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Abstract

With Lagrangian meshes and the LS-DYNA FEA explicit solver, Mat #63 — Crushable Foamis used to simulate the
Phenolic foam — a candidate material for an EMAS core[7]. The simulated conditions include three scenarios:
unconfined uniaxial compression, confined uniaxial compression and plate penetration into a large block. The three
scenarios are purposely chosen for utilizing test data and validating simulation results. The simulations reveal that
when an hourglass control is needed, the parameters for the control can significantly affect the results. The
simulations with element formulations ELFORM=2 and 3 deliver better results than ELFORM=1. However,
ELFORM=1 isthe least expensive due to savingsin computation time. ELFORM=3 is much more expensive than
ELFORM=2 even with similar accuracy. When there is a symmetrical modeling condition, a reduced model size not
only can save computational cost, but also sometimes can achieve greater accuracy. The simulation results are very
sengitive to the value of TSC. For the very weak crushable material, a proper small value of TSC is preferred,
instead of absolute zero.

At extreme large deformation, the Lagrangian meshes may not work well because of extreme element distortion,
which is observed in the scenario of plate penetration into a large block.

I ntroduction

There were 44 overruns [1] worldwide in 2005. According to statistical data[3], “on average, 10
overruns annually occur in the United States’. These overruns often result in catastrophic
property damages and serious injuries or fatalities. To minimize the casualties and property
damages, EMAS (Engineered Materia Arresting System) was developed [2] in 1990’s.

Since the debut of the EMAS system, it is accepted by aviation communities as an effective
means to safely stop an aircraft in an overrun situation. The system isinstalled in a Runway
Safety Area beyond arunway end. When an aircraft overrunsinto EMAS, the system generates
resistive loads on the aircraft landing gears, which resultsin a gradual deceleration of the
aircraft. The EMAS systems have successfully captured a number of aircraft overruns [3-5]. The
results are in both saving lives and preventing aircraft damage.

There are about 50 EMAS systems [6] installed internationally up to date. The core materials
used by EMAS systems are crushable materials, which are the mgjor contributors to absorb
aircraft kinetic energy. One type of candidate materials for the EMAS core, studied in Ref. [7], is
crushable foam such as Phenolic foam. Detail modeling on the Phenolic foam with LS-DYNA is
studied in this paper.
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Material Modeling Consider ation

The crushable foam which is often used for absorbing kinetic energy haslots of collapsible pore
microstructures inside. Sometimes the pore structure is also called the cellular structure. The
material behaviors under elastic-plastic large deformation conditions have been studied in a
number of published papers|[7-10]. Under auniaxial compression test, the type of the crushable
foam usually has the similar pattern on a stress-strain curve. As example, a compression test
result of stress-strain curve for Phenolic foam [7] isshown in Fig. 1, in which the typical three
characteristic deformation stages can be clearly observed.

In the early deformation stage and before the stress reaches a plastic plateau, the material is
mainly deformed in alinear elastic manner and the deformation is very small. Near and before
reaching the plateau, the material may experience a certain level of nonlinear deformation due to
yielding of pore microstructure walls. In addition, at the beginning of the plateau, insignificant
material softening can be observed, which may not be seen for some types of crushable foam, or
even on opposite way - a certain level of hardening. The behaviors presented here are very much
common on solid materials.

From about 5% to 70% deformation — within afairly large range, the stressforms arelative
constant plateau, which reflects that pore microstructures inside the material are consistently
collapsed and generate consistent resistance. And the material isunder irreversible progressive
plastic failure, which can significantly absorb and dissipate energy. This stage makes up the main
reason that the material is so popularly used for impact energy absorption and shock mitigation,
which usually doesn’t exist in other solid materials.

