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• Two deformation patterns were
observed, deforming cell walls non-
inclined (Mode I) and inclined (Mode
II) respectively.

• For the first time, normal and shear
forces of honeycombs deforming in
Mode II were measured directly.

• The shear force behavior was different
for the two deformation patterns, with
a negative value for Mode II.

• Initial yield surface of honeycombs
takes the form of an ellipse envelop in
the stress space.
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Themechanical behavior of aluminumhoneycombs subjected to quasi-static combined compression-shear load-
ing was experimentally investigated. Two different deformation patterns were observed, deforming cell walls
non-inclined (Mode I) and inclined (Mode II) respectively. For the first time, normal and shear forces of honey-
combs deforming in Mode II were measured directly using a tri-axial load cell. It was found that the shear force
behavior was very different for Modes I and II, with a negative shear force being observed for Mode II, whichwas
not previously reported. Three aluminumhexagonal honeycombswith different cell configurations (cell size and
wall thickness) were tested at two loading velocities of 5 × 10−4 and 5 × 10−3 m/s, three loading angles of 15°,
30° and 45°, in the two plane orientations, respectively. The effects of loading velocity, loading angle and loading
plane were discussed in detail. An empirical model specifically revealing the effect of loading angle on normal
plateau stress was proposed. Initial yield surface was estimated and was found to take the form of an ellipse en-
velop in the stress space.

© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Honeycombs are one type of typical bio-inspired multi-cell struc-
tures [1], which have been widely employed in aerospace, transporta-
tion and packaging industries due to their outstanding performance in
crashworthiness and energy absorption. The honeycomb can be
regarded as an orthotropic material because of its cellular micro-
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. The geometry of a honeycomb specimen and parameters of unit cells.
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structure [2]. It has three orthotropic directions, one out-of-plane direc-
tion (named as T) and two in-plane directions (named as L and W,
where L is the ribbon direction and W is the width direction), as
shown in Fig. 1. Different deformation patterns cause disparate crash-
worthiness and energy absorption capacity for the same honeycomb
under different loading conditions. Generally, honeycombs are designed
to carry quasi-static or dynamic loadings with respect to the out-of-
plane direction because it is much stiffer and stronger in this direction
than in the in-plane directions [3,4].

Crushing behaviors of honeycombs under uniaxial loading have
been extensively investigated analytically, experimentally and numeri-
cally for both in-plane and out-of-plane directions [2–12]. For example,
Gibson and Ashby [2], Zhang and Ashby [3], andWierzbicki [5] system-
ically studied the mechanical behavior and deformation mechanism of
several types of honeycombs crushed in both the in-plane and out-of-
plane directions. The authors derived formulas of plateau stresses of
honeycombs. Hu et al. [6] established an analytical model based on
the collapse mechanisms of cell walls to deduce the crushing strength
of the hexagonal honeycombs. Many experimental researches [7–9]
were conducted on the quasi-static and dynamic crush behaviors of
honeycombs.Moreover, a number of researchers [10–12] employed nu-
merical methods to further investigate deformation mechanisms and
develop constitutive equations of honeycombs subjected to impact
loadings.

However, in a real crash event, the impact loading is much more
complicated than pure compression, and the loading direction is rarely
uniaxial [13]. Consequently, studies on honeycombs under multi-axial
or combined compression-shear loading were performed. Meanwhile,
various test methods were introduced and a few testing fixtures were
designed to apply multi-axial or combined loadings. A biaxial compres-
sion testing machine was developed by Papka and Kyriakides [14], and
Chung and Waas [15,16] respectively. In the testing machine, the hon-
eycomb specimens were compressed independently by two pairs of
rigid blocks. The rigid blocks moved in two orthogonal directions and
Table 1
A brief summary of honeycomb specimens used in previous studies.

Researchers Specimen size
L × W × T (mm)

Cell size
D (mm)

Cell wall length
l (mm)

Mohr et al. (2004) [26] 52.8 × 80 × 15 5.00 3.10
Hong et al. (2006) [17,18] 305 × 76 × 25

229 × 76 × 19
9.50 5.50

Hou et al. (2011) [29,37] 40 × 40 × 25 6.35 3.67
Ashab et al. (2016) [27] 50 × 50 × 50 4.76 2.75

9.53 5.50
3.18 1.83

Tounsi et al. (2016) [30,31] 44 × 41 × 25 6.35 3.67
applied different biaxial crushing loads to specimens through changing
the velocities of each pair of orthogonal blocks. A similarmulti-axial test
set-up based on an INSTRON testmachinewas introduced byHong et al.
[17,18] to apply combined compression-shear loading to honeycombs.
The INSTRON multi-axial test machine has two actuators and could in-
duce normal compressive loads and shear loads by applying forces in
the vertical and horizontal directions independently. Different loading
angles were achieved by changing ratios of vertical to horizontal veloc-
ities. The test machine was further improved and employed by
Kintscher et al. [19] to investigate failure behavior of folded sandwich
cores under combined transverse shear and compression.

The test methods in literatures usually apply multi-axial loading on
specimens through applying several independent loadings along differ-
ent axes, which is different from the combined loading in a real crash
event. An Arcan apparatus was developed by Arcan [20] to produce a
uniform state of plane-stress in solid structures. Last decade, Mohr
and Doyoyo [21] indicated that the standard Arcan apparatus was not
suitable for testing cellular solids because the deformation tended to
be localized in undesirable regions. The authors modified the standard
Arcan apparatus by restricting the rotation of the grips with a clamped
configuration. Also, the authors demonstrated the importance of mea-
suring horizontal forces which exist in the tests using the modified
Arcan apparatus. In the past few years, the modified Arcan apparatus
was widely employed in studies of honeycombs and foams under com-
bined compression-shear loadings by Mohr and Doyoyo [21–23],
Doyoyo and Wierzbicki [24], and Zhou et al. [25]. Mohr and Doyoyo
[26] also introduced another custom-built universal biaxial testing de-
vice (named UBTD) into combined compression-shear tests on honey-
combs. The UBTD was developed based on the concept of the
modified Arcan apparatus and three load cells were built in the appara-
tus to measure the vertical force as well as the horizontal force. Ashab
et al. [27] introduced a test method with specially designed fixtures to
apply combined compression-shear loads to honeycombs using an
MTS machine or a high speed INSTRON machine. In order to eliminate
transverse loads to the machines and protect the machines, two nomi-
nal identical specimens were placed symmetrically and crushed simul-
taneously in the tests. By using the test fixture, the authors studied the
crushing behaviors of aluminum honeycombs under combined
compression-shear loading at velocity from 5 × 10−5 to 5 m/s.

