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Abstract. The paper concerns the phenomenon of wrinkling of compressed facing of
a sandwich panel. The parametric analysis of the numerical model of the sandwich panel
with a soft core is presented. The core was assumed as an elastic orthotropic material.
The results of numerical simulations show the sensitivity of a sandwich structure to the
variations of the core parameters. The results are evaluated qualitatively and quantitatively.
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1. Introduction

In this paper panels composed of thin, smooth and rigid facings and a thick and
soft core are examined. This type of panel is widely used as an envelope of build-
ings. Thanks to the thick core, sandwich panels are characterized by excellent
thermal insulation and high load capacity with low weight. On the other hand,
the heterogeneity of the structure of the panel results in the occurrence of different
failure mechanisms. One of the most important forms of damage is face wrinkling
during bending.

The problem of wrinkling was discussed in many scientific papers. The most
important issue is to determine the load (or stress), which causes a local loss of sta-
bility (wrinkling) of the panel. In terms of the approach to the problem analytical
methods [1-3], and experimental and numerical [4-6] can be distinguished. In most
of the work, it is assumed that all layers of panels are made from homogeneous and
isotropic materials. In fact, it turns out that some core materials are anisotropic.
Somewhat to our surprise, we find that this also applies to polyurethane foams.
Anisotropy is the result of the sandwich panel manufacturing process because, dur-
ing production, growing foam cells are subjected to different interactions.

The problem of the core anisotropy was rarely discussed in the literature.
The paper [7] is one of the first works taking this problem analytically. A similar
approach was presented in [8], where analytical results were compared with the
numerical model. The core anisotropy certainly is of particular importance in the case
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of non-uniform boundary conditions [9]. It is worth noting that the determination
of the anisotropic parameters of the core is a very difficult issue. In [10], the mixed
experimental numerical method of determination of material parameters of ortho-
tropic foam was presented.

The aim of this study was to analyze the influence of the orthotropic core pa-
rameters on the wrinkling stress of the sandwich panel in bending. The problem is
examined numerically. The model sensitivity with respect to the variation of
the core parameters will indicate the parameters that are critical for behavior
(and failure) of the sandwich panel.

2. Description of the system

To analyze the influence of the core orthotropy on the local loss of stability,
the static system presented in Figure 1 was considered.
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Fig. 1. The static system of a one-span sandwich panel

The sandwich panel with a length 5.00 m is located on two supports with a width
0.10 m. The supports have the freedom of rotation around the y-axis. One of the
supports is free to shift along the x-axis. The structure is loaded by uniform pres-
sure perpendicular to the lower face of the sandwich. The loading is directed
downwards, i.e. opposite to the z-axis, and causes tension of the lower face
and compression of the upper face. The total depth of the panel is 98.43 mm.
The thickness of each of the faces is #+-=0.471 mm and the depth of the core
is 97.488 mm. The width of the panel » =0.997 m.

The material parameters of the steel faces are: Young’s modulus Ex = 195 GPa
and Poisson’s ratio v = 0.3. Moreover, the actual relationship between stress and
strain was introduced. In the tensile test the yield strength was 360 MPa, and the
tensile strength reached 436 MPa. The core is made of polyurethane foam. It was
assumed that the foam is an orthotropic, linear elastic material. The linear elasticity
was defined by ‘engineering constants’: the three moduli £, F,, F;, Poisson’s
ratios V2, Vi3, Va3 and the shear moduli Gy,, Gy3 and G»;, associated with the mate-
rial’s principal directions X;, X,, X3. These 9 parameters define the relation between
strain and stress components (engineering notation was used):
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In general, vi, # 15, but the ratios are related by v;/E; = v;/E;. Due to the nature of
the production process, it was assumed that the material’s principal directions x;,
X3, X3 correspond to the axes of system of coordinates x, y, z (cf. Fig. 1). Of course,
the parameter values must fulfill the relevant conditions for material stability.

The numerical model of the system was developed in [11]. Facings were
modeled using four node, doubly curved, thin or thick shell, reduced integration,
hourglass control and finite membrane strain elements S4R. The core of the panel
was modeled using eight node linear brick elements C3D8R. The geometrically
nonlinear static analysis of the problem was used. The Riks’ method was applied.
For the brevity of interpretation of the results, interface layers were not imple-
mented. Interaction between all parts was assumed as TIE type, which makes equal
displacements of nodes. Geometric imperfections were introduced as a combina-
tion of four buckling modes with the multiplier 0.005.

