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Abstract

Injury from blast is significant in both military amivilian environments. Although injuries from
blast are weldocumented, the mechanisms of injury are not well understood. Developing better
protection requires knowledge of injury mechanisms and material response to blast |ddding
importance of undstanding how soft materials such as foams and fabrics behave under blast
loading is further apparent when omalizes the capacity for some of these materedguently

used in protective ensemblés, increasehe potential for injury undesomecondtions The

ability for material configurations to amplify blast pressure and injury has been shown

experimentally by other researches, and numerigalligis study.

Initially, 1-D finite element and mathematical models were developeu/éstigatea vaiety of

soft materials commonly utilized in ballistic and blast protection. Foams, which have excellent
characteristicsn terms of energy absorption and density, can be used in conjunction with other
materials to drastically reduce the amplitwdehetransmitted pressure wave and corresponding

injury.

Additionally, a more fundamental examination of single layers of fabric was undertaken to
investigate to the effects of parameters sucfabsc porosity and deitg. Shock tube models
weredeveloped and validated against experimental results from the literatftes. thle models
were validated, individual fabripropertieswere varied idependentlyto isolate the influence of
parameters in waymot possible experimentally. Fabric perme#pilvas found to have the
greatest inflence on pressure amplificatioikevlar, a ballistic fabric, was modelled due to its
frequent use for fragmentation protection (either st@ode or in conjunction with a hard

ballistic plate).

The developedabric and foammaterial models were then utilized in conjunction vétbetailed
torso modefor the estimation of lung jary resulting from air blastlt was found thathe torso
model predicted both amplification and attenuation of injaryd all materialgnvestigated as a
part of the study had the capacity for both blast amplification and attenuation. The bethefit of

models developer that they allowfor the evaluation of specific protection concepts.
iii



By utilizing an approach which involved caryualidating models of soft materials under blast
loading against experimental results, and then applying the validated models to more complicated
scenarios such as protective concepts for the human body, insight has been gained into the
behaviour ofthee materials when used as for blast mitigatiofhhetechniques developed for
predicting protection behaviour could be of great use to evaluatordesigners of blast

protection.
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Chapter 1

Introductio n

1.1 Motivation

Explosives are an increasingly common threaimititary forces and civilian first responders

Explosive devices have the potential to cause injury in a number of modes, the prevalence of each
mode depends on the device itself, the envirol
relative to he explosive, and any protective equipment the individual may be wedninges can

include primary blast injury (caused by the transmission of a shock wave through the body),
secondary blast injury (resulting frohigh velocity fragmenis tertiary bhst injury (blast wind

causing a loss of balance or throwing the subject into objects in the surroenginghment), as

well as otherinjuriesincludingburns, chemical, biological or other toxic threats. The focus of the

current studys primary blasinjury.

Primary Blast Injury (PBI)or blast lung,involves damagéo air-containing organs such as the
lungs, gastrantestinal tract, and tympanic membraf@ar drum) and is the result of interaction
between the body and pressure wave generated bymosion. Although the relative occurrence
of different forms of blast injury does depend on the specific situation, PBI has been recognized
and observed as a significant form of injyiellor, 1992] Frykberg[Frykberg, 1988]Jreported
that 47% of 305 falities in terrorst bombings in Northern Irelanglere found to have blast lung.
Studies by BowerjBowen, 1968]and BasgBass, 2006]have provided an estimate of human
tolerance to air blast, with loadirdescribed by th@eak pressure angbsitive phaseluration.
While the tolerance of unprotected animals has been evalBdeedn, 1968]and the tolerance of
humans estimated), the effect of protection uruast loading has not been investigated to the
point that effective estimates of injury canrhade.

It is has been showthathigh-impedance materials usedrnrany forms of personarotection may
reduce PBI, whildow-impedance materiglsuch asballistic fabrics may enhance PBI in some

casegYoung, 1985;Phillips, 1988 Cooper, 1991] There isa need to understand the potential



effect of blast amplification by soft materials, as well as the fundamental injury mechanism within

the lungs, in order to improve protection from blast while maintaining protection from fragments.

1.2 Backgrou nd

Work by Axelsson[Axelsson 1994, Stuhmiller [Stuhmiller,1996 and Greer, [Gree2009 has
focused on the development of models to predict lung injury from blast loading. While these
modelshave been applied to predictifigge field injury with some success, they have not been

applied to predicting the effect of protection on injury.

Experiments undertaken by Cooper et. [@ooper, 1991]showed that some materials may
attenuate blast waves, while others like soft foams carifgmpasts. Makris et. al. [Makris,

1996], and Nerenberg et. al. [Nerenberg, 2000; Nerenberg] ie8onstrated that soft materials

are capable of both amplifying and attenuating peak pressures under blast loading, depending on
material thickness, propertiesd loading. Further work byoung[Young, 1985]using human
volunteers has shown that fabbased protection can amplify the overpressure in a blast scenario.
However, the limitations of live human testing meant that only small blast overpressu®eoul

used (18.6 kPa) and pressure measurements could only be taken in the esophagus. An increase in
lung injury with fabric vests has also been observed using sheep, where increased injury (based on
weight of the injured lunyjand risk of mortality was olesved for animals wearing cloth ballistic

vests as compared to those not wearing cloth ballistic [Risilfips, 1988]

Skews and Hattingh et. gdHattingh, 2001; Skews, 2006jave undertaken shock tube tests to
investigate fabric materials, and foedson the pressure amplificaticat a surface oriented
normally to the direction of propagation of the planar shock wineegurface is referred to as the
back wall throughout this stully In their work, Skews and Hattinghilized fabric samplesanda
controlled standoff from the back wall. These studies considered fabrics of varying density and
porosity (muslin, cotton, and satin) and air shock waves of varying pressure ratios (the ratio of
pressure of the shocked and unshocked air). Muslin resultdteilowest amplification of blast

pressure (1.1 times), having the lowest density as well as the highest permeability. For the
2



materials considered, satin had the highest amplification of blast pressure (2 times), with the
highest density as well as tHewest permeability of the three samples. Aramid fabric was
investigated in another study using a similar appr¢8kbws, 2006hnd produced a peak pressure
amplification of 4.5 times at the back wall. The pressure trace exhibited multiple steps @ver tim
resulting from the multiple reflections of the transmitted shoeke between the fabric and back

wall. As the fabric was accelerated towards the backtivatk was a decreasevialume between

the back wall and fabrjcand a corresponding increasepressure measured at the back wall,
wherethefabicactedas a fimoving pitond [Hattingh, 2001

Work by Gibson[Gibson, 1995] Phillips [Phillips, 1988], and Nerenberg [Nerenberg, 2008%
shown that multiple plies of ballistic fabric can amplify the peak pressure of the transmitted blast
wave. Work by Makris[Makris, 1996]has also shown that the blast wave may be attenuated it the

number of layers of soft ballistic fabric is suffinte

Similarly, a number of researcheraveinvestigated the effect &dam materials, whicmodify the
blast pressurime history. As withsingle andmulti-ply fabric protection concepts, foam materials

have the capacity to both amplify and attenidast waves.

While experimental work has shown the relative effect (amplification or attenuation) of blast
waves, there has been little to explain the mechanism behind amplification. Many researchers have
chosen to use relations developed in acoustiosrder to offerimpedancemismatching as an
explanation for changes in blast loading with protection. These descriptions fall short, however, as
they do not account for the ability for the matetiatkness or the magnitude of blast loading, both

of which have been shown to have an effect of the attenuation or amplification of blast by soft

materials.

1.3 Research Objectives and Scope

The study documented here waxused on modeling blast interaction with laowpedance

materials, and prediction of the corresponding presattenuation oramplification, which is
3



related to blast injury. Becauses o ¢ aldwlingpedanée materials encompasa range of
materials, #orts werefocused on developing models which predict the behaviour of foams and
fabricsunder blast loading, two materials commonly used in personal protection systéonk.

wasalsodone on examining the effect of air gaps on protection effectiveness.

The objective of this work wat® develop an understanding through numerical simulation of the
mechanism of blast arfification and attenuation. In addition to understanding the effect on the
blast wave as it was transmitted through the protection, stalso desable to understand what
effectprotection would have on injuryProtection modelsvere developeduch that they could be
integrated with preexisting injury models, namely those developed by Axelsson [Axel488q

and Greer [Gree00q§. The desire to integrate the material models with both mathematical and
finite element representations of the human torso necessitated the development of mathematical
and finite element protection modelsThe models developed could be used for the etialuaf
protection and the determination of the range of threhish a protective concept coupotect
against, as well as the design of protective concepta farticular threat. Limitations of both
numerical models and the use of soft materials Hiast protection were identifiednd are

discussed in this document

1.4 Approach for Current Research

The goal of this researaliasto simulate materials used in protection under blast loading. As a
part of this study, experiments from literature weredusevalidate the material models used for

modeling protection.

It should be noted that since the experimental studies were carried out separately, with various
methods and motivations, it was important to consider the type of loading applied (shoa&tor bl
wave) and the implications with respect to the results. Though all of the studies were unique, they
all focused on comparing the pressure time history of a reflectingveaitkeither in the form of a

wall at the back of the instrumented section adhack tube, or a flat plate oriented normally

towards a spherical charge).



Before modeling protection with tarso model to evaluate injury, the effect of these materials on
blast loading transferred to the human body had to be underst&edmining he pressure
produced behind the materials when struck by a shock or blast wave is a useful, and experimentally
measured means of both valtohg the models used, but also methoddaining insight into the

mechanism of blast amplification or attenuatigrplootective systems.

The approach taken for each type of material was as follows:

1) Investigate experimental shock tube or blast studies for material in question through
literature

2) Determine mechanical properties of materials through literature

3) Develop andmplementmaterial model

4) Validate material model by numerically reproducing experiments from #1, using a
simplified shock tube model

5) Undertake studies to determine what the effect of various material parameters would be on
blast attenuation or enhancement

6) For select cases, evaluate what the effect of the material/protection concept has on lung

injury determined through the UW Torso Model

In addition to the use of finite element models, a mathematical model, draexl Axelsson Torso

model[Axelsson, 1996]was produced in order to further support the results obtained using FEA.

A description of the materials of interest follows, along with a review of experimental works which
contribute to the wunder st ana blasgor shdck teba wddingmat er i
The experimental results were also used to validate numerical models described in the same

chapters.



Chapter 2

Review of Blast Loading and Injury

The effects of blast interaction with structures, soft materials, and injury caneplex
multidisciplinary phenomenon. The goal of this review is to introduce the relevant topics and how
they related to blast injury, and the modification of blast injury through the use of protective

concepts utilizing soft materials.

2.1 Blast loading

Blast loading is characterized byapidincrease in pressure, with a limited duratigd®ombustion

of a materialcan occur through deflagration or detonation. Deflagratiocoiebustion process
where propagationoccurs at a velocity lower than the wave speed of the combustion material.
Detonation is a class of combustion where the reaction propagates as a shock wave (above the
wave speed in the material)The potential sources of blast loading asgied Exanples of
materials whichare typically associatd with explosionsinclude low explosives, such as
gunpowder (when confined), as well as high explosfi#ts) such as TNT, RDX, PETN and HMX
[Bulson, 1997] Nuclear devices and thermobaric weapons (such dsAKuexplosive bombs)
each have their own unique characteristiod behaviouras well.  Dispersed vapour or dust can
combust angwhen confined cause explosionsurprisingly, relatively benigmmaterials such as
flourcandeflagrae under 0t b e n {Bultow IDg7sSmith1994] This study focuses

on high explosives, aklEs are a commonsourceof blast loading and are particularly potent
sources of energy because they combust through detanation

In high explosivesdetonation isachieved through the propagation of a stress wenaated by a
detonator,through the explosive materialThe stress wave causdstonationof the explosive,
leaving a high pressure gas as it travels through the material. Conversely, dust and vapour
exposions typically occur through high rate combustion, @ordthese explosions a shock wave

may only occur if the explosives are confined in a vessel whichsiadldenly and catastrophically



[Meyers, 1994. Thus, the release of energy of a high explogvypically much more sudden

than alow explosive

In all caseswith HE, the detonated explosive products release energy at such a rate that-a shock
wave is produced in thiecally surrounding air. This shock wave can travel much further and
fasterthan the explosive prodts themselvgsvhich manifest themselves as a visible fireball. In
many cases, the explosive is encased in a material which produces fragments. The blast wave can
alsoacceleratdragments from the environmerguch as rockanddebris and propel them at high
velocities. The fragments resulting from a blast can travel much further than the blast wave and
fireball. The typical distance that various threats travel is qualitatively showigure2.1. This

work focuses purely on the blast waymid field), and does not examine the effect of

fragmentation (secondary blast injury) or the fireball.
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Figure 2.1 - Qualitative differences in maximum distance of threat propagation



In the case othe detonation o spherical charge, a spherical shaekve will be produced. The
pressure time profile of shock waves resulting from high explosives and natléasts can be
characterized by a Friedlander cufee the mid to far field The curve, as shown Figure 2.2,
assumesan instantaneous increase in pressure up to a peak value, followed by an exponential decay
in pressure over time. Eventually an overpressure ©f @achedandthe duration from the
pressure peak to zero pressure is called the positive phase duration. The positive phase is followed
by a negative phaserlhe positive phase generally considered to Ikee most significant source of

loadingwith respect to injury

T
+
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\‘/—

t, t+T" t+ TT+T

Pressure

Negative Phase

le ale al
el

Time

Figure 2.2 - Friedlander curve
The positive phase of the Friedlander curve is defined mathematically as fi8ioitk., 1994]
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Wheret is the time, tis the arrival timeP is the pressure at the given tirRéis the Peak Pressure,
T" is the positive phase duraticand b is a wave form parameter., F* and b aredetermined

using empirical data.

For an explosivecharge of a given sizend shapehe pressuréime history seen by an observer
will dependon their location relative to the chargPressures near a blast are of shorter duration,
but higher peak pressithan those at a further distance away. The reduction of loading can be
quite drastic with small changes in distance from the explosiveve mnsider an explosive of
given mass at=0 (detonation), the energy released by the explosive is contaitted aisphere of
radius equal to the charge radius. thkse progresses arttie blast wavepropagates spherically
awayfrom the charge, the volundefined by the spherical shock front and containing the energy
released by the chargacreases cubicall as shock distance increas¢Bulson,1997] These

scaling lawgBulson,1997]can be described as

N=+% 2.2)

Where p is the peak pressure, K is a-donensional parameter, E is the instantanesnergy
released by the explosive, and r is the distance from the charge center where the pressure is to be

determined.

Curve fits to empirical blast data have been produced Bg Army ballistic research lab project
[Kingery, 1966]which are used in a apon effects calculation program named CONWHRle,
1988] CONWEP utilizes a database which allows the calculation of, among other parameters, the

pressure time history at a given distance away from a charge of TNT of a givirysiee1988].