Recently, dynamic experimental studies were also conducted on
honeycombs under combined compression-shear loadings. Hong et al.
[28] employed a gas gun in the dynamic combined loading tests. Hou
et al. [29] proposed a new testingmethod to perform the dynamic com-
bined compression-shear tests using a large diameter Nylon split Hop-
kinson pressure bar (SHPB). A series of experiments at different
loading angles were conducted by employing this new set-up. The test
method was also adopted by Tounsi et al. [30,31] to study the effects
of loading angles and in-plane orientations of the specimens on the dy-
namic behaviors of honeycombs under combined compression-shear
loadings. The test method was further improved by Xu et al. [32] and
employed in the investigation of rock material under dynamic com-
bined compression-shear loading. The authors added cushions with
Single cell wall thickness
t (mm)

Wall thickness to length ratio
t/l

Nominal density
ρ (kg/m3)

0.033 0.0106 46.5
0.025 0.0045 26.0

0.076 0.0207 82.6
0.025 0.0092 49.7
0.076 0.0139 67.3
0.025 0.0139 72.1
0.076 0.0207 82.6



Fig. 2. Three types of honeycomb specimens employed in the tests.
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designed oblique surface on the SHPB device and two similar and sym-
metrically mounted cylindrical or cubic specimens were tested
simultaneously.

Other variations of the test fixtures were designed for combined
compression-shear loading tests by Ashab et al. [33], Zhou et al. [34]
and Nie et al. [35]. Most devices either used one load cell to measure a
force in one direction [27,29–35]; or two/three load cells to measure
forces in two/three directions and then calculate the compressive and
shear forces [15–19,22,26]. A multi-axial load cell was employed by
Hong et al. [28] to measure the normal and shear forces directly in com-
bined compression-shear tests at a fixed loading angle of 15°. In this
paper, a similar tri-axial load cell (KISTLER Type 9377C) is employed to
measure the compressive and shear forces directly and simultaneously
in combined compression-shear tests. Three types of aluminum honey-
combs are tested at various loading angles and planes.Moreover, a special
loading fixture is designed and manufactured to minimize the possible
lateral force applied to the machine. The deformation pattern, crushing
forces, normal and shear stresses of the honeycombs are observed and
calculated. The effects of loading velocity, loading angle and loading
plane are discussed. Also, an estimation of the yield envelop is made on
the macroscopic level in terms of initial normal and shear stresses.

2. Experiments

2.1. Materials and specimens

Honeycomb specimens used in this investigation are commercial
hexagonal honeycombs made by corrugated method from aluminum
alloy, HEXCELL ®5052-H39 [36]. The geometry of a hexagonal honey-
comb specimen and unit cell parameters are illustrated in Fig. 1. The
cell walls in the ribbon direction are adhesively bonded by two single
thickness walls. As a result, the thickness of cell walls in the ribbon di-
rection is 2t, double of that in the width direction. The expanding
angle is α = 30° for a perfectly hexagonal honeycomb. Besides, l and D
represent cell wall length and cell size, respectively.

Specimens with different cell size and different cell wall thickness
were tested in the previous investigation [17,18,26,27,29–31,37]. A
brief summary of specimen geometries is listed in Table 1. Note that
honeycomb specimens in most literatures [17,18,26,29,31,37] are rela-
tively short in the out-of-plane direction compared with those in the
Table 2
Specification of three types of aluminum honeycombs.

Type Designation Cell size
D (mm)

Cell wall length
l (mm)

Sing
t (m

H31 3.1-3/16-5052-.001N 4.763 2.75 0.02
H45 4.5-1/8-5052-.001N 3.175 1.83 0.02
H42 4.2-3/8-5052-.003N 9.525 5.50 0.07

In the designation ‘3.1-3/16-5052-.001N’, 3.1 is the nominal density in pounds per cubic foot;
single wall thickness in inches and N indicates non-perforated cell walls. Data is from the man
in-plane direction, which is averse to the observation of microscopic
crush mechanism. Moreover, aluminum plates were bonded with hon-
eycombs as face-sheets to help avoid slippage between the test fixture
and specimens byMohr and Doyoyo [26], and Hong et al. [17,18]. How-
ever, the presence of face-sheetsmay restrict and affect the deformation
of honeycombs somehow, and the test specimens were honeycomb
sandwiches rather than honeycombs. Hence, cubic bare honeycomb
specimens with the same size as those employed by Ashab et al. [27]
are used in this paper. Each specimen measures LL × LW × H = 50
× 50 × 50 mm. Three different types of honeycomb specimens with
the same overall dimensions but different cell size and cell wall thick-
ness, as shown in Fig. 2, are tested, labeled as H45, H31, H42, respec-
tively. Specifications of the three types of honeycombs are listed in
Table 2.

2.2. Combined compression-shear loading method

As shown in Fig. 3, the loading device has a set of loading modules,
which consists of an MTS machine [38], a loading fixture and a tri-
axial load cell. The MTS machine [39,40] is the actuating device, which
provides a crush load in the vertical direction. The MTS machine
employed in the current tests has a load capacity of 250 kN and a max-
imum velocity of 0.2 m/s in compressive tests. Constant loading veloci-
ties of 5 × 10−4 and 5 × 10−3 m/s were achieved on themachine for all
the tests conducted. A special loading fixture was designed to convert
the vertical loading into compression-shear loading on the honeycomb
specimens. In order to distinguish the normal and shear forces applied
on the honeycomb specimens, a tri-axial load cell is employed and
installed in the loading fixture. Besides, a gradienter is placed on the
top of the loading fixture. During the tests, the lower cross-head of the
MTS machine moves upward to crush specimens. MTS machine has a
load cell and displacement sensor of the cross-head.

2.2.1. Combined compression-shear loading fixture
Fig. 4 shows the details of the fixture including the tri-axial load cell.

