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Abstract. Panels with a polyuréthane foam core and thin metal facings are considered. 
Behaviour of these structures dépends strongly on the shear rigidity. The recommended 
methods of identification of the Kirchhoff modulus of the core material G(- give different 
results depending on the used sample. The FEM analysis are performed and the effects of 
longitudinal edge profiling are presented and discussed.

Introduction

The use of sandwich panels in civil engineering offers many advantages as it 
leads to structures that are lightweight, cost effective and durable. The main fonc
tion of the facings is to carry bending, while the role of the core is to keep facings 
together and carry transverse shear loads. Hence, sandwich panels represent an 
excellent example of the optimum use of dissimilar materials. Therefore a number 
of papers is devoted to optimisation of sandwich structures [1,2].

The classical approach to the analysis and design of sandwich plates was pre
sented in [3, 4]. The engineering aspects of structural response and the effects of 
transversal load and thermal excitations were presented in [5]. More accurate dé
termination of stress and displacement fields requires application of higher-order 
théories [6-8], which may involve rather sophisticated numerical analyses. As 
a resuit, despite the enhanced accuracy of the advanced formulations, they are less 
attractive for designers and are rarely used.

Therefore, the aim of this study is to develop the classical approach to accurate- 
ly predict the global response and/or identity material parameters. Particular atten
tion is focused on the influence of special edge profiling of the plate on its behav
iour. Many papers hâve appeared recently, which take up various problems of 
identification parameters in multilayer structures [9-11]. The shear rigidity of the 
panel plays a crucial role in the behaviour of sandwich structures [12]. A group of 
methods used in identification the shear modulus of the core proposed in the code 
[13] and in the literatuře [14] is based on the bending tests of panels with meas- 
urement of the transverse displacement w. Using the Timoshenko theory the con-

mailto:monika.chuda-kowalska@pul.poznan.pl


20 M. Chuda-Kowalska

tributions of bending and shear stiffness coefficients are separated and hence the 
latter one can be easily determined. The author observed that this method can lead 
to disadvantageous size effects. Therefore, a new method was proposed. In this 
method a similar bending test is carried out, but instead of transverse displace
ment, two angles of rotation are measured in the vicinity of a support. The first one 
is the angle of cross-section rotation, the latter one is the slope of the panel. The 
shear modulus Gc is calculated directly from the différence between these angles. 
The new method allows one to avoid errors caused by calculation of bending stiff
ness Bs and deflection due to bending wfí. The advantage of this method increases 
when modem tiltmeters are used to measure angles of rotation. These sensors can 
be easily installed, are précisé and allow online data acquisition.

To complété the study on identification of shear modulus of the core other tests 
were also performed, námely a double-lap shear test and a torsion test of cylindri- 
cal samples. However, the évaluation of Gc from bending tests seems to be worthy. 
The first reason is that the tests are simple. Moreover, since the coefficient Gc is 
needed for simulations of mechanical behaviour of slabs in a state of bending and 
shear, détermination of G(- from tests of slabs in this state of stress seems to be 
reasonable. The author carried out numerous experiments for various dimensions 
and types of loading. The results were reported in [15]. The experiments showed 
that the evaluated value of Gc was strongly affected by the assessed bending rigidi
ty of the plate.

1. Theoretical background

In the present páper the theoretical model of the three-layer structure with soft 
core is applied. It is assumed that the materials of Steel facings and polyuréthane 
core are isotropie, homogeneous and linearly elastic. The facings are parallel. In 
the analysed sandwich panels the Young modulus of the core is much smaller 
compared than the Young modulus of facings. Therefore, normal stress in the foam 
core is negligible and the shear stresses are constant in transverse direction 
(Ec !Ec æ 2.0 • 10-5 => <yxC » 0, txzî- = tzx(- = const.).

