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Abstract The seemingly contradictory understandings of
the initial crush stress of cellular materials under dynamic
loadings exist in the literature, and a comprehensive analysis
of this issue is carried out with using direct information of
local stress and strain. Local stress/strain calculation meth-
ods are applied to determine the initial crush stresses and the
strain rates at initial crush from a cell-based finite element
model of irregular honeycomb under dynamic loadings. The
initial crush stress under constant-velocity compression is
identical to the quasi-static one, but less than the one under
direct impact, i.e. the initial crush stresses under different
dynamic loadings could be very different even though there is
no strain-rate effect of matrix material. A power-law relation
between the initial crush stress and the strain rate is explored
to describe the strain-rate effect on the initial crush stress
of irregular honeycomb when the local strain rate exceeds
a critical value, below which there is no strain-rate effect of
irregular honeycomb. Deformation mechanisms of the initial
crush behavior under dynamic loadings are also explored.
The deformation modes of the initial crush region in the
front of plastic compaction wave are different under different
dynamic loadings.
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1 Introduction

Cellular materials, such as honeycombs and foams, have
excellent mechanical properties in energy absorption and
shockmitigation and thus gainmuch research attention [1,2].
The nominal stress–strain relation has been extensively used
to depict the quasi-static mechanical behavior of cellular
materials, and it has been found to be affected by meso-
structural parameters, such as the relative density, cell size,
and shape irregularity [3–5]. Some constitutive models, such
as the Gibson model [1], the Hanssen model [6], and the Liu
model [7], have been proposed to describe the quasi-static
mechanical behavior of cellular materials under compres-
sion. As cellular materials have been widely used in resisting
impact/shock loadings, it is of great importance to inves-
tigate their dynamic constitutive behavior. Much effort has
beenmade on this issue, but the understanding is still not very
clear. Especially, the rate sensitivity of initial crush stress and
its deformation mechanism are not clearly understood. The
main difficulties may be the representations of local stress
and local strain.

Most previous research was focused on the enhanced
crushing stress [8–16] and the densification strain [11,14,17–
21] of cellular materials under dynamic impact. A large
number of experiments have been carried out to study the
strain-rate effect of cellular materials, but some conflicting
conclusions exist. A strain-rate effect was demonstrated for
a closed-cell aluminum foam (Alporas) by Dannemann and
Lankford [22]. Wang et al. [23] also found that the strength
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of closed-cell aluminum foamwas sensitive to the strain rate,
but the condition of stress uniformity was hard to reach espe-
cially for a thick foam sample. Deshpand and Fleck [24]
found that there was almost no strain-rate effect for Duocel
and Alulight aluminum foams. Thus, the strain-rate effect
of cellular materials is still not well understood. The tra-
ditional split Hopkinson pressure bar (SHPB) method is
hard to meet the stress uniformity condition under dynamic
impacting and it is difficult to obtain local stress information
directly.

Considerable theoretical models have been proposed
to describe the dynamic mechanical behaviors of cellular
materials, including the mass-spring model [9] and one-
dimensional shock models [8,17,25–32]. However, most
shockmodels are based on the quasi-static stress–strain curve
of cellular material instead of a dynamic one, which is diffi-
cult to obtainwith current experimental techniques.Recently,
the dynamic stress–strain response of cellular materials has
been widely investigated by many researchers. The work of
Zheng et al. [21] studied the dynamic constitutive behav-
iors of a closed-cell aluminum foam using a 3D Voronoi
model numerically and proposed a dynamic rigid-plastic
hardening (D-R-PH) material model. The dynamic stress–
strain states of cellular material are different from those on
the quasi-static stress–strain curve and are related to the
impact velocity [21]. The dynamic stress–strain behavior of
an open-cell aluminum foam was examined by Barnes et
al. [20] and Gaitanaros and Kyriakides [33] experimentally
and numerically. A similar dependence between the dynamic
stress–strain states and the loading velocity was found. Also,
Sun et al. [34] demonstrated that a unique linear Hugoniot
relation between the shock speed and the impact velocity
could be used to characterize the shock constitutive behav-
ior of cellular materials. Some deficiencies still exist in that
the shock-enhanced stress was indirectly obtained from the
stress at the impact end and the stress–strain history was
not clear for the lack of local stress information. Recently,
a Lagrangian analysis method was employed to investigate
the dynamic constitutive behavior of cellular material by
Ding et al. [35]. With this method, the local stress and strain
information was derived by integrating the particle velocity
distribution. But, the direct obtainment of local stress and
strain is still desired.