3. Parametric analysis

The point of reference for all subsequent analyses is the isotropic core material:
E1 = E2 = E3 = 8610 kPa, Vio= VI3= W3 = 0.02 and Gl2 = Gl3 = G23 = 4220.6 kPa.
Of course, the shear modules result from the basic relationship G = E/2(1+v).
The name of the model with the isotropic core is si 27. All other models have
an orthotropic core. In the model si_22, the following Poisson’s ratios were changed:
i3 =0.2 and 1,3 =0.2. It means that the ratios increased 10 times. In the model
si_23 the parameters are the same as in the case of si 2/, with the only difference
being that vj; = 0.2. In the models si 24 and si 25 was set £y = E, = 11030 kPa
and F, = E, = 13450 kPa, respectively. The modulus in the direction perpendicular
to the facings has been reduced in the model si 26 (E; = 6130 kPa) and si 27
(E3=3650kPa). In models from si 2] to si 27, shear modules were equal to
4220.6 kPa. The variation of the parameter G,; was introduced in si 28 (Gy; =
=3600 kPa) and si_29 (G5 = 3000 kPa).

The static analysis was performed for each model. In any case, the panel was
damaged by wrinkling of the upper facing (compressed in bending). The wrinkling
of the upper face in the model si 26 is presented in Figure 2. Because the two facings
are of equal thickness, maximum tensile stress in the lower facing, corresponding
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to the maximum load, was adopted as the wrinkling stress. Of course, the wrinkling
stress can not be read from the upper face because of large variation of the stress
values. The results of wrinkling stress o, are presented in the column 3 of Table 1.
In the column 2 are described the changes of the core parameters in relation to
the isotropic model si_21.

Table 1
The dependence of the wrinkling stress on the parameters of the core material
Name of the Changes with respect Oy
model to the reference model [MPa]
1 2 3
st 21 (theﬁzgt;zﬁiezgferlrﬁi:ial) 158.4
si 22 Vi3=153=0.2 156.6
si 23 Vi, =0.2 158.5
si 24 E,=E,=11030 kPa 159.5
si_25 E,=E,=13450 kPa 160.4
si_26 E;=6130 kPa 141.0
si 27 E;=3650 kPa 117.7
si 28 G5 =3600 kPa 151.7
si 29 G5 =3000 kPa 144.2

Analyzing the results shown in Table 1, it can be concluded that the Poisson’s
ratios have minimal impact on the value of wrinkling stress. Ten times higher ratios
cause a change in wrinkling stress of 1%. Similarly, in the case of changing
modules £ and F,. A noticeable change of these modules results in minimal effect.
There can be nothing surprising because the panel has a high tensile stiffness in the
direction of x and y resulting from the facings rigidity. Thus, even a large change
in the core rigidity in these directions may not be significant, since the core stiff-
ness is approximately 200 times smaller than the stiffness of the facings.

The most interesting case concerns a change of the modulus £;. The decrease
in E; (modulus in the direction perpendicular to the facings) causes much faster
local instability of the compressed facing. The ratio of the two numerical values of
wrinkling stress is surprisingly compatible with a relationship resulting from the
application of theoretical equation for wrinkling stress for homogeneous materials:

Oy = ,U3 EFE(‘G(7 > (2)
where u is numerical coefficient, and E-, G are the Young’s modulus and the

shear modulus of the core material. Comparing models si 26 and si 27 to si 21,
we get:
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The dependence of the wrinkling stress from the shear modulus Gy; looks very
similar. It should first be noted that for the present panel, shear occurs mainly in
the plane x;-x3. Reducing the G; modulus increases the displacements and defor-
mations of the entire panel, so it obviously accelerates face wrinkling.
It should come back to the relationship between wrinkling stress. Comparing mod-
elssi 28 and si_29 to si_21, we obtain:

L7 095723/ 2899 _ 6948, (5)
158.4 4220.6
1442 001023229 892, (6)
158.4 4220.6

Of course, this consistency can not be perfect because in the core of the panel there
are also shear stresses and deformations in other planes.

Let us return to the models si_26 and si_27. Decreasing E; reduces the wrinkling
stress (as in si_ 28 and si_29), but it is understood that the change of F; does not
affect the global displacement of the panel. It is therefore a different situation
than in the case of models si 28 and si 29, wherein the reduction of (3 increases
the vertical displacements of the panel.

Fig. 2. Wrinkling of the upper face in the model si 26
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4. Conclusions

The influence of orthotropic core parameters on the local loss of stability
of panels (or rather its facings) was investigated. The results showed that only
two parameters of the core have a significant impact on the wrinkling stress:
the modulus of elasticity F; (the direction perpendicular to the faces) and the shear
modulus Gy; (corresponding to the classical shear of the core). Other core parame-
ters have a marginal impact on the behavior of the panel. It should be noted
that in contrast to Gy, the change of £; does not affect the global displacement
of the sandwich panel. With some surprise it should also be noted that the change
of wrinkling stress caused by changes of the key parameters of the orthotropic core,
can be estimated using the known equation for the wrinkling stress used in the case
of the isotropic core. Our observations concerning the sensitivity of sandwich
panels induce even greater efforts to proper determination of the parameters of the
core materials.
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