PHENOLIC FOAM/PLATE TEST RESULTS
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Fig. 1 An unconfined uniaxial compression test result [7]

At the last stage when the deformation reaches higher than 70%, al cellular pore microstructures
are destroyed and the crushed material is under compaction. Therefore, the stress rapidly
increases as the compression progresses further and the failed material quickly reaches up to an
incompressible solid phase.
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To maximize the EMAS energy absorption capability, properly modeling the crushable foam
material and understanding its energy absorption process are extremely important. With some
experimental data available [7], Material #63 — crushable-foam in LS-DY NA is selected to
model this type of the crushable foam material. The validation of using Material #63 and
normality of its parameters are investigated. Based on the availability of experimental data, three
different simulation scenarios are considered. Material performances under a standard uniaxial
compression on an unconfined cylindrical sample, a uniaxial compression on a confined
cylindrical sample, and a penetration with acircular flat plate onto alarge block are investigated,
respectively. Simulations on uniaxial compression and plate penetration are compared with the
experimental results.

To better understand simulation results, the effects of different conditions such as hourglass
parameters, element formulations, model symmetric conditions and tensile stress cutoff (TSC)

are discussed. Due to extremely low density of the Phenolic foam, the dynamic impact load in
simulationsis not given a specia attention in this study.

Unconfined Uniaxial Compression Simulation

According to the test results shown in Fig. 1, amaterial uniaxial compression curve with similar
stress-strain relationship in Fig. 2 is prepared for the computer simulation.
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Fig. 2 Material uniaxial compression stress-strain used in simulation

The Lagrangian FEM with LS-DY NA is selected. Because the material is very brittle and has
ignorable lateral deformation under compression, the Poisson ratio is very small. Therefore, the
engineering uniaxial compression stress-strain curve can be considered as a uniaxial compression
stress versus a volumetric strain.

For the uniaxial compression simulation, the 3-D mesh model is generated, which includes atop
rigid plate and a Phenolic foam cylinder, as shown in Fig. 3. The Phenolic foam is modeled by
Mat #63, and has the size: 50 mm in height and 25.4 mm in radius. A round top rigid plate
compresses the Phenolic cylinder at the speed of 133 mm/sec. Because the modeling condition is
axisymmetric, only a quarter of the full model is used.
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Fig. 3 3-D mesh model for the unconfined uniaxial compression simulation
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Fig. 4 Simulation resultsat t=0.3 sec for the unconfined uniaxial compression
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Fig. 5 Energy resultsfor the unconfined uniaxial compression
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Fig. 6 Comparison between test and simulation for the unconfined uniaxial compression

With ELFORM=1 and default settingsin CONTROL_HOURGLASS, the simulation results are
presented in Figs. 4 — 6. Because the top plate is not big enough, the Phenolic material isleaking
out around the plate edge as the compression progresses. And since some of the material isno
longer underneath the top plate (Fig. 4), lower resistance against the top plate may take place.
The hourglass energy, as shown in Fig. 5, isvery small, which means it needs a control and the
current hourglass control does work well. The ssimulated average stress acting on the top plate

(Fig. 6) isin good agreement with test data.

To further study the interaction between the plate and the Phenolic material, more simulations
with different conditions from the previous base case are considered in following cases.

Case 1: Using Element Formulation ELFORM =3
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Fig. 7 Simulation resultsat t=0.3 sec for Case 1
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Unconfined Uniaxial Compression
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Fig. 8 Averagestressfor the unconfined uniaxial compression

In this case, al conditions are the same as in the base case, except ELFORM is 3 rather than 1.
Figs. 7 and 8 show simulation results for Case 1. The similar material leaking (Fig. 7) can be
observed. Compared to the average stress in the base case (Fig. 8), the stressin Case 1 with
ELFORM=3 shows an agreement in alow strain range and a difference in ahigh strain range. In
overall, ELFORM=3 gives a better match to test data than ELFORM=1. ELFORM=1 isdlightly
stiffer than ELFORM=3. However, ELFORM=1 uses the least computation time.