The initial crush stress of cellularmaterial during dynamic
loading was announced to be limited to the quasi-static ini-
tial crush stress by Barnes et al. [20] and Sun et al. [34],
but it was found to be larger than the quasi-static one by
Zheng et al. [21] and Ding et al. [35]. Furthermore, Sun
et al. [34] argued that the derivation of initial crush stress
from the momentum conservation equation in the work
of Zheng et al. [21] is an indirect measurement that can
lead to the overestimation of initial crush stress. In fact,
Sun et al. [34] also employed an indirect way of measur-

ing the initial crush stress from the stress at the support
end. It might be possible that the contradiction of the ini-
tial crush stress is due to the different loading scenarios
used by Zheng et al. [21] and Sun et al. [34]. There-
fore, a clearer understanding of the initial crush stress
needs a comprehensive analysis of the two loading scenar-
ios of a same cellular specimen, namely a constant-velocity
compression and a direct impact. In this study, the direct
information of local stress and strain is obtained to ana-
lyze the initial crush stress under the two loading scenar-
ios.

In this study, virtual tests of irregular honeycombs under
the two loading scenarios are carried out by using finite ele-
ment (FE)method.A local strain field calculationmethod and
a cross-sectional stress calculationmethod are used to acquire
local strain/stress information of irregular honeycombs under
dynamic loadings. Dynamic stress–strain states and the ini-
tial crush stresses are obtained and interpreted directly from
the combination of the information of local stress and strain.

2 Simulation and calculation methods

2.1 Cell-based finite element model

The 2D Voronoi technique is employed here to construct
irregular honeycombs, seeRef. [36] for details.Ahoneycomb
specimen sample is illustrated in Fig. 1, which contains 500
cells. The cell irregularity of the specimen is 0.3 and the
relative density ρ0/ρs is 0.1, where ρ0 is the initial density
of the specimen and ρs the density of the base material. The
length,width, and thickness of the specimen are 50, 50, 1mm,
respectively. The average cell size, which is defined as the
diameter of a circle whose area is equal to the average area
of a cell, is about 2.5 mm.

The finite element code ABAQUS/Explicit is employed to
perform virtual tests. The material of cell walls is assumed
to be elastic, perfectly plastic with Young’s modulus E =
66GPa, Poisson’s ratio ν = 0.3, yield stressσys = 175 MPa,
and density ρs = 2700 kg·m−3. Cell walls are modeled with
S4R (a 4-node doubly curved, reduced integration, hourglass
control, finitemembrane strains) shell elements. The in-plane
size of the element is about 0.2 mm, determined through a
mesh sensitivity analysis. All nodes are constrained in the
out-of-plane direction to simulate a plane strain situation.

Two types of loading scenarios are considered in this
study, namely the constant-velocity compression and the
direct impact. For the constant-velocity compression sce-
nario, the specimen is placed between two rigid walls. One
wall is fixed and the other moves with a constant velocity
V along the X direction, see Fig. 1a. For the direct impact
scenario, the specimen impinges on the rigid wall with an
initial velocity V0, as shown in Fig. 1b. Some deformation
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Fig. 1 Finite element models of an irregular honeycomb under different loading scenarios. a The constant-velocity compression. b The direct
impact
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Fig. 2 Deformation patterns of an irregular honeycombunder different loading scenarios.aThe constant-velocity compressionwithV =200m·s−1.
b The direct impact with V0 = 200 m·s−1

patterns of the honeycomb specimen under the two load-
ing scenarios with V = V0 = 200 m·s−1 are shown in
Fig. 2, in which layer-wise crushing deformation bands prop-
agate in the specimen.We use a honeycombmodel instead of
foam model in this study for applying the strain field calcu-
lation method [19] and the cross-sectional stress calculation
method [37] more conveniently, which are briefly described
below.

