REPORT DOCUMENTATION PAGE BRI

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other
aspect of this collection of information, Including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information
Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other
provision of law, no person shall be subject to any penaity for failing to comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) { 2. REPORT TYPE 3. DATES COVERED (From - To)
05/13/2010 Performance/Technical Report Feb 2008 - May 2010

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

A Fluid Helmet Liner for Protection Against Blast Induced Traumatic Brain

Injury

5b. GRANT NUMBER

N00014-08-1-0261
5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Young, Laurence, R. Goel, Rahul
Son, Steven, F. Vechart, Andrew, P.

' ! : . 5e. TASK NUMBER
Christou, George, A. Schimizze, Benjamin, R.

Alley, Matthew, D.

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Massachusetts Institute of Technology REPORT NUMBER

77 Massachusetts Avenue
Cambridge, MA 02139

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'’S ACRONYM(S)

Office of Naval Research ONR

875 North Randolph Street

Arlington, VA 22203-1995 11, SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for Public Release; distribution is Unlimited

20100519237

14, ABSTRACT

Development of a new ACH liner design using the novel idea of including filler materials inside channels in the liner is well
underway. An energy absorbing foam has been selected for the main liner structure, and several filler material candidates
of widely varying properties are being considered. To date material has been evaluated both experimentally and
numerically. In the very near future tests will commence on three dimensional prototypes of the newly designed liner.
Numerical studies will include coupled simulations with a detailed finite element head model, providing insight into the effect
of the new liner on the brain's response to a blast wave impact.

15. SUBJECT TERMS
Traumatic Brain Injury, IED, Blast Mitigation, Blast Loading Simulation

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF | 18. NUMBER| 19a. NAME OF RESPONSIBLE PERSON
a. REPORT | b. ABSTRACT | c. THIS PAGE|  ABSTRACT g:GES Andrew P. Vechart

19b. TELEPHONE NUMBER (include area code)
u u u SAR 50 617-324-0529

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39.18



A Fluid Helmet Liner for Protection against Blast Induced Traumatic Brain Injury
Performance/Technical Report May 2010

ONR Award Number NO0014-08-1-0261

Laurence R. Young
Steven F. Son
George A. Christou
Matthew D. Alley
Rahul Goel
Andrew P. Vechart
Benjamin R. Schimizze



Table of Contents

Report DOCUMENTAtION PABE ......ccvviiiiieeeiiiiirieeecitiie e ceietee e srrateessseaeessessteeesesesssaesaeessssaesaessnssnneseesessssnnesesan 2
1 213 4 - [ RSPt 4
FINGE SUMMAIY oottt et et te st e ates s s eesae e e s aee s eas e s sabe s senen s esnmtessamaaseas 5
Objectives Of the Profect........uuiiiiii ittt csat st s ssan sst et st s ase s esvasnnens 9
Comparison of Actual Activities with Initially Planned ACtIVITIES .......covvvveiiiiiiieiiiiiiecreee e 10
O AU T SURVEY e riueeireeeiraeesssiinnassseesssarsassisssssssssiansansssidsthanssiasnnessuesstontustassnbesstashiasonissstasthtenssmnsnnarsspatsnnainnns 12
EXPEIIMEINTS ...ttt ettt ee ettt s e e e et e s saa e aaseesasasae s betesasbaansbaessatntesrbaassasbanas 13
S d oo LT T TP T T T T 13

B o | i 21 €T | L P 16
~Old EXPEFIMENTAl SELUP ....oiiiiiiiicieeiiiiecit et teeeteee it e s sre s s e e ee st baaesteess sbesansssassssnanessanas srsesssasseesrssaenas 17

e A 12 [ o Yol T e el 19

s 0 ) Gl 1S S D N SO0 S U S SOOI Y RO U 22
“NEW EXPERIMENTAl SELUP....iiitiiiiiiiiiiiie ettt ceee e este e e erbeeeresseesbeeosbassessabessosnsessssbessanssesssnsssessenssones 22
1L Y - =T ] OO OO OO TR TR 23
<-RESUILS ANd DiSCUSSION......iiciiiirieciieiteeiteeite st e e steeeteeste e e e estesabe e s seebaebeeasseeasseessasassenseeesseesasensanes 24

= COMICIUSIONS 1o cuvireeiteeeeieeeitireesiteeesreeesteessee e ebaeesaneaesaraesssassassssaessasasenssesasssessareensassnssssstensassensnssnsasas 26
VT g Y=Y g Tor: ] 1Y o 1] O U ST 26
-Validation of Shock Wave Propagation...........eeireciieeoniier e eseeeessiesseessssessessssessssssessssssssssssesssssssess 27
SMALEIIAl MOUEIINE .ottt te e tre st s tte s et e s e s s be s s beessb s st essbrasssaseeesnssaaessaessosseanon 28

B oY L= = ol o) o] T T e e Pt SR s 30
--Geometry and BoUndary CoNAitiONS ........oicveeieeecieeeeree e e asae e s esababe s e ssanasesessnnnees 30
--Mesh and Material ASSIZNMIENT .........cccoiiie ittt eene e et esee e s saseseneeenneeenseonnseen 34

e oY [ [T 7= 00eT o Vo L1 1] o L3 OO 36
“RESUILS ANA DISCUSSION ...vieiieiieieiteeietceieeetteetecreseteeste s aestaeeestesaaaaestesaaaestnesasteanaeannnesssaesteesaneesanesaseesnses 37
SCOMCIUSIONS ..ottt ettt et e s e e ee e se e e etesetaesaesetassaeesaaes sasasssaessesessesosaessraesssassrssssssesnsassnsassn 41
Exploitation of RESEarch RESUILS.........ccceviriiiiiiiiicriere ettt b e st et e e 42
L o ) TV L 43
LS T T D ] 8 S T e 44
o = = o L T T T T L e T 45
F ool o LT T T e e S P e e SR e 47
-ABSTRACT, G. ChriStoU Master's THESIS ....vuiviiiiiirie ittt eeesreaatee e e s esesastseeesisbsseseessbesssessnnns 47
~ABSTRACT, M. AlleY MaSer's TRESIS .....cccieeiiieririeenieeecrieeessteecreeerinreesstes s sseesesssesssbbe s sssessenseeessareesnns 49



Abstract

Development of a new Advanced Combat Helmet liner design using the novel idea of including filler
materials inside channels in the liner is well underway. An energy absorbing foam has been selected for
the main liner structure, and several filler material candidates of widely varying properties are being
considered. To date material has been evaluated both experimentally and numerically. In the very near
future tests will commence on three dimensional prototypes of the newly designed liner. Numerical
studies will include coupled simulations with a detailed finite element head model, providing insight into
the effect of the new liner on the brain's response to a blast wave impact.



Final Summary
The objectives of this project have been identified as the following.

1) Identify an optimal material or combination of materials to use as filler inside channels in the foam
liner. The materials will be optimal in the sense of maximizing the performance characteristics of the
helmet liner when subjected to a blast wave. Performance is measured by blast peak overpressure
reduction, shifting of the frequency content of a blast wave to lower frequencies, increase of the peak
overpressure rise time, increase of the impact duration, and reduction of the impulse transmitted
through the helmet.

2) Develop and validate a computational model of the newly designed liner. The model will couple with
a skull and brain model developed by Prof. Raul Radovitzky's group at MIT.

3) Construct and optimize a prototype of a functional helmet liner. Factors to be optimized include
overall liner dimensions, channel geometry, and filler placement subject to the criteria listed in
Obijective 2.

To design and test the liner, experimental and computational techniques are used. To isolate effects of
material properties on the transmitted blast wave characteristics, experiments first are carried out on
"flat plate" samples. Essentially this amounts to a rectangular sandwich consisting of layers of foam,
filler material, and foam, respectively. Filler materials being considered include Aerogel, Glycerin,
Water, Glass Beads, and Volcanic Tuff.