Different high explosives have different energy outputs, but TNT is considered to be the baseline
with which other explosives can be compared. For example Composition B has an energy output
of 1,240 cal/g while TNT has an output of 1,000 cal/g, thus 1 gram gbasitron B is considered
to be equivant to 1.24 grams of TN[Meyers,1994; Wharton,2000]Using this equivalence it is

possible to use the data from CONWEP to determine blast loading for a variety of explosives.
9



It is important to distinguish some camon points of confusion regarding blast data. First, there
are two pressures which are commonly quoted in literature. Incident presgundi@® is also
referred to astaticor sideon pressurebut will be referrd to as incident in this thesis. Bhs
usedin some work relating to the assessment of injury from bldstident pressure is often
referred to asideon pressure because it is the pressure that is seen on a surface whose normal is
oriented perpendicular to the direction of fluid flovd different measure of pressure eflected
pressure (], whichis the incident pressure, plus the dynamic/stagnation preassoeiated with
interaction with a body Reflected pressure is also referred to as-facpressure, and corresponds

to thepressureactually applied to the front face of a body in a blast environmbnthis work,
reflected pressures the value of greatest interest, however loading is often defined in terms of
incident pressuresince incident pressure does is not affedtgdhegeometry and stiffness of the

body being loaded

The reflected pressei(in terms of incident pressuren a flat, infinite, rigid plate strucky a
planar shockwavenoving normal to the rigid platean be given by the following equation
[Bulson,1®7; Smith, 1994}

0 _
i (2.3

It can be shown from this equation that the reflected pressure under the above described
circumstances will be-8 times the inciderpressurehowever the above relatias not applicable

at distances extremely close to the source of blast, due to the assumption of air behaving as a real
gas (at extremely close rangebere are gas dissociation effec{§mith, 1994] Reflected
pressues on differently oriented, shaped or fragid walls will not generally followthe above

relation. Deformable structures may have lower reflected presghan a rigid wall for example
[Monti,1970]. Also, obliquely reflecting shock waves typically haeélected pressures lower than
normally reflecting shock waves. There does exist a critical angle of incidence, however, near
which the reflected pressures actually exceed those described in the equation above. In air, this

angle ranges between 40° &iy.
10



For a blast which occurs above ground, the reflection of a spherical blast wave off of the ground
results in the formation of a mach stem. A mach stem is a reflected shock wave which travels at a
higher velocity than the origingahockwaveand resub from the merging of the incident blast wave

with the reflected wave from the same hla$te height of the mach stem depends on the original
blast wave shape and distance of the charge from the ground. Thestmcihs illustrated in

Figure2.3 below, and occurs when the angle of incidence of the shock wave exceeds 45.degrees

" Mach Stem

Ground Zero

Figure 2.3 - Mach stem[Bulson,1997]

A second point to clarify is the difference between shode loadthg and blast loading sincata
of both types is useth experimental blast testirgnd forvalidation of models produced for this
work. Blast loading consists of finiuration shock wave, which exhibi behaviour similar to
the Friedlander curve. Shock tube loading consists of a shock wave watatiaely square
pressurdime profile a fast rise time (like blast loadin@nd duration much longer than the typical

blastloading Figure2.4, below shows the difference graphically.
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Figure 2.4 - Shocktube vs.blast loading

The Friedlander curve was described earlier in this chapter and shdwgune 2.2. The typical
Friedlander curve is applicaibmgl iomd,y i ©o mmBli eavp | |
a more comptated pressuréme profile;primarily due to reflections of the blast wave off of walls

or other structures in the blast fieldhn example of a complex blast profile is shownFigure

2.5c. Often, complex blast waves appear to be the result of qugsition of Freidlander curves,

though for very confined environments, the pressure trace can be extremelydneisio

refledions Sources of reflection can include walls, floors and ceilings, and as such explosions

which occur or propagate to the interior of buildings or vehicles are complex in nature.
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Figure 2.5 - c) Complexblast wave b) Simpleblast wave a) Idealizedblast wave[Mayorga,1997]

2.2 Wave Propagation and Interaction  with Boundaries

The application of force to a body is a dynamic process, however, at low rates the dynamic effects,
though present, mayot be significant to the overall response. Stresses are transmitted through an
elastic body at aspeed, ¢ , which can be determin&dowing the material's stiffness, E, and

d e n s iby [Meyerg, 1994]:

?
| O |

0= (2.4)
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The above speed is referred to as the elastic wave speed. If loading is applied to at a rate and
magnitude sufficient enough to cause particle velocities within the material to exceed the elastic

wave speed, thenshock wave is formed.

2.2.1 Interaction of Waves with Boundaries

A topic of wave interaction of interest is the transmission of a wave from one material to another.
When a wavarrives at an interface between two materials, a reflected and transmitted weave ar
produced The magnitude of the transmitted and reflected waves are dependent on the impedances
of the materials on each side of the interface. The impedance can be defined as the product of
elastic wave speed and density of a material [Meyer, 1984$hould be noted that while this
calculation of impedance is fine for elastic waves, it serves only as an estimate for calculations

involving shock waves.
The ratio of reflected stress to incident stress at an interface can be defined as [Meyer, 1994]:

o Bt @5)

While the ratio of reflected stress to incident stress at an interface can be defined as [Meyer, 1994]:

E _ 2(1'2;1 )
o @2+ @y (26)

Where ¢ a n d; ar¢ the elastic wave speed and density of the material through which the
disturbance is initially passing, anga n d arg the elastic wave speed and density of the material

on the other side of thetarface.
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From the above equations, if a wave travelling through a material of verynmigdlance strikes a
material of low impedance, the wave transmitted to the low impedameterial may be
significantly attenuated. Combining materials with sufficiently dissimilar impedances creates what
many researchers refer to as a "stress wave decoupler" [Cooper, 1996], which under the right

circumstances, camearly isolate the low implence material from thhigh impedance material.

Foams and fabrics, having both low densities and a low stiffness, are examples of materials with
very low wave impedance values. Metals, ceramics, and other high density, relatively rigid

materials, have relatively high impedance values.

The equations ekcibed in this section work well, however material non linearity can limit their

applicabilty in circumstances where large deformations or high pressures occur.

2.2.2 Wave speed in a compressible porous medium

The propagation of waves in a compressibleops medium is more complex than the calculation
of wave speed in a linear elastic soli@ibson building off of work by Rudinger on the dynamic
behaviour of gaparticle mixtures [Rudinger, 1965$howed that the sound speed in a porous

materialcontainng air(c) can be calculated as [Gibson, 1995]:

G- % _
@7

1+ .0/ 1 ;0 1 .8
w | |

Where” ; is the apparent bulk density of the materigl,is the density of air;; is the density of

the solid pase of the porous materaddy, is the speed of sound in air.
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When the above is used to plot sound speed versus apparent bulk density, it can be shown that
porous materials such as foams and textiles have bulk demgiligls put them near the minima of

the sound speed vs. density curkg(re2.6).

Sonic Velocity in Sonic velocily/

1000t Air (330 m/s) increases
/ asymptotically
as density approaches

solid density

100}

Equilibrium Sound ﬂS‘peed (fn/s) —

10+ Textiles and polymeric foams
are m this minimum velocity range
1 . e A
1 1 i0 100 1000

P, Apparent Bulk Density (kg/m?)

Figure 2.6 - Sound speed versus ggarent bulk density [Gibson, 1995]
The above behaviour applies to a few of the materials which were investigated as a part of this

research (foams and fabrics).

2.3 Blast Injury

The types of injuryesulting fromblast are categorized as primary, secondaniary and (in some

literature) quaternary blast injuflpePalma et al., 2005; Adler et al., 1988]

Primary blast injury (PBI) is considered to be injury which results from the impact and
transmission of a shock or blast wave through the human, ymigally affecting & containing
organs. Injury of the lungs (blast lung), intessie gastrointestinal tra@blast gut) and rupture of

the tympanic membrane (ear drum) are the traditional PBIs observed. More recently, traumatic
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brain injury (TBI) andmild traumatic brain injury are being investigated as a form of[PBideau
et al., 1998]

Secondary blast injigsresult from ballistic impact ofragmentswith the human body. This type

of injury is the most common of blast related injuries. Wlilirrent armour systems are capable

of stopping fragmentation, most do not offer cdetg coverage of the human bodyxplosive
Ordinance Disposal (EOD) suits offer complete coverage to reduce the risk of fragmentation

injury.

Tertiary blast injury is aused by the interactiaf the human body with any surrounding surfaces
or structures after a blast event. The pressures appliethslylbading can accelerate a subject
such that the body is thrown or limbs flail, resultinginmpact with environmentabbjectsand
causinginjury.  Tertiary blast injury may also result from the sudden loading causing loss of

balancethe subsequent fall causing injury.

Quaternary blast injury generally includes burns, chemicals and other toxic effects resulting from

the fireball and detonation products.

The charge size, and distance o$ubjectto the source of a blast will determine the types of
injuries sustainedlable2.1 shows the types of injuries that might occur at varied distance from a

blast threat.

Table 2.1 - Expected Injuries to Unprotected Victims at Rdative Distances from HE in Open Air
[Wightman et al., 2001]

Injury Type Distance relative to explosive
Close - - - - - ¢ Far

Total Body Disruption X
Burns and Inhalation Injuries X X
Toxic Inhalations X X X
Tramatic Amputations X X X X
PBI of the Lung and Bowel X X X X X
Tertiary Blast Injuries X X X X X X
Ear Drum Rupture X X X X X X X
Secondary (Fragment) Injuries X X X X X X X X
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Primary blast injury in the form of lung injury is sometimes referred to as blast lung injury (BLI),
and will be the focus dhis study

2.4 Primary Blast Injury:  Blast Lung Injury

Although the relative occurrence of different forms of blast injury does depend on the specific
situation, PBI has been recognized and observea significant form of injury{Mellor,1992].
Traditionally, the lungs are considered the organ most suskepdilPBl next to the tympanic
membrangMayorga,1997; Argyros,1997]. Frykberg [Frykberg, 1988)orted that 47% of 305

fatalities in terrorist bombings in Northern Ireland were found to have blast lung.

Furtherinvestigation of cases where humans hadn exposed to blast was undertaken in another
study [Mellor,1992].In this study, of 828 servicemen exposed to blast, there were 216 fatalities.
Of thesefatalities 24 occurred from chest injury (PBlvithout any other sign of injury; 46
occurred as aesult of a combination of head and chest injury, and 86 occurred as a result of
combined secondary (fragmentation) injury and head or chest injuries. It is also worth noting that

90% of the injured servicemen wore soft ballistic armour

Results from ontrolled animaktudies [Irwin, 1997; Irwin1998; Yelveton,1996]under blast and
shock tube loading have shown blast lung injury tends to have a lower threshold for injury than
blast gut injury(both being forms of PBI)

2.4.1 Lung Anatomy

The function of the lung is as an organ for gas exchange between the atmosphere and the human
body. Oxygen is absorbed (inspiration/inhalation) and carbon dioxide is expelled
(expiration/exhalation) through the lungs in the respiratory process. Aiawandn through the

oral and/or nasal cavity during respiration, and down into the trachea. The trachea splits into left

and right primary bronchi, which further separate into bronchi that serve each of the 5 lobes of the
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lung: the right superior, right mdle, right inferior, left superior, and left inferior lobes. Within

each lobe, the bronchus branches out into bronchioles, which supply air to alveolar sacs via
alveolar ducts. The alveolar sacs, containing multiple alveoli, are where gas exchangéatakes

between the air occupying the lung and the human body. The alveoli are covered by a system of
capillarydéds which are connected to the pul mone
arteries carry oxygen rich and oxygen starved blood to ramad the heart/circulatory system. The

alveoli allow the lung to have a large surface area for gas exchange, and give the lung its sponge

like structure. Any reduction in available surface area, either by flooding of alveolar sacs with

fluid or collapse bthe lung, results in reduced effectiveness of the respiratory system, and possibly
death. A diagram of the respiratory system including details at the alveolar sas [@esfidedin

Figure2.7.
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Figure 2.7 - Respiratory System Anatomy [Wikipedia, 2007]
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2.4.2 Lung Injury Description

The pathology of lung injury includes pulmonary contasigbruising), with or without laceration.

The contusion manifests itself as hemorrhage and can be observed through petechiae and/or
ecchymosis (purple spots or colourifly)ayorga,1997]and are primarily observed medially next

to the heart, laterally ahg the rib cage, and at the posteriordiair interfacgthe section of the

lung near the spindMayorga,1997; Zuckerman,1940L.ung contusion in blass observed along
intercostalspaces (between ribs), as opposed to contusion resulting from blunt trauma, which is
typically ssendirectly behindthe ribs[Adler, 1988] The previous observation suggests the ribs
offer some protection from blast injury, and that the mechanism mayertbe same as lung injury
observed in different loading conditions.

Hemorrhage into alveolar spaces can cause the lungs to fill with fluid, and reducesattiy cdp
functioning lungbecausethe area of the alveolar/air interface is reducdeiimonay oedema,
which also results from damage to the lung, also results in an increase of fluid in theAangs.
Ray of a healthy lung is shown Figure 2.8 while Figure 2.9 shows an XRay of a blast victim
directly after hospital admittance, as well as after 40 hours of rec¢Renylins, 1978] The

higher density (lighter) areas on theray showthe contused lung
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e 1

Figure 2.8 - X-Ray without contused lung [Wicky, 2000]

“'. *L " .

o

Chest X-Ray of Blast Vicim Subject after 40 hrs of Recovery
Figure 2.9 - X-Raysof a human blast victim [Rawlins,1978]

Lung contusiorcan also be observed at the tissue level, as shown from samples of rats exposed to
blast loading(Figure 2.10)[Chavko et al., 2006].The lung is initially a very high volume of air,
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with a large alveolar surface area (to increase oxygen absorption). The injured lung sample has
much less aialveola interface present, witmuch ofthe lung volume again being occupied with
fluid.

Alveolar Wall Air HemorrhageDedema

Control Exposed to Shock Loading

Figure 2.10 - Stainedrat lung samples; control and exposed toinjurious shock tube loading [Chavko et al.,
2006]

Anothercritical result of injury to the lungs is the risk of air embolism after pulmonary contusion.

It is suspected that air embolisms (air bubbles which enter the blood stream and cause blockages of
vessels or arteries) are the primary cause of instantadleatis from PBland may be associated

with very aggressive blast loading/nfortunately, air embolisms are difficult to deterid locate

(the air bubbles can dissolve in the blood with time), and as such it is uncertain how frequent or
significant they a&. They have been observed postrtem in blast casualties, and one particularly
interesting case study reports fAWhen the aorta
artery, air escaped with a loud hiss, accompanied byyddood 0 [ F X980l rfExamination

of case studies where air embolisms have been confirmed shows that they do not occur without

pulmonary contusion also being present [Mayold@®7; Argyros,1997].
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2.4.3 Injury Mechanism s

The specific mechanism of lung injury and damagedlveoli has not been determined, however
there have been 4 mechanisms proposed, some of which are specific to shock type loading
[Wightman 2001; Treadwell1989; Ho,2002].

