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As a material widely used in various lightweight structures and energy absorbing devices, honeycomb aluminum has high specific
stiffness and specific strength, excellent energy absorption capacity, and vibration damping. When evaluating the energy ab-
sorption of honeycomb aluminum under out-of-plane compression, platform stress and onset strain of densification have become
important parameters studied bymany scholars. In this work, based on the theory that the energy absorption efficiency determines
the densification onset strain, the influence of the geometric design parameters of honeycomb aluminum on the onset strain of
out-of-plane quasi-static compression densification is studied. Based on the results of the finite element analysis, the relationship
between the onset strain and the geometric design parameters including cell size length and wall thickness is fitted by the least
squares method. A linear relationship that the onset strain of densification will decrease with the increase of the reciprocal of cell
side length and the onset strain of densification will decrease with the increase of the wall thickness is exhibited in the conclusion.
/is work can provide a theoretical basis for the calculation of the platform stress in the plastic deformation stage.

1. Introduction

Honeycomb material is a kind of special porous solid, which
contains a large number of cavities and has a regular two-
dimensional porous structure. /erefore, it has the advan-
tages of low relative density, high specific strength and
specific stiffness, good vibration absorption and energy
absorption, and sound insulation. As a new lightweight
material, which integrates physical function and structural
function, honeycomb material is widely used in national
defense, shipbuilding, aerospace, construction, trans-
portation, and other fields [1–7]. In recent years, honeycomb
aluminum has been used in the anticlimbing device of high-
speed EMU to improve the passive safety protection func-
tion of rail vehicles because of its buffering and energy
absorption characteristics.

/e in-plane and out-of-plane mechanical properties of
honeycomb materials are mainly concentrated in the elastic
deformation section and plastic deformation section [8, 9],

while the research on the mechanical properties of the
honeycomb aluminum densification stage is relatively less.
Paul and Ramamurty [10] proposed a method for deter-
mining the densification onset strain from the intersection of
the stress plateau region and the tangent line of the den-
sification zone; Vural and Ravichandran [11] proposed a
method to determine the onset strain of densification with
the final local minimum strain before the sharp rise of stress.
Chan and Xie [12] proposed a method in which the strain at
the tangent slope of the densification region is equal to the
slope of the elastic region as the onset strain of densification.
With the calibrated numerical model, Wang and Liu [13]
carried out extensive comparisons between mechanical
performances considering the deformation modes, nominal
stress, and energy absorption property in terms of honey-
comb cells filled with circular aluminum tubes, conventional
honeycomb, and multitubes. Zhu et al. [14] proposed a new
strain energy critical plane model describing mean stress
effects for life prediction under tension-compression, pure
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torsion, and tension-torsion loadings through characterizing
the interaction of normal and shear stress-strain behavior on
material planes of TC4 alloys. Moreover, more accurate life
predictions are presented based on the new model. Xu et al.
[15] built a finite element model of aluminum honeycomb by
the shell element to simulate the out-of-plane crushing
behavior with a constant impact velocity to compare the
trigger force, the platform force, the energy absorption, and
the compaction strain of the experimental data and make a
further study on the material performance. Wang and Lu
[16] carried out some quasi-static and dynamic out-of-plane
compression experiments for aluminum honeycombs with
different geometric configurations to assess their energy
absorption properties. /e relations between properties and
the ratio of span to thickness on plateau stress, specific load,
mass specific energy absorption, and volume specific energy
absorption were analyzed, which indirectly reflected the
relation between energy absorption property and cell den-
sity, as well as apparent density.

It is important to study the onset strain of densification
to determine the plastic platform stress, and it is also an
important parameter to evaluate the energy absorption
performance of honeycomb materials. Understanding the
key parameters dominating the onset strain of densification
is undoubtedly important for practical designs of this kind of
materials. In this paper, a finite element model of double-
walled thick honeycomb aluminum is established to study
the influence of geometric design parameters including cell
size length and wall thickness on the onset strain of den-
sification, and the calculation formula between the onset
strain of densification and geometric design parameters are
derived by the least squares method.

2. Determination of Onset
Strain of Densification

/e quasi-static compression behavior of honeycomb alu-
minum can be divided into three parts: elastic deformation
section, plastic platform section, and densification section, as
shown in Figure 1. When the compression appears in the
elastic deformation section, the stress increases linearly with
the increase of strain; at the later stage of the elastic de-
formation, due to the elastic buckling of the honeycomb
wall, the stress-strain curve changes nonlinearly until the
stress peak, which is called the initial peak stress; the cor-
responding strain is called the initial strain, which indicates
the end of the quasi-static compression elastic stage of the
honeycomb aluminum and the beginning of the plastic
failure stage.