The loading fixture consists of two parts - a fixed part and a moveable
one. The fixed part consists of a frame, a pair of top rotational plate
holders and a pair of top rotational plates. The moveable part consists
of a bottom push rod, a bottom push plate, a bottom rotational base, a
pair of bottom rotational plates and a pair of bottom rotational plate
le cell wall thickness
m)

Wall thickness to length ratio
t/l

Nominal density
ρ (kg/m3)

54 0.00924 49.66
54 0.0139 72.09
62 0.0139 67.28

3/16 is the cell sizes (D) in inches; 5052 is the aluminum alloy grade; .001 is the nominal
ufacturer.



Fig. 3. Photograph of quasi-static combined loading device based on an MTS machine.
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holders, etc. The top and bottom rotation plates are connected with the
frame and bottom push plate, respectively. The fixed part andmoveable
part are assembled together through four roller bearings, and themove-
able part could slide in the vertical direction.

When one specimen is crushed in a test, a transverse reaction force is
generated, which acts on the fixture and the MTS machine, possibly
damaging themachine. To overcome this problem, two almost identical
specimens were symmetrically crushed using the loading fixtures. By
doing this, two opposite and equal transverse forces were cancelled.
The tri-axial load cell was placed and connected with one side of the
bottom rotational plate using four bolts, and a dummy cell with the
same size was placed on the other side. Friction coefficient between
the specimen and the plate was large enough so that no slippage oc-
curred during the tests. The loading fixture was installed on the MTS
machine by connecting to the upper and lower cross-heads of the MTS
machine with a top clamp plate and a bottom push rod, respectively
(Fig. 3). During the tests, the moveable part was pushed by the lower
cross-head of the MTS machine and moved upwards together with
the load cell and honeycomb specimens to impact with the fixed part.
In order to reduce friction between themoveable part and fixed part, lu-
bricantwas sprayed around the roller bearing and outside surface of the
Fig. 4. Schematic of setting of
bottom push rod. Considering the specimens had two different in-plane
directions, shear was applied in both directions (either L or W), while
compressive load was applied in the T direction in all tests.

Three loading angles of 15°, 30°, 45° were obtained through changing
installation sites of both top rotational plates andbottomrotational plates.
Here, loading angle, θ, is defined as in Fig. 5. It also shows the fixtures in
combined compression-shear tests at three different loading angles.

2.2.2. Tri-axial load cell
The tri-axial load cell shown in Fig. 6 ismounted between two plates

and can measure three orthogonal components of a dynamic or quasi-
static force acting in an arbitrary direction. The ranges of load capacity
are −75–75 kN for both Fx and Fy, and −150–150 kN for Fz [41].

2.3. Validation of the text method

Preliminary-tests were conducted to validate the force measure-
ments of the combined compression-shear loading device. The force
components and velocity components of a specimen in a combined
compression-shear test in a global coordinate system are denoted in
Fig. 7. The relations among forces and velocities are mentioned in
Eqs. (1)–(4).

F2 ¼ Fn sinθ−Fs cosθ ð1Þ

V2 ¼ 0 ð2Þ

F3 ¼ Fn cosθþ Fs sinθ ð3Þ

V3 ¼ Vn= cosθ ¼ Vs= sinθ ð4Þ

where F2 and F3,measured byMTS, are the horizontal and vertical forces
applied on the specimen respectively; Fn and Fs are the normal and
shear force componentsmeasured by the tri-axial load cell respectively;
V2 and V3 are the horizontal and vertical velocities respectively; Vn and
Vs are the normal and shear velocity components respectively.

Because the horizontal velocity V2 remained zero during the tests,
the normal and shear velocity components could be calculated easily
from the decomposition of vertical velocity V3 using Eq. (4). However,
the direction of combined force was not always being consistent with
the motion direction of the specimen due to the horizontal force F2 in-
troduced in the loading device. Hence, the normal and shear forces ap-
plied on the specimen cannot be calculated directly from the previous
test set-ups with only the vertical force component F3 measured
different loading angles.



Fig. 5. Photographs of the fixture in combined compression-shear tests at three different loading angles of: (a) θ= 15°; (b) θ = 30°; (c) θ = 45°.
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[27,29–31,33,37]. In the current tests, with normal and shear forces di-
rectly measured by the tri-axial load cell, the vertical force can be calcu-
lated using Eq. (3). By comparing the calculated vertical force with that
measured directly by the load cell embedded in the MTS machine, the
validation of force measurement by the tri-axial load cell could be
examined.

Firstly, two solid mild steel blocks were tested at a loading angle of θ
=45°. Secondly, two H31 honeycomb specimenswere tested under the
same condition in TW plane. Results are illustrated in Fig. 8, the black
solid lines in both graphs represent the vertical forces recorded by the
MTS machine. The blue and red dotted lines represent the normal and
shear forcesmeasuredby the tri-axial load cell, i.e. Fn and Fs respectively.
The green solid lines represent the calculated vertical forces using
Eq. (3), i.e. F3. As shown in Fig. 9, vertical forces calculated by using nor-
mal and shear forces measured by the tri-axial load cell agree very well
with those directly measured by the MTS machine in both tests, which
indicates that the tri-axial load cell is setup properly and data obtained
by using the specifically designed compression-shear loading set-up are
credible.

3. Experimental results

3.1. Deformation patterns

The crush processes of the honeycomb specimens under quasi-static
combined compression-shear loading were captured and recorded by a
digital reflex camera (CANON EOS 6D, frame rate of 1920 × 1080 p at
Fig. 6. The tri-axial load cell [41].
25 fps) [42]. As two almost identical honeycomb specimens were
mounted symmetrically in the loading fixture and crushed simulta-
neously in each test, almost completely consistent deformation pattern
was observed for the two specimens in most tests. Two deformation
patterns, Modes I and II, were identified and shown in Figs. 9 and 10, re-
spectively. Deformation patterns of the honeycomb for every single test
are summarized in Tables 3–5.

A series of representative deformation images at different crush dis-
placements forMode I are illustrated in Fig. 9, the test was conducted on
honeycomb H45 in TW plane at θ = 30° loading angle under a loading
velocity of 5 × 10−4 m/s. As shown in the figure, Mode I is observed as
the honeycomb specimen crushed layer by layer from the top face,
which is a similar deformation observed in a pure compression tests
[7,43]. The only difference is that the collapse and fold of the honey-
comb cell walls is asymmetric due to the existence of shear
displacement.

