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A Study for the Influence of Work
Hardening on Bending Stiffness
of Truss Core Panel

Honeycomb panel is widely used as flooring or wall material in various structures, e.g.,
buildings, aircraft, flooring members of railway car, and so on, due to high stiffness and
lightness at present. Honeycomb panel, however, has a disadvantage that the adhesive
used to glue honeycomb core and top plate may burn by fire. On the other hand, truss
core panel has equivalent stiffness as honeycomb panel and is expected to be an alter-
native to honeycomb panel as it is safer for fire. To replace honeycomb panel with truss
core panel, it is necessary to investigate the stiffness of truss core panel for bending,
shear, compression, and so on. The bending case with a three-point bending model of
truss core panel is chosen here. Four cases of analysis with/without work hardening
effect and thickness change using two types of shell formulation are performed. These
cases are compared with an equivalent honeycomb model. The study showed the effect of
work hardening is very important to assess bending stiffness of truss core panel. It is also
observed that the use of suitable shell formulation is necessary to obtain reliable result.
In addition, the truss core panel shows bending stiffness comparable with conventional
honeycomb panel. [DOL: 10.1115/1.4000419]

Keywords: origami-engineering, truss core panel, multistage forming simulation, press
working, finite element method, bending stiffness, work hardening, shell formulation, full
integration shell, reduced integration shell

1 Introduction

Honeycomb panel glued honeycomb core with surface plates
has widely been used for buildings, aircrafts, flooring members of
railway car, and so on as lightweight structure with high strength.
Honeycomb panels can be manufactured rather easily for many
kinds of core and panel sizes as usage and have the feature of high
bending stiffness as structural member. They, however, have
rather frugal strength against shear deformation and in-plane com-
pressive load. A risk for the panel is pointed out that the adhesive
being used to glue honeycomb core and surface plates may be
burned as a fire happens. Consequently, from the prospect of ap-
plication to origami-engineering, truss core panels [1,2] have been
focused because the panels can be manufactured of only metal as
alternative for honeycomb panel. The truss core panel is a struc-
tural material invented from the study on the theory of space
filling using regular tetrahedron and octahedron. As many kinds of
usage for the truss core panel can be considered as alternatives of
honeycomb one, a feature for its strength is needed to examine
[3].

The truss core itself will be formed from many kinds of mate-
rials such as plastics and so on. However, thin metal plates will be
used generally in the case that the truss core panel is employed as
structural member. And yet in case of checking its strength as
structural member, some loading modes have to be assumed, e.g.,
out-of-plane bending loading, out-of-plane/in-plane shears load-
ing, and so on. So the authors focus on the bending stiffness first
and try to check the bending behavior of truss core panel with
simulation using nonlinear finite element method (FEM). In the
case that truss core panel is employed as practical, structural
member, two cases are considered: one is single truss core panel
only or two panels are welded for strengthening. In the latter, one
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panel of two is turned upside down and the vertices of the cores
on the plate and the flat surface of the other are spotwelded all
together.

As an actual truss core panel is formed from a flat metal sheet
by plastic forming such as press forming and so on, the effect of
plastic forming have to be considered for the estimation of stiff-
ness after the truss core panel is formed. The authors have pro-
posed the multistage press forming process of steel truss core
panel before [4]. Using the results obtained from the press form-
ing simulation with FEM performed at the time, the stiffness was
estimated considering work hardening. The bending stiffness of
the truss core panel was compared with the one of honeycomb
panel through FE simulation.

In addition the influence of shell element formulation to the
result of structure, an analysis using nonlinear finite element
method was also investigated. In this study explicit FEM, which is
suitable for large-scale nonlinear numerical simulation, is applied
and a commercial explicit FEM software LS-DYNA [5] was adopted
for this purpose.

2 Creation of the Analysis Model

2.1 Basic Geometry of the Truss Core Panel. Figure 1
shows the geometry and dimensions of the truss core panel to be
targeted in this paper. A triangular pyramid with the bottom length
of 82 mm and the height of 23 mm is the basic unit of the truss
core panel; the thickness of the plate on design is 1 mm. As shown
in Fig. 2, the two truss core panels are combined as the vertices of
the triangular pyramids on the plates facing each other and the
vertices on one plate and the flat surface on the other plate are
spotwelded.