For experimental work, it was necessary to ensure testing would be performed at proper blast levels for
traumatic brain injuries to occur. Based on data from Kinney and Graham (1985), blast peak
overpressure levels under 100 psig are sufficiently likely not to be lethal to use in these tests. Using the
shock tube facility at Purdue University, the following blast profiles were obtained at various distances
from the shock tube.
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Figure 1A - Standard Experimental Loading Conditions




From Figure 1A, it is apparent that the setup at Purdue is sufficient to provide the type of blast loadings
necessary for this work, particularly for loading distances of greater than 8".

Using the first iteration of the experimental set-up at Purdue, the following blast response
characteristics were obtained for various filler materials.

Sample Impulse Arrival Duration | Rise Time | Peak
[psig-ms] | Time [ms] [ms] [ms] [psig]

Free-Field 519 0.57 1.13 0.02 15
Solid 0.36 0.74 1.27 0.10 0.86
Cabosil 047 1.00 0.98 0.40 0.98
Aerogel 0.41 0.81 1.14 0.55 0.91
Expanding Foam 0.45 0.80 1.42 0.82 0.80
Tuff 0.34 1.26 1.31 0.57 0.56
Glass Shot 0.28 0.76 1.68 0.43 047
Water 0.38 0.83 1.53 0.60 0.57
Glycerin 0.34 0.86 1.58 0.43 0.45

Table 1A - Attenuated blast profile parameter comparison

Indications from this initial work are that Glycerin and Glass Shot (also referred to as Glass beads) as
filler materials perform the best, with Volcanic Tuff and Water in a close second. In fact, the transmitted
pressure using Glass Shot and Glycerin was just over half that of the Solid material, illustrating the
effectiveness of including filler materials inside the foam. It should be noted, however, that peak
transmitted pressure levels are very low. This posed difficulties for analysis. Therefore, a new set-up
was designed. Results for testing with the new set-up are provided below.
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Figure 2A - Peak pressures with different filler materials using new experimental setup

The results here include testing of a material not considered for the first round of tests: AgileZorb™.

The results indicate some similar results to previous results. Glass Beads and Glycerin have peak



transmitted pressures approximately half as large as those from the Solid foam cases, supporting the
conclusion that inclusion of the filler materials enhances the performance of the liner.

The software ABAQUS™ is being used for numerical analysis. The main requisite for use of this software
was proving it could accurately model the blast loading considered in this project. Simulations were
carried out with two different loading conditions similar to those considered here. Comparison of
numerically obtained results with theoretical results are provided below.

Loading 0.17 MPa ‘ 1.00 MPa
Theoretical = Numerical | % Error | Theoretical | Numerical % Error
Shock Velocity, 537.82 531.72 113 10%7 | 110229 241
U [m/s]
Particle Velocity, | 26562 267.9 0.85 786.75 840.5 6.81
up [m/s]
Density Ratio, 1.9 1.99 0.51 393 | 400 1.78
p2/p1

Table 2A - Numerical and theoretical values of shock wave propagation parameters for incoming wave

The results shown in Table 2A confirm that ABAQUS™ is capable of modeling a blast loading condition as
required by this project.

A numerical model of the original experimental set-up has been developed. While it is still being
adjusted, some results have been obtained from it to compare with experimental results.

Material Expt/ Peak Pressure  Percentage Rise Time | Duration
Num (Psig) Change (%) (ms) (ms)
Solid E 0.79 n/a 0.12 1.27
Foam
Solid N 0.63 -20.25 0.20 0.87
Foam
Aerogel E 0.81 +2.5 0.30 0.94
Aerogel N 0.78 +23.8 0.18 0.73
Glass E 0.36 -54.43 043 1.68
Beads
Glass N 0.26 -58.73 0.25 0.84
Beads
Tuf f E 043 -45.56 0.34 1.20
Tuff N 0.46 -26.98 0.24 0.48

Table 3A - Comparison of experimental and numerical results



Some general trends can be seen in Table 3A. Glass Beads perform well, as indicated in all previous
results. Of course, there is discrepancy between the experimentally and numerically obtained quantities
for Glass beads and for each filler material in general. One factor contributing to the discrepancy is the
variability in packing density for the experimental work. It is difficult at this point to compare the
experimental packing density with that used in the numerical simulation. in the near future,
characterization of a more accurate material model for the granular materials listed here will be done to
improve numerical studies.

For numerical studies on the 3D liner, the liner model is in the process of being coupled with a detailed
human head model from Prof. Radovitzky (Fig. 3A).

Figure 3A - Integrated 3D liner model with human head model

As of yet, definitive conclusions cannot be made. Indications so far are that including filler materials
inside the liner substantially improves its performance against blast wave loading. Particularly, Glass
beads and Glycerin look to be some of the most promising candidates for an optimal filler material. In
the near future, a more solid conclusion regarding the best filler material will be made, and testing and
simulations will begin on the full 3D liner designs.



Objectives of the Project

The ultimate goal of the project is to increase the threshold for blast induced brain injuries in response
to the growing threat from IEDs in overseas conflicts. The aim of this project is to develop a new helmet
liner design capable of mitigating the harmful effects of blast waves. To do so, the following objectives
have been identified.

1) Identify an optimal material or combination of materials to use as filler inside channels in the foam
liner. The materials will be optimal in the sense of maximizing the performance characteristics of the
helmet liner when subjected to a blast wave. Performance is measured by blast peak overpressure
reduction, shifting of the frequency content of a blast wave to lower frequencies, increase of the peak
overpressure rise time, and reduction of the impulse transmitted through the helmet.

2) Develop and validate a computational model of the newly designed liner. The model will couple with
a skull and brain model developed by Prof. Raul Radovitzky's group at MIT.

3) Construct and optimize a prototype of a functional helmet liner. Factors to be optimized include
overall liner dimensions, channel geometry, and filler placement subject to the criteria listed in
Objective 2.



Comparison of Actual Activities with Initially Planned Activities
-Material Research and Selection

VN 600 foam from DERTEX Corporation has been chosen for the main structure of the liner based on its
ability to absorb energy as evidenced by drop-test results.

The initial list of proposed filler material configurations focused mainly on fluids having different
properties. After a literature survey of blast mitigation studies, the list was modified to accommodate a
wider variety of materials. Fillers considered include Air, Water, Glycerin, Aerogel, Glass shot,
Microspheres, Cab-o-Sil, and Volcanic Tuff. Choice of these fillers allows for evaluation of the effect of
such properties as viscosity, density, porosity, bulk modulus, particle size, and acoustic impedance on
blast attenuation. Modification of the list of possible filler materials has enhanced the relevancy of the
project because a more comprehensive study spanning known blast mitigation strategies now takes
place. The impact of this change on the schedule of the project has been minimal.

-Material Evaluation

The original plan for material testing was to begin with low-energy tests at MIT to characterize material
acoustic attenuation properties and progress to high-energy blast tests at Purdue University. This
schedule was accelerated by directly starting with high-energy blast tests. Material response to blast
loading can vary widely from its response to simple sonic acoustic loading, and it was decided the low-
energy tests were an unnecessary extra step.

Evaluation of the material blast loading properties is being completed from two standpoints:
numerically and experimentally. As per the initial plan for testing, flat-plate samples are first being
tested. Experimentally, testing of this simple geometry has gone through a few iterations to improve
measurement quality. This has been proceeding as originally planned.

The initial plan for numerical studies was to use a software package developed by Prof. Radovitzky and
the MIT-VA team especially designed for blast loading simulations. At the beginning of the numerical
studies, however, it was decided to use the commercially available finite element software ABAQUS™
instead. Its extensive documentation and general applicability to numerical simulations makes
ABAQUS™ an easier software package to learn and use. The intention of using ABAQUS™, therefore,
was to speed up the process of the "simple" flat plate simulations and promote continuity between
researchers using the model. Because ABAQUS™ is not tailored specifically to air blast loading
simulations, effort has gone into verifying that the software can, indeed, model a blast wave. Using
ABAQUS™ makes it relatively easy to modify loading conditions and part geometries and easy to extract
quantities of interest from simulations. There are issues still being resolved with the simulations,
though once resolved the computational model should be accurate and useful.