In addition to the non-inclined deformation pattern,Mode I, another
inclined deformation pattern (Mode II, as illustrated in Fig. 10) was ob-
served in other specimens. A series of representative deformation im-
ages at different crush displacements for Mode II are illustrated in
Fig. 10, for the left honeycomb H31 specimen loaded in TW plane at
angle of θ = 45° and a velocity of 5 × 10−3 m/s. Collapse initiated
from both the top-left and diagonally opposite bottom-right corners of
the honeycomb specimen simultaneously. At the beginning, the cell
axes were perpendicular to the bottom rotation plate direction of the
specimen. As crushing proceeded, the cell axes rotated clockwise due
to the appearance of shear force, resulting in an increasing inclination
angle, β, shown in Fig. 13. Most of the specimens deformed in Mode II,
though three different types of honeycombs were tested in two differ-
ent planes (TL and TW), and at three loading angles (15°, 30° and
45°). No evident difference in the macroscopic behavior or microscopic
collapse mechanism was observed for different types of honeycombs.
Photographs of different types of honeycomb specimens crushed in dif-
ferent loading conditions are shown in Fig. 11.

Both the deformation patterns have been observed and reported in
literatures. Mode I was the only deformation pattern observed by
Hong et al. [17,18,28], Mohr and Doyoyo [26,44]. It was reported as a
secondary deformation pattern observed in a minority of tests con-
ducted by Hou et al. [29,37] and Tounsi et al. [30,31]. Mode II was the
dominated pattern observed by Hou et al. [29,37] and Tounsi et al.
[30,31], and the only deformation pattern reported by Ashab et al.
[27]. The combined effects of the loading angle as well as the in-plane
orientation angle on the deformation patterns were analyzed and
discussed by Tounsi et al. [31].

Generally, the two honeycomb specimens deformed symmetrically
and simultaneously as the same deformation pattern, either Mode I or
Mode II in each test. However, one unique case (TEST No. H45-35)
was present, where one specimendeformed inMode I and the other de-
formed inMode II in a single test. For this test, Fig. 12 shows in detail the
difference in cell walls buckling and collapse for these two deformation



Fig. 7. Sketch of the force components and velocity components in a combined compression-shear test.

Fig. 8. Comparisons of forces obtained by the tri-axial load cell and MTS load cell: (a) solid mild steel block; (b) H31 honeycomb specimen
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patterns. It indicated the possibility that Modes I and II could exist in
two apparently identical specimens under the same loading conditions.
Of course, another possible explanation is that the two specimensmight
d d

d d

Fig. 9. Deformation Mode I: photographs of H45 honeycomb under combined compression-
Displacement indicated is the vertical cross-head movement.
not have been identical (e.g. one specimen had an imperfection). Hence,
in-depth investigation of the deformation mechanism is required in the
future.
d

d

shear loading (θ = 30° and velocity is 5 × 10−4 m/s) at different crush displacements.



d d d

d d d

Fig. 10.DeformationMode II: photographs of H31 honeycombunder combined compression-shear loading (θ=45° and loading velocity is 5 × 10−4m/s) at different crush displacements.
Displacement indicated is the vertical cross-head movement.
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3.2. Cell axes rotation of honeycomb

The inclined deformation pattern, Mode II, was identified as the
dominated mode observed in most honeycomb specimens under
combined compression-shear loading. Besides, force-displacement
curves of the honeycomb specimens deformed in Mode II were ob-
served to be different from those of Mode I. In view of the fact that
rotation of cell walls was the major difference between the two de-
formation modes, the rotation of cell axes is discussed in this
section.

As shown in Fig. 13, assuming infinite friction between the honey-
comb specimen and loadingfixture (i.e., no relativemovement between
them) as well as uniform compression and shear deformation, relation-
ship between the rotation angle of cell axes and normal and shear dis-
placements can be expressed as shown in Eqs. (5)–(7).

un ¼ d cosθ ð5Þ

us ¼ d sinθ ð6Þ

tanβ ¼ us

H−un
¼ un tanθ

H−un
¼ ε tanθ

1−ε
ð7Þ
Table 3
Summary of the tests on honeycomb H31 and the results.

Test no. Velocity (m/s) Loading angle Loading plane D

H31-38 5 × 10−4 15° TL M
H31-39 5 × 10−3 15° TL M
H31-41 5 × 10−4 15° TW M
H31-42 5 × 10−3 15° TW M
H31-20 5 × 10−4 30° TL M
H31-21 5 × 10−3 30° TL M
H31-23 5 × 10−4 30° TW M
H31-24 5 × 10−3 30° TW M
H31-2 5 × 10−4 45° TL M
H31-3 5 × 10−3 45° TL M
H31-5 5 × 10−4 45° TW M
H31-6 5 × 10−3 45° TW M
where β is the rotation angle of the cell axes; d, un and us are the vertical
displacement of the loading fixture (i.e., cross-head), the normal dis-
placement and shear displacement, respectively; ε= un/H is the normal
strain of the honeycomb specimen.

It can be seen from Eq. (7) that the rotation angle is only determined
by the initial loading angle and normal strain of the specimen. The rota-
tion angle histories of cell axes were measured from videos captured in
the combined compression-shear tests. Fig. 14 plots the experimental
and calculated rotation angle histories of the specimen and the data
were obtained from tests conducted on honeycomb H31 at a velocity
of 5 × 10−4 m/s in the TL plane. Good agreement as shown in Fig. 14 in-
dicates that the estimation (Eq. (7)) is reasonable and credible. It is
found in Fig. 14 that rotation angle of cell axes increases nonlinearly
and loading angle (θ) has a significant influence on rotation angle his-
tory. Basically, a larger rotation angle (β) is observed for a larger loading
angle at the same normal strain. For a relatively large loading angle case
studied (θ = 45°), the rotation angle (β) increases almost linearly with
normal strain. For a relatively small loading angle case (θ=15°), the ro-
tation angle (β) increases slowly when normal strain is small (the first
half of the curve) and then sharply when normal strain is large (the sec-
ond half of the curve). The final rotation angles are very close in the end
and approach to β = 90° ideally.
eformation pattern Normal stress (MPa) Shear stress (MPa)

Initial Peak Plateau Initial Peak

ode II 1.112 0.785 0.049
ode II 1.202 0.813 0.036
ode I 1.197 0.886 0.029
ode I 1.199 0.904 0.027
ode II 1.024 0.652 0.114
ode II 1.176 0.631 0.120
ode II 1.069 0.714 0.109
ode II 1.114 0.730 0.115
ode II 1.050 0.579 0.232
ode II 1.065 0.584 0.181
ode II 0.871 0.648 0.156
ode II 0.932 0.618 0.188



Table 4
Summary of the tests on honeycomb H45 and the results.

