


the appropriateness of this strain energy function. The investigation is restricted to the elastic properties of the
foams only, thus these properties are separated from the inelastic ones by suitable experiments with holding times.
Furthermore, the Mullins (1969) effect is eliminated by a cyclic preprocess of the test specimen at the beginning
of each experiment.

2 Experiments

Figure 1: Buckling of a cubic test specimen at a uniaxial compression test

Test specimens of polyurethane soft foam called SAF 6060 were provided by a Swiss soft foam producer (Foam
Partner Fritz Nauer AG). The test specimens are cubes with a quadratic cross section of 200 by 200 mm and a
height of 50 mm randomly taken out of a complete mattress. The used test specimens differ in geometry from
a standard one (100 mm by 100 mm by 100 mm) because cubic test specimens show buckling at the uniaxial
compression test (see Figure1). The tested foam shows an open cell structure and has a density of 60 kg/m3 and a
compression load de�ection of 6 kPa. All forces shown in the � gures are pressure loads.

Laboratory tests show a signi�cant dependency of the mechan ical behaviour of the foams on temperature and
humidity (Figure 2), thus all tests were carried out at constant climatic conditions (20 	 C temperature and 50%
humidity).
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Figure 2: Tests of the climatic dependency of the material properties for SAF 6060.

Beside the material’s dependency on temperature and humidity, it shows a combination of elastic and inelastic be-
haviour. To separate these properties, a testing procedure proposed by James and Green (1975) and Van den Bogert

163



and de Borst (1994), successfully applied by Hartmann et al. (2003) and Lion (1996) for rubber like materials, was
also used here.
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Figure 3: MULLINS effect of a test specimen

Cyclic preprocess: To eliminate the Mullins (1969) effect (Chagnon et al., 2002) (see Figure 3) a procedure con-
sisting of a strain-controlled cyclic deformation of 70% with a strain rate of 0.2 s�1 followed by a load discharge
was applied. This cycle was redone 16 times (see Figure 4).
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Figure 4: Cyclic preprocess with constant displacement amplitude and force relaxation

Experiments with holding times: After a recovery phase of 16 hours a step-by-step deformation with a constant
strain rate of 0.2 s�1 was applied to each test specimen. After each deformation step a holding time of 180 min
was applied to the specimen (see Figure 5). During this holding time the material responded with a relaxation.
This procedure ought to ensure that the responding force has reached an equilibrium state so that the termination
points of relaxation represent the equilibrium state of the material (Ehlers and Markert, 2001). The holding time
ensures that the time derivative of the stress was close to zero. Despite the fact that the stress rate was almost zero,
the relaxation process was still ongoing (see e.g. Figure 7). For the sake of performing a managable experiment,
a termination of three hours for each step was taken. All the termination points of the holding time generated
an equilibrium stress-strain curve. The difference between the termination of the deformation steps and its corre-
sponding equilibrium point is called overstress. After performing the �nal deformation step an unloading phase
was applied. This process was exactly the reverse of the loading process (Figure 5). For getting an appropriate data
set for the parameter optimisation, different intervals for the holding points over the deformation course have been
chosen. Figure 3 shows that the slope of the deformation course is up to a value of displacement of 4 mm much
steeper than in the following sections. Thus holding points at 1, 2 and 4 mm were chosen. For larger displacement
values a constant interval of 4 mm was taken.

Two different types of tests were carried out. A uniaxial compression test and a test with an indenter (a cylinder
with a spherical calotte of 50 mm diameter at its end (Figure 6)).
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Figure 5: Experiment with holding times, loading and unloading path for holding time experiments and force
response with relaxation

Figure 6: Test Con�gurations

To establish a homogeneous deformation �eld, the shear stresses between the two plates on top and bottom side
and the test specimen at the uniaxial compression test has tobe eliminated. This turned out to be rather dif�cult to
achieve. For having de�ned boundary conditions, the test specimen were �xed at the two plates (Figure 6). The
boundary condition causes a reversible bulge at the edges ofthe test specimen while being tested.

To generate a spatially de�ned deformation �eld, an indenter type test was carried out. In this test a spherical
calotte (diameter of 50 mm) is pushed down into the test specimen, where the penetration depth and the associated
normal force was measured during the penetration process.

3 Constitutive Equation

3.1 General Constitutive Equation for Hyperelastic Materials

According to the results of the empirical analysis, the considered soft foams show a compressible viscoelastic
material behaviour. To describe this phenomenon, a viscoelastic constitutive equation is usually adopted. In
general, viscoelastic models decompose the total stress tensorS into an (elastic) equilibrium stress partSG and
an overstress partSOV representing the memory property of the material. Thus the stress tensor can be written
asS = SG + SOV (see Hartmann et al. (2001)). This study will exclusively deal with the elastic properties
of soft foams according to the empirically attained stress-strain curves of the termination points after a distinct
holding time (see the last section). For such a description,constitutive equations for hyperelasticity are permissible
(Hartmann et al., 2003). For the sake of simplicity, the index G in the above formula will be left out for further
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