-Development, Prototyping, and Testing of a 3D Helmet Liner

Work on the full 3D liner is proceeding as initially envisioned. The bulk of material evaluation and
selection is being completed using the flat plate samples. An initial design for a liner has been built.
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Originally the plan was to have micro machined channels in the foam. With the foam used here, such an
operation would be very difficult (the foam is soft and deformable and has the tendency to melt) and
time consuming. Prototypes are currently being constructed by attaching strips and sheets of foam in
such a way to create channels. The foam parts are secured together using a high-strength adhesive
spray that is chemically compatible with the foam. An experimental set-up has been prepared at Purdue
University and is used for testing.

Numerically, a model of the solid liner has been developed in ABAQUS™. Channels can be included in
this model however desired for parametric studies. This model is in the process of being coupled with a
detailed model of the human head from Prof. Radovitzky's group. With the exception of use of
ABAQUS™, activities for this part of the project have not deviated appreciably from the initial plan.

11



Experiments
Literature Survey

The project started with a literature survey on use of channels in helmet liners. An extensive search of
journals and conference articles as well as patents was conducted. The concept of incorporating
channels in sports helmet was first suggested four decades earlier. Morgan (1971) proposed a plurality
of inter-connected expandable first chambers with valves placed inside the helmets. These chambers
would be filled with non-compressible fluid. Upon impact, the fluid will get displaced from the first
chambers to the empty second chambers and, due to the design of the chambers, the displaced fluid is
returned back to first chambers after the impact force is removed. In last four decades there have been
many attempts (Holt, 1972; Villary, 1976; Gooding, 1983; Hosaka, 1992; Calonge, 1998, Mendoza, 2001)
in employing air bladders or fluid chambers; however, none of the proposed concepts materialized into
a marketable product. Although potentially of value, none of these approaches are directly applicable to
the blast protection problem. One patent that discusses blast protection is by Ponomarev (2006). It
describes a method for placing a partially evacuated chamber filled with air or another gas between the
blast source and the object to be protected, including the body. The chamber ruptures under the
incoming pressure peak and the relative vacuum “sucks up” the ambient air, creating a negative
pressure wave to interfere with the positive wave from the blast and reduce the transmitted pressure.
Stuhmiller (2008) suggested a cushion for use in body armor to mitigate shock loads. It may include a
plurality of fluid pockets which could be deformable or reconfigurable, and are therefore connected to
empty reservoir pockets. Transport of fluid was suggested through a vent controlled by a valve.

There has been limited research on use of filler materials in body armors. Gerber (1987) and Groves
(1992) suggested use of compressible materials in the form of glass beads for use in body armor.
Rhoades (2004) suggested use of a shear thickening material made of Polyborosiloxane for sports
padding, bulletproof vests, weaponry etc.

An extensive literature survey was also conducted on material properties which are hypothesized to
provide blast attenuation. Mechanical properties contribute largely to the behavior of shock wave
interactions at material interfaces. Depending on the acoustic impedance of the interacting medium, the
shock wave will reflect, transmit, and dissipate to differing degrees. A representative study presented by
Zhuang et al. (2003) examined scattering effects of stress waves in layered composite materials. It was
determined that the large impedance mismatches imposed at the interfaces created larger rise times for
the shock front, essentially lengthening the time for a maximum stress to be obtained under a given
loading condition. Advancing the idea of internal interfaces providing dissipation and dispersion effects,
the representative computational study by Li et al. (2002) examines the effect of a multitude of
interfaces by means of cellular media. Cellular collapse at low velocity impacts was verified to attenuate
energy transfer effects. However, in the area of high velocity (blast) effects, it has been suspected that
the cellular media actually enhanced the effect severity. Allen et al. (2003) presents suggestions for the
mechanisms of blast mitigation including porosity, inertial effects (density), and thermal dissipation
(liquids). The presence of liquid can allow explosive energy to be transferred to kinetic energy. Presence
of pores can help in attenuation by dispersion at 3D porous surfaces. Nesterenko et al. (2003),
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suggested use of granular material, proposing that it would be able to scatter the wave as well as absorb
energy due to compression. Homae et al. (2007) suggested use of water/mist, proposing that phase
transition could probably provide attenuation. In our previous studies here at MIT, for impact tests,
Stewart (2008) had shown the effectiveness of Glycerin as a possible way to reduce the transferred
impact forces by viscous dissipation and compression of foam.

In order to test each of these proposed mechanisms, experiments were established to measure free
field air blast parameters from an unconfined, unobstructed explosive charge. Subsequent experiments
were then performed with the explosive charge confined in the various mitigant materials.

The thermal and viscous effects were examined using Glycerin and Water which provided different heat
capacities. The porosity and density effects were examined using Aerogel, Glass Beads and Volcanic Tuff.
The results of the experiments suggested that thermal effects were insignificant, at least in relation to
inertial and porosity effects. The final key findings of the experimental results suggested that a higher
density material provided better mitigation, and similarly for higher viscosity.

A previous study supports an estimate of 1% probability of fatality at 100 psig and 90% probability of
fatality at 220 psig (Kinney and Graham, 1985). Therefore, it was determined that levels below 100 psig
would be sufficient for laboratory testing to characterize system response to a loading condition in the
field producing injury but not necessarily fatal injury.

Methods

After specifying the overpressure range of interest, necessary standoff distances were determined. As
the focus of this study was presented to be small-scale laboratory testing methods for TBI occurrences,
small 3 gram charges of Pentaerythritol Tetranitrate (PETN) plastic sheet explosive were used in the
experiments providing an explosive yield of 13.24 kJ and having TNT equivalent mass of 2.87 grams. The
PETN plastic sheet explosive consisted of 63% PETN powder, 29% plasticizer, and 8% nitrocellulose with
a density of 1.48 g/cm?® and detonation velocity of 6.8 km/s. Initiation of the PETN was produced by a
chain of 50 grain detonation cord.

The interaction of the blast wave was introduced by means of a uniquely designed explosive-driven
shock tube (Fig. 1) intended to direct the blast energy toward the target. The shock tube design
consisted of a 12 in. detonator chamber capped at one end and a 36 in. HE chamber also capped at one
end. The detonator chamber prevented fragmentation from the aluminum detonator cap into the room
and target as the focus of these studies was on the blast itself and not fragmentation of any kind. The
long HE chamber provided extra distance for shock wave/product separation as well as minimized
reflections and turbulence at the exit. Shock waves fundamentally occur only in supersonic conditions
whereas the combustion products travel approximately at local sonic speeds. Therefore, the additional
length of the HE chamber provided greater separation for imaging purposes as well as spatial
distribution to smooth the blast wave compared to the blasts of open air charges closer to the targets.

13



PETN Charge

EBW Detonator

Detonation Cord

Fig. 1 Explosive driven shock tube

In reference to imaging, high-speed shadowgraph imaging was performed for visualization of the
experimental blast waves. The shadowgraph imaging provided a qualitative representation of the shock
wave interaction with the various models being studied as well as quantitative data regarding the shock
wave parameters. Fig. 2 shows schematics of the shadowgraph setup.

The blasts were measured using PCB model 137A24 free field blast pressure pencil probes. The gauge
measurements then were conditioned and amplified using PCB model 482A22 signal

Conditioners and the data were recorded using Tektronix DP0O4034 oscilloscopes.

Table 1 and Fig. 3 provide the actual measured blast parameters of the standard loading conditions and
the representative plots. Finally, in order to validate the blast measurements being made, 12
experiments performed without targets at 12” distance to compare the repeatability of the small-scale
blasts. The results of the 12 experiments resulted in standard deviations of 10% for impulse, less than
5% for arrival time and duration, and 15% for peak overpressure suggesting acceptable overall
repeatability in the method.