2.2 Strain field calculation method

The local strain field calculation method for irregular hon-
eycombs was developed by Liao et al. [19] through the
determination of discrete local deformation gradients based
on the least squares method. The optimal deformation gradi-
ent at a corner node i is expressed as

Fi = Wi · V−1
i , (1)
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Fig. 3 Variations of local strain with impact time under two loading scenarios. a The constant-velocity compression with V = 200 m·s−1.
b The direct impact with V0 = 200 m·s−1

where matrixes Vi and Wi are given by Vi = ∑N
j=1 Ui j ·

UT
i j and Wi = ∑N

j=1 ui j · UT
i j , respectively, in which N is

the number of neighboring nodes of node i within a cut-off
radius, superscript T denotes the transpose of a matrix, and
Ui j and ui j are the relative position vectors of nodes i and j
in the reference and current configurations, respectively. The
Lagrangian or Green strain tensor, E, is written as

E = (FT · F − I)/2 (2)

where I is the identity matrix. The frequently used local
engineering strain in the Cartesian direction of Xα (α =
1, 2, 3) at a given node is given by

εα = 1 − √
1 + 2Eαα, (3)

where Eαα is the diagonal term of E in the Xα direction.
The engineering strain is taken as positive in compression. A
one-dimensional strain distribution in the loading direction
is obtained by averaging the local engineering strain along
the Y direction. Through the error analysis [38], the optimal
cut-off radius was found to be about 1.5 times of the average
cell radius based on the reference configuration and 0.5 times
of the average cell radius based on the current configuration.

In this study, the local strain distribution information and
the strain history relation with time at any specified posi-
tion are obtained by this local strain calculation method.
The strain rate information can be obtained from the dif-
ferential of strain with time. Figure 3 shows the history
variations of local strain under the two loading scenarios
with V = V0 = 200 m·s−1. The local strain at any speci-
fied cross-sectional position changes sharply from the initial
crush strain to the densification strain and keeps at the level
of densification.

2.3 Cross-sectional stress calculation method

For the case of honeycombs under dynamic compression,
one-dimensional approximation is usually appropriate, and
then the one-dimensional stress distribution can be acquired
from the results of numerical simulation, as done in our pre-
vious work [37]. The 1D engineering stress along the impact
direction is calculated as the cross-sectional internal force at
a Lagrangian position divided by the initial cross-sectional
area of the honeycomb. The cross-sectional internal force
is calculated by the summation of two parts of forces. One
part, namely the nodal force, is caused by the force trans-
ferred through the element nodes of the base material, and
the other, namely the contact force, is caused by cell-wall
contact during the deformation. The nodal force and the con-
tact force of the cross-section, denoted as Fn

x and Fc
x , can be

calculated by

Fn
x =

M∑

i=1
Fn
xi ,

Fc
x =

K∑

i=1

(
Fcn
xi + Fct

xi

)
,

(4)

where M is the number of the nodes of the elements, which
are crossed by the examined cross-section in the reference
configuration, K the total number of nodes from the left
end to the examined cross-section. In particular, in the case
of constant-velocity compression, the nodes of the impact
end are also included. The simplified calculation formula of
the contact force is benefited from the Newton’s third law,
wherein the forces of a complete contact pair cancel each
other. The variables Fn

xi , F
cn
xi , and Fct

xi refer respectively to
the X -directional components of nodal force, normal contact
force and tangential contact force of node i , which can be
extracted directly from the ABAQUS output files. Accord-
ingly, the cross-sectional stress can be calculated by
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Fig. 4 Variations of local stress with impact time under two loading scenarios. a The constant-velocity compression with V = 200 m·s−1.
b The direct impact with V0 = 200 m·s−1

σ = σ n
x + σ c

x , (5)

where the node-transitive stress σ n
x = Fn

x /A0 and the
contact-induced stress σ c

x = Fc
x /A0 with A0 being the initial

cross-sectional area.
Figure 4 shows the history variations of local stress under

the two loading scenarios with V = V0 = 200 m·s−1.
Under constant-velocity compression, the stress at a spec-
ified position increases sharply from the initial crush state to
a densification state and then remains almost unchanged, as
shown in Fig. 4a. Under direct impact, the stress at a specified
position also rises from the initial crush state to a densifica-
tion state, but it is unloaded from the densification state to
zero due to the existence of free end, as shown in Fig. 4b.

