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Abstract Cellular polymer foams find extensive applications as energy absorbers
under static, impact and blast loads due to their capacity to absorb energy under con-
stant stress up to full densification strain (Ashby et al. Metal foams: a design guide.
Butterworth-Heinemann, Oxford, 2000 [1]; Gibson and Ashby, Cellular solids: struc-
ture and properties. Cambridge University Press, Cambridge, 1999 [2]). In the present
paper, the material characterization of natural latex cellular polymer foam used in
the field air blast experiments (Venkataramana et al. Proc Eng 173:547-554, 2017
[3]; Venkataramana et al. Numerical simulation of blast wave mitigation using foam
impregnated with water. DAE BRNS Symposium on Multiscale Modeling of Mate-
rials and Devices (MMMD-2014), 2014 [4]) performed to assess the blast mitigation
effect of fluid-filled open-cell pin-core polymer foam is presented. Static compres-
sion tests were performed to study the quasi-static behavior of the pin-core latex
polymer foam. The Ogden hyper-elastic material parameters are determined from
the analysis of static compression test data using ADINA (automatic dynamic incre-
mental nonlinear analysis) v 9.2, ADINA R&D, Inc., Watertown [5]). Further, results
of the static compression tests on dry foam and water-saturated foam are compared
and discussed. In addition, the dynamic behavior of the pin-core latex cellular foam
is investigated by conducting drop tower impact experiment and numerical simu-
lation of the drop tower experiment using LS-DYNA (LS-DYNA v971, Livermore
Software Technology Corporation, Livermore [6]). The stress—time history from the
drop tower experiment is compared with that of simulation, and good correlation is
found between the two sets of results.
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5.1 Introduction

Cellular polymer foams consist of a three-dimensional array of interconnected cells
with solid cell walls and cell faces. When the cell faces are open, they are called
open-celled foams, and when the cell faces are closed, they are called closed-cell
foams. The cellular polymer foams are characterized by their relative density defined
as (p*/ps), where p* is the overall density of the foam, and ps is that of the solid
of which the foam is made. The relative density of foams varies from less than
0.3 to as low as 0.003. The porosity of the foam is defined as 1 — (p*/ps). Low-
density open-cell polymer foams have porosity up to 0.97. The densification strain
for open-cell elastomeric polymer foams is given by [2] ep = 1 — 1.4(p*/ps).
Flexible polymer foams such as open-cell latex polymer foam absorb energy by
elastic bending and buckling of cell walls and release the energy after the load is
removed. Though their use as energy absorbers under static and low-velocity impact
loads in automobile and packaging industry is well known, low-density open-cell
polymer foams have also drawn the attention of researchers for military applications
as energy absorbers under blast and impact loads [7-10]. Dawson [7] analyzed the
fluid-filled open-cell polymer foam for blast mitigation, and Venkataramana et al. [3,
4, 11] have experimentally and numerically investigated the application of open-cell
natural latex polymer foam filled with fluid for mitigating the close-range air blast
effects on structures. However, the material properties of the pin-core latex polymer
foam used in the blast experiments are not available in open literature.

Typical compositions and manufacturing methods of the pin-core natural latex
polymer foam are discussed by Rani (Chap. 9) in Ref. [12]. The natural latex pin-
core open-cell polymer foam used in the current experiments is manufactured by
MM foam Ltd. [13]. The foam is categorized as low-density elastomeric cellular
polymer foam with an overall density of 20 kg/m?, relative density (p*/p;) of 0.022
and 97.8% porosity. This paper presents results of static compression tests and drop
tower impact experiments performed to characterize the open-cell pin-core latex
polymer foam under static and dynamic loading conditions. In addition, numerical
simulations of the static compression tests and drop tower impact experiments are
performed, and the simulation results are compared with the experimental data.

5.2 Drop Tower Experiment on Foam

The drop tower experiments were performed on a miniature drop tower, which is
a small-scale drop tower designed to perform experiments on soft materials like
polymer foams. The drop tower experimental setup is shown in Fig. 5.1. Drop tower
tests were conducted on 100 mm thick foam block of base size 150 mm x 150 mm.
The drop weight is allowed to fall freely under gravity on the foam block from
a predetermined height. The impact of the drop weight imparts an initial velocity
Vo = +/2gh to the top surface of the foam block. The force-time history acting
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Fig. 5.1 Experimental setup for drop tower experiment on foam block of 150 mm x 150 mm x
100 mm

on the foam block is acquired by the data acquisition system attached to the drop
tower. The force—time history (Fig. 5.2) is converted into acceleration—time history
and then is integrated twice to get the displacement—time history of the foam block.
The displacement—time history is used to calculate the strain—time history developed
in the foam and finally the dynamic stress—strain curve is derived. The experimental

dynamic stress—strain response of the foam is shown in Fig. 5.3 which shows a
0.26 MPa stress at 19% strain.

