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ABSTRACT 
An orthotropic  polymeric foam with transverse isotropy (Divinycell H250) used in composite sandwich 
structures was characterized under multi-axial quasi-static and dynamic loading. Quasi-static tests were 
conducted along principal material axes as well as along off-axis directions under tension, compression, 
and shear. An optimum specimen aspect ratio of 10 was selected based on finite element analysis. 
Stress-controlled and strain-controlled experiments were conducted. The former yielded engineering 
material constants such as Young’s and shear moduli and Poisson’s ratios; the latter yielded 
mathematical stiffness constants, i. e., Cij . Intermediate strain rate tests were conducted in a servo-
hydraulic machine. High strain rate tests were conducted using a split Hopkinson Pressure Bar system  
built for the purpose. This SHPB system was made of polymeric (polycarbonate) bars. The polycarbonate 
material has an impedance that is closer to that of foam than metals. The system was analyzed and 
calibrated to account for the viscoelastic response of its bars. Material properties of the foam were 
obtained at three strain rates, quasi-static (10-4 s-1), intermediate (1 s-1 ), and high (103 s-1 ) strain rates. 

 
Introduction 

 
A great deal of work is being reported by other investigators dealing with analysis and simulation of 

depends on the type of inputs used for loading pulses and material behavior. Loading pulse information 
may be obtained from the literature, however, no realistic models are available for the facesheet and core 
materials under multi-axial dynamic loading, especially models including hygrothermal effects of long term 
environmental exposure. Characterization and modeling of facesheet composite materials is being 
addressed and reported in many sources. However, not enough work has been devoted to 
characterization and constitutive modeling of structural foams used in sandwich construction. Such work 
is needed to develop numerical models capable of capturing the dynamic response of composite and 
sandwich structures under realistic impact and blast loadings and design novel structures for mitigation of 
severe threats. 

 
Cellular foams are commonly used as core materials in sandwich structures. They are usually made of 
polyvinyl chloride (PVC), polyurethane (PUR) and polystyrene. The properties of foams depend on the 
structure of the cells and the density of the material. The mechanical behavior of cellular foams has been 
investigated and discussed in the literature [1-5]. A thorough discussion of mechanical behavior of 
polymeric foams is given in the book by Gibson and Ashby [1]. However, characterization has been in 
general inadequate, and few of the models can capture all the characteristic features of structural foams. 
Sandwich foam core materials, such as PVC foams (especially higher density ones), are strain rate 
dependent anisotropic elastic/viscoplastic materials. Their deformation history during dynamic loading 
affects critically the integrity of the sandwich structure. A few studies have been reported on dynamic 
characterization of foams [6-9]. Constitutive modeling has lagged because of the finite deformations and 
the anisotropy involved in some foams, with few works reported in the literature [10-12]. Gielen [12] 
developed a constitutive model including elastic-plastic behavior and damage progression. However, the 
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model is not easily applicable in analyses. Considering the loading-unloading-reloading test results in [4], 
a realistic modeling approach is needed based on an elastic-plastic-damage formulation in strain space.  
 
The present paper extends the multi-axial characterization of an anisotropic foam by means of off-axis 
testing and stress-controlled and strain-controlled experiments. Rate effects were also studied by using a 
Hopkinson bar system with impedance-matched polymeric rods. 
  

Experimental Procedures 
 

The material studied was a closed cell PVC foam, Divinycell H250, having a density of 250 kg/m3. The 
material was obtained in the form of 25 mm thick panels. It is an orthotropic/transversely isotropic material 
with principal axes as shown in Fig. 1. This material has been characterized before under loading along 
the principal material axes as shown in Fig.2. 
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Figure 1. Principal material axes of Divinycell H250 foam 

Figure 2. Typical  stress-strain curves of Divinycell H250 foam loade along principal directions[2]. 
 
A more complete characterization of this material was performed by means of static and high rate tests 
along principal material axes as well as off-axis directions under tension, compression, and shear (at 
orientations of 0, 20,  45, 70, and 90 deg with the 3-axis, Fig. 3).  

3-axis

1-axis  
Figure 3. Off-axis testing of foam specimens  
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On-axis and off-axis coupons were tested under stress control as shown in Fig. 4. Strains were measured 
by means of Moiré gratings photoprinted on the specimen surface. 

Figure 4. Stress-controlled experiments 

Strain-controlled experiments were conducted using specimens and fixtures such as those shown in Fig. 
5 at quasi-static and moderate strain rates. These tests, corresponding to strain rates of 10-4 and 1 s-1 , 
respectively, were conducted in a servo-hydraulic machine. The optimum specimen aspect ratio was 
determined by Finite Element Analysis (Fig. 6). The higher the aspect ratio the more homogeneous is the 
state of strain. An aspect ratio of 10 was deemed suitable for the experiments. 
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Figure 5. Strain-controlled experiments. 