3 Results

3.1 Initial crush stress under constant-velocity
compression

The stress–strain history relation can be obtained by elim-
inating the impact time from the strain and stress variation
data at different cross-sectional positions. It turns out that the
stress–strain history curves at a specific impact velocity are
almost the same regardless of the position of the cross-section
in the constant-velocity compression case. Figure 5 shows the
averaging stress–strain history curves of differentLagrangian
cross-sections at different impact velocities.When the impact
velocity is low, the stress–strain history curve almost over-
laps the quasi-static stress–strain curve, see Fig. 5a. This
indicates that the deformation mechanism is the same as
the quasi-static mode and the macroscopic mechanical equi-
librium is approximately satisfied, wherein the effect of the
loading velocity can be neglected. When the impact veloc-

ity is moderate or high, three distinct stages, i.e. the elastic,
plastic collapse and compacting stages, can be observed in
Fig. 5b, c. Under amoderate velocity impact, the initial crush
stress is almost the same as that for the quasi-static situation.
But under a high velocity impact, an intense stress oscilla-
tion occurs within an extremely small strain and returns to
a quasi-static level before the yield state happens. This phe-
nomenon happens before the collapse of the corresponding
cross-section and can be explained by Fig. 6, which shows
the variations of the node-transitive stress, contact-induced
stress, cross-sectional stress at the middle cross-section and
the nominal stress at the impact end with time at an impact
velocity of 200 m·s−1. Once the rigid surface contacts the
specimen, the nominal stress at the impact end increases dra-
matically and then maintains the level of densification stress.
The stress wave is generated at the impact end immediately
and propagates along the impact direction. The stress oscil-
lation caused by the contact at the impact end may affect
the stress at the investigated cross-section through the node
transferring. Thus, the node-transitive stress at the middle
cross-section increases to a peak rapidlywhen the stresswave
arrives, and then remains almost unchanged until the cross-
section starts to be crushed and compacted, see Fig. 6. It
indicates that the middle cross-section has already entered
the plastic yield state before the onset of the plastic collapse
stage when the shock wave arrives. The initial crush stress is
found to be almost the same as the quasi-static crush stress,
as shown in Fig. 5c. It is evident in Fig. 5 that the initial
crush stress in this loading scenario is almost identical to the
quasi-static initial crush stress, as found by Barnes et al. [20]
and Sun et al. [34], who detected the initial crush stress from
the support end of cellular specimen.

In the plastic collapse stage, the stress increases almost
linearly from the initial crush stress to the densification stress
along the stress–strain history curve. The stress–strain path
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Fig. 5 Stress–strain history curves of the honeycomb at a low, b mod-
erate, and c high impact velocities

in this stage corresponds to the Rayleigh line expressed in the
shock theory. The slope of the Rayleigh line increases with
the increase of impact velocity, which indicates that a higher
impact velocity corresponds to a higher shockwave speed. In
the compacting stage, the specimen has been densified and
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Fig. 7 Initial crush stress and stress–strain states of a honeycombunder
constant-velocity compression

the stress increases sharply with the increase of strain. The
critical point just before the compacting stage in the local
strain–stress history curve can be used to characterize the
stress–strain state behind the shock front for the honeycombs
under a moderate/high impact velocity.

The initial crush stress and stress–strain state points of
honeycombs under constant-velocity compression for differ-
ent impact velocities within the range of 40–200 m·s−1 are
plotted in Fig. 7. It is obvious that dynamic initial crush stress
is identical to the quasi-static initial crush stress. Dynamic
stress–strain state points show the effect of nonlinear plas-
tic hardening and locate below the quasi-static stress–strain
curve. Each state point corresponds to a specific impact
velocity and the shock stress and strain increase with the
impact velocity, as concluded in Refs. [19–21,33,34]. This
loading-rate sensitivity is resulted by the different deforma-
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tion mechanisms of cellular materials at different loading
rates, as stated in Ref. [21].

3.2 Initial crush stress under direct impact

Different loading scenarios have been employed in
Refs. [19–21,33,34], and the conclusions about dynamic ini-
tial crush stress are conflicting. The dynamic initial crush
stress was thought to be the same as quasi-static initial crush
stress by Sun et al. [34], while it was found to be larger than
quasi-static initial crush stress by Zheng et al. [21]. In this
study, we consider that the reason might be the difference of
loading scenarios. The constant-velocity compression sce-
nario was investigated by Sun et al. [34], which is the same
as that considered in Sect. 3.1. The conclusion that the initial
crush stress in this loading scenario keeps invariable drawn
from Sect. 3.1 is consistent with Sun et al. [34]. The direct
impact scenario was considered by Zheng et al. [21], and it is
revisited in this section by calculating local stress and strain
information to verify our conjecture.

