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Abstract
The honeycomb structure collapse during energy absorption and deformation is considered as one of the important subjects 
for researchers. In this paper, a combined analytical, numerical and experimental analysis on the collapse load of hexagonal 
aluminum honeycombs due to buckling or plastic collapse of the unit cells under flatwise compressive loading is performed. 
To analyze the collapse load, some analytical equations are derived for buckling and forming plastic hinges using the frame 
element. The amounts of these loads are measured for a single-row aluminum honeycomb structure, and the smallest one is 
selected as collapse load. The results show that the main cause of structure collapse is the formation of plastic hinges. To 
evaluate the analytical results and to propose a valid numerical simulation method, the quasi-static pressure test is performed. 
Furthermore, the structure collapse is also simulated by Abaqus software. The maximum difference between the numerical 
and experimental collapse load is 2.5%. Moreover, the deformed shape of the structure is very similar to the experimental 
one. The numerical simulation method and the proposed analytical relations can be used to analyze the collapse in other 
metal honeycomb structures.
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1  Introduction

In addition to having high specific stiffness and strength, 
honeycomb structures have also superior energy absorption 
capacity compared to solid plates made of the same material 
with equal total mass [1]. The mentioned properties have 
made honeycomb as one of the most promising structures 
for impact resistance and energy absorption applications, 
including packaging, automotive, aerospace, etc. Honey-
comb structures have been widely used in sandwich panel 
as a light energy absorber. Sun et al. [2] have investigated 
the effect of face sheet’s thickness and height of honeycomb 
on energy absorption capacity under quasi-static compres-
sion loading using experimental and numerical methods. 

The thickness of the face sheet has more effect on energy 
absorption comparing to core geometrical parameters. In 
another research, Sun et al. [3] have studied the crashwor-
thiness of honeycomb sandwich panels under three point 
bending load. In this case of loading, the energy absorp-
tion was more sensitive to core structural parameters. In this 
paper, they have derived theoretical equation to predict the 
peak load and energy absorption. The analytical equations 
were verified by experimental results. In order to improve 
crashworthiness of a tube, it can be filled with aluminum 
foam or honeycomb structures. They have investigated the 
effect of filling CFRP/aluminum/steel tubes with aluminum 
foam/honeycomb on crashworthiness parameters. With 
the increase in the radius of CFRP tubes, both the energy 
absorption and loading capacities increase. It was noted that 
in most cases, SEAs of the foam-filled CFRP tubes are higher 
than those of the metallic ones. Also it was that the SEAs of 
CFRP tubes filled with honeycomb are slightly lower than 
the empty ones [4]. In another paper, the effect of filling a 
graded thickness tube with functionally graded honeycomb 
structure on crashworthiness of the structure was studied. 
Double functionally graded tube has more energy absorp-
tion capacity regarding to single functionally graded and 
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regular tubes. It was shown that the tubal thickness range has 
more effect on crashworthiness comparing to honeycomb 
thickness range [5]. Regarding to the importance of honey-
comb structure, the collapse mechanism of these structures 
should be studied. The honeycomb structure can be used in 
implants.

Li has verified the feasibility and evaluated the compres-
sive properties of Ti6Al4V honeycomb-like implants with 
controlled porosity via electron beam melting process. This 
process might be a promising method to fabricate orthope-
dic implants with suitable pore architecture and matched 
mechanical properties. The response of bare and foam filled 
honeycomb structure under compression loading has been 
studied [6]. Foam filled structure can absorb more kinetic 
energy and apply higher reaction force comparing to bare 
honeycomb structure [7–11]. Silva and Hunt [12] have 
studied the buckling of sandwich plates with isotropic and 
orthotropic cores by analytical method. The analytical model 
allows separately for bending and shears deformations in the 
core. Local plastic collapse of thin walled elastic tube was 
investigated analytically. It was found that the ratio of the 
maximum mean stress to the critical stress in the columns is 
linearly related to the breadth to thickness ratio of the walls 
[13]. Nikravesh and Chung [14] have presented a numerical 
algorithm to simulate the crash of a vehicle crash using plas-
tic hinge deformation method. Yang and Yu [15] have used 
elastic perfectly plastic model to predict the plastic behavior 
of two deformable beams colliding each other. Therefore, 
the plastic hinge method is applicable to study the plastic 
collapse of the structures.