After the stress reaches the peak point, the stress drops
rapidly with the increase of strain. After decreasing to a
certain extent, the stress value remains within a stable range.
/e stress level value of the stable range is called the dynamic
peak stress, which indicates the honeycomb aluminum is
quasi-statically compressed into the plastic platform section.

When the honeycomb aluminum cell walls begin to
contact each other and the matrix material begins to with-
stand the compressive load, the stress increases sharply. At
this moment, the mechanical properties of the honeycomb

material tend to the mechanical properties of the matrix
material, which represents the compression behavior from the
plastic platform section to the densification section.

Li et al. [17] proposed a concept of the onset strain of
densification and defined the turning point of the transition
of the honeycomb aluminum plastic platform section to the
densification section as the onset strain of densification.

/e area enclosed under the curve in the stress-strain
diagram shown in Figure 1 is the energy absorption per unit
volume of the honeycomb aluminum./e energy absorption
efficiency curve of honeycomb aluminum can be plotted in
Figure 2. It can be seen from the figure that the energy
absorption is mainly concentrated in the platform area
before densification. After the compression behavior enters
the densification section, the stress value increases sharply
and the energy absorption efficiency begins to slow down.

As shown in Figure 2, the energy absorption efficiency
increases firstly with the increasing of strain, which corre-
sponds to the elastic deformation section and the plastic
platform section of the stress-strain curve. When the curve
reaches the peak, the energy absorption efficiency falls
rapidly, and the corresponding process is the compression
section in which the honeycomb aluminum is gradually
compacted.

Based on the method of energy absorption efficiency, the
strain energy of any strain point during honeycomb alu-
minum compression can be written as follows:

Ec � 
εR

ε0
σ(ε)dε, (1)

where σ(ε) is the stress at strain of ε, ε0 is the strain of initial
point, and εR is an any point on the curve.

/e energy absorption efficiency can be defined as the
ratio between the strain energy absorbed at any strain point
and the stress corresponding to the strain point:

η εR(  �
Ec

σc(ε)
ε�εR

�

εR

ε0
σ(ε)dε

σc(ε)
ε�εR

, (2)

where σc(ε)|ε�εR
is the stress value corresponding to any

strain point.
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Figure 1: Honeycomb aluminum quasi-static compression be-
havior (AB: elastic section; BD: plastic section; DE: densification
section).
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Based on the energy absorption efficiency curve of
Figure 2, the onset strain of densification is defined as the
strain corresponding to the point of maximum energy ab-
sorption efficiency:

d ηε( 

dε

ε�εD

� 0, (3)

where εD is the onset strain of densification. /erefore, the
dynamic average stress of the plastic platform section can be
obtained by the following formula:

σpl �

εD

ε0
σ(ε)dε

εD − ε0
. (4)

3. The Finite Element Model of Double-Walled
Thick Honeycomb Aluminum

/e general commercial honeycomb aluminum is a double-
walled thick honeycomb aluminum structure, as shown in
Figure 3. Each honeycomb cell has 4 walls with a length of l
and a wall thickness of t and 2 walls with a length of h and a
wall thickness of 2t. /e direction perpendicular to the
double-thickness of the cell wall is defined as the W di-
rection, and the direction parallel to the double-thickness of
the cell wall is defined as the L direction, which are col-
lectively referred to as the coplanar direction, and the di-
rection parallel to the depth of the cell wall is referred to as T
direction, the out-of-plane direction. /e so-called out-of-
plane compression is to apply a compressive force in this
direction.

A finite element model of quasi-static compression of
double-walled thick honeycomb aluminum is built, as
shown in Figure 4. Four-node shell element is used in the
honeycomb aluminum model, and the rigid wall is eight-
node solid element.

/e x- and y-axis directions correspond to the W and L
directions of the honeycomb aluminum, respectively, and
the z-axis direction corresponds to the out-of-plane direc-
tion, T direction of the honeycomb aluminum. /e hon-
eycomb aluminum cell structure is simplified to a regular
hexagon, the cell side length h� l� 6mm, the expansion
angle θ� 30°, the cell side l thickness is t� 0.32mm, the h
side thickness is t� 0.64mm, and the cell wall depth is

LD � 60mm. /e material properties of the honeycomb
aluminum matrix material and the rigid wall material in the
finite element model are shown in Table 1.