The local stress–strain history curves under direct impact
are acquired by eliminating the impact time from strain and
stress variations of Figs. 3b and 4b, as shown in Fig. 8. Three
stages, i.e. elastic stage, plastic collapse stage, and unloading
stage, are observed in the stress–strain history curves. The
initial crush stress is observed to be larger than the quasi-
static initial crush stress in the loading scenario. The plastic
collapse stage connecting the initial crush state to the den-
sification state reflects the crushing process. The unloading
stage from the densification stress to zero is due to the stress
unloading from the free end. Here, we use the stress distri-
bution curves in Fig. 9 to determine the value of the initial
crush stress.
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Fig. 9 Stress distribution and dynamic initial crush stress under direct
impact scenario with the initial impact velocity of 200 m·s−1

Stress distribution at a specific time is significant to
understand the information about local stress states of the
honeycomb. The stress distributions under direct impact sce-
nario with the initial impact velocity of 200m·s−1 are shown
in Fig. 9. The stress distribution curve is composed of three
regions from the figure. A plastic compaction wave region
exists, in which the stress changes sharply from initial crush
stress to densification stress. The region ahead of the plas-
tic compaction wave has a linear stress distribution from the
free end to the position of initial crush. The stress changes
linearly from zero to the initial crush stress in this region.
The region behind the plastic compaction wave is nearly a
plateau stage at the level of densification stress.

The initial crush stress at different impact time is obvi-
ously larger than the quasi-static initial crush stress in Fig. 9.
This conclusion coincides with that of Zheng et al. [21] in
which the direct impact scenario of cellular material was
considered.

4 Discussion

It has been recognized in Sect. 3 that the initial crush stress
under constant-velocity compression is identical to the quasi-
static one, but less than the one under direct impact. The
seemingly conflicting conclusions in Refs. [19–21,33,34]
are due to the different loading scenarios used. In further
discussion, we will focus on the strain rates at the initial
crush states in the two loading scenarios, which may affect
the initial crush stresses. We will provide a perspective of
strain-rate effect to understand the initial crush stress and
its deformation mechanism under dynamic loadings in this
section.

123



124 P. Wang, et al.

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0.00

0.02

0.04

0.06

0.08

0.10

0.12
St

ra
in

, 

Impact time, t/ms

V = 40 m·s-1

V = 60 m·s-1

V = 80 m·s-1

V = 100 m·s-1

V = 120 m·s-1

Yield strain

ε
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4.1 Strain rate under constant-velocity compression

For the constant-velocity compression scenario, by taking
the middle position, i.e. X/L = 0.5, as an example, the vari-
ations of strain with impact time at several different impact
velocities with the strain restricted in a small range are pre-
sented inFig. 10. It is observed that the strain increases almost
linearly with the increase of impact time in the stage from the
initiation of the deformation to the onset of crushing. This
indicates that the corresponding strain rate is invariable in
this stage and can be estimated by the slope of the linear seg-
ment. In Fig. 10, the strain increases at the constant strain
rate until the collapse of the cross-section. When the strain
increases to the yield strain (usually taken as 0.02), the inves-
tigated middle position is in a state of plastic deformation,
but still in the linear stage. The variations of strain rate of
the linear stage at different impact velocities are shown in
Fig. 11. Although the strain rate increases with the increase
of impact velocity, it is a constant at a specific impact veloc-
ity. The strain-rate distribution and the initial crush strain
rate under a compression velocity of 200 m·s−1 are shown
in Fig. 12. It is obvious that the whole region in front of the
shock wave is in a state of low strain rate and the low strain
rate is nearly evenly distributed. It is indicated that no mat-
ter how large the impact velocity is, the support end is at a
low constant strain rate. Thus, the initial crush stress deter-
mined by the support stress in Sun et al. [34] was obtained
at a low strain rate and cannot exceed the quasi-static ini-
tial crush stress which was determined also at a low strain
rate.

4.2 Strain rate under direct impact

For the direct impact scenario, the strain rate distribution and
the initial crush strain rate with an initial impact velocity of
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Fig. 13 Strain rate distribution and initial crush strain rate under direct
impact scenario with an initial impact velocity of 200 m·s−1
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200 m·s−1 are shown in Fig. 13. The strain rate distribution
curve is a mountain-like curve with the peak value represent-
ing the maximum strain rate at the shock front. In the wave
region, the local strain rate changes sharply. The peak point
moves to the left with the time increasing, indicating that the
wave is propagating from the impact end to the free end. The
strain rate of the initial crush state is also shown in Fig. 13.
The determination of the position of initial crush state is from
the critical point connecting the wave region and the region
ahead of the wave region in Fig. 9. Compared to the initial
crush strain rate in the constant-velocity compression sce-
nario shown in Fig. 11, the value of the strain rate at initial
crush state in the direct impact scenario is extremely large
and varies with time.