14
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Fig. 2 Sketch of experimental setup, Shadowgraph Method
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Fig. 3 Standard experimental loading conditions
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Table 1. Measured parameters for standard loading conditions.

Standoff | Impulse Positive Negative | Duration | Peak
[psig-ms] | Arrival [ms] | Arival [ms] [ms] [psig]
8 inch 10.68 0.21 0.64 0.43 108.10
12 inch 5.00 0.39 1.21 0.81 24.82
16 inch 519 0.57 1.71 113 15.01
17 inch 518 0.63 1.80 1.17 13.98

Filler Materials

In order to fulfill the stated objectives of the blast mitigation work, it was necessary to study the effects
of various materials obstructing the flow of a blast wave and the ability of the given material to reduce
the damage caused by the blast. The general theory being applied to this research is that the greatest
energy transfer within the obstructing material will yield the greatest mitigation effects to the blast.

In order to accommodate large energy transfers resulting in significant blast attenuation, composite
structure material samples were fabricated. A common material was defined as the control material in
which filler materials would be added. This control material was vinyl-nitrile VN-600 foam from DERTEX
Corporation. The foam is characterized by the company as a microcellular, energy-absorbent foam with
a density of 108 kg/m®. This specific foam was selected because of its good energy absorbing
characteristics that were determined during drop test experiments on flat foam samples as compared to
other conventional foam types such as Expanded Polystyrene (EPS) and Polyurethane (PU) (Stewart,
2008). There was a significant reduction in measured peak accelerations and forces on head forms that
were dropped on VN 600 foam compared to EPS and PU helmet liners. The control sample was a solid
foam sample of size 10 in. x 10 in. x 1 in. with a total volume of 100 in®. The samples following the
control consisted of the same outer control foam with a single-cavity removed core. The cavity for each
sample was of size 8 in. x 10 in. x 0.5 in. for a total volume of 40 in®. The cavity was then filled with
varying materials as shown in Table 2 and sealed to prevent escape upon loading. Fig. 4 shows the test
samples.

Fig. 4 Test samples. (Left) Solid Foam Control Case, (Right) Single Cavity Sample
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The filler materials that were introduced were intended to span a range of possible attenuating
features. The main material characteristics that have initially been studied with this work were viscosity,
density (and therefore impedance and sound speed), and particle size. The effects of viscosity were
studied by comparing the attenuating features of water filled foam samples and glycerin filled foam
samples. The variation in viscosity between the two liquids is three orders of magnitude as water has a
viscosity of approximately 9E-4 Pa-s while glycerin has a viscosity of approximately 1 Pa-s. In addition to
viscous effects, the liquids also varied in density, therefore affecting sound speed and acoustic
impedance. Particle size was varied between three powders: Aerogel, Cabosil, and Glass beads. The
difference in particle size could allow for variation in packing density and particle contact. Increased
particle contact might suggest better wave transmission as the wave would be passing through
interfaces with matching impedances. Density was essentially varied between every material. Aerogel
and Cabosil provided low range densities; Water, Glycerin, and an Expanding spray foam provided
midrange densities; and the Glass beads and Volcanic Tuff rock provided high-range densities. As stated
previously, the density variations directly affected material sound speed and acoustic impedance. Each
of these factors then contributed to the behavior of the wave transmission. With higher impedance
values, greater wave energy would potentially be reflected. With decreased sound speeds, the
component of the wave that was actually transmitted would transmit slower and potentially be
delivered behind the material with a less severe rise. These filler materials were tested in the single
cavity sample, placed at 12” from shock tube. At this distance the peak overpressure experienced was
25 psig, which can cause mild TBI.

Table 2 shows for the properties of the filler materials

Table 2. Filler material properties

Filler p (kg/m3) Particlesize (pm) 7 (x10° kg/m?2-s)
1500 1500

Water 1000 n/a
Glycerine 1261 n/a 1900 2400
Aerogel 5-200 1000-5000 70-1300 10
Cabosil 35-60 0.2-03 100-1500 5-100
Expanding Foam 1060 n/a E 2
Glass shot 2500 250-420 3700-5300 10000
Tuff (Volcanic 1300 n/a - -
rock)

Old Experimental Setup

Initial testing was performed with the testing apparatus as described previously. However, after several
experimental trials with various samples, measurement flaws were determined. By comparing
shadowgraph images with datasets taken from the instrumentation, it was determined that the
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measured profile was subjected to contributions from the transmitted wave as well as the initial
incoming wave converging over top, bottom, and sides of the sample. Time comparisons revealed that
the converging contributions of the wave traveled at much faster speeds than the transmitted wave
allowing for the transmitted portion to be overtaken. Therefore, the pure transmitted wave was
unreadable. In order to isolate the pure transmitted wave, a Plexiglass chamber was constructed to
attach to the stand structure behind the material sample. The chamber was constructed from 0.25 in.
thick Plexiglass panels 16 in. in length by 7.5 in. in width. The back end was left open to allow pressure
sensor placement. Each foam sample was first sandwiched between two 10 in. x 10 in. x 0.125 in. sheets
of Plexiglass to assist in sustaining structure of the sample. The back Plexiglass sheet was secured to the
Plexiglass chamber by epoxy. The effective thickness of the entire composite sample structure was then
1.25 in.. Although the Plexiglass added additional layers/interfaces which would add to the attenuation
effects, each sample was tested in this configuration to sustain continuity between trials. The single
pressure sensor was then extended into the chamber and located at 2.75 inches behind the back face of
the sample, therefore at a 16 inch overall standoff distance for easy comparison with free field standard
loading profiles. The front face of the composite sample structure was still located at a 12 inch standoff
distance from the mouth of the shock tube. Fig. 5 shows full view of test stand apparatus.

Fig. 5 Blast Mitigation Test Stand Apparatus. Front view (top) and Back view (bottom)
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Results and Discussion

The final results of the mitigation experiments suggested significant attenuation characteristics for each
sample. However, significant trends and distinctions were seen between groups of samples. The
samples filled with Aerogel, Cabosil, and the Expanding spray foam, which are all porous materials,
retained blast profiles more closely resembling air blast profiles. Specifically, negative phases were
present in the transmitted waves as opposed to the remaining filler materials. Peak pressure
magnitudes were close to that of the solid foam sample, therefore greater than the magnitudes
measured from the remaining fillers. The transmitted wave profiles for these porous fillers also
exhibited greater initial slopes from arrival time to time of peak magnitude, slowly approaching a shock
front. However, the rate of rise was still less than the solid foam control sample and the free field
profile. The resulting behavior similar to air blast profiles suggests the importance of the impedance
mismatching characteristic. These three fillers had the lowest impedances of the fillers being studied,
therefore presenting the least mismatch between air and the respective filler. This would suggest the
greatest transmission of the wave and, therefore, the least attenuation.

The higher density solid materials (Glass beads and Volcanic Tuff rock) exhibited superior attenuation
behavior. Both filler materials exhibited similar transmitted wave behavior with peak pressure
magnitudes nearly half that of the low-range density fillers and the solid foam control sample. The Glass
beads sample exhibited the longest positive pulse duration of all materials tested, with a 48% extension
of duration over the free-field loading condition. The Volcanic Tuff sample exhibited more average
positive pulse duration with only a 16% extension of duration. Rise times for both samples also were on
an average scale. Arrival times differed slightly between the Volcanic Tuff sample and the Glass beads
sample. The Volcanic Tuff sample actually exhibited the latest arrival time suggesting a significantly low
density resulting in the slowest sound speed while the Glass beads sample exhibited the fastest arrival
time.

