estimate the duration of the peak plateau, denoted here
by the truncation strain εt (Figs. 2 and 3), the physical state of
the plastic region behind the wave front for single-thickness
cell walls is analyzed. This plastic region is in a state of uni-
form stress σys

(
1 + ρsVcp

/
σys

)
, constant particle velocity V

and constant plastic strain V
/
cp so that, to a good approxi-

mation, it may be treated as a quasi-static region. As a result,
the onset of quasi-static buckling of a clamped plate may be
taken as the critical event triggering the stress drop, as the
wave front may be treated as a clamped end [17]. Under such
conditions, the critical length Lc of the plastic region prior
to buckling can be analytically calculated, as

Lc � π h

√
Et

3σys
(
1 + ρsVcp

/
σys

) . (4)

It follows that the strain εt at which the propagation of
bucklewaves is truncated by the buckling of single-thickness
cell walls is given by

εt � V
/
cp

1 − V
/
cp

· Lc

H
. (5)

Fig. 7 Truncation strain plotted as a function of impact velocity: Ana-
lytical predictions compared with FE simulations

Combining Eqs. (3–5) yields

εt � π
V

/
cp

1 − V
/
cp

· h

H

[
3σys
Et

(

1 +
ρsVcp
σys

)]−1/ 2
. (6)

By comparing the truncation strain predicted by Eq. (6)
with FE simulation (Fig. 7), the assumption of quasi-static
buckling is seen to be reasonable in explaining the stress
drop phenomenon. Further, the results of Fig. 7 demonstrate
that the truncation strain increases with increasing impact
velocity or increasing cell wall aspect ratio h

/
D. Inspec-

tion of Eq. (6) reveals that increasing the impact velocity

increases the truncation strain via the coefficient
V
/
cp

1−V
/
cp
,

while increasing the cell wall aspect ratio enhances stabi-
lization of cell walls against buckling (thus leading to a
larger truncation strain). These findings also explain why the
prismatic cores and square honeycombs exhibit significantly
prolonged duration of peak stress plateaus relative to hexag-
onal honeycombs, because the former have much larger cell
wall aspect ratios and much higher strain hardening parent
materials than the latter.

3.3 Progressive folding of cell walls

Once buckling occurs in a cell wall having either single or
double thickness, the cell wall starts to fold progressively,
which defines a dynamic crushing plateau stress σ d

plateau at
the impact side. This dynamic crushing plateau stress cannot
be predicted by shock theory, as is done in Ref. [24], because
the assumption of particle velocity discontinuity related to
stress discontinuity at the shock wave front can no longer
hold when analyzing structures with local structural soften-
ing, such as honeycombs under out-of-plane loading [25, 26].
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An alternative approach detailed in Ref. [26] is employed, as
illustrated below.

The phenomenological model in Ref. [26] assumes that
the formation of the second fold begins after the first fold
has completely collapsed and the material of the second fold
begins to support loading. Therefore, the dynamic mean sup-
porting force per unit area during folding is governed by the
dynamic collapse stress of the wall material, given as

σ d
0 � σ0

(

1 +
ρsVcp
σys

)

, (7)

where σ0 denotes the quasi-static plateau stress, given by [1]

σ0 � 6.63σys

(
h

D

)5/ 3
. (8)

During folding, the fold is accelerated from still to
speed V. Conservation of momentum then dictates that

(
σ d
plateau − σ d

0

)
· �t � 2λlρc · �v, (9)

where λl is the half length of the fold under impact loading, λ
is the reduced fold length due to higher order buckling under
impacting, l � 0.821 3

√
hD2 is the half-length of fold under

quasi-static loading, and �v � V is the velocity variation of
the cell wall involved in the fold during the time interval �t .
The time interval is dependent on the crushing velocity and
fold length, given by

�t � 2l − 2βh

V
, (10)

where β represents the densified extent at the end of the
folding. Finally, upon substituting Eqs. (7), (8), and (10) into
Eq. (9), the dynamic plateau strength imparted on the impact
side is obtained as

σ d
plateau � 6.63σys

(
h

D

) 5
3
(

1 +
ρsVcp
σys

)

+
4√
3

· h/D

1 − βh
/

λl
· ρsV

2. (11)

The fidelity of Eq. (11) is demonstrated by comparison
with FE simulations, as shown in Fig. 8. The agreement is
good by setting λ � β � 1, meaning that the fold length
under impact loading equals that of the quasi-static value
and the fold is completely densified. In addition, the normal-
ized crushing plateau stress increases exponentially with the

dimensionless parameter
√

ρsV 2
/
σys, suggesting that inertia

effect plays an important role.