Chen et al. [16] studied the competition between in-plane 
buckling and bending collapses in nano-honeycombs. They 
investigated the buckling and plastic collapse of the inclined 
wall of a honeycomb cell. Zhang et al. [17] analyzed the buck-
ling collapse of a honeycomb by large deformation theory to 
compute the collapse surface for a honeycomb under in-plane 
biaxial loading. Also, Scarpa et al. [18] presented a combined 
analytical, numerical and experimental analysis on the com-
pressive strength of a unit cell of hexagonal chiral honeycombs 
due to buckling under compressive stresses. The mechanical 
properties of a honeycomb such as failure mechanisms and 

deformation modes have been studied by many scientists. 
[9–28]. They analyzed its in-plane and out-of-plane mechani-
cal behaviors (e.g., buckling or plastic collapse). The post-col-
lapse behavior of a honeycomb material subjected to in-plane 
compression loading was studied by Karagiozova et al. [29]. 
They used the limit analysis and the concept of an equiva-
lent structure to show the large plastic deformations of the 
honeycomb. Sedighi et al. [30] obtained the failure maps of 
sandwich beams with composite skin and honeycomb core 
by analytical and experimental methods. Qiao et al. investi-
gated the collapse of a hierarchical honeycomb under in-plane 
uniaxial loading. They studied the failure modes and collapse 
stress by finite element simulations under quasi-static loading 
[31]. Aluminum honeycomb structures have a wide spreading 
usage in many industries. Their buckling and plastic collapse 
under low velocity and quasi-static loading have been investi-
gated by numerical and experimental method to find the main 
reasons for the collapse [32–37].

In this study, the deformation and compression cause of 
cells are investigated. Analytical equations were derived 
in order to calculate buckling and plastic collapse load for 
inclined and horizontal cell wall. In fact, two resembling loads 
of buckling and plastic collapse are in competition to each 
other. Cell collapse occurs when the opposite sides of the hex-
agonal cell become closer or touch each other. In this case, the 
cells leave their hexagonal shape behind. This collapse may 
occur because of buckling of the cell sides or the formation of 
plastic hinges. To analyze the cause of the collapse, the frame 
element is considered in the analytical and numerical method. 
In order to validate the analytical and numerical results, the 
collapse loads of several single-row aluminum honeycomb 
structures are measured experimentally. A theory to determine 

Fig. 1   Honeycomb structure cell

Fig. 2   Inclined beam subjected to a vertical force [39]

Fig. 3   Boundary conditions of the honeycomb cell side
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a competition between the buckling and plastic collapse loads 
for the inclined and parallel cell walls under uniaxial compres-
sion loading is developed. The present theory may be used to 
design other aluminum honeycomb structures.

2 � Collapse analysis of a honeycomb cell

The deformation of a honeycomb structure causes the absorp-
tion of applied kinetic energy. This deformation may be a 
result of forming of plastic hinges or buckling. For more accu-
rate analysis, the deformation of the horizontal and inclined 
sides of a honeycomb cell is examined and various collapse 
mechanisms and their loads are compared.

2.1 � Study the buckling of the horizontal cell side

Applying axial flat-wise force to a honeycomb cell leads to col-
lapse at the upper and lower contact sides. Then the collapse 
mechanism which may be buckling or plastic hinge forming 
can be determined. Friction force may also cause the forma-
tion of plastic joints in the middle of the horizontal cell side. 
Hence, the friction and buckling load of the horizontal side 

should be calculated. The friction force is equal to Ff = �N 
where N is the normal reaction load, and µ is the coefficient 
of friction. The magnitude of the normal load is equal to the 
plastic collapse load. Considering the fixed–fixed boundary 
condition, the buckling load is calculated using the Euler equa-
tion as follows [38]:

In Eq (1), E, I and c are the young modulus, second moment 
of area and length of the horizontal cell, respectively (Fig. 1.). 
If the friction load is less than the buckling one, the collapse 
is due to the formation of plastic hinges rather than buckling.

2.2 � Analysis of buckling in the inclined cell side

In this section, buckling in the inclined cell side is studied ana-
lytically, considering the frame element. According to Fig. 2, 
the buckling of an inclined beam subjected to a vertical force 
is studied.