Test no. Velocity (m/s) Loading angle Loading plane Deformation pattern Normal stress (MPa) Shear stress (MPa)

Initial peak Plateau Initial peak

H45-50 5 × 10−4 15° TL Mode II 2.078 1.812 0.044
H45-51 5 × 10−3 15° TL Mode II 2.201 1.835 0.035
H45-53 5 × 10−4 15° TW Mode I 2.105 1.982 0.036
H45-54 5 × 10−3 15° TW Mode I 2.121 1.964 0.025
H45-32 5 × 10−4 30° TL Mode II 1.961 1.509 0.246
H45-33 5 × 10−3 30° TL Mode II 1.985 1.515 0.276
H45-35 5 × 10−4 30° TW Mode I,II 2.097 1.787 0.213
H45-36 5 × 10−3 30° TW Mode II 2.059 1.826 0.231
H45-14 5 × 10−4 45° TL Mode II 1.876 1.307 0.398
H45-15 5 × 10−3 45° TL Mode II 1.768 1.329 0.456
H45-17 5 × 10−4 45° TW Mode II 1.832 1.417 0.359
H45-18 5 × 10−3 45° TW Mode II 1.821 1.433 0.245
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3.3. Force-displacement curves

All the specimenswere fully compressed up to densification. Typical
normal and shear force-displacement curves of honeycomb H31 at dif-
ferent loading angles, loading velocities and loading planes are shown
in Figs. 15–17. Displacement indicates the vertical displacement of the
loading fixture (i.e., cross-head) in the figures. It should be noted that
all the specimens in these tests deformed in Mode II except Fig. 15(b).
The similarity and difference of data obtained for the two deformation
patterns will be discussed in detail later. The normal and shear force-
Table 5
Summary of the tests on honeycomb H42 and the results.

Test no. Velocity (m/s) Loading angle Loading plane D

H42-44 5 × 10−4 15° TL M
H42-45 5 × 10−3 15° TL M
H42-47 5 × 10−4 15° TW M
H42-48 5 × 10−3 15° TW M
H42-26 5 × 10−4 30° TL M
H42-27 5 × 10−3 30° TL M
H42-29 5 × 10−4 30° TW M
H42-30 5 × 10−3 30° TW M
H42-8 5 × 10−4 45° TL M
H42-9 5 × 10−3 45° TL M
H42-11 5 × 10−4 45° TW M
H42-12 5 × 10−3 45° TW M

Fig. 11. Photographs of three types of honeycomb specimen
displacement curves of honeycombs H42 and H45 are similar to those
of H31, but with different magnitudes of forces and displacements.

As shown in Figs. 15–17, the force-displacement curves for honey-
combs under quasi-static compression-shear loading demonstrate
three regimes: (a) a linear regime, where both normal and shear forces
increase linearly with the increase of crush displacement up to peak
forces; (b) a plateau regime,where thenormal force either remains con-
stant at a small loading angle or decreases with the increase of displace-
ment at a large loading angle. The shear force changes nonlinearly in a
much more complex way. It remains almost constant for Mode I,
eformation pattern Normal stress (MPa) Shear stress (MPa)

Initial peak Plateau Initial peak

ode II 1.890 1.358 0.076
ode I 2.244 1.428 0.028
ode I 2.004 1.481 0.058
ode I 2.061 1.490 0.068
ode II 1.703 1.230 0.244
ode II 2.101 1.342 0.250
ode II 1.700 1.241 0.162
ode II 1.657 1.280 0.174
ode II 1.892 1.001 0.329
ode II 1.768 0.964 0.356
ode II 1.524 1.022 0.143
ode II 1.913 1.059 0.148

s after tests at three loading angles in different planes.



Fig. 12. Comparison of cell walls bulking of honeycombs (TEST No. H45-35) deformed in: (a) Mode I; (b) Mode II.
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while it decreases significantlywith the increase of displacement and its
sign changes from positive to negative for Mode II. The appearance of
negative shear force will be further discussed later; (c) a densification
regime, where the force increases rapidly due to densification of the
honeycomb. Among the three regimes, energy absorption capacity of
the honeycomb mainly relies on the plateau regime, which is domi-
nated by elastic bucking, plastic buckling and plastic collapse of cell
walls of the honeycombs [45–47].

As shown in Eq. (5), the vertical crush displacement can be calcu-
lated from d = un/ cos θ. As the normal densification displacements
(i.e. where the load increased significantly) were almost the same for
all the tests, a larger loading angle signifies a larger vertical densification
displacement, as shown in Figs. 15–17.

As mentioned in Section 3.1, two different deformation patterns
were identified in the experiments. Both the two deformation patterns
were observed for honeycomb H45 at loading velocity of 5 × 10−4 m/s
and loading angle of θ=30° in TW plane (TEST No. H45-35). Consider-
ing that both Modes I and II may occur, for this test case, tests on this
type of specimens at this loading condition were repeated until both
the left and right specimens failed in the same modes. The normal and
shear force-displacement curves corresponding to the two deformation
patterns are plotted in Fig. 18 and the effect of deformation pattern on
normal and shear force-displacement curves are discussed as follows.

As shown in Fig. 10, Mode IIwas a deformation patternwith rotation
of honeycomb cell walls during the combined compression-shear load-
ing test. With crush proceeding, the initially perpendicular cell walls
leaned over and became easier and easier to be compressed prior to
densification, which led to a lower force compared with Mode I. It can
be seen from Fig. 18(a) that normal forces are similar in the beginning
but different after the initial collapse. For Mode I, plastic collapse and
Fig. 13. A sketch of cell axes rotation for Mode II.
the fold formation on the top face of the honeycomb specimen occurred
without incline of the cell axes, the plateau force of which kept almost
constant. For Mode II, evident soften behavior was observed due to
the global incline of honeycomb cell walls. As shown in Fig. 18(b), the
shear force-displacement curves are strikingly different for the two de-
formation patterns after the initial peak. For Mode I, the shear force
shows plateau after the initial peak and the general shape of the curve
is similar to those reported by Hong et al. [18,28] and Mohr et al. [26].

