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Abstract. The paper concerns the problem of static strudtbedavior of sandwich panels.
The panels are made of thin steel sheets and lg, thit soft core. The effects of the impact of
concentrated loads on the structural behavior & panels are discussed. Several different
cases of concentrated loads were considered: |ladih@in the plane of the panel, load per-
pendicular to the panel and the additional actidrconcentrated bending moment. The loads
are transferred to the panel by a small steel slEhe slab is attached to the facing of the
panel. Described load cases correspond to situatemcountered in engineering practice. In
order to analyze the issue, a 3-D numerical modes wsed. Between the facing and the de-
formable core an interface layer was introducedgeremn the criterion of damage initiation
and damage propagation were defined. Differenufailmodes were taken into account. Due
to the character of the problem, the geometricatbpnlinear analysis and Riks’ method were
applied. For each load case a failure load and emte stresses leading to failure were de-
termined. The differences in the obtained resutsevexplained and the appropriate failure
mechanisms were discussed. Analyzed sandwich pasdixed geometries, however, made
observations are universal. The obtained resultsl t® look more carefully at the problem of
the impact of concentrated forces. This problemaigicularly important in the case of sand-
wich panels, which due to its construction are \&rgceptible to local influence.
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1 INTRODUCTION

The paper concerns sandwich panels made of thah siteets and a thick, but soft core.
The most commonly used are polyurethane foam cdies.sandwich elements are very at-
tractive because of high load-bearing capacitpatdelf-weight and excellent thermal insula-
tion. Therefore, these elements are used in theespalustry, aerospace, shipbuilding, and
automotive industries. Currently, it is also difficto imagine civil engineering without the
sandwich panels that are used as a building enedlwplls, roofs), partition walls and sus-
pended ceilings.

The structural behavior of sandwich structural eleta with uniform support and load
conditions has been repeatedly studied and deddidbe]. The analysis of systems subjected
to a concentrated load is much more difficult. Bestence of deformable core leads to sensi-
tivity of sandwich panels with respect to localizeffiects [3]. One of these effects is wrin-
kling, which is a form of local instability of theandwich facing. Wrinkling failures of
sandwich columns under compression, beams in tlrekfour-point bending and cantilever
beams under end loading were investigated in [4alical, numerical and experimental
approaches to the problem of wrinkling in the cakaonlinear materials were presented in
[5, 6]. Another form of damage is debonding. It wscfor example in the case of tensile
forces between a core and a facing. The inter-l&jiere modes are very often initiated by an
impact [7, 8, 9]. An important failure mode is imdation. The failure is caused by the crush-
ing of the core under a localized force. The prnobtd indentation loads was investigated in
[10]. Recently, in order to better describe thiempdmenon, sophisticated core models are ap-
plied [11]. Another, experimental approach was @nésd in [12].

In practice, the most common are three cases afettrated actions: the impact of devices
on the roof panel, interactions at the points tdcditment of a sandwich panel to the support-
ing structure and the impact of equipment (e.gedtking banners) on the wall panel. In the
latter case, the load in the plane of the sandpiate usually dominates, although it is almost
always in combination with loads perpendiculartte plate. It should be noted that in the case
of concentrated loads, we have to deal with theusameous occurrence of global and local
phenomena (debonding, indentation, wrinkling). @igculty in analyzing systems subjected
to point loads stems not only from the nature @& kbad, but also its location. Structural
analysis, in the case of asymmetric load conditioeguires the use of at least 2-D models
[13]. This is very important because the sandwidtesns are characterized by a material ani-
sotropy deepened by different geometries of eagérldn this paper the described phenom-
ena are analyzed using a 3-D model [14]. This larie focused on the case of point loads
applied to the wall panel. Most attention was gaithe identification of failure mechanisms.