The first proposedmechanism is spallatiofwightman, 2001; Treadwell,1989]Spallation can

occur when a shock wave reaches ititerface of two media. f the acoustic impedance of the
material through which the shock is initially propagating is higher than that ofulbbsequent
material at the interface, a tensile wave is fornmetthe higher impedance material with magnitude
depending on the difference between impedarises Sectior2.2.]). If the magnitude of the
created tensile wave is of high enough magnitude, high impedance material may be ejected into the
low impedance material. In application to lung injury, alveoissue or fluid would act as the
ejecta, and air within the lungs would behave as a low impedance material, causing (edema

swelling of tissue caused by an accumulation of fluid)

The second proposed mechanism is implogWightman, 2001; Treadwell,1989 As the shock

wave travels through the lung, the lung compresses and the gas within the alveoli decreases in
volume, storing the potential engrgAs the shock wave passége high pressure gases within the

lung are allowed to quickly expand, resultingp t he al veol i Afexpl odingo,

could also result in the introduction of air into the blood stream through bronchioles.

The third proposed mechanism is that of differences in accelerations of various materials within the
lung [Wightman, 2001; Treadwell, 1989]The accelerations from a blast wave are so violent, that
the differences in inertia between lung components such as the bronchioles and the alveoli could
cause shearing forces and damage at the intgiNéleor, 1997.

The fourth proposed mechanism is pressure differential betweendomponents [Wightman
2001; Treadwell, 1989] One of the characteristics of a blast wave is a discontinuity in pressure.

While the shock wave is transmitted through the body, the high peebehind the shock front
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could cause blood and other fluids to be forced through alveolar walls. Pressure differentials could
also cause shearing injury of tissues as a result of different displacements.

To date, no experients have confirmed or dispmvany of theabove theoretical mechanisms
behind lung injury. It is likely that lung injury results from a combination of these mechanisms
[Ho, 2002] or that the mechanism experienced depends onatuge of thdoading experienced

by a given volume athe lung.

Because blast lung injury consists of contusion and oedejouaies which continue to delop

after tissue damagénvestigations into the mechanism and development of the injury would be
properly done through liveubject testing. It iglifficult (if not impossible) to instrument the lung
nortintrusively in order to determine the mechanism behind injury. Without full knowledge of the
mechanism behinbdlast lung injury it is difficult to infer what the tolerable limits of the lung are

in terms ofloading. At the tissue level principstrain[Stitzel, 2005]andthe product of principal
strain andstrainrate [Gayzik, 2007]have been proposed as possitdgameters which could have
thresholds assigned to them to estimate lung imunyerically. The proposed metrics are based

on experiments and subsequent simulation of pendulum impacts to rat lungs in vivo.

Work by Stitzel suggests first principal strain as a metric to be used in FEA for determining the
volume of injured lung, as weds intensity of the injury (based on the number of days after injury
that the lung remains contused). Volumes of contused lung were determined from impact
experimentausing Positon Emission Tomography (PET), after which FEA was used in order to

determne the first principal strain thresholds summarized belovalrie?2.2.

Table 2.2 - Percent Contusion of Rat's Right Lung from Experiment and FEA [Stitzel, 2005]

Days After Impact 1 7 28

Percent Contused Lung from Experiment 93% 62% 8.6%
Percent Contused Lung from Finite Element 93% 62% 8.6%
First Principal Strain Threshold 0.035 0.088 0.35
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A study by Gayzik [Gayzik, 2007] used Computer Togpnr ap hy ( CT) scans t
Radi ogr a puhgyolumée(hith consists not only of contused lung, but alsald¢dnclude
collapsed alveoli and hemothoraxgnd compared the accuracy of various metrics from FEA
calculations Table2.3). Statistical comparisons via a regisiva score, calculated by comparing
the dimensions of the experimental HR volume and the numerically preti&eeblume, were

used for comparing the metrics. The study found that the product of maximum principal strain and

strain rate within the lung wabke best metric for predicting lung injury.

Table 2.3 - Comparison of Various Metrics for Predicting Lung Injury [Gayzik, 2007]

. 24 hour post- Reg. Score
Rank Metric . Reg. Scor¢  (Percent
impact threshold
Increase)
1 Max principal strain strain rate 28.5 0.320
2 Max principal strain 0.154 0.338 6%
3 Max principal strain rate 304 0.345 8%
4 Max shear strain rate 367 0.346 8%
5 Max shear stress 7.10 0.349 9%
6 Triaxial mean strain rate 58.3 0.382 19%
7 Max shear strain 0.210 0.390 21%
8 Max shear strainrate 48.9 0.396 23%
9 Octahedral shear stress 6.00 0.401 25%
10 Triaxial mean strain 0.0242 0.493 53%
11 Triaxial mean strainstrain rate 0.700 0.540 67%

Work by Yuen, et al. [Yuen, 2008] examined theg response of 80" percentile mal@umerical
surrogate to vehicle side impact conditioMs a@m r t o f studyuseampsgain rate and strain
multiplied by strain rate were examined as potential wetior estimating lung injury. It was
found that strain rate didoh convergenumerically and was highly dependent on mesh density.
Strain, while converging with increasing med#nsity,did not account for rate effects of loading
and undesestimated high velocity impact injuriesDynamic pessure was determined to be
appropriate metric for predicting lung injury, due t® ¢onvergence with increased mesh density,

andability to capture transient effects and properly predict the-higdbcity injury. The threshold
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values for strain and strain rate based metricshe study by Yuen were different from those by
Gayzik and Stitzel, due to differences in lung material models and mesh densities.

It has been showm one study of patients with pulmonary contusion (not from blast) [Wagner,
1989], that patient with 18%r less of lung volume reduction from contusion (deterchitmeough
Computed Tomography) did not requirentilation. On the other extrempatiens with 28% or

more of their lung air space filled with fluréquiredventilation. Whilethis does not offemuch in

terms of quantitative data, it does offer some qualitative information regarding the severity of
contusion The results from Wagner [Wagner, 1989] are in line with another study [Miller, 2001]
where 20% lung contusion, as determined through W5 considered to be a critical volume,
across which incidence of acute respiratory distress syndrome (ARDS) increases dramatically. In
the study by Miller, 78% of patients developed ARDS when -30% of their lung was contused

by volume; compared to 16%f patients developing ARDS when contused lung was in the 10%
20% range.

2.5 Effect of Protection on  Observed Blast Injury

It has been shown in various studies that soft ballistic protecimm, as vests made from Kevlar,

may increase the severity of lumgury resulting from shock and blast waves. Work using human
volunteers [Young, 1985] has shown that fallmésed protection can amplify the overpressure in a
blast scenario. However, the limitations of live human testing meant that only small blast
overpressures could be used (18.6 kPa) and pressure measurements could only be taken in the
esophagus. An increase in lung injury with fabric vests has also been observed using sheep, where
increased injury (based on lung weight) and risk of mortality wasrebd for animals wearing

cloth ballistic vests as compared to those not wearing cloth ballistic vests [Phillips, 1988].

In order to investigate protection concepts aimed at mitigating PBI, work ldoi@ooper etl,
[Cooper, 1996Cooper, 1991; Crippd996]focused on the use of low impedance materials. The
results of animal tests using only foam and rubber for protection had shown that these materials

actually increase the likelihood of injury from blast. The explanation offered by the
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experimental st i s that the soft materials increase t
is also suggested that the foams and rubber materials change the frequency of the loading such that

it i's nearer the frequencwal (@dorted ® SeoM38.8kelzein of t h
[Cooper et al., 1991]).

This finding by Cooper is contrary to earlier wofEuckerman,1940] whichfound that foams
could be used to reduce lung injuries in rats. This contradiction suggests that the differences in
matrial thickness, properties, or loading couldule in different result@nd thussoft materials

have the potential to both mitigate and exacerbate blast injury.

Further investigationinto foams and rubber materidty Cooper[Cooper 1991; Cooper, 1996

have shown that by mounting a high density material onto the front face of thgtfasnns, the

face that is struck by the blast wayi)is possible to reduce the level of injury from blast in live
animal subjects. Cooper attributes the reduction ofj ury -wavdisdeesspl i ngo,
achieved by mounting material with a high acoustic impedance (for example, a metal or ceramic)

onto a material with low acoustic impedance (for example, foam or rubber).

Based on the experiments described, tedcurrent materials used in protection, four materials
have been identified that are particularly relevant to attenuation of blast ingingte layers of
fabric, multiple byers of fabric (eft ballistic vests), foams (forti@nuaton), and high deity

materials (such as ceramic used in ballistic plates).

2.6 Techniques f or Estimation of Blast Lung Injury

Numerousstudies have been undertaken in ordeteeeloptechniques that can be used to estimate

lung injury. Animal testing has been relied upnrainumber of studies, particularly earlier studies

in order to investigate the effects of varied blast loading on injury, and estimate the tolerance of
mammals to blast loadinglt is costly and difficult to conduct biological tests on living subjects,

and so most tests where animals have been exposed to blast loading have been used in order to aid

the development of injury criterend models to predict injury
28



The injury estimation technigues that have been developed caidydiized as being load dwa,
mathematical models of the torso, physical surrogates of human or animal subjects, and numerical
(finite element) surrogatedt will be seen that no consensus has been made as to the metric that

best correlates, and makes physical sense to correldtmg injury.

2.6.1 Load Based Technique (Bowen Curves)

This section describes techniques for estimating injury that use the appliedgldadestimate
injury directly. These techniques do not require the use of a model (mathematical or finite
element), but attempt to estimate injury resulting from a given blast loading (defined either by

peak pressure and duration, or charge size and distance.

Studies by BowerBowen, 1968]usal animal testdata toestimatehuman tolerance to blast in
terms of the peak pressure and positive phase duration of the loadingexddranents were
carried out on monkeys, swine, goats, dogs, cats, steers, rats, hamsters, rabbits, sheemnd

The use of a range of animal sizes allowed the development of mass scaling laws which were
applied in order tqredictthe human tolerances. The tolerance curves produced by this study
(Figures 2.1a12) are commonly used when determining the Ihk@bd of blast lung injuryunder

given loading conditionsEach curve represents a probability of "lethal dose" (LD). A blast load
which falls on the LD50 curve has a lethality of 50%.

Note that the values used by [Bowen, 1968] are-gideverpressurealues (static gauge pressure)

and do not represent the pressures actually applied to the human Explgsives were used to
produce loadings of short durations, however shock tubes were also used to produce long duration
shock loads.In all cases, anials were against a reflecting surface, resulting in an increased blast

loading due to the reflection of the shock wave off of the reflecting surface.
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Figure 2.11 - Bowen injury prediction for the case of body being parallel to blast [Bowen, 1968]
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Figure 2.12 - Bowen injury prediction for the case of body being perpendicular to blast [Bowen, 1968]
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Figure 2.13- Bowen injury prediction for the case of body being perpendicular to blast and against a
reflecting surface [Bowen, 1968]

A limitation of the original Bowen data [Bowen, 1968] is that while pressures were redasu
duration was estimated based on the peak pressure, and empirical correlations between peak
pressure, duration, charge size, and distance. Also, the curves which predict injury from free field
blast pressureo so through a few assumptions. For exayfure 2.11 (injury prediction for a

body laying parallel to the direction of blast propagation) was generated by assuming similar injury
will resut from a given loading, whether resulting from reflected pressure (what was measured in
experiments) or free field pressure (what is assumédgare 2.11) . Figure 2.13 represents the

loading scenario closest to the original experiments.

Due to increased interest in blast injuries, théjioral curves by Bowen were -@valuated and

adjustments have be@moposedBass, 2006; Gruss, 20Pasing the knowledge gained regarding
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bl ast since the publication of Bowendés origina
region of the Bowen curvesUnfortunately, the adjustments suggested by Grusscateacy to

those suggested by Bass et al.; that is, Gruss suggests that the Bowen curves are overly
conservative, while the Bass results suggest that the Bowen curvesestiaete the injury during

low duration blastsinder certain loading conditions

The Bass curveare based on an assessment of various blast studies done prior to 2006, including
data from the original Bowen studif8ass, 2006] A total of 1129animal experiments frorthe

literature were used by Bass et al. to estimate tolerances for short duration (<30ms) blasts.
Di fferences between the Bass and Bowen curves
cases (shown iRigure2.14 andFigure2.15, respectively). A particular difference, aside from the

larger pol of data from which Bass et al constructed their curves, is that while Bowen seaied
pressures based on ambient pressures (based on long duration, shock tube, results), Bass et al.
consider this unjustified for®rt duration blasts, and thus didt scale pressures based on ambient

conditions.
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Figure 2.14 - Comparison of LD50 curves for Bass study [Bass, 2006] and original Bowen curve [Bowen,
1968]

Work by Gruss [Gruss, 200&Jpplied acorrection tothe Bowen curves based on more recent
explosives data. The empirical data for relating charge size and placement to peak pressure is
relatively unchanged between the Gruss and Bowen studies. Conversely, the more recent data for
positive phae duration suggests that at short durations Bowen was underestimating the positive
phase duration of blast loading. An example comparing the Gruss and Bowen curves is shown
below in Figure 2.15. Also note the Bass curve, which deviates from the original Bowen LD50

curve at durations over 3ms.
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Figure 2.15 - Comparison of Bass [Bass, 2006], Gruss [Gruss, 2006] and Bawj@owen, 1968] LD50 curves
for the case ofbody orientation parallel to blast

Given the uncertainty ithese recent developmentse more conservative curvéss proposed by
[Bass, 2000]are more appropriate for use in this study. sSeheurves werased in the validation

of a model for injury developed at the University of Waterloo and used for the current study.

2.6.2 Mathematical Model of the Torso

At the torso level, chest wall velocity has been propdeecbrrelatewith lung injury [Axelsson
1996] A mathematical model, pgesentinghe stiffness and damping characteristics of the human
torso, was developed in order to estimaiejury under a given loadingincluding simple and

complex load casesThe pressure developed in the gaseous volumengf was the intended
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metric for injury evaluation using this model (whidffectively makes the metrichest wall
displacement Axelsson found that chest wall velocity was a better correlate to injury and thus this

is the result used for estimating injurging the model.

The Axelsson model treats the thoraxaaspring, mass, damper systemdi&gram illustrating this

is presented ifrigure2.16 [Axelsson, 1994].

A = effective area

M = effective mass
Chest Wall, A V = gaseous volume of the lungs
at zero displacement

[ ¥ = displacement
f J = damping factor
K. J * K = spring constant

Pioad(l)——— M P = ambient pressure
Pioaqlit) = external overpressure blast load
%g P = lung pressure
o
Po V,P
_... X

Figure 2.16 - Diagram of Axelssonmathematicaltorso model [Axelsson, 1994]

Displacement of the chest wall producesrespure in the closed chamber (meant to represent the
lung). The pressure produced in this chamber also resists movement of the chestheall.
mathenatical model is presented below [Axelsson et al., 1996].

D,—‘+U,_‘+U(b:6“0+6 5 V)
Qr QY d ° & 6w ° (28)
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It should be noted thatymodelling this way, Axelssodid not captureny of the associated wave
phenomenon, and thus this model presdithat chestwall kinematics dominate lung injury from

blast. The parameters for the model are giverainie2.4 below.

Table 2.4 - Axelsson Model ParametergAxelsson et al., 1996]

Parameter| Units | 70kg Body| Scaling Factor
M kg 2.03 (m/70)
J Ns/m 696 (m/70)2/3
K N/m 989 (m/70)1/3
A m? 0.082 (m/70)2/3
\Y m3 1.82E03 (m/70)
g - 1.2 -

Experimentalstudies on sheep in an enclosure were UseAxelssonto validate this model for
complex blast scenarios. In total, 177 sheep were exposed to this complex blast loading. It was
found that the pressure in the lungs predicted by the model did not correlate well with the injuries
seen in experimentsinward chest wall velocitywas found to correlate and thus the chest wall
velocity from the Axelsson modetas selected by Axelsson for use predicting injury The
proposed correlation between chest wall velocity and injury level is showabie2.5.