Using PAM-CRASH to analyze the model, set the con-
straints, loads, and contact parameters in the finite element
model of the honeycomb aluminum. Constrain all the degrees
of freedom of the fixed rigid wall, ensuring that the fixed rigid
wall does not move and deform during the compression
process. Constrain the degrees of freedom of the moving rigid
wall in X and Y direction, and the initial velocity of the
moving rigid wall is set to v � 10m/s for free fall motion along
the Z direction. /e contact type between the honeycomb
aluminum and the rigid wall is set as the master-slave contact,
the contact thickness is set to half of the single wall thickness
0.16mm, the contact type between the honeycomb aluminum
itself is set to self-contact, and the contact thickness is set to
the single wall thickness value 0.32mm.

4. Data Analysis

/e finite element model is imported into PAM-CRASH
environment to be calculated. Some data such as the
macrocompression length, the reaction force, and the in-
ternal energy absorption of the honeycomb aluminum finite
element model are extracted and analyzed.

/e stress value at any point on the compressed hon-
eycomb aluminum generally is

σ �
F

A
, (5)

where A is the area of out-of-plane compression contact
surface and F is the reaction force extracted from analysis
results.

/e strain value at any point on the compressed hon-
eycomb aluminum can be defined as follows:

ε �
lD

LD

, (6)

where lD is the compressed length of the honeycomb alu-
minum and LD is the length in the out-of-plane direction of
the honeycomb aluminum.
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Figure 3: Hexagon double-walled honeycomb structure.
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Figure 2: Energy absorption efficiency curve.
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Combining equations (5) and (6), it can be used to derive
the formula for calculating the internal energy absorption of
honeycomb aluminum compression:

I � 
lR

l0

F lD( dl � ALD 
εR

ε0
σ(ε)dε, (7)

where I is the variable of internal energy absorption of the
model.

/e internal energy absorption efficiency can be derived
from equations (3)– (8):

η εR(  �


εR

ε0
σ(ε)dε

σ(ε)|ε�εR

�


lR

l0

F lD( dl

LDF
lD�lR

�
I|lD�lR

LDF
lD�lR

.
(8)

Figures 5 and 6 show the stress-strain curve and energy
absorption efficiency-strain curve of the honeycomb alu-
minum in out-of-plane quasi-static compressive load case.

It can be seen from Figure 5 that the out-of-plane quasi-
static compression behavior of honeycomb aluminum is
consistent with the theoretical description of honeycomb
aluminum compression deformation and is clearly divided
into elastic deformation section, plastic section, and den-
sified deformation section. Figure 6 shows the energy ab-
sorption-strain curve of honeycomb aluminum. /e figure
shows that the energy absorption efficiency increases with
the increase of strain. When the energy absorption efficiency
increases to the peak, it declines rapidly. At this point, the
strain corresponding to the peak is defined as the onset strain
of the densification point.

5. Effect of Dimension Variables on Onset
Strain of Densification

According to the concept of densification strain [18], there is
a certain linear relationship between densification strain and
cell side length and cell wall thickness. Based on the finite
element model of honeycomb aluminum, the influence of
cell side length and cell wall thickness on densification onset
strain is studied, and the relationship between densification
onset strain and cell size is summarized by least square
fitting. /e formula of onset strain of densification is
obtained.

Rigid wall

Rigid wall 

(a)

Y

Z

X

(b)

Figure 4: /e finite element model of honeycomb aluminum. (a). Overall model. (b). Honeycomb aluminum.

Table 1: Material properties parameters.

Item Density ρs (kg/m3) Elastic modulus Es (MPa) Poisson’s ratio c Yield stress σys (MPa)
Honeycomb aluminum 2700 71000 0.33 80
Rigid wall 7800 206000 0.3 245
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Figure 5: Stress-strain curve of honeycomb aluminum in out-of-
plane quasi-static compressive load case.
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5.1. Influence of Cell Side Length. As shown in Figure 4, the
finite element model of double-walled thickness honeycomb
aluminum is established, which keeps the cell shape and wall
thickness unchanged, only changes the cell side length, and
carries out numerical simulation calculation for the finite
element model of different cell side lengths. /e stress-strain
curves of honeycomb aluminumwith different cell side lengths
are plotted, as shown in Figure 7, and the corresponding data
are shown in Table 2. It can be seen from the figure that with
the increase of the cell side length of the honeycomb alu-
minum, the stress peak value of the elastic deformation section
of the honeycomb aluminum increases, the dynamic stress
mean value of the plastic collapse section increases, and the
strain value of the transition from the plastic deformation
section to the densification stage also increases.