2 DESCRIPTION OF THE PROBLEM

Consider a wall sandwich panel that can be instaliertically or horizontally. For the
brevity of presentation, a one-span panel is aealyZhe supporting structure is located in-
side the building. One can say that the panelnglyi supported on two opposite edges, al-
though a 3-D model will be considered, in which tlepth of the panel has an impact on the
description of the boundary conditions. Assume thatexternal loads are localized in the
middle of the sandwich panel and are applied tcettternal facing of the panel (Fig. 1). The
load conditions should simulate the impact of emqept (e.g. advertising banners) on the
wall panel. Taking into account the expectationshaf market, with full awareness it is as-
sumed that the load will be applied only to theeexal facing, and there will be no additional
elements to ensure cooperation between the twoda®f the panel. This corresponds to the
situation when a piece of equipment is attachetiécexternal facing by glue or screws only.
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In fact, there are not strictly 'point’ forces, batther distributed on a small surface. Therefore,
it was assumed that the defined forces will bedfiemned to the sandwich panel by a square
steel slab with a side lengand a thickness(a=0.08 m,t=0.008 m).
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Figure 1: The 3-D model for the analysis of sandwaanels subjected to concentrated loads.

In general, on the upper surface of the steel giaits center, there may occur 3 forces and

3 concentrated moments. The paper examined thedeclases:

a) there is only (the name of the modedco_2),

b) there is onlyy (eco_21h,

c) the increasing df accompanied by the constant compressive fgad—1 kN g€co_21,

d) the increasing d¥x accompanied by the increasinghdf = 0.1F, (eco_23,

e) there is only the tensile forEg (eco_24 te)

f) there is only the compressive forleg(eco_25 com

The above load cases correspond to the directhatiaat of the loading element to the sand-
wich panel arranged verticallg¢o_2) and horizontallyéco_21h. The additional localized
effect of wind pressure was considered in maael_21n Model eco_22corresponds to the
case of weight mounted on the arm 0.1 m. Casdsedbtd acting perpendicular to the sand-
wich panel éco_24 ten, eco_25 cprwere prepared for comparison with the other cases
Loads perpendicular to the sandwich panel simtatsome extent) concentrated impacts on
the ceiling. In all cases they were consideredetotly static loads.

The aim of the paper is to identify the phenomeo@uing during the action of concen-
trated loads on the sandwich panel. The key isste determine the failure mechanisms and
estimate the values of load capacity. The problérdigiribution of applied load is equally
interesting.

3 THE NUMERICAL MODEL

The 3-D numerical model was prepared in the ABAQYStem. The parameters of the
system correspond to the values determined in dabiyr tests. A sandwich panel with a
length 5.00 m is located on two supports with atlwidf 0.10 m. The width of the panel is
B =1.0 m. The total depth of the panel is 98.43 riime thickness of each of the faces is
tr1 =te2 = 0.471 mm. The modulus of elasticity of the fgcimaterial isEr = 195 GPa and
Poisson’s ratio equalg = 0.3. The actual relationship between stresssirain was intro-
duced. The yield strength was 360 MPa, and thenate strength reached 436 MPa. Facings
were modeled using a four node doubly curved, drithick shell, finite membrane strain
elements S4. At this stage of the study, the cae gonsidered as isotropic material with a
modulus of elasticity and&c = 8.61 MPa and Poisson’s ratig = 0.02. As a result, shear
modulus isGc = 4.22 MPa. The core was modeled using eight boid& elements C3D8.
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To assess the cause of the failure of the sandpaclel, between the steel facing and the
soft core, an interface layer of a thickness ofrirh was introduced. The interface was mod-
eled using COH3D8, 8-node 3-D cohesive elements.fdlowing uncoupled elasticity law
for cohesive material was used:

t, K 0O O
0

t|=| 0 K
t| |0 0 K,

gf‘l
SS gS (1)
gt
wheret, is normal traction (stress) anglt; are shear tractions. Corresponding nominal strains
are defined as, = d/To, &s = 04 To, & = 0/ To using separation and constitutive thickness of
cohesive element,. The failure initiation was conditioned by a s§redate. The quadratic
nominal stress criteria of damage initiation amg:dir softening damage evolution were used.

The damage initiation criterion has the form ofuadyatic nominal stress function. The dam-
age is initiated when the function reaches a vafume:

W, (617, [t
{t:: CIRRGI @

where the typical notation of Macaulay bracketased. The following parameters of the in-
terface were usetk,, = 8.61 MPaKss= Kss= 4.22 MPat)= 123 kPat? =t0= 112 kPa.