(1)P
cri

1
=

2
2�2EI

c2

Fig. 4   Variations of a τ versus 
δ, and b τ1 versus ϕ [39]

Fig. 5   A single-row honeycomb structure test sample

Table 1   Mechanical properties 
of different thickness of 
AL-6061-O plate [26]

Thickness (mm) E (GPa) n K (MPa) ef (%) �u (MPa) �y (MPa)

1.6 68.28 0.213 202.77 23.76 131.39 51.59
1.27 66.98 0.245 242.66 25.142 141 51.92
1.016 62.5 0.291 220.8 25.168 131 50.7

Table 2   The analytical and numerical buckling loads of the inclined 
side for various thicknesses

Thickness (mm) P
cri

2
 (kN) ana-

lytical
P
cri

2
 (kN) 

numerical
Error%

1.6 128.77 147.6 12.7
1.27 66.89 72.41 7.6
1.016 32.31 34.59 6.5
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With this regard, the equation of the potential energy of the 
system consisting of strain energy and the work done by the 
force P is extracted and using the variation calculation method 
and the δ operator, the differential equation is obtained [39]. 
After solving the equation and applying the boundary condi-
tions, the dimensionless buckling force is obtained as [39] 

In this equation, f = P

AE
 , R =

√

I

r
 where E is the elasticity 

module, r is the slenderness ratio, I is the second moment of 
area, and A is the cross section area of the beam. The param-
eter β0 depends on the beam’s boundary conditions. Based on 
the above equations, the maximum magnitude on the graph of 
τ versus δ, τ1, is equal to the buckling force. The variations of 
τ versus δ, and τ1 versus ϕ are shown in Fig. 3. It should be 
noted that, δ is the vertical displacement of the point B [39]. 
For this study, the boundary conditions of the honeycomb cell 
side, one end is fixed, and the other one is free to move in the 
direction of the applied load, are considered (Fig. 3).

Regarding to Fig. 4, τ1 can be estimated with the value of 
cos ϕ. Substituting the buckling force in Eq. (2), this equation 
can be rewritten as

Based on the considered boundary conditions, we can use 
�2
0
= 4�2 . Therefore, the buckling load of the inclined cell 

side can be obtained by

(2)� =
fR2

�2
0

(3)�
1
=

fR2

�2
0

≥ cos� =
fR2

�2
0

(4)cos� =

F

AE

l2A

I

(2�)2
≥ F = P

cri
2
=

4�2EI cos�

l2

2.3 � Analysis of plastic hinge forming

After finding the buckling loads, the load associated with plas-
tic hinges is calculated using the frame element. To obtain 
this load, the plateau stress of the cell is multiplied by the area 
affected by the load. The plateau stress equation for the power 
hardening material model is demonstrated as [40].

In the above equation, �u is the ultimate stress of the mate-
rial and n is the power of the hardening equation. Considering 

(5)�p =

( �u

n + 2

)

d2

(c + l sin�)(l − d) sin�

Table 3   The analytical buckling loads of the horizontal side for vari-
ous thicknesses

Thickness (mm) P
cri

1
(kN) analytical

1.6 116.77
1.27 57.28
1.016 27.36

Table 4   The friction and plastic collapse load of the horizontal side 
for various thicknesses

Thickness (mm) P
cri

3
 (N) F

f
 (N)

1.6 591 354.6
1.27 444 266.4
1.016 222 133.2

Table 5   Comparison of the buckling and plastic collapse loads for 
inclined side

Thickness (mm) P
cri

2
 (kN) P

cri
3
 (kN)

1.6 128.77 0.591
1.27 66.89 0.444
1.016 32.31 0.222

Table 6   Comparison of the buckling and friction loads for horizontal 
side

Thickness (mm) P
cri

2
 (kN) P

cri
3
 (kN)

1.6 116.77 0.354
1.27 57.28 0.266
1.016 27.36 0.133

Fig. 6   Quasi-static compression test sample
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a honeycomb cell (Fig. 1), the area affected by the load for 
forming a plastic hinge in the corner of a cell is given by

According to the above equations, the plastic collapse load 
of the inclined honeycomb cell, considering the frame element, 
can be shown as

Putting the cross-sectional area of the entire cell in Eq. (7), 
the obtained load can be considered for the collapse load of 
the entire cell. These equations can also be used for the col-
lapse of horizontal and inclined sides. After calculating three 
forces of P

cri
1
 , P

cri
2
 , and P

cri
3
 , they have to be compared for the 

cell collapse. These forces are measured experimentally and 
analytically for single-row aluminum honeycomb structures.

3 � Calculation of the buckling and plastic 
collapse loads

After deriving the equations of buckling and plastic collapse 
loads, these loads are measured and compared for some hon-
eycomb structures, Fig. 5. For the honeycomb test sample, the 
geometrical dimensions are as c = 15 mm, l = 12 mm, φ = 36°, 
b = 28.5 mm.