2.2 Outline of the Simulation for the Multistage Press
Forming. The truss core panel shown in Fig. 1 is the target of our
multistage press forming simulation. The number of the truss
cores is 6 X5 array. On the forming simulation, we change the
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Fig. 1 Typical geometry and dimensions of truss core panel

shape of the truss core with geometrically complete triangular
pyramid as follows, so as to be used and formed in practical
member.

(1) In order to spotweld at the vertex of the triangular pyramid,
the vertex is made to a plateau.

(2) The edges and bottom face of the triangular pyramid are
both made round.

Figure 3 shows the analysis model used in the forming simula-
tion. The model consists of a blank, die, punch, and holder. The
authors adopted SPCE (Steel Plate Cold-formed deep drawn Ex-
tra, defined in Japanese Industrial Standards), steel plate for deep
drawing, as the blank material because of well formability and
inexpensiveness. The yield function is based on the yield function
of Hill [6] in 1948. Applying the conditions for in-plane isotropy
and plane stress state to the yield function and assuming the plas-
tic strain rate obeys the associated flow rule, we can get the fol-
lowing equation as the yield function [7]

2r 2r+1
f(U')=(0%1+0§2_ 0110 +2
r+1 r

172
o oﬁz) ()

this yield function is used in the simulation where o; (i,j=1,2) is
the component of the stress tensor and r is the Lankford’s r con-
stant. The material properties shown in Table 1 and Fig. 4 are used
in the simulation. It is widely known that a larger r constant
means higher formability. The blank material has the r constant of
1.815, which is a relatively large value. This is why the authors
adopted SPCE as the blank material.

In forming of the truss core panel, the authors have shown the
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Fig. 2 Combination pattern of lower and upper truss core
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Fig. 3 Multistage forming model
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Table 1 Material properties (SPCE)
Young’s modulus 206 GPa
Poisson’s ratio 0.3
Yield stress 159.74 MPa
Density 7.84 X103 kg/m?
r 1.815

difficulty in single stage forming because of the occurrence of
cracks caused by large stretch around the vertex of the triangular
pyramid in [4]. Then, a multistage forming procedure has been
proposed by the authors. In this procedure, a region of blank for
one truss core is formed first as a hemispherical shape with hemi-
spherical punch in the preforming stage, and next, this region is
formed into a triangular pyramid with pyramidlike punch. Em-
ploying this procedure, eight stages are necessary in order to form
a truss core panel with the 6 X 5 array. In the simulation, the blank
is divided into quadrilateral shell elements with the edge length of
1.2 mm. The element type used in the blank is a four-noded re-
duced integration quadrilateral shell element with a viscous type
hourglass control [8,9] and is widely used in explicit FEM soft-
ware. One Gaussian integration point for in-plane and three-points
for through-thickness integration are defined in each shell ele-
ment. The die, the punch, and the holder are all defined as rigid.

Stress and strain distribution and thickness distribution obtained
in each former stage are all transferred into the subsequent stages.
Figure 5 shows the blank geometry obtained by the final result of
multistage forming process.

2.3 Procedure to Create the Three-Point Bending Analysis
Model. A model for bending analysis is constructed on the basis
of the truss core panel model obtained by the above forming simu-
lation. The build-up procedure is described as follows:

(1) The size of the truss core panel after the forming is about
727 X 713 mm? including the flange. The panel is trimmed
to 612X 655 mm?. In the trimming, the elements on the
trimline are divided along the trimline. Figure 6 shows the
trimline and the truss core panel after the forming.

(2) In order to obtain excessively accurate local distributions of
stress, equivalent plastic strain, and thickness in the press
forming simulation, element size of 1.2 mm quadrilateral
shell elements is adopted, which is as almost the same as
the initial thickness (1.0 mm) of the blank. On the other
hand in the bending analysis, the elements with edge length
of 5 mm are used to shorten the computation time. To trans-
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Fig. 4 Stress-plastic strain curve (SPCE)
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Fig. 5 Final result of multistage forming process with thick-
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fer stress/strain states and thickness from the fine mesh to
the coarse mesh, a mapping procedure should be per-
formed. Figure 7a) shows the meshes used in the simulation
of the press forming and the bending analysis. Since the
reduced integration shell formulation is used through the
simulation, stress, strain, and thickness values are updated
and stored at only one integration point located at the center
of each element. First in the mapping procedure, the nearest
element in the fine mesh to the center of an element in the
coarse mesh is searched. Second, the values (stress, strain,
and thickness) of the nearest element are mapped to the
integration point at the center of the element in the coarse
mesh as shown in Fig. 7(b).