4.3 Strain rate effect

From the obtained strain rate at initial crush state, it is
recognized that the strain rate is a very small constant
value (∼102 s−1) at a specified impact velocity under
constant-velocity compression, but the strain rate increases
significantly when the material initial crushes under direct
impact (103–104 s−1). Compared to 104 s−1, the constant
strain rates of initial crush state under constant-velocity
compression shown in Fig. 11 are very small. There-
fore, the initial crush stress under constant-velocity sce-
nario is identical to the quasi-static one with no strain-rate
effect.

Under direct impact, the initial crush stress is larger than
the quasi-static one because the strain rate is high and the
strain-rate effect on the initial crush stress is obvious. A
power-law fitting relation is carried out to characterize the
strain-rate effect of strain rate on the initial crush stress, as
used by Ding et al. [35]. The complete relationship between
the initial crush stress σ d

0 and the local strain rate ε̇ can be
expressed as

σ d
0 =

{
σ
q
0 , ε̇ � ε̇0,

σ
q
0 (ε̇/ε̇0)

α , ε̇ > ε̇0,
(6)

where σ
q
0 is the quasi-static initial crush stress, ε̇0 a critical

strain rate and α a fitting parameter. In this study, thematerial
parameters are obtained as σ

q
0 = 0.75 MPa, ε̇0 = 830 s−1,

and α = 0.307 by the least squares method, see Fig. 14.
This finding improves the understanding of the strain rate

effect on the initial crush stress and can explain the con-
fliction results between Refs. [20,34] and Refs. [21,35]. The
initial crush stress was determined by the supporting stress at
the supporting end in Refs. [20,34] under constant-velocity
compression. It cannot exceed quasi-static initial crush stress
because the strain rate ahead of the shock front is a constant
and small enough to be negligible. However, the initial crush
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Fig. 14 Variations of initial crush stresswith strain rate of honeycombs

stress can exceed the quasi-static one for the significantly
high strain rate under direct impact.

4.4 Deformation mechanisms

It has been shown that the initial crush stress is influenced
by the local strain rate, but it is important to understand the
deformation mechanisms of the two loading scenarios and
why the initial crush strain rate is different between the two
loading scenarios.

We firstly observe the deformation patterns of honey-
combs under constant-velocity compression with V =
150 m·s−1 to understand the different deformation behav-
ior of the region ahead of the plastic compaction wave, see
Fig. 15. The deformation of the region in the front of plastic
crushing bands is visible. Local shear collapse bands appear
in this region with the increase of time. Thus, the region
in front of the plastic compaction wave is considered to be
in the quasi-static mode [36], which can be explained by the
velocity and stress distribution curves, respectively. Figure 16
shows the velocity and stress distributions of honeycombs
under constant-velocity compression at εN = 0.5.The region
in front of the plastic compaction wave is in a low-velocity
state no matter what the impact velocity is. Moreover, the
local stress in this region is almost evenly distributed and
is close to the quasi-static initial crush stress. This indicates
that the region in front of the plastic compaction wave is
in a stress balance state. The difference of the two loading
scenarios is whether there is a support end. Under constant-
velocity compression, the elastic wave can propagate back
and forth in the specimen due to the existence of support
end. Thus, the stress distribution in the front of plastic com-
paction wave tends to be stable and uniform. Therefore, the
quasi-static deformationmode and constant low strain rate of
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t = 0.1 ms t = 0.167 ms t = 0.233 ms 

Fig. 15 Deformation patterns of honeycombs under constant-velocity compression with V = 150 m·s−1
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Fig. 16 Velocity distribution a and stress distribution b of honeycombs under constant-velocity compression at εN = 0.5

the region in the front of plastic compaction wave determine
the initial crush stress to be at the quasi-static level. So, if we
estimate the initial crush stress by the support stress, as done
by Sun et al. [34], the initial crush stress is identical to the
quasi-static initial crush stress whatever the impact velocity
is, see Fig. 17.