Fig. 1. Distribution of normal and shear stresses in sandwich structures with soft core and 
thin, fiat faces
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The considérations are limited to small strains and displacements (linear geo
metrie relations). Contribution of the shear stress and strain in the facings to the 
displacement of the panel is neglected because of small thickness of the facings 
compared to the core. Hence, the Bernoulli hypothesis can be applied independent- 
ly for both facings. The cross sectional equilibrium condition for a sandwich panel 
can be written in the form of two independent differential équations [4]:
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where vertical displacement w and shear strain y are the functions of position co- 
ordinate x. The horizontal displacement u of the mid-plane of the panel is equal to 
zero. The superscripts of w and y dénoté the order of the derivative with respect to 
x. G( and Ac dénoté the shear modulus and cross-sectional area of the core, q is the 
distributed transverse load and 0 is the initial curvature induced by température 
différence AT -T.- T\. In Equations (1) and (2) the normal force is omitted.

Because the bending stiffness of the core is negligible, the total bending stiff- 
ness of panel B consists of three parts:

5 = Ą, + + S/.-j (3)

Term Bs represents the bending stiffness of the facings with respect to the global 
centre line of the sandwich panel, whereas Bn and Bt^ are the bending stiffness of 
the upper and lower facings with respect to their own centre lines.

If the faces of a sandwich panel are thin and fiat or they are lightly profiled, the 
bending stiffness of the faces is small and has a negligible effect on the stress dis
tributions and deflections. In this case it is assumed that Bn = B^ = 0 and B = Bs. 
Taking into account the assumptions concerning sandwich element deformation 
[12, 13], the bending moment and shear force can be calculated using:

M = Ms = Bs (/ - w” - 0), (4) 

(5)

where Ms and Vs correspond to the pure “sandwich” effect.
Accordingto [13], the bending stresses in the fiat faces are calculated using:

Ms 
eAFl ’

(6)
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where e, An and denote the distance between the centroids of the faces, the 
cross-sectional area of the external (upper) and internal (lower) face, respectively.
The shear stress in the core is calculated according to:

(8)

2. Formulation of the problem

The purpose of this paper is the évaluation of influence of longitudinal edge 
profiling and stiffness of the facings on interprétation of experimental tests results 
for the identification of the shear rigidity Gc of the core. The results obtained from 
a number of experiments on slabs in a three point bending test are compared with 
results of numerical simulation. The response of the slabs in experiments is ana- 
lysed using Timoshenko theory. In numerical simulations FEM is ušed with 2D 
and 3D éléments. The slabs with and without edge profiling are examined.

3. Experimental test

The code EN 14509 recommends different loading Systems shown in Figure 2. 
The Author used the loading system, which is presented in Figure 2b. The loads 
are step-wise increased and the total deflection w in the middle point of the span is 
recorded till the failure occurs. It is assumed, that the deflection can be decom- 
posed on two parts according to:

w = wB+ws, (9)

in such a way, that wB and represent the deflections due to bending and shear, 
respectively. The linear part of the function F(ws) was used for the assessment of 
the modulus Gc- According to assumptions presented in 1, the following formulae 
follow from the Timoshenko theory generalized to sandwich beams:

AF -13
Aw„=-------- . (10)

B 48-Ą
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(12)

d(. = D-(t, +t2). (13)

where: Bs - the flexural rigidity, AFl, Ap2 - the area of facings, EFl, En - the Young 
modulus of facings, e - the distance between centres of facings, dc - the depth of 
the core and b - the width of the specimen.

Fig. 2. Scheine of loading system used in bending test [13]

The tests were carried out on a sériés of sandwich panels with fiat facings and 
a polyuréthane core, in which the span L is relatively large. The mean value di
mensional parameters are: the total depth of a panel D = 98.5 mm, width 
L = 4.9 m, facing’s thickness t= 0.47 mm (the Steel plate + the zinc coatings). 
It should be emphasized that in part of tests longitudinal edge profiling of facings 
was eut off. This operation was necessary in order to estimate the effect of edge 
stiffening on sandwich behaviour.