In order to facilitate the comparison, the reciprocal of
the cell side length is selected as the variable to study the
internal relationship between the cell side length and the
onset strain of densification. /e relationship between the
onset strain of densification and the reciprocal of cell side
length is shown in Figure 8. It can be seen from the figure
that the onset strain of densification decreases with the
increases of the reciprocal of cell side length. /erefore, the
onset strain of densification increases with the increase of
cell side length.

Based on the correlative data of onset strain of densi-
fication and cell side length, it is assumed that there is the
following relationship between them:

εD � b − a
1
l
. (9)

/e data of the onset strain of densification and the
reciprocal of the cell side length are linearly fitted by the
least square method, and the fitting line segments between
them are obtained. /e fitting parameters are, respec-
tively, a � 1.0804 and b � 0.8932. /e linear relationship
expression between the onset strain of densification and
the reciprocal of the cell side length can be obtained as
follows:

εD � 0.8932 − 1.0804
1
l
. (10)

/e correlation coefficient in the least squares method is
used to represent the approximation degree between data
and can be used to measure the dispersion of discrete points
relative to standard deviation. In the abovementioned fitting
results, the square R of the correlation coefficient between
the onset strain of densification and the cell side length data
fitting is 0.9448.

5.2. Influence of Wall 6ickness. Using the abovementioned
finite element model, set different cell wall thicknesses,
evenly arrange the cell wall thickness in the range of 0.4∼0.6,
and set 200 groups of different thickness. A series of stress-
strain curves of honeycomb aluminum are calculated, some
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Figure 7: Stress-strain curves of honeycomb aluminum with
different cell side lengths.
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Figure 6: Energy absorption efficiency-strain curve of honeycomb
aluminum in out-of-plane quasi-static compressive load case.

Table 2: Onset strain of densification under different cell side
lengths.

Cell side length
(mm)

Reciprocal of
length (mm−1)

Onset strain of
densification εD

4 0.250000 0.655811
5.5 0.181818 0.702188
5.7 0.175439 0.710015
6 0.166667 0.723189
6.5 0.153846 0.730632
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Figure 8: Influence curve of cell side length on the onset of
densification.
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of which are shown in Figure 9 and the corresponding values
are shown in Table 3. It can be seen from the calculation
results that, with the increase of the thickness of the hon-
eycomb aluminum cell wall, the peak value of the stress in
the elastic deformation section of the honeycomb aluminum
increases, the mean value of the dynamic stress in the plastic
collapse section increases, and the strain value in the
transition from the plastic deformation section to the
densification stage decreases.

Based on the calculation method of energy absorption
efficiency of honeycomb aluminum compression, combined
with the internal energy absorption efficiency curve, the
densification onset strain corresponding to the wall thick-
ness of each group of honeycomb aluminum cells can be
obtained, as shown in Figure 10. It can be seen from the data
in the figure that the onset strain of densification decreases
with the increase of cell wall thickness. It is assumed that the
effect of cell wall thickness on the onset strain of densifi-
cation is linear, and a linear expression between the two is
proposed:

εD � 1 − αt, (11)

where α is a fixed coefficient.
/e trend of the curve is analyzed, and the relationship

between the two is fitted to the linear relationship, as shown
in Figure 10, by the least squares method, and a linear
expression between the two is given:

εD � 1 − 0.645t. (12)

In the data fitting process, the square value of the cor-
relation coefficient between the linear simulation value
obtained by the least square fitting and the finite element
simulation result is R2 � 0.8599.

6. Conclusion

In this work, the finite element analysis method is used to study
the heterogeneous compression performance of honeycomb
aluminum, and the energy absorption efficiency is combined to
determine the onset strain of densification./e influence of size
length on the onset strain of densification of honeycomb
aluminum is discussed. Based on the least squares method, the
relationship between the onset strain of densification and the
length of the cell side is derived, and the onset strain of
densification will decrease with the increase of the reciprocal of
the cell side length; the expression of the onset strain of
densification and the wall thickness is derived, and the onset
strain of densification will decrease with the increase of the wall
thickness. /e research results enrich the research content of
the honeycomb aluminum in out-of-plane compression den-
sification stage and provide a reference for the design of out-of-
plane performance of honeycomb aluminum.

Data Availability

All data generated or analyzed during this study are included
in this article.
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Figure 9: Stress-strain curves of honeycomb aluminum under
different cell wall thicknesses.

Table 3: Onset of densification under different thicknesses of wall.

Wall thickness (mm) Onset strain of densification εD

0.4 0.626371
0.45 0.703814
0.5 0.705058
0.55 0.722544
0.6 0.729530
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Figure 10: Influence of wall thickness on the onset strain of
densification.
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