The remaining two fillers, Water and Glycerin, exhibited similar trends to each other as well as the high-
range density fillers. Specifically, peak pressure magnitudes were nearly half that of the solid foam
control sample and the low range density samples. Durations were again lengthened compared to the
air blast profile, the solid foam control sample, and the low-range density fillers. Rise times for both
liqguids were on the average scale while the positive pulse durations were among the highest, second
only to the previous Glass beads sample. The anticipated viscous effects did not show significant
behavior. Although the distinctions between the two liquids were minimal, the increased flow resistance
and shear between fluid layers might suggest additional energy dissipation and wave delay superior to
water as evidenced by the slightly varied measured profile.

In addition to attenuation by means of impedance mismatches, particle fracture was also suggested in
the literature as a means of energy dissipation. Therefore, the foam samples with powder fillers were
emptied of the filler materials following the experiments in order to collect expended filler samples.
Small samples of each of the powder fillers were examined microscopically for evidence of significant
fracture. It was observed that no distinguishable fracture was evident in any of the powder fillers except
the highly porous Aerogel. The comparison of the Aerogel prior to the blast and following the blast
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showed generally smaller particle sizes of the post-blast material (approximately 1/3 to 1/2 the original
size), visible to the naked eye.

The attenuated blast profile parameters are shown together in comparison to the free field loading
condition in Table 3. Additionally, sequential shadowgraph frames are shown in Fig 6 representing the
passage of the blast wave external to the Plexiglass chamber and therefore successfully isolating the
transmitted wave. The images show the typical incident blast wave impinging on the material sample as
well as the strong reflected shock from the mitigation material. Figs. 7-9 shows blast profiles of different
filler materials as compared to solid foam.

Table 3. Attenuated blast profile parameter comparison

Sample Impulse Arrival Duration | Rise Time | Peak
[psig-ms] | Time [ms] [ms] [ms] [psig]

Free-Field 519 0.57 1.13 0.02 15
Solid 0.36 0.74 1.27 0.10 0.86
Cabosil 0.47 1.00 0.98 0.40 0.98
Aerogel 0.41 0.81 1.14 0.95 0.91
Expanding Foam 0.45 0.80 1.42 0.82 0.80
Tuff 0.34 1.26 1.31 0.57 0.56
Glass Shot 0.28 0.76 1.68 043 047
Water 0.38 0.83 1.53 0.60 0.57
Glycerin 0.34 0.86 1.598 0.43 0.45

Fig. 6 Shadowgraph images of Solid Foam control sample
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Conclusions

Within the range of experiments conducted so far, the effects of particle size were non-distinguishable
on the scale of the measured transmitted profiles. Although, additional energy dissipation might be
enhanced through variation of particle size, those effects were not noticeable according to the
calculated profile characteristics. Furthermore, viscous effects also seemed minimal. The material
characteristics which resulted in the most distinguishable attenuation were porosity and density. The
effect of high porosity was the retention of air blast characteristics. The higher densities contributed to
larger impedance mismatches between air and the sample which results in a greater wave reflection and
therefore less energy transmission through the material into a potential target. The summary of these
results suggests porosity and density (impedance) dominate in the attenuation effectiveness. Air blast
characteristics could be essentially eliminated with the less porous and higher density materials.
Impedance mismatches dominate in that the greater variation in material property between interfaces,
the less the wave will be transmitted.

New Experimental Setup

Considering low pressure levels and high noise to signal ratio as in Figs. 7-9, it was decided to change the
experimental setup. Fig. 10 shows front and back views of the new experimental assembly. Essentially
small samples were fixed to a steel plate as shown on the left of Fig. 10, without the need for any
Plexiglass chamber. Dimensions for control sample were 5in. x5in. x 1 in. as opposed to 10 in. x 10 in. x
1 in. in the previous setup. The samples following the control consisted of the same outer control foam
with a single-cavity removed core. The cavity for each sample was of size 5 in. x 3 in. x 0.5 in. Two
pressure measurements were recorded. One pressure gage, called covered gage (the one on the right, in
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right side Fig. 10) is located exactly behind the center of the sample. It is recessed into the steel plate
and kept few mm behind the back surface of the sample. The in between space is filled with thermal
grease, which enhances wave transmission. Another pressure gage, called uncovered gage (the one on
the left, in right side Fig. 10) is kept 3 in. laterally away from the first pressure transducer at the same
height. This is located outside the periphery of the sample, and is used to record an external
measurement of blast wave, which is then used to check for consistency between different shots.

Fig. 10 New experimental assembly. (Left) Front view, (Right) Back view.

Filler Materials

With this new setup, Water, Glycerin, Glass beads, Aerogel and AgileZorb™ were tested. AgileZorb™ is a
patented material manufactured by AgileNano. It has essentially nano-sized pores suspended in non-
wetting liquid. When the pressure exceeds a threshold, because of capillary effect, the liquid will go
inside the pores, and this will dissipate energy. Once the pressure is removed, because of internal
pressure of compressed air in the pores, the liquid is pushed out of pores. This way it can be reused. Due
to the small size of the pores, AgileZorb™ reacts in 0.1-1 psec, many times faster than conventional

materials. This short response time is very essential for high frequency blast phenomenon.
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Results and Discussion
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Fig. 12 Pressure profiles: Liquid fillers compared to Open

Figs. 11 and 12 shows pressure profiles for that trial of each material, which had peak pressure closest to
the average. Four or five trials of each material type are conducted until three acceptable
measurements are obtained. Pressure measurements for a trial are discarded if uncovered gage
measurement for that trial falls outside +/- 10% of the average. In Fig. 11, it can be noted that Glass
beads not only reduced the peak pressure but have also increased the time duration and rise time. In
Fig. 12, Glycerin shows similar behavior as Glass beads. It is also quite encouraging to see that
AgileZorb™ has also substantially reduced the peak pressure. So far, we have done only one trial with

this material, other trials will be carried out in few days.

Table 4 provides the peak pressure values for the three trials of each material type. It also provides the
average peak pressure, the standard error and the p-values. For p-values an independent t-test is
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conducted between each material type and the solid foam control case. Open 12" means that no foam
sample is kept on the steel plate. Solid foam case is used as the control case. Average peak pressure for
Solid foam is 75 psig. In accordance with our results with the previous setup, Aerogel, didn’t provide any
attenuation. In fact, it was worse than our control case. Army foam tests were conducted with the
standard pads used in the Army’s Advanced Combat Helmets. The difference in average peak pressure
between solid foam control samples and the army foam was not statistically significant. Similarly, water
did not provide any attenuation, and the difference is not statistically significant. Both Glass beads and
Glycerin provided nearly 50% attenuation in peak pressure. Average peak pressure observed for Glass
beads is 36.92 psig, whereas for Glycerin is 38.33 psig. The difference between the means of Glass beads
and solid foam control case as well as the difference between the means of Glycerin and solid foam
control case is statistically significant. Contrary to the results with the previous experimental setup,
there was significant effect observed between Glycerin and Water cases, suggesting probable effect of
viscosity. Interestingly, single trial results from AgiIeZorbTM
observed using AgileZorb™

are the most encouraging. Peak pressure
was only 21 psig, as compared to 75 psig of the solid foam control sample,
which is essentially nearly 70% reduction. More trials of this material will be conducted to validate these
results.

Fig. 13 reiterates the same results as shown in Table 4, but in bar plot form. One can again clearly see
the effectiveness of Glass Beads, Glycerin and AgileZorb. The bars in Fig. 13 indicate standard error.