Fig. 19(a) shows the scheme of deformation pattern for Mode I. The
combined compression-shear loading acting on the honeycomb speci-
men is provided by the bottom support plate. The shear force FS1 as
shown in Fig. 19(a) is the reaction shear force acting on the bottom sup-
port plate, which has an adverse directionwith the shear velocity VS and
is defined as positive. ForMode II, the shear force-displacement curve is
significantly different. Specifically, no evident plateau regime is ob-
served and the sign of shear force changes frompositive tonegative dur-
ing the process. Firstly, similar to Mode I, a shear force FS1 as shown in
Fig. 19(b1), which has opposite direction to the shear velocity, acts on
the bottom support plate and is caused due to the shear displacement.
Secondly, it presents a potential trend to rotate globally for an inclined
cell honeycomb structure subjected to compression [48]. The potential
rotating trend of the inclined honeycomb is plotted in Fig. 19(b2) with
dotted red line. Considering infinite friction, the support plates provide
forces on the honeycomb to prevent it from rotating. Hence, a reaction
Fig. 14. Rotation angle history of specimen H31 honeycomb loaded at a velocity
of 5 × 10−4 m/s in the TL plane.



Fig. 15. Normal and shear force-displacement curves for honeycomb H31 subjected to combined compression-shear loading at a loading angle of 15°: a) TL plane; b) TW plane.
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shear force FS2 acts on the bottom support plate, whose direction is neg-
ative. Also, the potential rotating trend direction of the honeycomb
changes with the progress of crush. Note shear force acting on the bot-
tom support plate is a combination of FS1 and FS2, which results in a
much complicated shear force. The in-depth investigation on deforma-
tion mechanism is required in the future to quantitatively interpret
this phenomenon.

4. Discussions

4.1. Stress-strain curves

Even through the mechanical behavior of honeycombs deformed in
Mode I under combined compression-shear loadings has been exten-
sively studied in literatures [17,18,21–24,26,28] the normal force and
shear force of honeycomb deforming inMode II weremeasured directly
for the first time in the present studies. Moreover, deformation pattern
for most of the honeycomb specimens were observed to be Mode II in
this investigation, discussions presented here basically focus on results
obtained from testes of honeycomb specimens deformed in Mode II.

The representative normal and shear stress-strain curves are illus-
trated in Fig. 20. The normal and shear stresses and strains presented
here are all nominal, calculated by σ= Fn/A, τ= Fs/A,ε= un/H and γ=
us/LL or γ= us/LW, where σ and τ are normal and shear stresses, respec-
tively; ε andγ are normal and shear strains, respectively;A= LL× LW rep-
resents the load carrying area. As the stress-strain curves are calculated
Fig. 16. Normal and shear force-displacement curves for honeycomb H31 subjected to com
from the force-displacement curves, they have a similar shape to the
force-displacement curves. Only representative normal and shear
stress-strain curves of honeycomb H31 at loading angle θ=45° in differ-
ent loading planes and different loading velocities are plotted here. The
stress-strain curves of the remaining specimens including H42 and H45
display a similar behavior but with different magnitudes of stress and
strain. Fig. 21 shows sketch of the normal stress versus shear stress curves
of the honeycombs shown in Fig. 20(a). Three arrows indicate the com-
plex loading paths. Corresponding to the three regimes identified from
the stress-strain curves (see Fig. 20), three different stress pathswere ob-
served in the stress paths in terms of normal and shear stresses: i) linear
regime; ii) plateau regime; iii) densification regime.

The effect of loading velocity, loading angle and loading plane on
both normal and shear stress-strain curves are discussed here. Firstly,
it can be seen from Fig. 20 that both normal and shear stress-strain
curves are not sensitive to loading velocity in the range studied.
Fig. 22 shows the comparison of normal and shear stress-strain curves
(honeycombH31 in the TL plane) at different loading angles at a loading
velocity of 5 × 10−4 m/s. As shown in Fig. 22, for θ = 15°, the normal
stress is nearly constant. It decreases slightly in the plateau regime
with strain, for θ = 30°. For an even larger loading angle θ = 45°, the
normal stress in the plateau regime decreases significantly with strain.
As stated in Section 3.2, for a honeycomb specimen deformed in Mode
II, the rotation angle of the cell axes increased as crushing proceeded.
With the rotation of the cell axes, the initially vertical cell walls leaned
over and became easy to be compressed. A larger rotation angle
bined compression-shear loading at a loading angle of 30°: a) TL plane; b) TW plane.



Fig. 17. Normal and shear force-displacement curves for honeycomb H31 subjected to combined compression-shear loading at a loading angle of 45°: a) TL plane; b) TW plane.
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corresponds to a lower normal stress, so the normal stress decreases
with increase of the rotation angle. Besides, as shown in Fig. 15, a larger
rotation angle is identified for a larger loading angle with increasing
strain prior to densification regime, and so more significant decrease
of the normal stress is observed for a larger loading angle. It is also
noted that densification appears slightly earlier for a larger loading
angle.

Compared with the normal stress-strain curves, shear stress-strain
curves are different. One typical difference is that shear strain varies
greatly with the loading angle. As shown in Fig. 13, normal strain ε =
Fig. 18. Effect of deformation pattern on normal and shear force-displacement curves for
honeycomb H45 at loading velocity of 5 × 10−4 m/s and loading angle of θ = 30° in TW
plane: a) Normal forces; b) Shear forces.
un/H and ultimate normal strain is close to εu=H/H=1when the hon-
eycomb specimen was completely crushed in all the tests, regardless of
the loading angle θ. The shear strain can be calculated from γ= us/LL(or
LW). Considering the cubic honeycomb specimens tested in the experi-
ments, where H = LL = LW, the shear strain can be simplified into γ =
ε tan θ. It can be seen fromFig. 23 that the loading angle has a significant
effect on the shear strain and ultimate shear strain is close to γu= tan θ
when the honeycomb specimen was completely crushed. For a larger
loading angle, a larger shear strain was observed due to the larger dis-
placement in the shear direction. Moreover, for all the Mode II cases,
the shear stresses are positive at first, then become negative, and finally
increase to positive shear stress again. The shear stresses are also ob-
served to be slightly different in magnitude, probably due to the differ-
ence in the deformation of cell walls. Similar behavior was also found
for another loading plane TW, and other honeycombs H42 and H45.