Fig. 8 Crushing plateau stress plotted as a function of dimensionless

loading parameter
√

ρsV 2
/
σys: comparison between analytical predic-

tions and FE simulations

4 Effect of strain-rate sensitivity

For metallic honeycombs subjected to high-speed impact
loading, it is important to quantify the effect of strain-rate
sensitivity on dynamic crushing. We adopt the Cowper-
Symonds model to characterize the strain-rate dependent
behavior of the parent material, as described in Sect. 2.
Figure 9 displays the numerically simulated temporal evo-
lution of plastic strain distribution along cell wall height
for both strain-rate sensitive and insensitive materials. The
strain-rate sensitivity is seen to smear out plastic shocks over
a finite width, thus diffusing the plastic front and rapidly
increasing the wave speed. As a result, the duration of the
peak stress plateau becomes much shorter, actually almost
invisible (Fig. 3b), relative to that of strain-rate insensitive
honeycombs (Fig. 3a). This explains why no obvious peak
stress plateau had been observed in honeycombs subjected
to impact loading by numerous existing studies [24, 27, 28].
Therefore, the analytical prediction of truncation strain εt by
Eq. (6) is no longer applicable for strain-rate sensitive hon-
eycombs.

The results of FE simulations presented in Figs. 3, 4
and 8 indicate that the most apparent influence of strain-
rate sensitivity is the enhancement in both the peak stress
and the crushing stress. Inspection of Figs. 6 and 8 reveals
further that, as the impact velocity is increased, the incre-
ment in crushing stress due to strain-rate sensitivity increases
slightly, while the increment in peak stress increases obvi-
ously. This indicates that the enhancing mechanisms of
strain-rate sensitivity for dual-level plateau stresses are dif-
ferent, as illustrated below.

(1) Peak stress. To incorporate the strain-rate sensitivity, the
static flow stress σys is replaced by the dynamic flow
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Fig. 9 Temporal variation in plastic strain distribution along Lagrange
location of cell wall height

stress as expressed in Eq. (2). Correspondingly, for a
strain-rate sensitive honeycomb, the theoretical predic-
tion of its dynamic peak stress is given by

σ d
peak � σysρ

⎡

⎣1 +

( ·
ε1

C

)1/ P
⎤

⎦ + ρcVcp, (12)

where
·

ε1 is the local strain-rate in the plastic region

·
ε1 � V

Lc
. (13)

The strain-rate increases linearly with impact velocity,
causing the peak stress to continuously increase as the
impact velocity is increased. Comparisons between the
theoretical predictions of Eq. (12) and the FE simulation
results indicate that the theoretical predictions appear to
underestimate the peak stress when the impact veloc-
ity is increased. The underestimation may be attributed
to the underestimated plastic wave speed, since plastic
wave speed should have increased as a result of strain-
rate sensitivity.

(2) Crushing stress. For strain-rate sensitive honeycombs,
the theoretical prediction of dynamic plateau stress can
be expressed as:

σ d
plateau � 6.63σys

(
h

D

) 5
3
(

1 +
ρsVcp
σys

)
⎡

⎣1 +

( ·
ε2

C

)1/ P
⎤

⎦

+
4√
3

· h/D

1 − βh
/

λl
· ρsV

2, (14)

where
·

ε2 denotes the local strain-rate of cell wall rolling
at plastic hinges, which has been well characterized
[1, 24]. The average strain ε2 during rolling equals h

/
4b,

where b � 0.683 3
√
h2D is the rolling radius [1]. The

local strain-rate can then be expressed as
·

ε2 � ε2
λl/V .

Comparisons between the theoretical predictions made
by Eq. (14) and the FE simulations in Fig. 8 demonstrate
the veracity of the theoretical model.

In summary, the difference in enhancing mechanisms of
strain-rate sensitivity for dual-level plateau stresses is mainly
attributed to the different forms of local strain rates. It should,
nonetheless, be pointed out that the focus of the foregoing
analysis has been placed upon quantifying the influence of
strain-rate sensitivity on dual-level plateau stresses. Further
investigations are needed to explore and understand the phys-
icalmechanisms underlying the reduction of truncation strain
due to strain-rate sensitivity.

5 Concluding remarks

Dual-level stress plateaus occurring in metallic hexag-
onal honeycombs under high-speed out-of-plane impact
loading have been quantified and the underlying mecha-
nisms explored, using a combined numerical and analytical
approach. The effect of strain-rate sensitivity is accounted
for by introducing the Cowper–Symonds model for dynamic
flow stress. The prediction is validated against existing test
data, with good agreement achieved.

When the honeycomb is subjected to impact loading,
bucklewaves are initiated and propagate in cell walls, fol-
lowed by buckling and progressive folding of cell walls,
which cause a relatively short peak stress plateau and sub-
sequent prolonged crushing stress plateau. The abrupt stress
drop from peak to crushing plateau can be explained in a
way similar to quasi-static buckling of a clamped plate. For
strain-rate insensitive honeycombs, the dynamic peakplateau
stress, crushing plateau stress and truncation strain are all
sensitive to cell wall aspect ratio and loading speed. For
strain-rate sensitive honeycombs, the dual-level stresses are
both elevated, whereas the duration of the peak stress plateau
is shortened.
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