Table 4. Results of filler materials with new experimental setup

Material Peak Pr- Shot | PeakPr-Shot2 | Peak Pr-Shot | AvgPeakPr StdErr | p-value
1 (psig) (psig) 3 (psig) (psig)

Open 12” o8 118 109 108.33 5.78 0.01
Solid Foam 69 73 83 75.00 4.16 -

Army Foam %6 753 74.5 81.93 7.04 0.5
Aerogel 97 100 112 103.00 4.58 0.02
Glass Beads 37 48 258 36.92 6.42 0.01
Water 83 81 703 78.09 3.85 0.2
Glycerin 30 50 35 38.33 6.01 0.01

AgileZorb 21 = - 21 -
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Conclusions

To summarize the results using new experimental setup, it seems high density and low porosity material
like Glass bead provide higher attenuation compared to low density and high porosity material like
Aerogel. We also observed the increased duration and rise time for Glass beads and Glycerin, leading to
reduced pressure gradients. This result is consistent with our findings using the old experimental setup.
But, contrary to our findings using the old setup, viscosity does seem to have provided more attenuation
compared to water. More trials need to be conducted with AgileZorb™, before any causal inference can
be deduced about this material, but it does seem quite promising.

Numerical Model

The modeling of both solid and fluid domains requires the use of a coupled Eulerian—Lagrangian
computational domain available in ABAQUS™ 6.9. The Lagrangian mesh is assigned to the solid
geometry while the Eulerian mesh is primarily assigned to the surrounding air and to the fluid filler
materials of the internal sample cavity.

In a traditional Lagrangian analysis nodes are fixed within the material, and elements deform as the
material deforms. For Lagrangian elements, the material boundary coincides with an element boundary.
On the other hand, in an Eulerian analysis nodes are fixed in space and material flows through elements
that do not deform. Lagrangian mesh is used for solid materials (foam and solid fillers) because it helps
in understanding the deformation of material as a result of blast loading. Air is modeled as Eulerian,
because the pressure gage used in the previous experimental setup was located 2.75 in. behind the
sample. In order to numerically measure the pressure at a specific distance from the sample, it was
necessary to use Eulerian elements, as the elements do not deform as the shock wave propagates
through them.
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Validation of Shock Wave Propagation

To begin with, it was necessary to validate numerical shock wave propagation through air in ABAQUS™.
This was accomplished by comparing the numerically derived shock velocity and density ratio across the
shock with the theoretical values, from Shock-Jump relations.

For this, an Eulerian air domain of 5m x 5 m x 200 m dimensions was created and meshed using 40 cubic
Eulerian linear solid continuum elements of 5 m edge length. The application of the desired loading was
uniformly applied on the top face of the Eulerian domain while the amplitude was constant for the
whole duration of the simulation. The meshed computational domain employed for this study is
depicted in the following Fig. 14. The figure illustrates the pressure values during a time increment in
which the incoming wave has not yet reached the bottom reflective surface.

Fig. 14 Air pressure values in computational grid

Symmetry conditions were imposed on the side surfaces as to approximate an infinite air domain.
Symmetry conditions were also imposed at the bottom surface of the numerical domain in order to
simulate a rigid non-moving surface with perfect reflection. Two loading scenarios were examined. The
first shock wave magnitude was set to 0.17 MPa, analogous to the experimental loading observed during
the shock tube experiments and the second loading was of magnitude 1.00 MPa (approximately six
times the magnitude of the experimental loading).

The data from Table 5 suggests that the numerical values for the shock—particle velocity and the density
jump across the shock are reasonably consistent with the respective theoretical values for both the
loading scenarios. Theoretical values are derived from shock jump equations (Egs. 1-3).

Us =alAll =4‘}ﬂ"y;1&+}/
Shock Velocity: Py P Eq.1
o= =y, = P {ﬂ B S
pNoTHLP L,

Particle Velocity: 2 p Eq.2
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Py _2r+(y+1p,/p,
Density ratio: po 2r+(y-1p,/p, Eq. 3

Table 5. Numerical and theoretical values of shock wave propagation parameters for incoming wave

Loading 0.17 MPa 1.00 MPa
Theoretical Numerical % Error Theoretical Numerical % Error
Shock Velocity, U | 537.82 531.72 -1.13 1055.7 1102.29 4.41
[m/s]
Particle Velocity, u, | 265.62 267.9 0.85 786.75 840.5 6.81
[m/s]
Density Ratio, p./p1 | 1.98 1.99 0.51 3.93 4.00 1.78

Material Modeling

The linear Hugoniot shock model in combination with the Mie Griineisen Equation of State (EOS) are
used to model the foam, and the filler materials.

The linear Hugoniot shock model is an empirical relation between shock velocity U, [m/s] and particle
velocity U, [m/s]:

U,=C,+sU, Eq.4

where C, [m/s] and s are constants determined through experiments.

C, for many materials has a similar value to the bulk sound velocity C, (Drumheller, 1998). The bulk
sound velocity is a property that can be computed through the experimentally obtained stress—strain
curves by the following formula:

Ch =
pa Eq- 5

In order to obtain stress-strain curves for the foam, uniaxial and hydrostatic compression tests were
conducted in the Materials and Soils Lab at MIT respectively. Young’s modulus, E, for the foam was
found to be 1.11 MPa. Bulk modulus, K, was found to be 1.27 MPa. Poisson’s ratio, ¥ was found to be
0.354, which is in typical range of Poisson’s ratio values for closed cell foam found in literature (Gibson,
1997).
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By substituting the experimentally determined value for the bulk modulus at quasi static loading and the
initial density, the bulk sound velocity for the VN 600 foam was found to have a value of C,=108.44 m/s.
Value of s in the Eq. 4, for foam was found by interpolation of values of polyurethane foam found in
literature (Mader and Carter, 1968). Eventually the linear shock Hugoniot equation for the VN 600 foam
takes the form U,=108.44 +1.35U,.

Equation 6 is the Mie Grineisen EOS. The Mie Griineisen EOS is a constitutive model that relates the
pressure and internal energy E of a material in reference to the final state of the Hugoniot (py,Ey).

= pacbzn (l_r‘on)_l_rpe

_(l_sn)z 2 ‘ Eq.6

where p,: reference density
n=1-p/p.

lo: Griineisen parameter

e: internal energy per unit mass

The only parameter that has not been determined in Eqn. 6 is the Griineisen parameter [,. No
information has been found for this parameter which requires a demanding experimental procedure to
determine, therefore a value of zero has been used in the simulations. The implication of using a zero
value is that the response of the foam plate is considered to be isothermal and no increase of
temperature in the foam will be observed.

Table 6 provides the shock Hugoniot parameters and the Griineisen parameter [,, as obtained from
literature (Grady, 1997; Millett, 2005; Kitazawa, 1999; Grover, 1991; Mader, 2009; Marsh, 1980) for
some of the filler materials used in this study. Only the C, value for DERTEX™ foam was experimentally
determined in this table.
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Table 6. Material properties

Material po (kg/m?) Cp [m/s] 3 r,
DERTEX™ Foam 108 108.44 1.35 0
Plexiglass 1180 2260 1.82 0.75
Glass Beads 2500 2010 1.8 0
Aerogel 128 567 1.0833 0
Volcanic Tuff 1390 1990 1.22 0
Glycerin 1260 1900 1.8 0.7767
Water 1000 1450 1.92 0.1

Air is modeled using Ideal gas EOS:
p+p,=pRT-T,) Eq. 7

here p, and T, are ambient pressure and temperature respectively, R is the gas constant.

Model Description
Geometry and Boundary Conditions

In accordance with the experimental investigation of the problem at hand, two foam configurations
were tested; a solid foam specimen and a foam sample with an internal cavity. Glass beads, Aerogel and
Volcanic Tuff have been tested in the internal cavity model. The external dimensions of both
configurations in the old experiments were 10 in. x 10 in. x 1 in. with a corresponding volume of 100 in’.
An internal core of 8 in. x 10 in. x 0.5 in. was removed from the center of the solid foam specimen in
order to model the single cavity configuration. In compliance with the experimental setup, the foam
samples were sandwiched between two Plexiglas sheets of 10 in. x 10 in. x 0.125 in. dimension.
However, due to the geometric symmetry, only a quarter of the foam samples and Plexiglas sheets were
modeled. Therefore, the external dimensions of the combined foam-Plexiglas specimen samples were 5
in. x 5in. x 1.25 in. while the dimensions of the internal cavity of the quarter plate were 4 in. x5 in. x 0.5
in. The quarter solid foam sample and single cavity configuration specimen sandwiched between two
Plexiglas sheets are depicted in the left and right pictures of Fig. 15 respectively.