A truss core panel involving stress, equivalent plastic strain,
and thickness is duplicated and turned around upside down.
At the time, the stress tensors of the panel turned around
are transformed according to the usual way to rotate second
order tensor.

Several possible patterns can be considered to combine up-
ward and downward truss core panels, e.g., attaching ridge-
lines of the pyramids and so on. However, a strict accuracy
is required in the case of attaching ridgelines and real pro-
duction cost may be more expensive. Then, in this paper,
the combination pattern shown in Fig. 2 is employed be-
cause the production may be easier. Real truss core panels
may be combined with spotwelds between the tops of the
pyramids on one plate and flat area of the other one. So the
modeling technique using beam element to represent a
spotweld is adopted, which is commonly used in FE simu-
lation. Figure 8 shows the conceptual diagram of the spot-
weld beam model. In this method, the nodes at the both
ends of a beam element corresponding to a spotwelded
points can be placed at an arbitrary position on the surface
of shell element to be spotwelded. The degree of freedom

trim line

Fig. 6 Final geometry of formed blank and trim line
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of spotweld nodes are constrained by the nodes composing
shell element.

Two supports are set under the both ends of the welded
truss core panels and a punch is set on the center of the
panels. The supports and the punch are all rigid and the
geometry of these tools is a cylinder with 100 mm diam-
eter. Figure 9 shows the entire configuration of the model
for the three-point bending analysis.

Modeling of Honeycomb Panel and Verification. In or-

der to compare the bending stiffness of the truss core panel with
honeycomb panel, FE model of honeycomb panel should be cre-
ated. Before comparing truss core panel and honeycomb panel, an
aluminum honeycomb panel, which has the result of actual three-
point bending test was modeled the accuracy of the model was
verified based on the test result. Figure 10 shows the dimensions

e spotweld nodes
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Fig. 8 Definition of spotweld using beam element
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Fig. 9 Truss core panel model configuration for bending
analysis

of the honeycomb model. Since the honeycomb cells are formed
from glued two plates as shown in Fig. 10, the thickness of the
shell elements in glued region is set to twice of the one in the
nonglued region. The thickness of upper and lower surface plates
sandwiching honeycomb cells are 1.0 mm and 0.5 mm, respec-
tively. The material properties used in the simulation are Young’s
modulus of 70.4 GPa, Poisson’s ratio of 0.33, and yield stress of
54.94 MPa. The stress (0'_‘,.) versus plastic strain (sp) curve beyond
the yield point is approximated by Swift’s formula in Eq. (2)

oy 1/n

Uy(sp) = K(So + sp)n’ €= _I)(_ (2)
where the parameters K and n are 183.60MPa and 0.125, respec-
tively. The oy in Eq. (2) is the initial yield stress. In addition,
sudden decreasing for the bending strength caused by crack open-
ing in the lower surface plate was observed in the experiment. So
in the analysis, it is assumed that elements fail when the value of
equivalent plastic strain of the elements reaches to 0.09 and the
elements are eliminated from the calculation. The analysis condi-
tions are defined following the test condition, i.e., the span be-
tween the supports is 275 mm and the enforced displacement on
the centered punch is 20 mm. The members of the supports are
completely fixed. In addition, the penalty based contact conditions
are defined between the punch and the honeycomb panel and be-
tween the honeycomb panel and the supports, and self-contact
condition is also defined for the honeycomb panel itself. Figure 11
shows the comparison of the results of the analysis and the ex-
periment. Figure 11(a) shows the distribution of equivalent plastic
strain on the honeycomb panel obtained from the analysis and the
photograph of the experiment. The location of the failure (elimi-
nation of elements) by the analysis and of the crack by the experi-
ment is quite similar. Figure 11(b) shows the comparison of the
force-displacement (punch stroke) curves from the analysis and
the experiment. The both curves show good correlation and the
maximum strength and the reductions in strength caused by the
failure in the lower surface plate are captured properly. The oscil-
lation is seen in the graph from the analysis during force increas-
ing and soon after the failure. The reason is why as the analysis
does not consider damping mechanism such as structural damping