 
High strain rate tests were conducted using a split Hopkinson Pressure Bar (SHPB) system built for the 
purpose (Fig. 5). This SHPB system was made of polymeric (polycarbonate) bars. The polycarbonate 
material has an impedance that is closer to that of foam than metals as shown in Table 1 below. The 
viscoelastic wave propagation in the polycarbonate rods was analyzed by FFT and the frequency 
dependence of the attenuation and phase velocity in the rods was determined. The transformed strain, 
velocity and force (stress) in the specimen were obtained as a function of frequency. 
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Figure 6. Selection of specimen aspect ratio for strain-controlled experiments 

 
 

Figure 7. Split Hopkinson pressure bar with polymeric bars for testing foam materials 

 
Table 1. Impedances of Hopkinson bar and foam materials 

Material E, MPa 3kg/m,ρ  smkg 2/),( pcZ =  

Steel 207,000 7,800 7100.4 ×  
 

Aluminum 73,000 2,800 7104.1 ×  
 

Polycarbonate 2,410 1,200 6107.1 ×  
 

PVC Foam 
(DIAB H250) 

322 
(through-thickness) 

 

250 5108.2 ×  

PVC Foam 
(DIAB H250) 

207 
(in-plane) 

250 5103.2 ×  
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Stress-Controlled Experiments 
 

Compressive stress-strain curves for the off-axis specimens tested under stress-controlled conditions are 
shown in Fig. 8. The effect of anisotropy and stress biaxiality is reflected in the variation in axial modulus 
and characteristic first peak in the stress-strain curve. The latter is the “critical point” of initiation of local 
collapse of the cell structure. The variation of the axial modulus and this critical point with load orientation 
is shown in Figs. 9 and 10. 
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Figure 8. Compressive stress-strain curves of off-axis specimens for loading orientations of 0, 20,  45, 70, 
and 90 deg with the 1-2 plane. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Variation of axial modulus with load orientation from the 1-2 plane 
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Figure 10. Variation of “critical stress” of cell structure with load orientation from the 1-2 plane 
 
 
The above tests yielded the engineering constants, E1 = E2 , E3 , ν12 , ν13 = ν23  , G12 , G13 = G23  of the 
material shown in Table 2. 
 

Strain-Controlled Experiments 
 
Compressive stress-strain curves along the in-plane and through-thickness directions for the strain-
controlled (constrained) experiments are shown in Fig. 11. All strain components other than the one 
measured are constrained to be zero. These curves yield the stiffnesses C11 = C22  and C33. 
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Figure 11. Stress-strain curves under uniaxial strain compression 

 
Shear stress-strain curves are shown in Fig. 12. Only shear strain was applied, all other normal strains 
were zero. This test yields the shear moduli G12 and G13 . 
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Figure 12. Strain-controlled shear stress-strain curves on the 1-2 and 1-3 planes. 
 
Stress-strain curves under strain-controlled conditions were obtained at three strain rates and are shown 
in Fig. 13. Results at the highest rate of 103 s-1 were obtained with the SHPB system. 
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Figure 9. Compressive stress-strain curves in the in-plane (1 or 2) direction obtained under  

strain- controlled conditions. 
 

The strain-controlled experiments did not yield the Poisson’s ratios directly. These were calculated by the 
known interrelations between the engineering and mathematical stiffness constants.The mathematical 
constants C11 = C22 and C33 are related to the engineering constants as follows: 
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From the above, we can obtain the Poisson’s ratios as follows: 

 
 
 
 

    (3) 
 
 
 
           (4) 
 

Results from the second set of tests are summarized in Table 2 below. 
 

Table 2.  Mechanical Properties of Divinycell H250 
 

               
Strain Rate, 1−s  

 

Property 
410−  1 310−  

 

In-plane Young’s Modulus 
,21 EE = MPa 

 
          207 

  

Through-thickness Young’s Modulus 

3E , MPa 

 
         322 

 

  

Poisson’s Ratio, 12ν    
 

0.29 
 

0.26                 
 

0.26 

Poisson’s Ratio, 2313 νν =   
 

0.20 
 

               0.19                
 

0.19 

In-plane Shear Modulus, 12G , MPa 
   

           85 
 
                 87 

 

 

Through-thickness Shear Modulus 

2313 GG = , MPa 

 
         110 

 
               111 

 

Stiffness, 2211 CC = , MPa 
    

         250                247                254 
 

Stiffness, 33C , MPa  
  

         388                378   
 

              399 
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Summary and Conclusions 
 

An anisotropic cellular foam, Divinycell H250, used in sandwich structures was characterized under quasi-
static and dynamic loading conditions. Two types of tests were conducted under quasi-static loading, 
stress-controlled and strain-controlled tests. Tests were run at various orientations with respect to the 
principal material axes. These tests allowed the determination of the complete set of both engineering 
and mathematical stiffness constants. Tests were also conducted at an intermediate strain rate of 1 s-1 
and also at a high rate of 103 s-1 by means of a Split Hopkinson Pressure Bar. It was observed that the 
stiffness, based on the initial slope of the stress-strain curves, did not change with strain rate. However, 
the characteristic peak following the proportional limit increased noticeably with strain rate. This peak is 
the “critical point” corresponding to collapse initiation of the cells in the foam. This peak is followed by a 
“strain hardening” region before densification at very high strains. 
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