Table 2.5 - Injury levels corresponding to ASII and inward chest wall velocity[Axelsson et al., 1996]

Injury Level ASII ChestWall Velocity (m/s)
No Injury 0.00.2 0.03.6
Trace to Slight 0.2-1.0 3.675
Slight to Moderate 0.31.9 4.39.8
Moderate to extensive | 1.0-7.1 7.516.9
>50% Lethality >3.6 >12.8

A similar approacilwas undertakeby Stuhmilleret al.[Stuhmiller, 1996] Insteadof modelling
the thorax as a mass/spring/damper system, a model which took into account the bulk pressure and

compression waves developed by chest wall compression was devilaped2.17).
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Figure 2.17 - Diagram of Stuhmiller torso model [Stuhmiller, 1996]

While a general description of the approach taken by the researchers is gnaisheol
information on the Stuhmiller modelasnot specific(constants or formulation are not available)
[Stuhmiller, 1996] The modelvasimplemented in an injury prediction program, the most recent
being Injury 8.2 (L3 Communications/Jaycor, 2006). The model takes pressure traces from
experimental or numerical blast scenarios, and estimates the percentage of lungTingurgodel
calcuatest he nor mal i z e d..totalovork doneha prdduce tlse wéve [in the lung
model ] divided by the volume of the | ung and

relationship of normalized work to lung injury is shown be(digure2.18).
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Figure 2.18- Probability of injury vs.normalized work [Stuhmiller, 1996]

It is interesting to note that it was found
model increased linearly with increasing chest wadlocity [Stuhmiller,1997] which lends

val i di ty tnjarycAteren basedon éhest waklocity for predicting injury

2.6.3 Physical Surrogates

Physical surrogates armdesirable for experimental studies because of the difficaitg cost
associated with live animétsting. Some surrogates like the Blast Test Device (BTD) are used to
provide nputs into models for injury prediction, while others like thoracicrig [Cooper, 1996]
and the Mannequin for the Assessment of Blast Incapacitation and Lethality (MABIL) [Ouellet,
2008] use the kinematics of the surrogate to predict infirgctly (chest wall acceleration, for

example).

The inputs tdoth the Axelsson and Stuhmiller modatethereflected pressure, sidm pressure,
and the pressure seen at the balck bodyas measured by four pressure transduc&last Test
Devices (BT¥) arecommonly used in experiments to acquire the required pressure measurements
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for calculating injury using th&tuhmiller or Axelssonmodek, and represent a simple physical
surrogate of the body.

A BTD is ahollow cylinderwith 4 pressure gaugesountedas shown irFigure 2.19 below. The
cylinder is kept as rigid as possibl@he BTD described by Axelsson [Axelsson, 1996] and used
for his work was a 0.305m diameteollow cylinder. The pressure transducers were located at the
circumference, and at half of the longitudinal length of the cylinder. The cylinder was placed such

that the pressure transducers were 1.22m off of the ground during the experiments.

P
\..,_h_____,__/
S~
& ™y
e A
I--4}._-
4x pressure
sensors around
circumference
l__,.-"‘ '''' _""'-.MI

Figure 2.19- Diagram of a BTD

The Axelsson model usdbhe pressure readings from all four pressure sensors around the BTD
circumferencguses each pressure trace as an input to his madethen averages thesults for

use in estimating injury The result is the average peak valuénefard chest wall velocity There

are some obvious weaknesses to this approach (applying averaged pressure trace déda to a 1
model), howeve this averaging approach wesken due to the use of this mel in evaluating
complex blast. flonly one gaugevasused to calculate chest wall velocity, some of the waves

resulting from reflections might not be measured.

The Stuhmillemodel alsauses all 4 pressure traces in a singjery calculation. The results are
dependent on orientation, and thus different results can be obtained from the model by choosing
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different traces to be the front/centre pressure trace. Thus, from a single set of BTD data it is
possible topredictinjury when the subject is facing the blast, 90 degrees to the blast, and facing
away from the incident blast wavélowever, he significance of each pressure trace, and how it is

used in the modehas not beepublished.

A limitation of the BTD as a surrage is that it does not deform when struck by a blast wave, and
thus thereflected pressure as measured by transdusdifely over predicteccompared to what
would be seen on a deformable cylind&tore importantly the geometry of the BTD is cylindat

with a smaller diameter than the human tomsad the relatively slender geometry of tH&TD

could result in lower reflected pressure measurements than if they were taken from. aTtbheso
significance of the above limitations has not been determmeshy studies The Axelsson and
Stuhmiller models are calibrated to BTD results, and thus using data from BTD experiments is the

only recommended means of using these models.

Another surrogate has been proposed by Co@Peoper 1996], and was designedto be a
deformable physical surrogate of a porcine test sufjpggt The surrogate consestof a rounded,
hollow, rectangular tube of Rubber, with two steel and aluminum end plates. During experimental
evaluation of the rig, lead loaded PVC had todukeled to the surrogate in order to tune the
response to more closely represent the porcine subjects it was meant to imitate.

The metric used when evaluating the results from the above rig was the peak acceleration of the
thoracic wall. This was based @nprevious studysing both shock tube and explosive data
[Cooper,1996]where severity of lung injurydetermined by lung gight after blast loadingwas
correlated to peak acceleration of the thoracid yrature2.20). For thelive animal testsa peak

chest wall velocity of 10,000 m/s2 was considered to be the threshold value, below which, the
incidence of injury is Al owo Easlrrogateaesignedlyi c h

Cooper is tuned to allow use of the same 10,000 m/s? threshold.
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Figure 2.20 - Severity oflung injury vs. thoracic wall peak acceleration for both shock tube andhigh
explosive shock loading [Cooper, 1996]

The purpose of the Cooper rig was to evaluate protective concepts. As discussed previously, soft
armors were found to exacerbate lung injury, while combinations of hard and soft materials were
found to attenuate blast injuryPeak acceleration of the thoracic wall is thdy metric inthe
literature that shows sensitivity ppotection concepts used and their effect on lung injury. This is
illustrated in Figure 2.21 below. MNbote that textile armor alone increases peak thoracic wall
acceleration and severity of lung injury, asttess wave decouplereduce both chest wall

acceleration and lung injuf€ooper, 1996]
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Figure 2.21 - Effect of protective concepts on chest wall acceleration and severity of injury for porcine test
subjects[Cooper, 1996]

Neither of the previously mentioned physical surrogates addresses flow oftdasaiaround the
human body. A Mannequin for the Assessment of Blast Incapacitation and Le(NeANB/IL)
[Ouellet, 2008] was developed in Canada at Defense Research and Development Canada (DRDC)

i Valcartier. This surrogate is modeled after & p@rcentile male torso and is shownFigure
2.22.
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Figure 2.22- MABIL thoracic surrogate [Ouellet, 2008]

The surrogate has accelerometers mid torso, one at the height of the sternum, and another located
in the abdomen. Whil e the surrogate is not tu
that is comparable to that of a human torso) it is useftiiahit can be used to evaluate protective

concept designs that could potentially be used by soldiers in the field.

Like the Cooper surrogate, acceleration was fourtieta good metrievhen protectiorwasadded
to the torsdFigure2.23).
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Figure 2.23- MABIL sternum accelerationvs. peakincident overpressure [Ouellet, 2008]

Velocity was also investigated asnaetric for use with MABIL to evaluate protectiofrigure

2.24), however this metric did not seem to predict an amplification of injury with the use of soft
body armor. It will be shown later that care must be taken in assuming soft materials always
amplify blast injury; however, for the loading and thickness of soft ballistic of material seen here,
amplification should be expected.
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Figure 2.24 - MABIL sternum peak velocity vs. blast impulse [Ouellet, 2008]

2.6.4 Numerical Surrogates

The mathematical models and experimental surrogates described above are useful, in that they
build from correlations between loading and Hehavior of the thoracic wall, anthe kinematics

of the thoracic wall are correlated to a probability of lung injury. The short coming of these models
and surrogates is that they do not predict lung injury at the local leeehave they been fully
validated for complex loading and protectioMore complicated finite element models have the
potential to provide a more detailed evaluation of lung injuly. additional benefit of numerical

models is that they can facilitate parametric studied; potetially, aid as protection design tools
A model developed by L3/Jaycor, as a cordiimn of the Stuhmiller studies, utilizes thaite

elementmethod toestimating lung injuryfStuhmiller, 2006; Stuhmiller, 1997]. The modehsa
3-dimensional modebf the torsqFigure2.25).
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Figure 2.25- 3D finite elementtorsomodel [Stuhmiller, 2006]

It is worth noting that in a paper containing validation results [Stuhmill887, maximum
pressure of the lung elements was being used as a criteria for predicting lung contusion. While it
was not explicitly stated, it appears a threshold pressurppobdmately 60kPa was used in their
model for predicting visibly contused luiggure2.26). A few limitations of their model include a
failure to model rigid strucires of the torso (such as ribs and sternum), as well as a course mesh,

which could make the results and predictions somewhat model dependent.
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Figure 2.26 - Comparison of 3D finite element model results to &periments [Stuhmiller, 1997]

A finite element model developed by the University of Waterloo takes a different approach than
that taken by[Stuhmiller, 2006; Stuhmiller, 1997] The University of Waterloo finite element
model for prediting blast lung injuries (herein to be referred to as the UW Thorax Model) focuses
on detailed modeling of a pseudo 2D section of the human t@tgs.model will be used as a part

of the current study as a tool for evaluating protection numericalhe details of he UW Torso
model will be covered iSectiond.2
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Chapter 3
Modeling Background and Approach

The purpose othis study wasto investigate persongbrotection using modelswhich ould
eventually be implemented with a finite element model of the human torso for evaluation of injury.
As such, an overview of finite element, and the simulation of blast loading is provided. An

overview of the modelling approach &kin this study will also be described.

3.1 Finite Element Overview

A comprehensive review of finite element formulations will not be presented in this thesis. It is,
however, useful to give an overview of the differences between implicit anaiefipiite element

formulations, wiere the explicit formulation was used for this work.

FEA requiresnumerical time integration in order to calculate displaceméniglicit formulations
assume a constant average acceleration during eackstémeand require amversion of the
structural stiffness matrix. Explicit formulations assume a linear change in displacement between
time steps, and do not require the stiffness matrix to be inveredexplicit time integration
schemes, the velocity and acceleratio,a$ calculated using governing equations and then the

displacement at,1; is determined.

Implicit finite element formulations are unconditionally stalabowing relatively large time steps
while explicit formulations have a stability conditiomhere the time step must be less than the
time it takes for a dilation wave to travel across an elemé&st a result, the time step size in
explicit calculations is necessarily very sindlowever, the calculations associated with explicit
formulations ae computationallycheap compared to the solution of equations involved in implicit

analysis
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The a simplified relation for the minimum time step is [igaist, 2006]:
Yo= 4
-5 3.1

WhereYois the time step, L is the characteristic element length, and ¢ is wave speed. The details
of calculation of the element length and wave speed depend on the element formulation and

material model used.

Explicit finite elementggenerallyhave a very snitime step, and a large quantity of calculations

are madeso a computationally undemandingiement formulation is typically used, which is a

reduced integration element. The disadvantage of these elements is thedrthexhibita zero

energy deformaton mode, someti mes <called the Ahourgl a
through element@Figure3.1). Other element formulations can have zero energy mdusgever

theyare suppressasdhen more than one element is involved in the model

-

AVAWAWA
A VAVAWAW,
AVAWAWA

Figure 3.1 - Hourglass deformation of areducedintegration point element

Hourglassing can baddressedy introducingstiffness or viscous based hourglass controls to
elements, reducing localized (point) loading as much as possible, or by replacing some reduced

integration elements with higher order elements which do not exhibit hourglassing.
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Explicit FEA codes are prefable to implicit codes for some of the following types of problems
where implicit codes may not be appropriate due to the dynamic nature of the problem,

convergence issues, or calculation time

High speed dynamic events
Complex contact problems

Geometric and material ndimearity

= 4 4 -

Material degradation and failure

The problem of blast loading of soft materials and the human body is a problem involving high
speed dynamic events, with large deformations-lm@mar materials and contact. This type
problem is much better suited for explicit analysis than implicit analysgs. this work, the LS

DYNA explicit code(Livermore Software Technology Companyas used.

3.2 Simulation of Blast Loading

There are several methodsailable for the simulatio of blast loading in finite element codes.
They all have advantages and disadvantages relative to one another in terms of accuracy and

computational cost. The methods can be described as either couplecooipled.

3.2.1 Uncoupled Loading

Uncoupled loadig is applied g prescribing a pressutane to theelements in a FE model. In the
case of blast loading, this would be done by applying the expected prasmur@-riedlander)
curve. As mentioned previously, the pressure appiiede reflected presser as measured by a
pressure transducer mounted flush with the reflecting surface. While it would be possible to
determine and apply the presstirae loadingmanually some FE solvers use the same databases

asCONWEP [Hyde, 1988; Bannister, 199%] orde to determine the pressure time loading on a
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element,based on a charge mass (TNT equivalant) location. The benefit of the use of the
integrated blast loading versus manually prescribed pressures is that as the distance of the element
from the chargechanges, so does loading (this might be considered aceepied solution).

While the integrated blast loading solutions in FE codes have typically been limited to single
uncased explosives, the options available are being updated, and recently skagesawlude

the ability to determine loading from multiple sources, as well as varied explosive devices.

The advantage of the above approaches is that they offer computational time savings compared to
fully coupled solutions. The disadvantages are cedwaccuracy of loading due to the lack of full
coupling of the fluid and structure. The level of inaccuracy depends on the geometry and rigidity
of the structure being loadedRigid structures, with geometries which do not result in significant
changesn loading from clearing effects can be loaded using uncoupled methods quite reasonably
[Bulson,1997; Bannister, 1997]If the structure is very deformabléhe pressure applied might be
overestimated, and if the geometry such that the blast wrappiragound the object causes
significant loading, uncoupled methods are not appropriéatether disadvantage of using loading
based on the CONWEP database is that the empirical data within the databaseadicfdy the

mid to far field. Near field reslis do not account for interactions with the contact surface of the

explosive.

3.2.2 Coupled Loading

Coupled loading requires full modelling tife structure being loaded, as well as the fluid or gas
which is loading the structure. This is sometimes referred to asstiwidture interaction. In terms

of air blast loading, a coupled simulation models the structure struck by the shock wave, but also
includes simulation of the shock wave in the air which strikes the torso. Fully coupled simulations
are useful, in that they provide a level of detail that uncoupled approaches cannot. caudplsd

blast simulation will predichow the shock wave iaetacts with a target structure, and the loading
takes into account the stiffness, deformation and translation of the structure. The deformation and

translation of the structure then also influences the surrounding air.
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Fully coupled simulations also alothe option of calculating complex blast loading. By
simulating the entire flow field including walls and other obstacles, the resulting shock wave

reflections are produced and the appropriate loading is applied to all bodies in the flow field.