Cell size = 6.35 mm

Thickness = 0.1 mm
Thickness = 0.2 mm

Fig. 10 Honeycomb cell structure and dimensions
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Fig. 11 Comparison of analysis and experiment

and so on, it induces the numerical oscillation inherent in the
dynamic analysis using explicit method. With these comparisons,
it was shown that the FE model of the created honeycomb panel
could reproduce the behavior for bending of the actual honey-
comb panel. Based on this modeling technique, we also make a
model of steel honeycomb panel below.

3 Analysis Condition

As the boundary conditions, the support members are com-
pletely fixed and enforced displacement is applied to the punch in
the z-direction. Contact surfaces based on the penalty method are
defined between the truss core panel and the punch and between
the panel and the supports. A penalty based contact condition is
also defined on the truss core panel assuming self-contact.

With or without considerations for the work hardening (stress
and equivalent plastic strain distribution) of the truss core panel
and thickness change caused by forming, and shell formulations
give four analysis cases shown in Table 2. Two types of shell
element formulation are employed as typical elements frequently
used in explicit FEM, namely, the Bathe-Dvorkin full integration
shell element [10] (four in-plane integration points) and the
Belytschko-Tsay reduced integration shell element [8] (one in-
plane integration point) where the number of the integration
points for the through-thickness direction is three for the both
formulations.

In order to compare bending stiffness, a honeycomb panel
model is created again and bending analysis is performed under
the same analysis conditions as the truss core panel. The dimen-
sions of honeycomb are decided as follows; small regular hexa-

Table 2 Analysis cases

Work Thickness Shell
Case Model hardening change formulation
1 Truss core O O Full int.
2 Truss core X O Full int.
3 Truss core X X Full int.
4 Truss core O O Reduced int.
5 Honeycomb X X Full int.

O: included; X: not included.
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Fig. 12 Transformation of truss core to honeycomb

gons are inserted into the apexes of triangles of the truss core
bottom, as shown in Fig. 12, and using an operation called trun-
cation, honeycomb structure is built by enlarging the regular hexa-
gons till the edge length of the regular hexagons becomes to 1/3 of
the edge length of the triangle. As honeycomb is formed by bend-
ing only, we assume that the forming does not affect the thickness
change and hardening of the material for honeycomb. The dimen-
sions of both the honeycomb panel and the truss core panel are
612X 655X 27.3 mm?. The thickness of the upper and lower sur-
face plates and the wall thickness of the honeycomb core are all
1.0 mm. The mass of the created honeycomb is 9.154 kg and the
one of the truss core panel is 6.935 kg. The relative density of
honeycomb panel pj, is defined as the mass of honeycomb panel
divided by the mass of solid metal block with same dimensions.
The relative density of truss core panel p, is also defined in the
same way. The values of p;,=0.1068 and p,=0.0809 are obtained
with the density in Table 1. It is known that the strength (nominal
stress-strain relation) of “core panel” structure for out-of-plane
loading is related with relative density [11]. The peak stress and
absorbed energy for the panels against collapse load are changed
in accordance with relative density [12]. The comparison of me-
chanical response should be made between the honeycomb panel
and the truss core panel with same relative densities. The current
ratio of p;, and p, is 1.32. Then the honeycomb will be considered
more advantageous in comparing stiffness per unit mass than the
truss core panel. In order to equalize the relative densities of both
panels, the thickness of the honeycomb panel is thinned to 0.758
mm that means 1/1.32 of the initial thickness of 1.0 mm. Figure
13 shows the geometry of the honeycomb panel model.