This structure is made of Al-6061-O. The mechanical prop-
erties for various thicknesses are given in Table 1.

In Table 1, K and n are the coefficient and the power of 
hardening equation. These coefficients are used for defining 
the plastic behavior of AL-6061-O for the Abaqus software. 
The coefficient of friction between the structure and the cross 
head is taken as 0.6.

3.1 � Calculation the buckling load for the horizontal 
and inclined cell side

Considering the geometric parameters of the cells and 
Eq. (4), the buckling loads for various thicknesses are cal-
culated and shown in Table 2. To validate the derived ana-
lytical equation (Eq. 2), the buckling of the inclined side is 
simulated by the Abaqus software. The degree of freedom 
for the end of the beam is fixed, and for the other end of the 

(6)A = b(c + l sin�)

(7)P
cri

3
= �p × A =

( �u

n + 2

)

d2

(l − d) sin�
b

beam is free to move in the direction of the force. The mate-
rial properties of Table 1 are used, and the beam element is 
employed for meshing the inclined cell side. Based on the 
numerical simulations, the first mode buckling loads of the 
inclined side for various thicknesses are compared with the 
analytical loads (Eq. 4), and the results are shown in Table 2.

According to Table 2, considering a maximum differ-
ence of 12.7%, the numerical and analytical results retain 
an appropriate congruence. The buckling loads of the hori-
zontal side with various thicknesses are calculated by Eq. (1) 
and are shown in Table 3.

The buckling loads obtained for the horizontal and inclined 
sides are compared with the friction and plastic collapse loads, 
respectively.

3.2 � Calculation of the plastic collapse load 
of the horizontal and inclined cell side

To calculate the plastic collapse load for the inclined and hori-
zontal sides based on their material properties and geometry, 
Eq. (7) is used. In this case, the power hardening material 
model is considered. The friction load of the horizontal side is 
calculated considering the coefficient of friction and the reac-
tion force (plastic collapse load). The plastic collapse load has 
been calculated by multiplying the area of horizontal side by 
plateau stress (Eq. 7). This load and the friction load ( Ff  ) for 
various thicknesses are demonstrated in Table 4.

The plastic collapse load has been calculated by multiplying 
the projected area of inclined side by plateau stress (Eq. 7). 
The loads obtained for buckling and plastic collapse loads for 
the horizontal and inclined sides are compared. As aforemen-
tioned, the plastic collapse and buckling are in competition 
with each other and the less one is the actual collapse load and 

Fig. 7   Finite element model 
of the single-row honeycomb 
structure

Table 7   compression test results for different thickness

Thickness (mm) Collapse force (kN) Average SD

Test 1 Test 2 Test 3

1.016 0.95 1.015 1.065 1.010 0.05766
1.27 1.9305 2.027 2.109 2022 0.08935
1.6 2.620 2.670 2.780 2.690 0.08154
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determines the type of collapse (buckling or plastic). Com-
parison of these loads for the inclined and horizontal sides is 
shown in Tables 5 and 6, respectively.

According to Tables 5 and 6, the plastic collapse loads 
are significantly less than the buckling ones for various 

thicknesses. Therefore, the main collapse cause for inclined 
and horizontal sides is the formation of plastic hinges.

4 � Quasi‑static compression test

To determine the accurate collapse load for various thick-
nesses, the quasi-static compression test is performed on 
single-row honeycomb samples using Santam tension–com-
pression machine, as shown in Fig. 6. The crosshead speed is 
5 mm/min. The reaction force was measured by piezoelec-
tric sensor on the upper crosshead, and the deformation of 
the structure was measured according to displacement of the 
upper crosshead. For each thickness, the compression test has 
been performed on three test samples. Based on the test results, 
the force–displacement diagram is attained.

4.1 � Numerical simulation

To validate the numerical simulation method and analytical 
equations, experimental results are compared with numerical 
and analytical ones. Using the measured material properties 
the plastic behavior of AL-6061O is defined using power 
hardening model for each thickness individually (Table 1.). 
It is worth mentioning that due to quasi-static loading, the 
strain rate of the material is ignored. The 8-node C3D8R 
cubic and 4-node R3D4 linear elements are used to mesh 
the honeycomb structure and rigid plates, respectively. The 
cubic element was used in order to achieve more proper 
results comparing to experimental ones. The finite element 
model with the upper and lower rigid plates is shown in 
Fig. 7.