Moreover, as shown in Figs. 20–21, both the normal and shear
stress-strain curves show the same trend for both the loading planes.
One noteworthy observation is that the plateau stress is slightly higher
in the TW plane than in the TL plane. A similar observation is made for
all the three types of honeycomb specimens at different loading angles
and different loading velocities. This observation was also reported by
Ashab et al. [27]. Besides, although the trend of stress-strain curves is
similar, noticeable difference in the peak stresses and sign of shear
stress are observed.

4.2. Plateau stresses

In this section, quasi-static crushing responses in terms of plateau
stresses are presented and discussed. The plateau stress is defined as av-
erage plateau force divided by the initial load carrying area of the hon-
eycomb specimens [17,26]. Note that no evident plateau regime was
identified for the shear stress-strain curves and the sign of shear stress
changes during the crush process for honeycomb specimens deformed
in Mode II, therefore average plateau shear stress is not significant and
is not discussed here. Hence, only the normal plateau stresses are calcu-
lated and listed in Tables 3–5.

Generally, the largest stresses were found in honeycomb H45 and
the smallest ones were found in honeycomb H31 under the same load-
ing condition. This is because honeycombH45 andH31have the highest
and lowest nominal densities as shown in Table 2, respectively. Also, it
can be seen that the difference between the two loading velocities is
negligible for both the loading velocities studied here. For all the honey-
comb specimens, the normal plateau stress is slightly higher in the TW
plane than in TL plane, at any loading angle.

As stated in Sections 3.3 and 4.1, the normal stress is nearly constant
for specimens which deforming in Mode I, while it decreases with the



Fig. 19. Simple scheme of the two deformation patterns: a) Mode I; b) Mode II.

Fig. 20. Stress-strain curves for honeycomb H31 subjected to combined compression-shear loading at a loading angle of 45°: (a) TL plane; (b) TW plane.
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increase of crushing for Mode II. More significant decrease is observed
for a larger loading angle. Taking the special case of Test No. H45-35
as an example, the normal plateau stress and densification normal
strain are respectively 1.943 MPa and 0.896 for Mode I, 1.787 MPa and
0.856 for Mode II. Moreover, a lower normal plateau stress was ob-
served for all the honeycombs under a larger loading angle. The effect
of loading angle on normal plateau stress is studied. Define normalized
normal plateau stress as the ratio between normal plateau stresses at
different loading angle with respect to the plateau stress under pure
Fig. 21. Sketch of the normal stress vs. shear stress of honeycomb H31 subjected to
combined compression-shear loading at a loading angle of 45° in TL plane.
compression θ=0°, i.e.σθ
pl ¼ σθ

pl=σ
0
pl. The effect of loading angle on nor-

malized normal plateau stress is shown in Fig. 24 for all the honey-
combs. Using the least-squares regression method, an empirical model
to estimate the normalized normal plateau stress at different loading
angles θ(rad) is obtained as shown in Eq. (8).

σθ
pl ¼ 1−0:455θ1:128 ð8Þ
4.3. Initial yield envelop estimation

In this section, macroscopic yield envelop of different types of hon-
eycombs are developed. A few yield envelops have been reported in lit-
eratures including initial yield envelops and crushing envelops
[17,18,26,28,37]. Mohr and Doyoyo [26] suggested an elliptic envelop
for the initial yield stress as well as a linear envelop for the average nor-
mal and shear stresses. Hong et al. [17,18,28] proposed phenomenolog-
ical yield envelops for honeycombs with different in-plane orientation
angles based on the experimental normal crush and shear strengths
under quasi-static and dynamic combined loadings. The authors sug-
gested quadratic curve was suitable for both quasi-static and dynamic
combined loadings. An elliptic crushing envelop was also obtained by
Hou et al. [37] in normal strength vs. shear strength plane using numer-
ical method.

As stated in Section 4.2, average plateau shear stress is not suitable
because no observable plateau regime was identified in the shear
stress-shear curves. Also the sign of shear stress changed during the
crush process in Mode II. As deformation pattern has much less influ-
ence on the initial yield stresses as stated in Section 3.3, only the initial
yield envelop is constructed in this paper. Figs. 25–27 show the data
points of the initial yield stresses obtained from the experiments. The
initial yield stresses under uniaxial compressionwere from the previous



Fig. 22. Effect of loading angle on normal and shear stress-strain curves of honeycomb H31 at a loading velocity of 5 × 10−4 m/s in the TL plane: a) Normal stress; b) Shear stress.
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studies by Xu et al. [7] andAshab et al. [49,50] on the same honeycombs.
Theoretically, the initial yield stress for a honeycomb under uniaxial
compression or under shear was derived by Zhang and Ashby [3], as
represented in Eqs. (9)–(11).

σ0 ¼ 5KE cos2α 1þ sinαð Þ2
8 1−v2ð Þ ρ3 ð9Þ

τL0 ¼ CE cos2α 1þ sinαð Þ3
8 1−v2ð Þ ρ3 ð10Þ

τW0 ¼ CE cos3α 1þ sinαð Þ2
8 1−v2ð Þ ρ3 ð11Þ

where σ0, τ0L and τ0W are the yield stress under uniaxial compression, the
shear stresses in L andW directions, respectively; E and v are the elastic
modulus and Poisson's ratio of the cell wall material, respectively; ρ is
the relative density of the honeycomb; K and C are end constraint fac-
tors, which can be determined by considering the vertices of the hexa-
gons. Assuming each wall was simply supported, Zhang and Ashby [3]
suggested K = 3.29 and C = 4.90, while Roark and Young [51] sug-
gested K = 5.73 and C = 8.44 for the fully clamped edge conditions.
Fig. 23. Paths of normal strain and shear strain for different loading angles.
In reality, the constraint conditions are more complicated, neither sim-
ply supported nor fully clamped. Lee et al., [52] found that the experi-
mental yield stress was lower than the theoretical results because of
the debonding of cell/cell interfaces. In contrast, the ratio of the two
end constraint factors λ = K/C are almost the same for different con-
straint conditions. Specifically, λ = 0.6714 for the simply supported
edge conditions and λ = 0.6789 for the clamped edge conditions.