4 Results and Discussion

As an example for the bending analysis of truss core panel, the
deformation of the panel of case 1 in Table 2 are shown in Fig. 14.
For the other analysis cases, there is no obvious difference for the
deformed geometry. By plotting the contact force between the
punch and the panel versus the punch stroke, the bending stiffness
of the two panels are compared. Figure 15 shows the contact
force-punch stroke curves. The case in which both of work hard-
ening and the thickness change are considered (case 1) shows the
strength of 1.6 times higher than the case in which both of them
are not considered (case 3). The results of the analyses show
clearly that it is absolutely necessary to consider the effect of
work hardening in case of estimating bending stiffness of truss

Fig. 13 Honeycomb model (upper plate invisible)
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Fig. 14 Deformation and von Mises stress distribution on
truss core panel

core panel formed from thin metal plate. Indeed, it should be
verified whether the effect of work hardening is actually so large
or not by bending experiment for real truss core panel processed
in press forming. In addition, there is only a little difference be-
tween the case where only thickness change is considered (case 2)
and another case where both of thickness change and work hard-
ening are not considered (case 3).

In the comparison on the formulations of the shell element, the
Belytschko-Tsay reduced integration shell element (case 4) shows
about 22% lower strength in comparing with the Bathe-Dvorkin
full integration shell element (case 1). Referring the description in
Ref. [8], it is supposed that low bending stiffness of the
Belytschko—Tsay shell element in this case comes from the for-
mulation of this element based on the assumption that the element
geometry is flat. It is known that the accuracy (stiffness) of this
element is decreased as the warpage becomes over 5 deg. On the
other hand, as the Bathe-Dvorkin full integration shell element
reflects information of warping on each node, the accuracy is
hardly reduced for nonflat, twisted element. The dark elements in
Fig. 16 show the elements that their warpage exceeds 5 deg. In
this model, the rate of the elements with warpage of over 5 deg for
the ones of the whole model is 32%. As the model has many
warped elements, the accuracy of the solution will be decreased in
the case of using the Belytschko—Tsay reduced integration shell
element. In the comparison of the bending stiffness for the truss
core panel and the honeycomb panel, the bending stiffness of truss
core panel considering work hardening (case 1) is about 80% of
one of the honeycomb panel (case 5). However, there is a possi-
bility of failure in the surface plate of the honeycomb panel, as

20 - -
' Case 1|t |CaseS
15 [t ee===--7-2 e St Pegmgn -1
' i_ICase 4
10 Hrone - e ;_____ =N Case 2
: Case 3
S R ey
0 1 H
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Casel:Full Int., hardening and thickness change
Case2:Full Int., thickness change

Case3:Full Int.

Case4:Reduced Int., hardening and thickness chang
Case5:Honeycomb panel

Fig. 15 Force-stroke curve
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Fig. 16 Dark elements have warpage of over 5 deg

seen from the result of the bending simulation of honeycomb
panel shown in Fig. 11. For SPCE, equivalent plastic strain of
about 25% is generally used as the failure criteria. According to
the analysis, the value of equivalent strain reaches to 25% at the
displacement of the punch stroke to be about 30 mm. Therefore,
the strength of the honeycomb panel in Fig. 15 may be decreased
quickly as the punch stroke becomes over 30 mm if the failure
criteria are considered in the simulation. From the point of view of
energy absorption, truss core panel will have higher advantage
than honeycomb panel in failed case. Even more, truss core panel
will have sufficient availability by considering its flame resis-
tance.

5 Conclusions

The procedure to create a practical truss core panel structure
model using the formed geometry, six components of stress,
equivalent plastic strain, and thickness distribution obtained from
the multistage forming simulation was presented. And the three-
point bending analyses considering work hardening effects using
the developed model were performed. Also, we compared the
bending stiffness for the cases with or without consideration of
work hardening effect and the cases of two different shell formu-
lations. From the results, the possibility that the effect of work
hardening would dominate the bending stiffness of truss core
panel was revealed. On the formulation of shell element, it was
shown that high accuracy in bending analysis could not be ob-
tained as long as shell element in which warpage was adequately
reflected in the element stiffness was employed.

In addition, a finite element model of honeycomb panel was
created and basic comparison for the bending stiffness of truss
core panel and the honeycomb panel was performed.

031010-6 / Vol. 77, MAY 2010

In the future, quantitative verification of work hardening effect
should be made through experiment. For the comparison of
strength between the truss core panel and the honeycomb panel,
more detailed modeling of honeycomb panel considering failure
of honeycomb and tearing on the glued surface is necessary to
investigate more realistic bending stiffness through the simulation.
It will also be necessary to compare strengths of truss core panel
and honeycomb panel for different loadings such as shearing,
compression and so on, adding to bending.
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