The global response of the panel was monitored by continuous measurement of 
load and displacement. Next, the shear modulus of the core Gc was evaluated fol- 
lowing the recommendations in the code [13]. The obtained results are presented 
in Table 1. The discrepancy in Gc is evident.
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Table I

Experimental results

Type of plates Total displacement w [mm] Gc [MPa]

Edge profiling eut off 8.90 3.78

With edge profiling 7.50 4.74

4. Numerical model

The numerical examples refer to structures investigated in real scalę during la- 
boratory experiments. Numerical models were prepared in Abaqus system envi
ronment. In this paper the author analysed the elastic behaviour of the sandwich 
panel loaded by the one-line force (Fig. 3).

Fig. 3. Used loading system

Two cases were studied. The first one was a plate where longitudinal edge pro
filing was eut off. In this case the width of the panel was B = 1.0 m. The second 
one was a panel with edge profiling and B = 1.09 m. In both cases the facings were 
modelled as a skin element using four node, doubly curved, thin or thick shell, 
reduced intégration, hourglass control, finite membrane strain éléments S4R. Fol- 
lowing the experiments geometrical and material parameters of the facings were: 
thickness Zp= 0.47 mm, Young modulus 195 GPa and Poisson ratio V/?= 0.3. 
The value 195 GPa represents a homogenised modulus of the facing composed 
Steel and zinc layers. The core was modelled using eight node linear brick élé
ments C3D8R. Its parameters were: thickness dc = 97.56 mm, Poisson ratio 
V(- = 0.05 and shear modulus as the value obtained in the respective, real experi
ment. The edge profiling was modelled as Stringers using two node linear beam 
éléments B31. These elements have the same material parameters as the facings. 
The shape and size of these elements mapped real edge profiling and showed in 
Figure 4. The panel is supported by two basing plates, which are modelled as rigid 
bodies. For the left supporting base plate all three translations and the rotations 
with respect to axes x and z are equal to zero. Unconstrained rotation with respect 
to the axis y is assumed. The right base plate has free translation in the direction x
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(Fig. 3). Important point of the model is a connection between facings - core and 
facings - edge profiling. Abaqus provides a very useful tool to model shell and 
beam éléments as a part of 3D brick éléments, i.e. shell éléments are created di- 
rectly on the brick element nodes as well as beam éléments which are built on the 
edge nodes of the brick éléments. Therefore, no interface interaction e.g. contact or 
tie connection need to be modelled, which simplifies the problem and drastically 
reduces the computational time without losing the objectivity of results.
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Fig. 4. The shape of edge profiling

5. Comparison of the experimental and numerical results

The numerical model of the panel with fiat facings in the state of bending and 
shear was verified. Therefore, the shear modulus G(- obtained from varions kinds 
of laboratory tests was introduced. The numerical response of the panel was com- 
pared to the experimental behaviour.

Table 2

Comparison of results

Type of plates Gc [MPa] Total displacement w [mm]

Experimental model

A: edge profiling eut off (B1 = 1.0 m) 3.78 8.89
B: with edge profiling (B2 = 1.09 m) 4.74 7.54

Numerical model A 3.78 8.74

(edge profiling eut off. Bl =1.0 m) 4.74 8.10

Numerical model B 3.78 7.63
(with edge profiling, B2 = 1.09 m) 4.74 7.11

Numerical model A shows good agreement with real behaviour when we intro- 
duce the shear modulus identified on samples without edge profiling (Gc =
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= 3.78 MPa). We can observe similar behaviour in model B. It means that modulus 
Gc should be identify on samples without edge profiling.

Conclusions

The core flexibility plays a crucial role in assessment of the functional response 
of sandwich panels, such as load-bearing capacity and deflection and hence maxi
mum pennissible span. The bending test on sandwich plate with longitudinal edge 
profiling allows to observe its behaviour in real scale. This kind of test is allowed 
by the code [13] also for the identification of shear modulus Gc of the core materi
al. In this study it was demonstrated by the way of a number of experiments and 
computer simulations that the value of Gc is very sensitive to assumed bending 
stiffness of the panel. Neglecting the contribution of the edge profiling to the total 
bending stiffness of the plate can lead to 25% overestimation of Gc.
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