This lewel of accuracy is not without a price, however. The entire flow field must be moudeited
sufficient accuracyand in order to reproduce shockwaves, the mesh density must be quite high
(small element size) Thus, it quickly becomes computationally piotive to undertake fully

coupled simulations.

A method that has been proven a viable means of simulation shock and blast waves with full
coupling to Lagrangian structures is an arbitrary LagrarBialarian (ALE) formulation this

approach is investigad in this study

3.2.3 Arbitrary Lagrangian -Eularian (ALE) in Finite Element

Lagrangian element formulations are typically associated with solid analysis. Each element is of
constant mass, the nodes of the element translate to produce deformationesses stind the
material stays within element boundaries. The benefit of Lagrangian formulations are the relative
ease of implementationmproved accuracyand the availability of a wide variety of material
models (which follows from the widespread use tbis formulation). A disadvantage of
Lagrangian formulations is that they may produce erroneous results if thasesavily distorted.

Excessive mesh distortiontigically a resulof either poor initial geometrgr large deformations.

Eularian brmulations are also widely used, primarily in computational fluid dynamics, where finite
difference/volume formulations are used. In these formulations, nodes do not translate, and the
mass of a material within a given volume is not constant as itad_agrangian formulation. The
advantage of this formulation is that large deformations can be simulBteddisadvantage of the

Eularian formulation is that it cannot simulate interaction of fluids with deformable structures.
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An Arbitrary LagrangiarEularian formulation overcomes the weaknesses of the Lagrangian
formulation, and bestows some of the benefits of the Eularian formulation. Each step of an ALE
simulation begins with the calculation of Lagrangian deformations and state vari@@psending

on the frequency of advection desired, the results are then remapped either every step, or at some
specified interval of iterations in order to reduce computational cost. The remapping of element
boundaries requires an advection process, wingolves the transport of element state variables

from one element to another. The variables transported are dependent on the material models or
equation of states used. In the case of an equation of state (typically used for fluids), density,
internalenergy and shock viscosity are transported. The largest weakness of this process is the fact
that advection is carried out across elements isometrically, and as such advection only occurs

through element facégigure3.2).

(A) (B) (©)

Figure 3.2 - Isometric advection of state variables in ALE algorithm: A) Initial configuration; B) After
Lagrangian timestep; C) After ALE advedion and remapping [Greer,2006]

Eularian calculations exist as a subset of an ALE formulation, where all deformation is handled
through advection, and the mesh is alwhyly remapped to its original geometry (as pégure

3.2). On the other extreme, if no advection is allowed, the mesh cannot be remapped and the
simulation behaves as a traditional Lagrangian calculafidns subset of the ALE formulation is

the one typically usefibr fluid simulations, and thus are utilized in this study.
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To summarize, the procedure for an ALE calculation is typically as follomsere thesteps not
required by the Eularian subset @edicized below:
1. Perform a Lagrangian Time Step.
2. Perform an Advection Step.
a. ldentifynodes to move.
b. Move boundary nodes.
c. Move interior nodes. (using smoothing algorithm)
d. Calculate the transport of element centered (state) variables.
e

Calculate thenomentum transport and update the velocity.

For simulations involving fluid flow, the use of ALE is possible, however it is important to treat it
as an Eularian calculation (with full advection) in order to prevent extreme mesh distortions, which

may ocair in all but the completely remapped calculations.

Coupling Lagrangian solid elements to ALE material elements is achieved through a penalty
coupling method. After the Lagrangian time step described above, the movement of the ALE fluid
mesh relative tahe Lagrangian solid is used to apply a penalty coupling ftwcéoth the
Lagrangian solidbés nodes and the ALE material 6
treated as a Lagrangian solidJhe magnitude of this force is proportional te tisplacement of

the ALE element (during the lagrangian time step) to the Lagrangian solifFgarte 3.3). If a

low penalty factor is defined, or the ALE fluid mesh is much higher in density than the Lagrangian
solid mesh, leakage can occur. If the penalty factor is too low, it can be increased to control
leakages. Having ALE and Lagrangian solid meshesnoifar densities also aids in coupling, but
situations where the ALE mesh is higher in density than the Lagrangian can be dealt with by
adding quadrature points. Quadrature points act as additional locations on the Lagrangian solid
element surface thadre checked against the ALE mesh for coupling. Situations where the
Lagrangian mesh is higher in density than the ALE fluid mesh will result in an uneven distribution

of coupling forces.
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Figure 3.3 - Pendty coupling for fluid structure interaction in ALE [Greer, 2006]

3.2.4 Atrtificial Viscosity in Numerical Codes

Artificial bulk viscosity is implemented in a number of numerical codes to allow the resolution of
discontinuities which can result from the comgies of a material which exhibits increasing
stiffness with decreasing volume. The use of an artificial viscosity in numerical codes allows the
solution of problems involving shoekaves without producing spurious, high frequency
oscillations in the shodd region [Meyers, 1994], and was originally implemented by
VonNeumann and Richtmeyer [VonNeumann, 1950]. The viscosity implemented by
VonNeumann and Richtmeyer added a viscous pressure contribution which was proportional to the
product of the element lgth strain rate squared. This meant that the viscous contribution was
small except when changes in strain rate were very large, and thus should only be active in the
region of a shock wave. Use of the quadratic artificial viscosity does not totallya&ierspurious
oscillations in the shocked region, and as such some code utilize an additional term in the artificial
viscosity which is proportional to the product of element length and strain rate in order to aid in the
damping of these oscillations. Thddition of a linear term to the artificial viscosity was originally
proposed by Landshoff [Landshoff, 1955]. While the quadratic term is only active in the shocked

region, the linear term is active wherever strain rates are non zero.
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In one dimensioal simulations the determination of the characteristic element length is straight
forward. In 2D and 3D simulations the square root of the area and the cube root of the volume are
used respectively; this is done for computational efficiency. The disedyanf this approach is

that erroneous viscosity values can be calculated for elements which hawkeaoaspect ratios

1:1(:1) as a result of either poor meshing or large deformations.

The values of the linear and quadratic terms of the artificid iskcosity are well accepted and
based off of the initial worky Landshoff [Landshoff, 1955Unless othawise stated, these values
were 1.5 and 0.6or this study[Hallquist, 2006] Exceptions were the foam and nulétyer fabric

material modelsdiscussed later, which instead utilize damping parameters for stability.

3.2.5 Validation of the use of ALE to Simulate Shock Waves and Blast Phenomena

Shock waves are differentiated from elastid acoustic waves in that they exhibitliscontinuous
change in pressure, density and temperature across the shock front. Blast waves, being a subset of

shock waves, also exhibit this behaviour.

A study by SalisburySalisbury,2004] validated the use of ALE to reprodusgaves in a shock

tube The study involved the modeling of both the high pressure driver section, and the low
pressure shock tube. At the beginning of the simulation, the air from the high pressure region was
allowed to expand into the low pressure region at such a rate shack wave was produced in the
original low pressure region, and an expansion wave was observed in the original high pressure
region. These were compared to experimental results, and the results were found to be in excellent

agreement.

It was found hatthe element sizenust be smaller than Smta properly resolve the shock front in
the 1mlong, 0.1m widetube (the study was twaimensional) It was also shown that if the
el ements were created so faces wertheiseghetgc t o t

advection resulted in less accurate pressuore histories.
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3.2.6 Simulation of Explosive Blast in ALE

Two commonmethods exist for creating blast loads udimgALE formulation. The first involves
modelling the explosive using an appropriatguation of state; thesecond mvolves manually

prescribed boundary conditions in order to produce a blast wave.

The most thorough (and computationally expensive) option is to model the explosive and the
surrounding air in its entirety. A Jon®édlkins-Lee (JWL) equation of state with a high explosive
material model can be used to model most HE charges. The computational cost of this method
results not only from having to mesh the area of interest, but it is also necessary to have a high
mesh density neaand around the explosiand in areas where there is interaction with Lagrangian
bodies The final complication of this method is that in order to accurately reproduce a spherical
shock front, the mesh must be spherical (3D) or cylindrical (2D) in ¢odamrevent distortion from

the ALE advection algorithm. The divergent mesh can result in an extremely coarse mesh at
distances further away from the explosive.

An alternative method to blast simulation in ALE is to use elements which can be preseribed
internal energy (temperature) time curve. It is possible to define this curve such that as the
pressure time history downstream of these elements is the same as what would be experienced in
blast loading. The advantages of this method are that itifeaghe geometry of the air mesh and

it reduces the volume of air that must be meshed (as the ambient elements can be placed nearer the
body of interest than the actual explosive would be). It is possible to reproduce a variety of
pressuregime profiles (not just Friedlander curves), and as such shock tube loading, characterized
by a step pressuttéme curve, can be simulated. The disadvantage of this method is that the blast
wave is assumed to beaplar rather than spherical, and determining locaiton of the load
producing elements and the temperature time curve is needed in order to obtain the proper pressure
time history. This method has been validated in studies done at the University of Waterloo
reproducing BTD test resulf€ronin, 2004 Salisbury, 2004b; Salisbury, 2004&reer,2006].
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3.3 Validation and Verification of Numerical Models

The validation and verification of numerical models is an impogant of themodelling process

The process typically involves a check for mesh corererg, as well as a comparison to available
experimental data. Regardless of the level of accuracy achieved when compared to experimental
results, mesh convergence studibsuldbe conducted in order to ensure that the solution obtained

contains a minimuror acceptable level of numerical error.

It should be noted that regardless of the method used, mesh convergence studies only provide
information about numerical error, but do not provide an estimate of error resulting from erroneous
assumptions in modelg of geometry, boundary conditions, or material properties. The only way

to evaluatethese factors is a comparison against experimental (or for simple models, analytical)
results andthis comparison should ideally be made after the level of numerical leas been

determined via mesh convergence study.

A few methods exist for verifying mesh convergence. One, useful in static finite element
calculations, is to compare the value of a state variable at one node or element to the state variables
of surromnding nodes or lements. If the gradient is losv a certain level (determined though
experience and the level of accuracy desired), the mesh is considered fine enough to capture the
desired details for the calculatiphSME, 2004.

The other metbd has ben proposed by Roachedache, 1998; ASME2006]and involves the use

of multiple calculations of varied mesh densifyhe approach is well defined such that it can be
performed in a consistent manner. Richardson extrapolation is used in order to extrapolate the
calculated numerical results to determine an

this estimatethe error of calculations at variongeshsizes can be determined.

Richardson extrapolation requires that the modeller know the order of convergence of the results.
If the modeller knows with confidence the order of convergence of a given problem, results from

calculations using only two different mesh sizes are requogoerform an extrapolation. The

59



more rigorous approach involves calculation using three mesh sizes, which allows the
determination of the order of convergence of the given problgém.order of convergence is given
by [Roach, 1998]

9 g

-
=19

/'In(i) (3.2)

Where p is the order of convergencgffand f are the results from calculations at fine, medium

and coarse meshes, and r is the grid ratio. The grid ratio is the ratio of the grid/mesh characteristic
length from one mesh to another; for example if the size of elements is reduced by half in the X, Y
and Z coordinates from medium to fine meshes,
be noted for transient calculations, the tistep should also obey the same ratio asethment

lengths (i.e in the previous example the tirstep of the m&éium mesh would be half that of the

fine mesh).

The error of the Richardson extrapolation can be calculatfRbash, 1998]

Q,[GRQ0Y = LQ@ /(i 1) (33)

The Richardsonextrapolation error is modified by a safety faci$i), which is basedon
experience(suggested values are given in [Roach, 1998The safety factor is larger for
calculations involving only two meshd§s=3), and smaller for those involving three meshes
(Fs=1.25) which follows from the increased confidence in the results from the three mesh
approach[Roach, 1998] The result of multiplying the Richardson extrapolation error and the

safety fator is what Roach e f er s t o as t he A@&3l)iand it G ohisvadue genc e

that he proposes researchers use as a means of evaluating the numerical error in their calculations.

@Q = "9, (34)
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The caveat of Richardson extrapolation is thatréselts must all exist in the asymptotic regime,
that is, the solution with reduced mesh size is asymptotically approaching a given value. Roache

provides a means of checking the testo ensure this is satisfi¢Roach, 1988]

@ = 1B @9)
Where GCJ;is defined as:

B = Q“@ Q [0 1) (3.6)

If equation(3.5) is satisfied, the results exist in the asymptotic rangée value GGk is of
interest.

As mentioned previously, Ri chardson extrapol at
solution. This estimate is achieved by estimating the error in the finest mesh calculation, and using
the order of convergence to determine the error fromfittee meshsolution to the zeraonesh

solution. This error is themdded tahefine mesh solution to provide the estimate solution at a

grid spaci ng/ elheamer estimat is dedined[Roadh,01988] as:

Qo= @t 7 37

Ultimately the level of acceptable error is left up to the researcher, anddbptablerror in terms

of a Agoodo fit is not standardized. Consider
used for estimating error, and its significance on the desired outcome. For example, the
modification of a wave as it is transmitted thgbua soft material might be evaluated based on the

peak pressure transmitted. The nature of this mietrithe current studyas will be shown laters

quite sensitivehowever, there are other metrics (such as time of arrival of peak and overall curve
shape) which might be more significant. For this study the metric of most importance would be

that which is best correlated to lung injury. Furthermore, for a broad study such as this, it may be
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acceptable to merely identify the relative effects of mtwe rather than exactly matching the
pressure time history behind the protection.
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Chapter 4
Models for Injury Prediction  Used in the Current Study

The model used for injury prediction as a part of the current stiltge described in this chapter.
These models were later implemented with protection as described in later chapters. The purpose
of this chapter is to familiarize the reader with the implementation and validation of the injury

prediction models utilized.

A mathematical model basexh the work by Axelsson Axelsson, 199pwas used to aid in
determining cases of interest for protection studies. This was followed by a implementation of
protection with a finite element model of the human torso developed dnitaersity of Waterloo.
The modified Axelsson model allows a quick calculation and determination of cases of interest,

while the finite element model allows for more detailed analysis.

A variety of protection cases were chosen for implementation witAxkksson and finite element
models. The cases considered includéric with air gap, foam and a high density material, and
multiple layers of ballistic fabric. The cases were selected as they involve material configurations
which have shown the capgcto both amplify and attenuate shock loading, and they are materials
used in protective clothing. hE implementation of protection with the injury models is discussed

in sections following the current chapter.

4.1 Modified Axelsson Model (Mathematical Mode )

The model described in this section was basethe model developed by Axelssphxelsson,
2006] This model is shown iRigure4.1 below.
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Figure 4.1 - Axelsson model diagram

The same mathematical model and parameters as defined by Axelssoused as described in
Table4.1 and Equatior4.1) below.