Case 2: Using Bigger Top Plate

To prevent material leaking as observed in both the base case and Case 1, this case uses a much
bigger top plate. And all other conditions are the same as used in Case 1. The simulation results
are presented in Figs. 8 and 9. In comparison to in Case 1, it’ s obvious that the average stressin
Case 2 (Fig. 8) does increase at a high strain range due to no material leaking (Fig. 9).
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Fig. 9 Simulation resultsfor Case 2

Case 3: Confining Bottom of the Phenolic Foam Cylinder

Based on the conditions in the base case (ELFORM=1, IHQ=1, QH=0.1), the physics with an
additional confinement/constraint on the bottom of the Phenolic cylinder is simulated. The
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simulation results for Case 3 are shown in Figs. 10 — 12. The bottom constraint can be observed
from 3-D viewsin Fig. 10, when the deformation is significant large. The hourglass energy as
shown in Fig. 11 iswell controlled. In comparison to the base case, it’ s interesting that the stress
for Case 3 isthe same, as shownin Fig. 12.
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Fig. 10 Simulation results with confined bottom for Case 3
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Fig. 11 Energy resultswith confined bottom for Case 3
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Fig. 12 Averagestressfor different hourglass controls and bottom confinement
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Case 4: Using Different Hourglass Control

Based on the ssimulation conditionsin Case 3 (IHQ=1 and QH=0.1), the new simulation case -
Case 4 is constructed by changing the hourglass control parametersto IHQ=6 and QH=1. It's
very interesting that the simulation results (Figs. 12 — 14) for Case 4 are completely different
from what are obtained in Case 3. The 3-D viewsin Fig. 13 shows that the Phenolic cylinder is
deformed only in the unaxial direction, which obviously doesn’t make any sense. The hourglass
control with IHQ=6 and QH=1 for Case 4 extremely overwhelms the compression reality. Of
course the hourglass is definitely under control (Fig. 14). The simulated compression is similar to
a confined volumetric compression, and the average stress for Case 4 closely matches the test
data (Fig. 12).

To further confirm that the unrealistic compression is caused by the improper hourglass control
and not caused by the condition of the bottom confinement on the Phenolic cylinder, an
additional simulation without confining the bottom is performed. The result is shown in Fig. 15,
and the unrealistic compression shows up again.
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Fig. 13 Simulation resultswith IHQ=6, QH=1 for Case 4
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Fig. 14 Energy resultswith IHQ=6, QH=1for Case 4
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Case 5: Using a Full Model with ELFORM=2 and 3

In al previous cases, only aquarter of the full model is simulated. To investigate whether there
are any differences on simulation results between the quarter and full models, the full model is
used in this case. Because the full model is axisymmetric, the simulation results for both the

partial and full model theoretically should be the same.

However, from the simulation results (Figs. 16 - 18) with the full model for ELFORM=2 and 3,
expected axisymmteric deformation in 3-D views cannot be observed, as shown in Figs. 16 and
18. Thisindicates that random numerical errors can be accumulated during computation and

eventually large enough to affect final simulation results.

In addition, the average stresses for ELFORM=2 and 3 are very much similar (Fig. 17).
However, the stresses for both full models show dlightly stiffer than for the quarter model.
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0.4 Unconfined Uniaxial Compression
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Fig. 17 Average stresscomparison for the quarter and full models
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Fig. 18 Simulation resultswith ELFORM =2 for Case 5

For al discussionsin above cases, preliminary conclusions on simulating unconfined Phenolic
foam can summarize as:

1. When ahourglass control is needed, be careful with parameter values.

2. ELFORM=2 and 3 are better than ELFORM=1 in simulation accuracy. However,
ELFORM=L1 isthe least expensive.

3. Utilizing symmetrical conditionsto reduce a model size not only can save computing
cost, but al'so can achieve greater accuracy.

Confined Uniaxial Compression Simulation
For the confined uniaxial compression simulation, conditions are the same as these used in the

base case in the previous section. The only difference is that the Phenolic cylinder is confined
inside arigid cup.
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The full model ssimulation results are presented in Figs. 19 — 21. In comparison to the result (Fig.
20) with ELFORM=3, compressed layers of the Phenolic foam with ELFORM=2 don’t penetrate
(Fig. 19) to each other, which of course indicates that ELFORM=2 is better. The average stress
with ELFORM=2, shown in Fig. 21, is much smoother and in better agreement with test results
than ELFORM=3, too. For ELFORM=1, the result is the same as for ELFORM=2, which isvery
much similar to atriaxial volumetric compression.