For the direct impact scenario, the deformation situation
in front of the plastic compactionwave becomes different due
to the existence of the free end. The deformation patterns pre-
sented in Fig. 18 indicate that the deformation of the region in
the front of plastic compaction wave locates near the plastic
crush bands. This means that the stress should increase from
the initial crush stress to the densification stress in nearly
a cell-size scale. The corresponding velocity distribution is
shown in Fig. 19. The local velocity of the region in front
of the plastic compaction wave is high and this region is in
a Shock Mode. In this case, the initial crush stress is larger
than the quasi-static initial crush stress due to the high local
strain rate and the shock deformation mode.

To explain why the local strain rate of the initial crush
state is very different under the two loading scenarios, we
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Fig. 17 Nominal stress at the support end under constant-velocity
compression

estimate the corresponding strain rate from ε̇ = Vc/Lc, in
which a characteristic length Lc represents the length of the
region where the initial crush behavior happens, and a char-
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t = 0.1 ms t = 0.15 ms t = 0.2 ms 

Fig. 18 Deformation patterns of honeycombs under direct impact with V0 = 200m·s−1

0 10 20 30 40 50

0

50

100

150

200

V
el

oc
ity

, v
/(m

·s
-1

)

Lagrangian position, X/mm

V0 = 200 m·s-1

t = 0.1 ms
t = 0.15 ms
t = 0.2 ms

Fig. 19 Velocity distribution of honeycombs under direct impact with
V0 = 200 m·s−1

acteristic velocity Vc represents the corresponding velocity
change in this region. Under constant-velocity compression,
the whole region in front of the plastic compaction wave
experiences deformation and in a quasi-static mode, thus Lc

is in the scale of the specimen size, i.e. ∼10−2 m. The cor-
responding local velocity of the region is very low and Vc is
in the scale of 100 m·s−1, which is observed from Fig. 16a.
Thus, the local strain rate of the initial crush state is on the
scale of 102 s−1, which coincides with the strain rate under
constant-velocity compression shown inFig. 11.Under direct
impact, the deformation of the region in the front of plastic
wave is basically concentrated in a cell size near the shock
front. So, Lc is the scale of the cell size, i.e. ∼10−3 m. The
corresponding Vc is in the scale of 101 m·s−1, see Fig. 19.
Thus, the local strain rate of the initial crush state is in the
scale of 104 s−1 in this loading scenario, which is confirmed
with Fig. 13. With the increase of impact time under direct

impact, the strain rate of the initial crush state decreases with
the decrease of Vc and increase of Lc.

5 Conclusions

The information on local strain and stress for irregular hon-
eycombs under dynamic impact are calculated respectively
by the local strain field calculation method and the cross-
sectional engineering stress calculation method from the
results of the cell-based finite element simulation. The initial
crush stresses of an irregular honeycomb are obtained from
the local stress/strain information under different dynamic
loadings. The initial crush stress under constant-velocity
compression is identical to the quasi-static one, but less
than the one under direct impact. The initial crush stresses
under different dynamic loadings could be very different
even though there is no strain-rate effect of matrix mate-
rial. This understanding solves the controversial issue on
the initial crush stress of cellular materials. The strain-rate
effect on the initial crush stress is further explored. Under
constant-velocity compression, the local strain rate of the
initial crush state is constant and smaller than a critical strain
rate. The strain rate is too small to cause significant strain-
rate effect on the initial crush stress. Under direct impact
scenario, the local strain rate of the initial crush state is
larger than the critical strain rate and a power-law rela-
tion between the initial crush stress and the strain rate is
explored.

Deformation mechanisms of the initial crush behavior
under dynamic loadings are also explored. Under constant-
velocity compression, the region in the front of plastic
compaction wave deforms in a quasi-static mode in which
random shear bands exist. The local velocity is low and the
local stress is evenly distributed, which leads to the low local
strain rate in this region. Under direct impact, the region in
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the front of plastic compaction deforms in a shock mode in
which the deformation is basically concentrated in a cell size
near the shock front. The local velocity is high and the initial
crush stress is increased by the local high strain rate.

We have solved the seeming contradiction about the ini-
tial crush stresses obtained by Zheng et al. [21] and Sun
et al. [34] and then improved the understanding about the
strain-rate effect on the initial crush stress under dynamic
loadings.Moreover, we provide a simple and direct approach
to study the dynamic compressive behavior of honeycombs
under dynamic loadings by using the local strain field cal-
culation method and the cross-sectional stress calculation
method. Extended application may be implemented in open-
/closed-cell foams simulated in 3D finite element models in
complicated loading situations.
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