A0+ +0W=000+0; -—— U (4.2)

®» 0w

Table 4.1 - Axelsson Model ParametergAxelsson, 2006]

Parameter| Units | 70-kg Body
m, kg 2.03
J Ns/m 696
K N/m 989
A m?2 0.082
V m3 1.82E03
g - 1.2
Axel ssonbés I mplementation of the model i nvol ve

results fromall four channelgAxelsson, 1996] The averaging of the results was necessary to
account for complex blast loadingvgn the 1D nature of the model. Unfortunately, given the
nature of the model, this means of reducing the data is not representative of the actual physical
behaviour; loading of the side and front of the torso simultaneously should result in a séffer ch

wall behaviour, however averaging the pressure traces suggests the opposite is true.
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For this study, pressure measurements were not averaged, and only the wave which would strike

the front of the torsavas considered. This, combined with the current udy 6s use of t
curves [Bass, 2006htherthan the original Bowen curves [Bowen, 1968ans results from this

study are not directly comparable to Axel ssonf¢
blast loading cases where the waves ilogudhe body come from various directionSortunately,

Axelsson [1996] provided experimental BTD pressure traces, as well as results from his model
which were used for verification (to be described in Sedtidnl). This model can still be used

for comparison against a fABaselined mat hemati c:

As mentioned in SectioR.6.2 the parameter proposed by Axelsson for evaluating lung injury was
chest wall velocity. It was also observed during literature review that most researchers examining
the effectiveness of protection have foundrelation with peak acceleration or peak pressure
rather than chest wall velocity. All 3 of these parameters were evaluated in this research in order to

determine their sensitivity to blast protection concepts.

The differential equations defined for eanldel above were solved through numerical integration
using Microsoft Excel. Numerical integration was done using a first order Ruigg method

( Eul er 6 s Theniateéghatiod nethod used was chosen for its ease of implementatien.

time step was set tosfficiently smallvalue such that the calculation would remain stable , thus
preventing numerical artefacts such as the inversion of the element (negative vol@ithe)time

step was too coarse, it would be possible for tiemtfface of a protective concept to travel
Aithrougho the torso or back wall, resulting in
error in a finite element code. Consideration was also given to the error which could be produced
through useof Euler's method of integration, and the time step was made sufficiently small such
that no effect on results was observe@he integration was conducted as shown below in Egns
(4.2)-(4.3).

W= @+ QQ (4.2)
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W= @+ QQ (4.3)

Where w was determined differently depending on the model for which a solution was being
determined (fabric and air gap, foam and high density material,-laydti fabric and high density
material and/or the Axelsson torso model). Details of each implementatomot provided,

though the equations describing the individual components of the systems have been provided.

For determining the loading of the model, equat(@l) was used to produce a Freidlander
pressure curve, which was compared against experiments. The reflected pressure was used as this
is most representative of what loads the protection or torso. It should be noted, however, that the
stiffness, velocity o displacement of the loaded face was not accounted for in this model (the

loadingwasuncoupled as mentioned previously).

4.1.1 Modified Axelsson Model Verification

The implementation of the Axelsson model utilized in this study was verified against data provided
in [Axelsson, 1996] where pressure traces from two out of four BTD pressure transducers was

provided. The pressure data used as a part of the verificatshiown inFigure4.2.
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Figure 4.2 - Original BTD pressurehistory from a single gauge [Axelsson, 1996]

The data was digitized hysing digitizing software (Engauge Digitizer)flhe data was output at
1x10°ms intervals. Only the first 6 ms were digitized, as this was all that was necessary to capture
the first peak in chest wall velocity. Because ofithage quality of the graph used, and the small
quantity of data needed (6ms of a 50ms pressure trace), the digitization is a likely source of error in
results. The digitized data is showrFigure4.3
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Figure 4.3 - Digitized first 6 ms of BTD pressure transducerdata from [Axelsson, 1996]

The chest wall velocity was calculated using the mathematical model and conpaesililts
provided in [Axelsson, 2006]. The traces match wellj(re 4.4), suggesting the implementation

of Axelsson's model had been properly reproduced. Samrall was evident, however this is likely
due to the digitizing of the data from [Axelsson, 2D0Bhe simple integration scheme used in the
current study's implementation of the mathematical modeld also be a source of error, though
the use of a suffiently small time step should have minimized this errbhe first peak in chest

wall velocity from the digitized results of [Axelsson, 1996] was 14.8 m/s, compared to 15.4 m/s

from the current study (4.23% error).
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Figure 4.4 - Comparison of predicted chest wall velocity from [Axelsson, 1996] compared to chest wall
velocity predicted by current study

The peak intrathoracic pressure (determined by the redustigalume of an airspace caused by
the chest wall displacement) was calculated in the work by Axelsson to be 3486 kPa, while it was
calculated in this study to 8450 kPa, yielding an error of 1.03%.

4.2 University of Waterloo Torso Model

A finite element model of the human torso was dewatbpt the University of Waterloo [Greer,
2006]. The goal of the work was to develop a numerical surrogate which could be used to estimate
lung injury not only for free field (simple) blast loading, but also for complex blast loading. Also,
the model wasleveloped to be used as a tool for evaluating protective designs. The model was
developed using the explicit finite element code-¥NA (Livermore Software Technology
Company, Livermore, CA) This work was undertaken as an.8tAproject by Alexander Gze

[Greer, 2006]
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The University of Waterloo torso model was utilized in this study to investigate the effect of
personal protective equipment and soft materials on blast lung injury. The material models that

were utilized for the protective materialsivde described in Chapters 5, 6 and 7.

4.2.1 Geometry

A 2D slice of the human torso was developed properly capture-steagspropagation through the
torso. A high mesh density was required and a full 3D model would be computationally
prohibitive and thusvas not pursued. The geometry of the model was based on data from the
visible human project [NLM, 2004], which is a collection of high resolution images of a sectioned,
50" percentile, male cadaver. A miternal section was chosen, as this represerifarse
approximately half way through the lu(igigure4.5).
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B)

Figure 4.5 - A) High resolutionimage from Visible Human Project [NLM, 2004]; B) Torso slice nodel
[Greer, 2006]

The model actually has multiple elements through thickness in order to allow modelling of both rib
material and intecostal tissugFigure 4.6). This pseudo 2D approach was required in order to

prevent the thoracic cage from behaving in an overly stiff manner (if ribs were modelled without
intercostal tissue).
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tissue \\
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Costal cartilage Sternum

Figure 4.6 - Pseudo 2Dmodel ofrib-cage fnuscle andfat removed) [Greer, 2006]

Geometry for a bovine (sheep) torso was also produced as a part of the above project and used to

by Greer tovalidate the modelling approach using anitest results.

4.2.2 Material Properties

Material models and properties were selected based on data from literature. The materials were
modelled as continyawith properties based on the measuoedrall behaviour of the material.
Cortical and cancellous bonéat and muscle; heart tissue and blood; lung tissue and air are

modelled as continuous materials, with properties being based on the rule of mixtures.

The properties for cortical and cancellous bone were calculated using literature values. Various
values of stiffness for each type of bone were reported in literature, so the approach taken by Greer

was to average all literature values for cortical and cancellous bone. After determining the
72



properties of the two types of bone, the rule of mixturesapgdied to calculate the properties of

the ribs, sternum, and vertebrae. Properties for costal cartilage are based on those of Yamada
[Yamada, 1970]. An elastic material model was found to be appropriate for modelling all of the
above mentioned bone andrtilage structures, as the deformation of bone was found to be linear
within the range of deformations seen in the torso under blast loading. The values used in the

human torso model are givenTiable4.2 below.

Table 4.2 - Bone Properties for Torso Model[Greer, 2006]

s Youngo Calculated
Human Density (kg/m) | Modulus (GPa) Poi sson Sou(nrglss)peed
Cortical 1907 15.26 0.367 3730
Cancellous 1216 0.57 0.392 971
Ribs 1561 7.92 0.379 3073
Sternum 1354 3.51 0.387 2248
Vertebrae 1644 9.68 0.376 3282
Costal Cartilage 1281 0.049 0.400 286

Soft tissue (muscle and fat) is made primarily of water (73%) and as such, when determining an
equation of state for tissue in order to ensure proper shock transmission properties, it was decided
to use the same equation of state as water. AQWiimeisorequation of state was utilized initially,
however the lack of deviatoric strength resulted in unrealistic deformation of the tissue in initial
studies. In order to overcome this weakness, a simplified hyperelastic model was used. This
model includes rat sensitivity, which is quantified through the use of uniaxial ss&a@ curves

at various strain rates. The compressive curves at various strain rates were obtained from literature
by Van Sligtenhorst et al. [Van Sligtenhorst, 2003] and McElhaneyE[Mmey, 1966], and the
tensile curve (only available at quasatic strain rates) was based on work by Yamada [1970].

The properties of the soft tissue are shown belovainle4.3.

Table 4.3 - Soft Tissue (Muscle and Fat; Heart and Blood) Propertiefor Torso Model [Greer, 2006]

. Sound Speed | Bulk Modulus
Material 1 (kagl (m/s)p (N/m?)
Soft Tissue 1000 1500 2 2%10
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The behaviour of the heart and its contained blood were assumed to be the same as the above soft
tissue model, and so the same properties and material model were used.

Because the lung can experience large deformations under blast loading, it was important to model

it in such a way that captures the Aoearbehaviour and so an EOS which properly describes the
behaviourof porous lung was required. The Gruneison B@S created, with the speed of sound

and shocls. particle velocity curve being based on relations for water with air bubbles [Wilbeck,
1978]. The lung tissue was assumed to have the same EOS parameters as water and thus the rule
of mixtures was used iarder to produce an air/water mixture which had density equal to that of

lung (200 kg/m?3) from the literature [Bowen, 1968]. The lung was modeled this way as being 80%
air, and 20% tissue (having the same EOS as water). This is a representative foolosity as it

is 10-30% tissue [Greer, 2006]Further workprompted a change in the dynamic viscosity value

used in the lung tissue model. The value used in [Greeg P0Owas 1. 0 Pabeen howe\
changed for t he chaedoewdrk bg D'yaahgnkoDiyaclkenkd, 200GhE s
resulting properties used in theaterial modelre shown irmmable4.4.

Table 4.4 - Lung Properties used for Torso Model[Greer, 2006]

. Dynamic S
Material ) (kg Viscosity (Pa-s) C (m/s) A
Lung 200 3.0 30.1 1.295

4.2.3 Boundary Conditions

The method by which load is applied to the torso model is one ofetitares that makes it
particularly powerful as a blast injury evaluation tool. Because fully coupled fluid/structure
simulation was developed as a part of the model, it would be possible to consider the effects of
complex blast environments on the blestding which reaches the torso, and the resulting injury.

This was done as a part of the project where the model was initially developed [Greer, 2006].

The UW Torso model utilized the ALE algorithm, just as the shock tube models described

previously. The boundary conditions should be discussed since this is a 2D case and thus slightly
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more complicated than the 1D cases previously described. Because the model is an ALE model,
there are the Lagrangian torso parts, which occupy the same volume as tharAEtgure4.7).

Non-reflecting
Boundary
Conditions

Ambient Nodal Restraints Human
Elements at Upper and Torso
Lower Surface

Figure 4.7 - Torso model in ALE mesh [Greer, 2006]
As with the simpler 1D shock tube and blastdels used for evaluating material models, loading
was applied through boundary elements where pressure and density vary with time. In the torso

model, the boundary elements exist along an entire face of the ALE model to produce a planar
shock wave
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Thenodes on the faces of the ALE and torso meshes which wetaria with the torso slice were
prescribed boundary conditions and symmetry was assumed such that the torso model is being

considered as an infinite tube being struck by a planar shock wave.

The Lagrangian torso part was coupled to the ALE air mesh, as the protection models were coupled
to air meshes in the previous chapters. Special consideration was made for the space occupied by
the lungs in the model. Like a low density foam, an ALEnaaterial would contribute to the
stiffness of the lungs when compressed. To prevent this added stiffness, the ALE mesh occupying
the same volume as the lungs was given a nearly massless, zero stiffness material model and

properties (vacuum).

The sidesand back of the ALE mesh were prescribed amlecting boundary condition, which
prevented the reflection of waves back #Aintoo
mesh was made quite a bit wider than the torso in order to ensure thauttgatyoconditions

would not affect the flow of the shock and clearing effects around the torso.
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Chapter 5

Foam Material Behaviour Under Blast Loading

5.1 Foam Material Behaviour

Foams are low density materials that exhiwitnlinear behaviourand are commonly used in
energy absorbing applicatiang-oam structuresan be categorized as open or closed Eéfjufe

5.1). The cells of a closed cell foam atefined by walls of solid material, which prevent air from
escaping the cell. Conversely, open celled foam structure is more skeletal, with air being able to

move from cell to cell (with some resistance determined by the geometry of the foam structure).

Cut
face

Cut
edge

Face

Vertex

Edge

(a)

Figure 5.1 - Comparison of (a) open and(b) closed cell structures [Mills, 2007

For open and closed cell foams, the stssgsin curve can beonsidered a8 sections. Initially

there is linear stresstrain behaviour, which is associated with the behaviowr poi buckling of

the foam structure This is followed by the pogiuckling stresstrain behaviour of the foam. In

the case of open cell foams,eeually the foam becomes so compressed that the cell walls start to
come in contact with one another and densification begins. After the foam has fully densified and
no air remains within the cells, the stre$sain behaviour becomes that of the matenihich

comprises the cell walls.

77



Closed cell foams exhibgimilar behaviour to open cell foams. They exhibit cell wall buckling
(Figureb.2) instead of the bucklmof beam like structures seen in opstied foans.

100 um

Figure 5.2 - Compression of a closed cell foam showing buckling of cell wa[Mlills, 2007]

The post buckling behaviour is somewhat differenthat full densification is not possible (unless
the cells rupture). Instead, as the cells are compressed, the air pressure increases within the cells

(asymptoticdl as volume approaches zero). An illustrationfadm compressive stresstrain
behaviouris shown inFigure5.3 below.
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Stress

Strain

Figure 5.3 - StressStrain curve for a foam, showing: 1) Prebuckling, 2) Postbuckling, 3) Densification
stages incompression (Features exaggerated)

For both open and closed cell foams, gustatic stresstrain behaviour is based on two variables:
the properties of thenaterial used in the solid phase of the foam, and the gesfsihe foam in
qguestion. Gibson and Ashby [Gibson, 1988provide a great deal of information on the
characterization of foams under quakitic compression, particularly means of calculating the
static stresstrain behaviour of a foam based oe thodulus of elasticity and density of the solid
phase, and the foams densityhese relations areoth theoretically anémpirically based from
compressive tests, such as those showfigure 5.4, which compare stress strain curves of

polyethylene foams of various densities.

79



21 o
360 1380 1200 692 294

3

DENSITY (kg/m

COMPRESSIVE STRESS O (MN/m?)

0 02 04 06 08 1
NOMINAL STRAIN €

Figure 5.4 - Stress Strainbehaviour of closed celled polyethylenefoam atvarious foam densities[Gibson,
1988]

In general for the same material being foamele plateau stress increases and the densification

strain decreases with increasing density of the resulting foam.