In addition, a quarter of the full model with ELFORM=3 is simulated (Fig. 22) for comparison
purpose. It s not clear why the average stress for the quarter model, shown in Fig. 22, is more
fluctuated and seems instable. With current simulation conditions, the results for the full and
quarter models are dightly different.
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Fig. 20 Simulation resultswith ELFORM =3 for confined compression
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Fig. 21 Averagestresson thetop platefor the confined uniaxial compression

LS-DVNA keyword deck by L5-Prep
Time =
Contours of Effective Plastic Strain
min=-2.33091, at node 4102

max=-0.0660592, at nodes 4322

LS-DYNA keyword deck by L5-Prepost
Time =

Fringe Levels
-6.606e-02

-2.331e+00

z 7
¥x Wx
LS-DVHA keyword deck by LS-Prepost LS-DVHA keyword deck by LS-Prepost
Time= 047 Time= 0.3
7 z
Wy Wx

Fig. 22 Simulation resultsfor a quarter model with ELFORM =3

For these four simulation cases, CPU usage is summarized in Table 1. According to the table,
ELFORM=1 is the most inexpensive among these cases, because it can save computation time.
ELFORM=3 is much more expensive than ELFORM=2, even with similar accuracy which has
been discussed previously. Therefore, ELFORM=2 is recommended if computational cost is not
abig concern. When there is a symmetrical modeling condition, areduced model size (a quarter
or half of afull model) can definitely save computational cost.

Table1l CPU usage comparison

Simulation Case # of Processors | CUP Time (s)
ELFORM=1 Full Model 4 1768
ELFORM=2 Full Model 2 10944
ELFORM=3 Full Model 4 12893

ELFORM=3 Quarter Model 4 5113
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Plate Penetration Simulation

The scenario that arigid plate at the speed of 25.4 mm/s penetrates into alarge Phenolic block is
simulated. To model the large Phenolic block, a size of 400 mm in diameter by 300 mm in height
is used. The Phenolic material is modeled by Mat #63, which is the same as used in previous
sections.

The simulation results with ELFORM =2, 3 and TSC=0.02 are presented in Figs. 23 —25. The
strain in Fig. 24 is defined as (penetration of the top plate)/(block height 300 mm), which isjust
for areference purpose because the definition is obviously no longer accurate in theory. In
comparison of Fig. 23 and 25, the material compression pattern underneath the plate for
ELFORM=2 and 3 are very much similar. The similarity can aso be observed on average stress
inFig. 24.
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Fig. 23 Simulation resultswith ELFORM =2 for plate penetration
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Fig. 24 Average stresson thetop plate for plate penetration

It's very interesting that the deformed materials around and above the edges of the top plates are
formed differently for ELFORM=2 and 3, and it’ s very difficult to judge which oneis closer to
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reality. For both cases, the large deformation around edges extremely distorts the Lagrangian
meshes. Based on author’ s experience, the distortion often results in abnormal simulation
termination due to critical computation errors. Solving the mesh distortion problem for extreme
large deformation may demand other numerical methodologies such as SPH, ALE and FSI.
Using these methodol ogies to improve the simulations is beyond the scope of this study.
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Fig. 25 Simulation resultswith ELFORM =3 for plate penetration

In addition, for the purpose of testing the simulation sensitivity on TSC, a case with TSC=0 and
ELFORM=3 is simulated (see Figs. 26 and 27). It can be observed that the deformation of the
Phenolic material turns more elastic companied with very little shear and compression (Fig. 26).
The average stress for TSC=0 is extremely low (Fig. 27), which isalmost invisible in Fig. 24.
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Fig. 26 Simulation resultswith ELFORM=3, TSC=0
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Fig. 27 A close-up view on average stressfor plate penetration
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