The point loads were applied in the middle of themal surface of the transferring steel
slab. The mesh size was equal to 0.02 m over althestntire FEM model. In the vicinity of
the force application, the mesh was condensedd@6@.m. Interaction between all parts was
assumed as the TIE type, which makes equal digpkaes of nodes. It is certainly not a per-
fect type of connection, however, it is suffici¢atevaluate the most important phenomena.
The supports were modeled using analytical riganents. Boundary conditions at reference
points ensure the freedom of rotation aroundytagis. One of the supports is free to shift
along thex-axis. Because the problem was expected to exhigitificant local effects, a
geometrically nonlinear static analysis and thesRikethod were applied.

4 DISCUSSION OF THE RESULTS

For each static scheme was obtained the force rpustal damage to the interface. In
every case, the failure results from the tensiesso;, in combination with shear stressgsi
Iy The respective values are given in Table 1.

Extreme normal Extreme shear Extreme shear

Model Failure load stressgy, [KPa]  stressry, [kPa]  stressr, [kPa]

eco 21 k=2.22 kN +119.9/-138.2 +20.66/-24.93 +27.437.13
eco_21h E=2.21 kN +119.0/-136.5 +20.71/-20.71 +20.324.81
eco 21n  x=A2BKNWIth o1 19, 5301 442.32/-1062 +96.67 /-96.67

F,=-1kN
Fx = 0.164 kN with

eco_22 M, = 0.0164 kNm +119.9/-135.6 +21.43/-22.96 +26.85/-26.85
eco_24 ten F=0.670 kN +115.3/-0.934 +33.99/-33.99 +34.484.46
eco_25 com F=-1.95kN +17.86/-431.6 +106.0/-106.0 +96.036.03

Table 1: Failure load and extreme stresses imtieeface layer.
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Failure load is identical in the case of a loadli@ppalong the panele€o_2) and cross-
wise the panelgco_21R. This is despite the fact that in the latter céise panel rotates about
the axisx. The displacements are small because they doxaeed 1 mm. Applying an exci-
tation force to the steel slab causes that theefaots on an arm in relation to the plane of the
supports. As a result, the steel slab indents @nelwsich core on the one edge and detaches
the facing from the core on the other edge. Tragddeo the destruction of the interface. Inter-
estingly, these phenomena occur only locally,neéhe immediate vicinity of the applied load
(Fig. 2).

Also note that the small additional load compregs$he paneldco_21iincreases the load
capacity, since it counteracts the detachmentefahing from the core. In the modsdo_22
even a slight bending moment results in a dragrehse of the maximum forég. This
leads to the conclusion that the attachment of élagnents to sandwich panels should be
avoided, if the attachment is realized only to fawng.

.,

X
Figure 2: Distribution of the stregs, in the interface layer of the modeto 21 Blue indicates compressive
stress and red indicates tensile stress.

In the case of tension load directed perpendicularithe facing €co_24 tej) the maxi-
mum force reached the expected level, although stwaesurprising is the low redistribution
of the applied load. In the case of compressivd [eao_25 comthere first appears the ef-
fect of plasticity of the steel facing, and lateear of the interface. Interestingly, there was no
wrinkling of the steel facing, although the numatimodel is suitable for the analysis of such
phenomena.

5 CONCLUSIONS

Conducted numerical analysis shows that the prololeconcentrated loads is very impor-
tant. For each load case, local damage occurrecebatthe facing and the core. Failure loads
were low in value. A particularly unfavorable casé¢he load acting on an arm. Even a small
bending moment causes locally high stresses witérednt signs. According to the authors of
the paper, in the case of the bending moment,necessary to ensure close cooperation be-
tween the two facings of the sandwich panel. Indage of concentrated forces acting in the
plane of one facing or perpendicular to the facthg,small load-bearing capacity of the panel
should be considered. Local interface failure ealto further damage propagation.
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The discussed phenomenon, in particular the lacigfificant redistribution of applied
load, puts a new light on the classical approadhegoroblem of concentrated loads. Assess-
ment of the effects of concentrated loads canndintited to the global effects, but must also
take into account phenomena occurring locally.
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