-
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Fig. 5.2 Force-time history, with time from the point of contact between the drop weight and the
foam
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Fig. 5.3 Experimental dynamic stress—strain curve of foam block for up to 19% strain

5.2.1 Simulation of Drop Tower Experiment

Simulations of the drop tower experiments are performed with LS-DYNA [6] code.
The simulation setup is shown in Fig. 5.4. The foam block and the drop weight are
meshed with brick elements. The bottom of the foam block is fixed in all degrees of
freedom. The drop weight is modeled as an elastic steel plate. In order to simulate the
experimental conditions, the plate is given an initial velocity corresponds to the veloc-
ity acquired by the free-falling mass, V = /2gh. The interaction of the plate with the
foam block is enforced by surface-to-surface contact algorithm in LS-DYNA. The
dynamic behavior of the foam is modeled by MAT_FU_CHANG_FOAM material
model (Mat_083) available in LS-DYNA. This material model is suitable to model
dynamic compressive behavior of low-density foams, and it allows the stress—strain
curves from drop tower experiments to be directly used as input to LS-DYNA material
model. The stress—strain values of the foam derived from the drop tower experiment
are given as input for the FU_CHANG_FOAM material model [14]. The LS-DYNA
program internally calculates the other material parameters using the input test data.
The force—time history from the drop tower experiment is converted into stress—time
history and compared with that of simulation shown in Fig. 5.5. It is seen that there
is a good agreement between the experimental and simulated stress—time history.

Drop weight

Initial velocity V, v
given toplate

Fig. 5.4 Simulation of drop tower test using LS-DYNA
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Fig. 5.5 Normal stress—time response of the foam block for 0.13 m height fall of drop weight of
13 kg

5.3 Static Compression Tests on Foam

The foam block used in the actual blast experiments is 100 mm in thickness. The foam
is made from natural latex using pin-core method of manufacturing. The pin-core
method introduces uniformly distributed cylindrical holes of approximately 5 mm
diameter in the foam block. Foam specimens of full thickness (100 mm thick) of foam
block used in the field air blast experiments are used in the static compression tests in
order to determine the properties of the material in conditions as close as possible to
the actual field conditions in which the foam is used. The test specimen is of square
base size 150 mm x 150 mm and 100 mm thickness. The specimen size is greater
than the minimum size (50 mm x 50 mm base and 25 mm thickness) recommended
by the ASTM standard D3574-11 [15] for compression testing of flexible polymer
foams. Figure 5.6 shows the natural latex polymer pin-core foam used in the field

Fig. 5.6 Natural latex
pin-core polymer foam used
in the field air blast
experiments [3, 11]
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Fig. 5.7 Dry foam testing a foam at initial condition and b foam at 95% compression

Table 5.1 Summary of compression tests performed on dry foam

Test no. | Compression stroke | Crosshead speed Peak force (N) | Original thickness
length (mm) (mm/s) of foam specimen
(mm)
95 10 2173 100
95 20 1980 100
94.2 40 1688 100

air blast experiments. The foam specimen during the compression test is shown in
Fig. 5.7.

The uniaxial compression tests were performed at various crosshead speeds.
Table 5.1 summarizes the compression tests performed on the dry foam. Figure 5.8
shows the compressive stress—strain response of the dry foam. There was no perma-
nent set observed in the compression test. The foam block completely recovered its
initial shape on removal of the load. The foam thus remained elastic during one static
uniaxial compression loading and unloading cycle.

As it can be seen from Table 5.1, as the crosshead speed is increased from 10 mm/s
to 40 mm/s, the peak load is decreased from 2173 to 1688 N and a 22% reduction in
peak-load-carrying capacity at 95% compression. This reduction of peak load may
be attributed to early crushing of cell walls at high crosshead speeds (high strain
rates). When the foam is loaded slowly, the foam cells get enough time to come
to equilibrium with the applied load till peak load is reached, whereas at higher
crosshead speeds, early crushing of the foam cell walls results in reduction in the
peak-load-carrying capacity of the foam.