The vertical black dashed line (Fig. 15) that is placed on the bottom left edge of the quarter solid
domain, corresponds to the center of the whole plate. Additionally, as depicted on the top right corner
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of the pictures in Fig. 15, symmetry conditions in the x-axis are imposed on the solid regions inside the
green ellipse, while the solid regions inside the red ellipse are bounded by symmetry conditions along
the y-axis. During the experiments, the foam samples were constrained on the test stand with the use of
1 in. thick angle beams. It is assumed that the use of these restraining elements is sufficient to hold the
sample in place and not allow lateral movement. Therefore, on the regions of the top and bottom
surface of the samples, for both solid foam and single cavity configuration, all translational degrees of
freedom are constrained in the 1 in. wide regions painted in red in Fig. 16.

-

1 & " . - i LA b ” X 2

Views of quarter solid foam specimen (left) and single cavity specimen (right), green ellipse X
symmetry, red ellipse Y symmetry

Fig. 15

Fig. 16 Regions of constrained translational degrees of freedom on top (left) and bottom surface
(right) of solid foam specimen

The Eulerian-fluid domain, depicted in Fig. 17 and 18, employed to model the surrounding air is split in
three basic sections A, B and C. The samples are placed initially inside section B of the Eulerian domain
with a height of 31.75 mm (1.25 in.).
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Fig. 17 Eulerian domain

Section A spans 500 mm above the top surface of the solid sample with a cross section of 103.01 mm x
127 mm (4.05in. x 5in.). By setting such a distance there is adequate time for the whole incoming shock
wave to interact with the samples before any instability affect the measurements. The external loading,
simulating the incoming shock wave, is applied on the top surface of section A. The cross section of
section A of the Eulerian domain is smaller than the respective cross section of the foam specimens (5
in. x 5 in.). Hence, the long edge of the fluid domain spans along the whole side of the solid (in the y-
axis), while the short edge (4.05 in.) in the x-axis spans for only 0.05 inches inside the 1 in. foam region
where the translational degrees of freedom are constrained, Fig. . The reasoning behind not expanding
the fluid domain also in the x direction, so as to span the whole side of the solid sample similarly to the
approach taken in the y direction, stems from the nature of the boundary conditions imposed on the top
and bottom 1 in. bands of that solid region. By constraining the translational degrees of freedom on the
top and bottom 1 in. regions, the foam material in between would not be able to move. However, this is
not the case in the y direction where the boundary conditions are applied only on the bottom surface.
The overlap of 0.05 in. between fluid and solid domains is necessary for the fluid-structure interaction
extrapolation scheme used in the numerical model.
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Fig. 18 Isometric view of Eulerian domain

Section C of the air domain has a square cross section with an edge of 95.25 mm (3.75 in.). This section

simulates the Plexiglas chamber present behind the sandwiched foam samples during the experimental
investigation.

Fig. 19 View of cavity configuration inside Eulerian domain

Due to the geometric symmetry of the problem, only a quarter of the air on top and below the solid
specimens has been modeled. The dashed black line in the left picture of Fig. 20 represents the center
axis of the full air domain. Accordingly, symmetry boundary conditions have been imposed on the two
internal sides of the domain along the center axis. Similarly to the solid domain, symmetry in the x-axis
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has been imposed on the side engulfed by the green ellipse of the left picture of Fig. 20, while
symmetry in the y-axis on the surface engulfed by the red ellipse. In regards to the external surfaces of
the domain (not bound by symmetry), zero displacement boundary conditions in the x-axis and y-axis
have been imposed on the surfaces engulfed by the green and red dashed ellipsis respectively of the
right picture of Fig. 20. The reasoning behind imposing zero displacement boundary conditions stems
from the fact that the top section of the air domain (Section A) should correspond to an infinite air
region on top of the plate. Therefore, the displacement of the air elements should be continuous in the
direction perpendicular to the shock wave propagation. In the case of Section C of the air domain, the
application of such boundary conditions is a result of the presence of the Plexiglas chamber behind the
specimens.

AV R V]

Fig. 20 Boundary conditions imposed on internal (left) and external surfaces (right) of Eulerian
domain, solid green ellipse X symmetry, solid red ellipse Y symmetry, dashed green ellipse zero X
displacement, dashed red ellipse zero Y displacement.

Mesh and Material Assignment

The Plexiglas and foam regions of both the solid foam and single cavity configuration models were
modeled using linear 3D solid continuum elements with enhanced hourglass control. Approximately
13,000 were used to discretize the Plexiglas and foam regions of both solid foam and single cavity
configurations. The mesh of the Plexiglas and foam regions of the cavity configuration sample is shown
in Fig 21.
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Fig. 21 Single cavity configuration sample mesh

The Eulerian domain is discretized using linear Eulerian 3D elements of the ABAQUS™ element library. A

total number of approximately 350,000 were used to model the Eulerian domain, section of which is
depicted in Fig 22,

Fig. 22 Eulerian domain mesh
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In compliance with the experimental investigation, DERTEX™ VN 600 foam was used to model the foam
regions of the examined samples. The foam was modeled using the Hugoniot shock model in
combination with the Mie-Griineisen EOS. Solid filler materials, like Aerogel, Glass Beads and Volcanic
Tuff, inside the cavity region were also modeled using the Hugoniot/Mie-Griineisen EQS, while the
surrounding air was described using the EOS for ideal gas.

Loading Conditions

The incoming shock wave is modeled by applying a decaying pressure profile on the top surface of the
Eulerian domain, Fig 23, which propagates through section A of the Eulerian domain reaching the top
surface of the sample. However, the exact experimentally measured loading profile could not be directly
applied on the top surface of the Eulerian domain because of magnitude decay and temporal
distribution it experiences while propagating through the top air region.

In order to create loading conditions similar to the experimentally measured profiles, the loading
pressure profile on the loading surface was modified in such a way so as to produce a shock of the same
magnitude and similar form to the experimental conditions at the distance where the sample is placed.
Fig 24 contains the experimentally measured incoming pressure profile, the applied pressure profile on
the top of the fluid domain during the numerical simulations and the profile of the incoming wave at a
distance of 500 mm from the loading surface. Comparison between the experimentally and numerically
experienced incoming shock reveal that the peak overpressure is similar in both cases 24.82 psi (171
KPa), as is the negative phase. On the other hand, the pressure gradient is slightly steeper for the
experimental curve. Overall, both curves are similar enough to ensure an appropriate comparison
between numerical and experimental loading.

Fig. 23 Surface of Eulerian domain where loading is applied
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Fig. 24 Experimental and numerical shock wave profiles

Results and Discussion

The simulation parameters mentioned in the previous paragraph are employed during the investigation
of the shock response of two sample configurations; a solid foam sample that acts as the control
specimen and a single cavity specimen filled with either Aerogel, Glass beads or Volcanic Tuff. The
transmitted wave was measured at a distance of 2.75 in. (69.8 mm) from the center of the back surface
of the Plexiglass, during the experiments.