A penalty contact condition with friction tangential 
behavior is applied between the bottom element based sur-
face of the structure and the rigid plate, B. In this module 
based on test condition, the coefficient of friction is consid-
ered equal to 0.6. For this quasi-static test, the loading is 
applied on the structure by plate A. The connection between 
the different layers of the structure is established using the 
Tie option. The boundary conditions are defined by con-
straining the discrete rigid plate, A, to move only in the load-
ing direction and by fixing all the rotational and translational 
degrees of freedom of the discrete rigid plate, B. Interaction 
properties are defined using a general contact condition and 
surface to surface kinematic contact conditions between the 
top element based surface of the structure and the rigid plate, 
A. The numerical simulation was performed using Dynamic/
Explicit procedure.

Fig. 8   Load–displacement curves for different thickness
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5 � Results and discussion

The compression test results of test samples for different 
thickness are reported in Table 7. Also their load–displace-
ment curves are shown in Fig. 8.

According to Table 7 and Fig. 8, because of low standard 
deviation, the experimental results for each thickness are 
reproducible. The average collapse force magnitude is used 
to compare with numerical and experimental results.

Fig. 9   Deformed shape of the structure with 1.016 mm thickness; a experimental test, b numerical simulation

Fig. 10   Deformed shape of the structure with 1.27 mm thickness; a experimental test, b numerical simulation

Fig. 11   Deformed shape of the structure with 1.6 mm thickness; a experimental test, b numerical simulation

Table 8   Experimental and numerical collapse load of the single-layer 
structure for various thicknesses

Thickness (mm) Collapse load (kN) Error%

Numerical Experimental

1.6 2.690 2.626 2.5
1.27 2.022 2.022 0
1.016 1.010 1.010 0

Table 9   Experimental, numerical and analytical collapse load of the 
inclined cell side for various thicknesses

Thickness (mm) Collapse load (kN) Analytical (Eq. 7)

Numerical Experimental

1.6 0.577 0.591 0.591
1.27 0.444 0.444 0.444
1.016 0.222 0.222 0.222
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The obtained numerical and experimental deformed 
shapes of structure due to quasi-static loading for different 
thicknesses are shown in Figs. 9, 10 and 11.

The magnitude of the collapse loads for quasi-static 
experimental test and numerical simulation is shown in 
Table 8.

As Table 8 suggests, the obtained numerical results have 
good congruence with the experimental ones. The maximum 
difference between the numerical and experimental results 
is 2.5%. In addition, according to Figs. 9, 10 and 11, the 
numerical deformed shapes of the structure are similar to the 
experimental shapes. Thus, the numerical simulation method 
and the utilized parameters are validated.

The magnitude of the experimental collapse loads is 
measured for the entire single-layer structure. It is notewor-
thy that the plateau stress is equal for each cell side and the 
whole structure. The collapse force is calculated by multi-
plying the plateau stress by the cross section of each cell or 
cell side. According to Table 8, comparisons between the 
analytical, numerical, and experimental collapse loads for 
the inclined cell side with various thicknesses are shown 
in Table 9.

Regarding to Table 8, the obtained loads with different 
methods retain an appropriate agreement. Therefore, the for-
mation of the plastic hinges (plastic collapse) is confirmed 
as the main cause of structure collapse. The formed plastic 
hinges in the test sample are shown in Fig. 12.

6 � Conclusion

In this study, the collapse load of a metal honeycomb struc-
tures was investigated. Structure collapse may occur as 
a result of buckling or formation of plastic hinges. After 
deriving the analytical equations for each collapse loads, 
their values for an aluminum sample were calculated. By 
comparing these loads, the plastic hinge formation load was 
identified as the main cause of collapse. To evaluate the 
calculated loads and to investigate cause of collapse, quasi-
static compression test along with the numerical simulation 
was performed on several single-layer honeycomb struc-
tures. With this regard, the collapse loads were measured 
by experimental and numerical method. The maximum 
difference between the numerical and experimental results 
was 2.5%. Hence, the main reason of the structure collapse 
(plastic hinge forming) predicted by analytical method was 

confirmed using experimental and the numerical method. 
The utilized numerical method is applicable for analyzing 
the collapse cause of similar honeycomb structures. The 
derived analytical equations can be utilized for upper and 
lower rows of a honeycomb structure or for all rows of a 
graded honeycomb structure.
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