Compression tests were also performed on foam fully saturated with water, and the
corresponding stress—strain response is compared with that of dry foam in Fig. 5.9.
It has been observed that water in the pores of the foam contributed to the load-
carrying capacity of the foam. Peak stress in the dry foam is observed to be 96,489,
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Fig. 5.8 Experimental stress—strain curves of foam at crosshead speeds of 10, 20 and 40 mm/s
(corresponding strain rates are 0.1 s, 0.2 s~!, and 0.4 s~!, respectively). The peak stress at
40 mm/s crosshead speed is less than the peak stress at 10 and 20 mm/s speed
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Fig. 5.9 Comparison of experimental stress—strain curves of foam at crosshead speeds of 10 mm/s
(strain rates are 0.1 s~1), for dry foam and water-saturated foam

and 118,489 Pa in water-saturated foam, an increase of 22.8% with the presence of
water in the pores. This increase in strength is due to the additional work required to
expel the fluid (water) from the foam during its compression [4]. It is further observed
from Fig. 5.9 that the unloading curve is steeper for the water-saturated foam, with
the stress decreasing rapidly at almost constant strain.

This is due to the loss of elasticity of the foam in the presence of water during
the unloading cycle as the foam remained at maximum strain like a perfectly plastic
material until the load is almost completely removed. The sudden change in the
slope in the unloading curve shown in Fig. 5.9 is due to the sudden elastic recovery
of the foam at the end of unloading cycle, when the load is almost removed. The
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compression tests with water-saturated foam were repeated, and they gave the same
stress—strain curve as shown in Fig. 5.9.

5.4 Simulation of Static Compression Tests

The static uniaxial compression tests on the dry foam are simulated using ADINA
[5] finite element software. The 150 mm x 150 mm x 100 mm?> test specimen
is represented by a plane strain model. The bottom support and the top plate are
treated as rigid surfaces. Frictionless contact between the foam and the supports
is assumed. The top rigid plate is given downward displacement corresponding to
the compression stroke during the uniaxial compression experiment. The problem is
solved in small time steps considering the material and geometric nonlinearities.

5.4.1 Material Model

The dry foam is modeled with Ogden hyper-elastic material model [5] with its param-
eters determined from the uniaxial compression experimental data. Ogden material
model is based on the following expression for strain energy density (i.e., strain
energy per unit volume) [16]:

9
Mnr,a, o, oy, 2
Wp = ; (an [AT" 4+ A5 + 25 3]) N/m (5.1)
where u, and o, are the Ogden material constants and A;’s are the square roots of
the principal stretches of the Cauchy—Green deformation tensor. Choosing only p,,
a, # 0,n=1,2, 3, the standard three-term Ogden material description is recovered
from the general model given by Eq. (5.1). The Ogden material model coefficients
are determined by least-squares fit between the test data and the strain energy density
function. The coefficients determined using ADINA for the latex polymer foam are
given in Table 5.2, and the curve fit to compression experimental data is shown in
Fig. 5.10.

Table 5.2 Ogden material [ parameter Value (N/m?) « parameter Value

model parameters for the

natural latex pin-core cellular ~ #1 681.5047 o L3

polymer foam "y 11.45471 o 6.3
w3 43.09203 a3 -2.5
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Fig. 5.10 Curve fit to the latex polymer foam compression test data in ADINA

Using the Ogden material parameters from Table 5.2, the stress—strain curves of
the foam material from the UTM compression test and the simulation are shown in
Fig. 5.11 which shows good agreement between the two.
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Fig. 5.11 Comparison of experimental and simulation stress—strain curves for compression test on
latex foam
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5.5 Conclusions

The dynamic response of pin-core natural latex open-cell polymer foam is deter-
mined by conducting drop tower impact experiments on the foam. Simulations of
the drop tower experiments are performed with LS-DYNA, and good agreement is
obtained for the force—time history derived from the experiments and simulation.
Further, static uniaxial compression tests were carried out on the foam using univer-
sal testing machine (UTM). The compression test data were analyzed to determine
the Ogden hyper-elastic material model parameters for the foam. In addition, numer-
ical simulations of the uniaxial static compression tests on the foam were done using
ADINA code, and good agreement was found between the test data and simulation
results for the uniaxial compression stress—strain response. Furthermore, the effect
of the water on the uniaxial compressive behavior of water-saturated open-cell latex
polymer foam is demonstrated experimentally.
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