Figs. 25-28 shows comparison of pressure profiles obtained experimentally and numerically for solid
foam, Aerogel, Glass beads, and Volcanic Tuff. It should be noted that what corresponds to T=0 in these
figures is the time at which pressure start rising at point of interest, also referred as point A and which is
2.75 in. behind the sample. As previously mentioned, even though fluid is freely allowed to move
through the Eulerian domain, in practice, once the wave reaches the bottom boundary of the domain,
numerical disturbances propagate back inside the domain. A close inspection of the transmitted wave
propagation shows that these disturbances bounce off the bottom Eulerian boundary and after reaching
the measurement location influence the pressure profile. This interference does not affect the
numerically derived pressure profile until after approximately 1.0 ms. Hence, all the plots of numerical
simulation are cut off after 1 ms. Table 7 shows the comparison of results from experimental and
numerical studies.
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Table 7. Comparison of experimental and numerical results

Material Expt/ | Peak Pressure | Percentage Rise Time | Duration
(Psig) Change (%) (ms) (ms)
Num
Solid Foam | E 0.79 n/a 0.12 1.27
Solid Foam N 0.63 -20.25 0.20 0.87
Aerogel E 0.81 +2.5 0.30 0.94
Aerogel N 0.78 +23.8 0.18 0.73
Glass Beads | E 0.36 -54.43 0.43 1.68
Glass Beads | N 0.26 -58.73 0.25 0.84
Tuff E 0.43 -45.56 0.34 1.20
Tuff N 0.46 -26.98 0.24 0.48

As is evident from Figs. 25-28 and Table 7, the numerical results show a partial agreement with the
experiments. Peak pressures for filler materials, Aerogel and Volcanic Tuff shows reasonable agreement.
But peak pressures for solid foam and Glass beads are off by nearly 20% and 30% respectively. Rise time
and time duration do not show good agreement between experiments and numerical. The experimental
results shown in Figs. 25-28 are single shot results. Repeatability of these small scale experiments is an
issue. Blast propagation is complex and non-linear phenomenon. On repeating these experiments, one
can expect to get the peak pressures in the same general range, but not necessarily the overall blast
profile as depicted by blue curves in Figs. 25-28.

Shock wave propagation using coupled Eulerian-Lagrangian technique is tried for the first time using
ABAQUS™, so there is no documented literature available to assist in modeling issues. We have

STM

addressed the numerical issues we have come across with the technical support of ABAQUS™ ™, and we

hope to get reasonable agreement between simulations and the experiments in few weeks.

The analyses of the transmitted wave focused on following the pressure profile at a specific location for
the duration of the simulation. The following surface plot (Fig. 29) depicts the pressure values at the
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integration point of all the elements at point A for one time instant. The objective of surface plots like
this is to provide insight into the spatial distribution of the transmitted pressure values at a specific
distance from the tested samples. The scale on the right of Fig. 29 is in Pascals.

SEREEEREERERE

-

Fig. 29 Spatial distribution of pressure, at the moment when point A attains peak pressure for solid
foam case

Conclusions

To summarize the results from numerical analysis. So far we have been able to successfully validate the
propagation of shock wave through air using ABAQUS™. And there is partial agreement between the
numerical results and the experiments. Peak pressures are in the same ball park, but rise times and
durations are not. We have identified the potential reasons for this discrepancy and hope to overcome
these in few weeks. Once the numerical model is validated, the idea is to use the model to assist in
design of experiments. Various parametric studies can be conducted across a range of geometries and
material properties, to find an optimum combination. Many parameters for example, spatial distribution
of pressure, which can’t be obtained experimentally can be obtained numerically, and can give insight
about the spatial distribution.

We have also started modeling 3D helmet liner. This model coupled with the human head model (Fig.
30) from Prof. Raul Radovitzsky’s group (Soldier Nanotechnology Lab, MIT), can provide important
insight as how the blast wave after passing through the helmet liner affects the brain tissues.

Fig. 30 Integrated 3D liner model with human head model
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Abstract

Traumatic brain injuries caused by shock waves have attracted increased medical and
scientific attention due to the large percentage of combat troops that have sustained
such injuries in recent conflict theatres. To this day, the knowledge in the fields of
causes, effects and identification of traumatic brain injury is limited. The use of
advanced body armor has decreased the number of fatalities from fragments observed
in previous military operations, resulting in the increase of non-fatal brain injuries from
shock waves.

The purpose of this project is the advancement of the knowledge in the field of
shock wave mitigation strategies and the development of a helmet liner for protection
against blast induced trauma. The proposed helmet liner design is based on the
introduction of solid and fluid filler materials inside channels opened in the interior of a
foam liner in order to enhance the attenuation of incoming shock waves. Primary
investigated attenuation mechanisms include acoustic impedance mismatches between
the filler and foam material interfaces, viscous effects of fluid fillers, porosity and
particle size of solid filler materials. Specific goals of this research project include the
reduction of the peak pressure and pressure gradient of the transmitted wave through
the helmet liner and the enhancement of the spatial distribution of the energy of the
incoming shock wave.

This research effort employed both shock tube experiments and numerical studies
in order to investigate the effectiveness of the proposed helmet liner design.
Quantitative results have shown that the use of high density filler materials result in
higher attenuation levels than low density materials while comparing to solid foam



control samples. The peak transmitted overpressure and pressure gradient were
significantly reduced with the use of high density materials while the duration of the
positive phase was increased. This response resulted in lower overall impulse values of
the transmitted wave. The use of high density filler materials also results in superior
frequency distribution.
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ABSTRACT

Alley, Matthew David. M.S.M.E., Purdue University, August, 2009.

Explosive Blast Loading Experiments for TBI Scenarios: Characterization
and Mitigation. Major Professor: Dr. Steven F. Son. School of Mechanical
Engineering.

As a result of the growing military conflicts over the past eight years, the focus on
traumatic brain injuries sustained from explosive blasts in wartime scenarios has
gained tremendous attention in the scientific and medical communities. During
previous warfare conflicts in history, military armor was not as technologically
advanced as it is today. As a result, the understanding of traumatic brain injuries
is limited since previous blast occurrences typically resulted in higher fatalities
due to non-primary blast effects. It is, therefore, the intent of this work to
advance the knowledge on traumatic brain injuries from explosive blasts. The
study focuses on two aspects. The first focus is on surrogate modeling of the
human anatomy subjected to blast loading conditions and the resulting behavior
that occurs which provides insight into injury mechanisms and needed model
validation data. The second focus is on preventive protection against explosive
blasts by studying various materials and the effectiveness of each material to

attenuate blast profile characteristics.

The physical modeling aspect of the study was accomplished by varying
surrogate materials, geometric configuration, and blast loading conditions in
order to determine the measurable behavior variations. Quantitative results were
obtained through pressure, acceleration, strain, and displacement

measurements. These results suggested large initial amplification of pressures



Xiv

at anterior locations near the shell/gel interface. Material property effects and
geometric features effects were seen by larger responses with the material of
lower stiffness and more severe responses with the facial feature shell models
over the solid shell models. Extreme accelerations were experienced with
oscillatory behavior over the duration of the blast. In addition, significant relative
displacement was observed between the shell and the gel material suggesting
large strain values. Further quantitative results were obtained through
shadowgraph imaging of the blast scenarios. The shadowgraph imaging
confirmed the approximation that global movement of the target was minimal
during the blast occurred on a different time scale. The complete results then
provided a means of comparison to actual measured behavior from surrogate
models to injury mechanisms in computational and clinical trials. Furthermore,

the data obtained can be used in computational validation.

The blast mitigation aspect of the study was accomplished by applying blast
loading conditions to various mitigant materials. Composite structures were
constructed using various filler materials which varied density, porosity, viscosity,
and particle size. Quantitative results were then obtained by measuring
transmitted wave profiles behind the respective samples and comparing to free-
field loading conditions. Attenuation effectiveness was then determined by the
reduction of blast profile characteristics (peak overpressure, pulse duration, and
impulse). The results of these experiments showed that lower density, porous
materials caused blast profile resembling scaled air blasts. Specifically shorter
wave front rise times and negative overpressure values were observed. The
higher density materials exhibited the greatest attenuation by lower the overall
peak pressure, lengthening the duration, and slowing the rise to peak amplitude.
This resulted in lower overall impulse values. Furthermore, significant frequency
distribution was observed surpassing the effectiveness of the solid foam control

sample and the lower density materials.