Gibson and Ashby [Gibson, 1998] provide two means of determihsgehaviour of a foam, one

is theoretically based and the other is empirically based. Their theoretical results suggest:

z nZ 2
n'fl‘]
— =005 — 5.1
Q i (1)
z nz 2
—=- — 0@0<-<-qg (5.2)

80



” ‘ h- AR/ Y
._="‘”_ + " Z Um'<‘<1
Q" o1 . - (53
i
Gibson and Ashby also provide empirically based stsassn relationgGibson, 1998]
"o~ 1 1.47 (5.4)
1
. 1072 (1 1
Z = V] - - "~
o 0 O) (5.5)
R S - > (1 1
T % o 0 ol (5.6)

BenDor [BenDor, 1996]statethat if the stresstrain relations proposed by Gibson and Ashby are

used, the curves which are published in their @kson, 1998] are not reproducedhe curves,

~

as describedbyBeBor fAé are f ar

actually drawn usindgequation(5.5)] wh i ¢ h
regi me-Dar, 1996 e n

This suggests amistake may haveoc cur r e d [

empirically based stresgrain relations for foams.

from bei hori zont al a

ng
i mant inseles thet plataat

o

u

simply

n Gibson and Ashby?o:

Rather than attempting to infer the intended

formulae, these relains were not considered for this study.

A further limitation of Gibsols proposed stressrain relations was that as the foam approaches

densi ficati on, the foa

and

més stiffness should app!

A s huditignd @othetleporetical and empirically based) result in an asymptotic increase in

stress at densification strain. BBor [BenDor, 1996] also recognized this shortcoming of Gibson

and Ashbydés equations
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(5.7)

(5.9)

(5.9)

(5.10)

(5.11)

assumes

t hat

evacuated from the foam cells. This assumption is correct for open celled foams, but in closed cell

foams there is still air present even at densificationa ¢tosed cell foam we would expect the air

to be compressed until its stiffness matches that of the solid phase of the foam, at which point the

solid phase begins undergoing compressive strain.
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5.1.1 Rate Dependence of Foam Material Behaviour

Foams are ratedependent Quellet, 2004; Ouellet 2006 Gibson 1988 McArthur, 2003;
Nerenberg, 1998and are shown to exhibit stiffer behaviour as strate increase@~igure5.5).
Since foams consist of two phases (the solid cell walls and the air gas) the contributions to strain

rate sensitivityof eachshould be explored.

Increasing sirain rate

Stress

Densification
Flateau

Linear elasticity

0 10 20 30 40 50 60 70 80 90 100
Strain (%0)

Figure 5.5 - lllustration of the effect of strain rate onfoam stress-strain behaviour [Ouellet, 2006]

For both open and closed cell foams, the solid phase of the foam will exhibit a rate sensitivity
dependent on thgtress strain behaviour of the solid matewiadier various strain rate§ here are

no analytical means of evaluating this for the wide variety of materials used in fo@ibhson and
Ashby suggest that the rate dependeriddefoam is entirely based on the rate dependence of the
material whichhas been foamed [Gibson, 1988], and the exargplen, the plateau stress of a
foam is shown to vary linearly with the logarithm of the strain rdteis trend may not continue at

high stain rates seen in blast loading, in fact, work by Ouellet, [Ouellet, 2006] shows that at strain
rates above000/s, foancrushstress(defined as stress at 50% strai@gins to increase qukiy

with increasing strain rateThis could be the result of a change in the strate dependence of the
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solid phase of the foam at high strain rates, and/or a charige aontribution of the gas msure
to the foam stiffnesssince the strain values used are 50%, the air contribution cannot necessarily
be neglected.

As a part of their research, Nerenberg [Nerenberg, 1998] used high rate testing to aid in the
characerization of foams. The plateau stress from Nerenberg, as well as a logarithmic fit are
shown inFigure5.6 below.

200
180 B Plateau Stress
= 160 (Experimental)
% 140 [Nerenberg, 1998]
@ 120 .
2 100 - - - Plateau fromrelations
N proposed by
3 80 [Nerenberg,1998]
% 60
o 40 —Elatea}l;] St_re;s .
20 ogarithmic Best Fit
0 \ ‘ ‘
0.01 1 100 10000

Strain Rate (/s)

Figure 5.6 - Effect of strain rate on plateau stress for LDPE45 foam, experimental and proposed fit from
[Nerenberg, 1998], and a logarithmic fit to experimental data

The rate dependent model utilized by Nerenberg suggests an increase in plateavitistetssn

rate that is more drastic than what would be estimated based on the trend of the available data at
various strain rates. Nerenbergbs esti mates
attempted to match foam initial stiffness (E*) émperimental results, from which plateau stress

was determined as a+{pyoduct.

The gas phaseaif) has a contribution which depends (as mentioned previously) on whether the
foam is closed or open cellFor closedcell foans, the contributionof air has traditionally
considered to béndependent of strain rate or foam geomdtybson, 1998] The ideaof a

constant contribution from air has been based on the assumption that the air is being compressed
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isothermally, even at high strain rates. Gibsaal @istify this by suggesting that the solid phase of
the foam absorbheatgenerated by the compression of the air [Gibson, 1988]. For polymeric
foams his assumption requires further investigation, as polynygally have low thermal
conductivity valies[Gibson, 1988]and at high strain rates thelymericsolid phase is likely to be
increasing in temperature itself, particulatpder high rate deformation. Work by Mills and
Gilchrist [Mills, 1997] shows(using a numerical modehow high rate commession of the air
contained within a foam celloald increasethe air phase temperatuseder impact loadingnd
approach adiabatic compressiofihe model is an effort to predict the behaviour of a foam, with a
cross sectional area of 0.025m2 and a tegls of 50mm, when a 5 kg mass impacts at a velocity of
7 m/s. While it is the most thorough investigatioh thermal effects in foams under high rate
loading to date, accounting for heat transfer from the air to the solid phase, the effect of
temperaturencrease in the polymer due to high rate deformation is not considered, roefteitt

of thermal softening The strain rate and maximum compressstrain were approximately 50

and 70.5% respectively; neither of these values approach thoseris twaler blast loadingThe
temperature rise was found to depend on cell size, with the increased surface area of smaller cells

resulting in faster heat transfer between the air and foam cell (weglge5.7).
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Figure 5.7 - Foam cell air and polymer temperatures vstime. Cell diameter of: a) 0.1mm and b) 1.0mm
[Mills, 2007]
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High strainrate tests of closed cell petthylene foams [McArthur, 2003] demonstrate the dramatic
change in high strain behaviour, which makes it appear as though the mateeasifying at a

lower strain(Figure5.8).
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Figure 5.8 - Quasistatic and high rate compressive StressStrain behaviour of a 34 kg/m3 LDPEfoam
[McArthur, 2003]

For open cell foara the contributionof air to the stiffnessof a foamis more complicated. At
extremely low strain rates, the air has ample time to escape from foam cells. There is no
contribution to the foam stiffness from air under gtsdatic strain rates. At higher strain rates, the

air has a viscous contribution to the stiffness of the foam. If one imagines that the foam is
compressed at an extremely high rate, a pressure is generated in the foam cells from the air. This
high pressure is required in order to produce flow through foamspdt high strain rates, the air

must be evacued from the foam a higher rageelding higher pressures in the foam cells and thus

a higher contribution to foam stiffness.

The viscous contribution of air tanapen celfoam does not depend only onastr rate, but also on
the area available for air to escape from. Th
geometry and boundary condition&nother contributor to the viscous ddbution from air is the

foamcell size which determinesdtsize of the orifices that air can flow through in the foam.
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It might be expectethatat some extremely high strain rate, and/or low breathing area of the foam,
an open celldf o a mé s bmeuldappioach that of a closed cell foadue to an increas
contribution of the air to foam strestain behaviour.This assumption is used in analysis of data
from Ouellet [Ouellet, 2008] in Sectidn4.2

While geometry ndependentnaterial characterization should be possible for closed cell foams
under high rates of deformatipit presents a problem for open cell foams. Samples used in
material characterization (Hopkinson bar tests, for example) are typafadlifferent geometries

than the foams being modelled. Furthermore, in the case of blast loadibgutidary conditions

for the air phase are different. In material tests two sides are blocked by the surfaces applying
compressive loaddhe plateny in blast tests the back is blockieg a rigid wall, but the front face

is open, allowing air movement in and out of the foam

5.2 Experimental Work (Literature)

Foams have been a material of interest under shock and blast loading, as they have been shown
cgpable of both attenuating and amplifyipgak pressures under shock loadiBgnDor, 1994;

Lagutov, 1997; Skews, 1991; Seitz, 2006; Gubaidullin, 2003; Ouellet, 2006llet, 2008;
Nerenberg, 1998 Because of the differences in load duration, tréraa shock tube loading may

not be the same as those seen in blast loading. Shock tube loading does offer insight into how
shock waves interact with the materials, and can be used for validating numerical models before

proceeding with blast loadirignecesary.

Fortunatelysome blast data exists for foams and very detailed studies have been undertaken using

shock tubes Results from both types of loading will be reviewed.
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5.2.1 Shock Tube Experiments on Foams

When shock tube loading is of infinite duration (or of duration exceeding the time for equilibrium
in the materiato be reached), a layer of fodotated at the back wadlf a shock tube wilamplify

the peak pressure observed at the back \Balh-Dor, 1994; Lagutov, 1997; Skews, 1998eitz,

2006; Gubaidullin, 20030uellet, 2006 Of course, assuming an infinite duration pulse pressure,
no attenuation is possibkecause stresses at the front and back of the foam must eventually reach
equilibrium, meaing the minimum possible pressure applied by the foam to the plate on which it is
mounted is the pressure applied to the foam by the shock tube loadntpephysicallength of

the foam increases, the peak preagsalso increases [Seitz, 2006Additionally, it was found that

foam density was a parameter which influenced the magnitude of amplification, with higher
density foams causing higher peak pressures. Again, this is a trend unique to long load durations.

Work by Ouellet [Ouellet, 2006] showedfoams with a low and high plateau stresses amplifying
shock tube pressures. Even a foam which was not compressed past its elasticklprg, strain
showed a slight amplification of pressure,ugb this was likely a result ampedance mismatch

(seesection2.2.7).

As discussed in Sectidnl, foam structures can be categorized as either open or closed cell. Open
cell foamshaveproven to be somewhat more complicated under high rate loading due to the rate
dependent contributioof the air contained within the foam to the stiffness of the material. When a
foam has no material present on the front face (open faced), high pressure air may flow into the
foam cells before compression begins. Later, as the foam becomes more caighessie may

escape out of the front face as the air pressure within the foam exceeds the pressure at the front

face.

In open cell foams, when struck by a blast wave, the surface struck by the air blast allows air to
flow both in and out of it. Theesult is initially that the reflected pressure builds up gradually
rather than instantaneously, as high pressure, shocked, air flows into the foam during initial

loading.
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The second effect is as the foam becomes compressed, eventually the air préssutbentells

exceeds that of the loading on the front face, and air begins to escape. This problem does not apply

when a foam is faced with a npermeable materidFigure5.9).

o

Figure 5.9 - Differences in air flow in and out of a foam under air shock wave loading with and without an
impermeable front face

A study by [Lagutov, 1997] includieshock tube loading ain open celled foam, in open faced and
closed face configurations. A sheet of mylar was used to block the foam pores in the closed face

configuration. An increase in back wall pressures was observed when the front face of the foam
was made noipenetrabldy air.
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5.2.2 Blast Loading Experiments on Foams

Studies of foam behaviour under blast loading have been conducted with and without high density

materials in front of the foam.

Studies of closed cell foams under blast loading have been undertak&srdnberg and Makris
[Makris, 1996 Nerenberg, 1998; Nerenberg, 1997 order to determine the amplification and
attenuating characteristics D45 (Low density polyethylene foam with a density of 45kg/m3)
and HD80(High density polyethylene foam with @ensity of96kg/ms3) closed cellfoams. It was
found that foams have the potential to both amplify and attenuate blast loading. alsefasind
that increasing the foam thickness would decreasgdh& pressure behind the foamlote this
trend is oppsite of that seen under (effectively) infinite duration shock tube loading.

Work by Ouellet [Ouellet, 2006] includeblast loading of variousoams. The foam with the

lowest plateau stress of 200 kPa was shown to amplify the transmitted pressurehevioiant

with the next lowest plateau stre€0( kPa) was able to attenuate the blast load. The last foam
had a plateau stress which was higher than the peak applied blast pressure, and actually amplified
the blast wave. The plateau stress of the foas 2080kPa, while the peak applieldst pressure

was only 1600kParhe amplification in this last case was likely the result of impedance mismatch.

The results of the study show the importance of foam selection for blast wave attenuation.

Work by these esearchershows that foam which amplifies pressure can also produce pressure
attenuation by changing the foam's thickness or the severity of blast loading; likewise, a foam
which can attenuate a given blast wave may amplify a blast of higher sevemtylast of the

same severity if the thickness of the foam is decreased.

Blast tests conducted by Nerenberg and Ouellete conducted at the Canadian Explosives
Research Laboratory (CERL, Ottawa, Ontario). The experiments were conducted in a blast
chamber at the facility. @ charges were suspended above an experimental test fixture in both

studies(Figure5.10). Details of each fixture vary between Ouellet and Nerenberg, however both
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utilize foam samples mounted on a flat rigid surface. The surface was instrumented in both
experiments with flush mounted pressure transducers. It was assumed in these studies that the
pressure measured by the flush mounted pressure transducer was equivalent to the stress at the back
of the foam sample.
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Figure 5.10- Blast chamber used by both the Nerenberg and Ouellet studies [Nerenberg, 1998]

5.2.3 Experiments on Foam and Rigid Plate Decouplers

The work by Ouellet [Ouellet, 2008] utilized a gia thickness of foam, howevplates of varying

areal density(mass per unit areajere placed in front of the foam to obsertlee effect on back
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wall pressureunder blast loading This type of confi gu-wave i on
decoupl erso descr i ba[Coopemn 1990 Thé godl was (Gsygstemadically e t
chang the mass of the high density componentaofdecoupling protection conceptBoth
significant amplification and attenuation were achieved by only varying the plate nitastisould

be noted that aariety of materials were used for tpéates in order to vary the masand no
correlation between plate through thickness properties and amplification/attenuation were

observed.

Experiments by Nerenberg [Nerenberg, 1998] included a few tests with achigbn steel
mounted in front of a low density polyethylene (LDPE) foam. While the work published by
Nerenberg did not include the same level of variation in decoupling configurations that the work by
[Ouellet, 2008] did, it is a useful resource and shaoiearly the advantage of the addition of a high
impedance layer to foam under blast loading.

5.3 Finite Element Model Development

In this study, the most relevant set of data to validate the foam model against wasattfiem
experimentdNerenberg, 198] and[Ouellet, 2008]. These sets of data were used because they
involved blast loading of foam samples of various thickness using varied charge sizes. The

multiple cases for validation allowed for the testing of the developed material model's robustness.