The ratios of shear stresses to compressive stress can be obtained by
substituting λ = K/C and α = 30° into Eqs. (9)–(11). The results are
shown in Eqs. (12) and (13).

ϕ L=Tð Þ ¼
τL0
σ0

¼ 3
10λ

ð12Þ

ϕ W=Tð Þ ¼
τW0
σ0

¼
ffiffiffi
3

p

10λ
ð13Þ

whereϕ(L/T) andϕ(W/T) are the ratios of shear yield stress in the L direction
to compressive yield stress and shear yield stress in W direction to com-
pressive yield stress, respectively. Taking a mean value of λ = K/C =
0.6752 and substituting it into Eqs. (12) and (13), we have ϕ(L/T) ≈
Fig. 24. Effect of loading angle on normalized normal plateau stress.



Fig. 25. Initial yield envelops of honeycomb H31 in stress space. Fig. 27. Initial yield envelops of honeycomb H42 in stress space.
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0.444 andϕ(W/T)≈ 0.257.Moreover, the ratio of shear yield stress in the T
direction to that in the W direction is shown in Eq. (14).

ϕ L=Wð Þ ¼ τL0=τ
W
0 ¼

ffiffiffi
3

p
ð14Þ

The shear yield stresses can be calculated by Eqs. (12) and (13) and
are added in Figs. 25–27. As shown in Figs. 25–27, an elliptical shape is
identified for all the three types of honeycombs in both the directions as
shown in Eq. (15).

σ
σ0

� �2

þ τ
τ0

� �2

¼ 1 ð15Þ

As shown in thefigures, the normal yield stress decreaseswith shear
yield stress. For TW plane, the reduction of the normal yield stress is
more than that for TL plane. The yield stresses under uniaxial compres-
sion aswell as shear yield stresses under pure shear for all three types of
honeycombs are estimated from observation of yield envelops. The esti-
mated results were compared with the theoretical results in Table 6.
Note that more experiments should be conducted especially at larger
loading angles in future to better understand the yield envelops.

5. Conclusions

An experimental investigation was conducted on aluminum hexag-
onal honeycombs subjected to quasi-static combined compression-
shear loadings. A novel combined compression-shear loading device
Fig. 26. Initial yield envelops of honeycomb H45 in stress space.
was employed which used a tri-axial load cell to directly measure the
normal force and shear force simultaneously. Three different types of
aluminum honeycombs with different cell configurations were tested
at two loading velocities of 5 × 10−4 and 5 × 10−3 m/s, which three
loading angles of 15°, 30°, 45° and two loading planes. Some main con-
clusions are drawn as follows:

1) Two deformation patternswere identified from experimental obser-
vation, a non-inclined deformation pattern - Mode I and an inclined
deformation pattern - Mode II. Mode II deformation pattern was
found in most of the honeycomb specimens tested. The cell axes ro-
tation angles of the honeycombs which deformed in Mode II were
measured and were found to increase with an increase of loading
angle.

2) The normal and shear forces for a honeycomb specimen deformed in
Mode II were measured directly for the first time. The force–
displacement curves were found to be significantly affected by the
deformation pattern.

3) For Mode I, both the normal and shear forces displayed a similar
trend to that in a pure compression test. Normal forces decreased
as the crushing progressed and a more discernible decrease was ob-
served at a larger loading angle. However, for Mode II, the sign of
shear force changed with deformation from being positive to nega-
tive and then to positive for the specimens deformed in Mode II.
Normal forces decreased with deformation and decreasedmore sig-
nificantly at larger loading angle.

4) The stress-strain curves showed that the normal plateau stress de-
crease significantly with the increase of loading angle. An empirical
model was established to reveal the relationship between normal
plateau stress and loading angle. Moreover, an elliptic envelop was
proposed to describe the relationship between normal peak stress
and peak shear stress for both TL and TWplanes on themacroscopic
level.

Nomenclature
α expanding angle of the honeycomb
t, l, D cell wall thickness, cell wall length and cell size
LL, LW, H lengths of the specimen in three directions
θ loading angle
Fx, Fy, Fz loading capacity of the tri-axial load cell in three directions
F2, F3 horizontal and vertical forces applied on the specimen
Fn, Fs normal and shear force componentsmeasured by the tri-axial

load cell
V2, V3 horizontal and vertical velocities
Vn, Vs normal and shear velocity components
β inclination angle of the cell axes



Table 6
The comparisons of calculated results and estimated results for the compressive and shear yield stresses of the three types of honeycombs.

Yield stress (MPa) Yield stress ratios

Compressive Shear

Types σ0 τ0L τ0W ϕ(L/T) ϕ(W/T) ϕ(L/W)

Est. Est. Est. Zhang & Ashby Est. Zhang & Ashby Est. Zhang & Ashby Est.

H31 1.19 0.51 0.30 0.444 0.429 0.257 0.252 1.732 1.702
H45 2.23 0.93 0.57 0.417 0.256 1.632
H42 2.09 0.82 0.45 0.392 0.216 1.815
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d, un, us vertical, normal and shear displacements
ε, γ normal and shear strains of the specimen
σ, τ normal and shear stresses of the specimen
FS1, FS2 reaction shear forces acting on the bottom support plate
A loading carrying area
εu, γu ultimate normal and shear strains
σθ

pl;σ
θ
pl;σ

0
pl normalized normal plateau stress, normal plateau stress at
loading angle of θ and plateau stress under pure compression

σ0, τ0L, τ0W yield stress under uniaxial compression, shear stresses in L
and W directions

E, ν elastic modulus and Poisson's ratio of the cell wall material
ρ relative density of the honeycomb
K, C end constraint factors
λ ratio of the two end constraint factors
ϕ(L/T), ϕ(W/T)

ratios of shear yield stress in the L direction to compressive
yield stress and shear yield stress in W direction to compres-
sive yield stress
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