5.3.1 Model Geometry

A numerical modefor shock tube simulations was developed. It consisted of a single column of
3D solid elementgFigure 5.11). The boundary conditionsand associate@ssumptions of
symmetry, wee such that the simulation was representative of an infinite wall being struck by a
planar shock wave. This meant that leakages from open celled foams would not be captfred ou
the side of the material. réssuretime histoy was prescribed to elements which acted as a source
for blast loading. The length of the ALE air mesh was longer for shock tube studies than blast

simulations due to the effect of the air mesh length on the maximum duration of the load pulse.
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The air was modelled usingn ideal gas equation of stateith the constant volume and constant
pressure specific heat coefficients being 718 and 1005 J/kgK, respectively

A) Lagrangiar-oam Part ALE Air Mesh Boundary Element
EEEEEEEEEEEEEEEEENNEEEEEEEEEEEEE |

B)
[TTTTTTTITTTITIT T INCI T I I TITITTI I T T I

Lagrangiaigh Density Material Elements

Figure 5.11- 1D models of: A) Foam withou high density material, B) Foam with high density material

A single element in width was justified by con
1988]. The assumption of uniaxial compression and a low poisons ratio have been utilized for
most of this study and so this was consistent with the material model used. Most foam models
implemented by the solverused fCBY NA) assume a | ow Poissonb6s r at

Since the Lagrangian foam part and the ALE mesh both occupied the same space, special
consideration had to be made to ensure that the air did not contribute to the stiffness of the foam
during deformation. As such, a vacuum is defined in the ALE meghgisame volume that is
occupied in the foam. If this was not done, as the foam front face was accelerated towards the back
wall a pressure would develop in the ALE elements (corresponding to compression of an ideal gas
or Boyl eds | aw) y foamd;: the pressurg leamtributidnenmighti not have been
significant until high compressive strains, however for low density foams such as those simulated,

it was important to remove this effect.

In simulations where it was included, the high density melt@ras coupled to the ALE air mesh.

Since the blast load was applied to the high density material, it was not necessary to couple the

foam to the ALE mesh for those simulations. As mentioned previously, the ALE elements
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occupying the same space as thamiowere assigned a null material model which had negligible

node mass and material stiffness.

5.3.2 High Density Material Model

High density materials were modelled using elastic material models. It was assumed that small
strains would occur in the hard platased for these fully planar simulations. It was also shown

that the mass of the high density material in front of the foam (areal density) dominates the affect
the plate has on altering bl ast |l oadi ng. Thi
modulus of a high density material two orders of magnitude for simulation, and observing the
difference in the back wall pressure. No difference was observed in simulation results when the
modulus for the ultra high molecular weight polyethylene waseased fronl.5 GPa to 15 GPa,

and 150 GPa.

The density and thicknesses of the materials were determined based on information provided in
[Ouellet, 2008], where the mass of plates were measured, and dimensions of the plates were
provided. Thicknesses waegiven for all plates except for a carbon fibre composite plate. A study
was also done on the influence of the plate thickness on the numerical result, and no difference was
noted in simulations as long as the same areal density was maintained. A&dbiok@mm was

assumed for the carbon fibre plate in the simulations for this study.

The plate properties used in the simulation of experiments [Ouellet, 2008] for model validation are
listed inTable5.1 below. Note that because limited data was available regarding the mechanical
properties of the high density plates used,
estimated based on values from other literatbhoeyever the results were independent of these

values.
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Table 5.1 - High Density Plate Elastic Material Properties

Weight for 8"x8" . Areal . Young's . ,
Plate Type pganel (kg) Thickness Density Densgy Modul%s P0|SS.O ns
ouellet, 2008] | ™ | kgmzy | KIM) | " Gpa Ratio
UHMWPE 0.200 5 4.8 968.8 2.5° 0.33
Aluminum 0.232 4 5.6 1404.7 79 0.35
Carbon Fibre 0.388 4 9.4 2349.2 9.0 0.40

[Huang, 2000 7[Yan, 1997]

A need for more detailed shogkave analysis and the use of more complicated models for high
impedance materials utilizing an equation of state could be avoided duartp#uance mismatch
between the high impedance material and foam. Because of tbeptieg configurationyery

little of the transmissioof theinitial shock wave was expected.

5.3.3 Low Density Polyethylene Foam (LDPE 45) Material Model

As mentioned in Sectiob.l, foams are complex materials in that they show rate dependent,
temperature dependent, hyperelgstiechanical behaviour. While foarmansist of two phases, it

is commonto model foams as@ntinuum For closed cell foams this should be possible, however
for open cell foams this treatmehas limitationsdue to the ability for the air within cells to
migrate from cell to cell, as well as out of the foaWhile the model being discusse@dsa 1D

model, the goalvasto extend this to a 2D model of the human torso.

The assumptions made regarding the foamds beha
of the foam material model. It was important to identifiyat assumptions could beane about
the material behaviour in order to simplify thedel, while maintaining accuracyrhe approach
taken during this study was to begin with the simplest madel improveassumptions until

satisfactory results were achieved.
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The foam itself was odelled as a Lagrangian part using solid elemelmisially, a material model
for low density foam was used. In order to determinectirapressive stresgrain behavioyra
modified version olGi bsondés f or mul ae fstain behavioreof aribamiwasg t h e

usedand compared to available stresggain data for the foam

The stress strain behaviour of the material model utilized in the current study was considered as
two parts: the stress contribution from the solid foam structure befdrafter buckling, and the

air pressure contribution with densification being considered.

The stress contributiofrom the solid foam phase, as per Gibson [Gibson, 1998] was given by
Equation 5.2behaviourbefore cellwall buckling) and Equation 5.(blateau stresafter cell wall

buckling). It is worth noting that this relation can be used fahlopen and closed cell foams.

The contribution of gas pressure up to and beyond densifidatexamined assuming the gas and

solid phase of the foam aireserieqFigure5.12).

Figure 5.12 - Diagram showing cell wall material and air being considered in series
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Thetotal strain as a function of the strain in the solid and gas phases was written as:

nZ n Z

Qecin = Qo+t @ 1 5 (5.12)

It was assumed that the solid and gas phases wegqgilibrium with each and thus the

pressure/stress between the two was equal.

G
v = Moy g = QeamQ (5.13)

By combining equations 5.12 and 5.13, and eliminating an erroneous ro@msolve for the

strain in the gas phase as a function of total strain and material constants.

Qi

2
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Y 1 Qe fogq Y1 Qo fog 40 Ve 614
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Equation 5.13 can then be used to determine the stress using the strain in the gas or solid phase, and

a stressstrain curve developed. The end resudts very similar to the curve produced by Ben

Dor 6s r el at i o +becklingeomaie i3 contimhsewher@BeDor 6 s equati on:
discontinuous at densification). At densification, the air no longer wibeddeasen volume, and

insteadan increase irtotal compressivestrain must be through compression of the solid phase of

the foam. This reswdtin a very rapid increase in material stiffness at densification, and the result

was nearly indistinguishabighen compared tthose usingsi bsonés t heoretical r

below densification.

There is solid foam material which exists in paalhnd it is accounted for in the method proposed
by Gibson [Gibson, 1985]Figure5.13 shows how the total stress was considered the sum of the

stress in the solid foam phase and cell air pressure.

97



— Air Pressure Contribution
- = Cell Wall Contribution
Total Stress

Stress (kPa)
(o2}
o
o
\

0.0 0.2 0.4 0.6 0.8 1.0
Compressive Strain

Figure 5.13- Contribution of solid cell wall and enclosed air to stress strain behaviour of a foam

The resulting stresstrain relation was used to produce gtsatic stresstrain curves for LDPE

45 and HDPE 96 closed cell foams. The density of LDPE 45 foams is 45 kg/m3, afoltigs
modulus and density of solid polyethylene are listed as being between 910 and 1200 kg/m? and 0.2
to 0.7 GPa, respectively. Equatiofsl) and (5.2) were used for prbuckling behaviour, and
Equationg5.12), (5.13) and(5.14) were usedor post buckling behaviour. Merial properties were
selectel to produce a stress strain behaviour matching experiments from Nerenberg [Nerenberg,
1998]. Thesolid density used was 1000 kg/m3 and the modulus of elasticity of the solid was
0.6GPa (note these values are within the range of values reported by &ilos@shby [Gibson,

1988]). The resulting fit was good as shown belowigure5.14.
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Figure 5.14 - Quaststatic stress strain behaviour for LDPE45 foam (experimental and theoretical)

Once it was shown that the relations $tressstrain behaviour of foams under quagatic loading

were well described, the dynamic properties of foams were considered.

5.3.4 Rate Dependent Behaviour of LDPE 45 Foam

Therate dependerfbam material modetonsideredvas baed off of work by FuChang Chang,

1993 . The i mplementation of Fu Changdéds materi a
model by inputting stresstrain data for various strain rates. The stress strain data was produced

for the current study by using the relasonsed to produce quashtic stresstrain curves, but
adjusting the solid modulugE)t o produce a plateau stress whicl
tests[Nerenberg, 1998] While this approach was simple, it reflects thelanation offered by
Gibson[Gibson, 1988] that the rate dependence of foams reflects the rate dependence of the solid
from which the foam was maddt should be noted that in order to cover some of the strain rates
achieved experimentally, high strain rate data had to be exdtapbl f r om Ner enber gb

Nerenbergbés high strain rate testing of LDPE 4
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second; the strain rates achieved with shock tube and blast loading are typically an order of
magnitude highejOuellet, 2006]

The change in post buckling behaviour, namely the earlier onset of densification at high strain rates
as noted from the studies by McArthur and Ouellet would also have been of interest; however
information on this rate effect was not available for therfaz interest (namely a low density

polyethylene foam with a density of 45 kg/m3).

The rate dependent model was comparedh tnonrate dependent model with hysteresis and
dampingparameters introdudeto produce unloading behaviour which wapresentative of the
experimental results. In order to produce a stsessr ai n behaviour represe
increased stiffness under high strain rates, while still using aaterdependent model, the stress

strain behaviour was assumed sucdt tiine plateau stress of the foam matched that achieved in

most blast and sh&dube loading of LDPEI5 foam, andhe plateau stress was set2@0 kPa

which is a value representative of most of the blast and slibekdata used in validatig/igure

5.15).
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Figure 5.15 - Stress strain behavioir from experimental work [Nerenberg, 1998], compared to calculated
guaststatic behaviour, and the stress strairbehavior used in simulations for the nonrate dependent model

The use of a rate independent model has limitations in that it assumes the plateau stress does not
vary greatly for the experiments being considerdéidwas found that this approach was adequate

for the prediction of the pressure history behind LDPE 45 foam under blast loading, with and
without the inclusion of a hard plate on the front face. It is expected that as more information
regarding the betvior of foams at extremely high strain rates (on the order of 1000/s) and their
dynamic properties becomes available, that the need to usxiptiag shock tube and blast data

for estimation of plateau stress at these strain rates will no longer lesagce

5.3.5 Low Density Polyethylene Foam Numerical Damping and Unloading Behaviour

This section discusses the foam damping and hysteresis parameters, which were found to influence
the dispersion of the blast wave in a low density polyethylene fo&lile damping is technically

a part of the material's dynambehavior it was found to be necessary to consider the effect of
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both hysteresis and damping together to obtain realistic wave dispbetianiorin the numerical
model.

As mentioned in sectioB.2.4 artificial bulk viscosities are utilized in numerical codes to ensure
the stability of the code when shock waves are present. A limitation of the wséfiofal
viscosity is that soft materials (such as foam) can undergo extremely high strain rates, and
extremely large deformations, as was predicted as a part of the current study. This means that this
class of materials would be susceptible to extrgnegh artificial viscosity values, but also
erroneously calculated values as a result of the use of an effective element length. This might
indicate that all artificial viscous contributions should be eliminated (which is an option in many
implementatios of foam material models). Unfortunately, since these materials exhibit increasing
stiffness with increasing strain (densification) numerical instability would result from the removal
of all viscous terms. Thus, rather than eliminating the artificedosity terms, they are reduced an
order of magnitude, or replaced with a damping parameter which can be defined for each material.
The artificial bulk viscosity values were disabled for foams in this study and a damping term was
used to ensure numericshbility.

Foam material models include a damping term which can be defined by the las&rding
damping introduces a velocity dependent stiffness and also causes a dissipation of energy and
dispersion of wavesln the context of shock loading fifams, he damping/alue should be chosen

to be low enough that the contribution at high strain rates is minimized, while maintaining stability
of the model. While the implementation of damping in these models is poorly documented, it is
expected that thbenefit of these over the linear artificial viscosity term is that the contribution is
uncoupled in other directions, while the artificial viscosity can cause an undesired volumetric

response.

Hysteresis parameters in the material model allow the definitf an unloading path which differs

from the loading path and does not involve the inclusion of a viscous term to the stiffness; however
energy is dissipated through unloadirig. a shockiube loading scenario, or other scenario where
unloading does ricoccur, the effect of hysteresis is negligible. However, when blast loading is

applied, unloading occurs as the blast wave travels through the foam, and thus is a source of energy
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dissipation. The hysteresis factor implemented for the foam material magel requires the input
of two parameters: the hysteresis and shape factor.

The damping and hysteresis factors were chosen such that unloading and wave dispersion
behaviour from experiments were properly reproduced numerically. A sample of resigtghesin
same numerical model, but varied damping and hysteresis parameters is sHegurerd.16.

Note that when both damping and hysteresis are disabled, the predaits the formation of a

shock wave in the materigigure5.16(A). Also note that overealous application of damping and

hysteresis can result in erroneous peadssure and peak arrival time estimdiggire5.16(D).
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Figure 5.16 - Effect of addition of wave dispersing andenergy absorbing parameters to foam material
model. A) Nodispersion(No Hysteresis, Low Damping); B) No Hysteresis, Damping Added; C) Hysteresis,
Low Damping; D) Hysteresis and damping added. All compared against data from [Nerenberg, 199%8f
100mm ofLDPE 45 foam loaded by 170g at a 1m distance.
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A comparison of the simulation of two experimental cases from Nerenberg [Nerenberg, 1998]
showedthat while the rate dependent model does a good job of predictihgia@iourof a foam

under blast loading, the noate dependent model with an appropriate plateau stress, damping and
hysteresis parameters, does a better job of predicting the pressure time Ais®damping value

used in this study was @QOand the hysteresis and skdpctors were 6.and 7.0 respectively.

5.3.6 Model of High Density Polyethylene Foam (HDPE 96)

A model was also developed for a high density polyethylene foam with a density of 96 kg/ms3, as
this was another foam used in the Nerenberg study [Nerenberd, 1988 same approach used

for developing the model for LDPE 45 foam (Sectibr83.3 to Section5.3.5 was used for
developingthe HDPE 96 foammodel This model was pursued to observe the effect of varied
foam stresstrain behavior on the pressure transmitted through a foam under blast loading. The
stress strain behaviaf the model is shown and compared to qistaiic and high rate tests from
[Nerenberg, 1998 Figure5.17.
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Experimental HDPE 96 (224 1/s) [Nerenberg, 1998]
—Experimental HDPE 96 (13.7E-3 1/s) [Nerenberg, 1998]
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Figure 5.17 - Comparison of experimental quasistatic and high rate stressstrain data to the stressstrain
behaviour predicted in the current study for HDPE 96 foam

The behavior post densification is different between the experimental and predicted values; this can
be attributed to the lack of consideration given to the contact of the cell walls after buckling has
occurred. This discrepapemphasizes the need of an empirically based approach for defining
post buckling behaviour such as that suggested (but improperly presented) by [Gibson, 1985].
Despite the discrepancy between the predicted behavioex@etimental data from [Nerenberg,
1998], the predicted behaviwas utilized for consistencyA damping constant of 0.028 was used

with this material model, as well as hysteresis and shape factors of 0.1 and 7.0.

5.3.7 Wave Speeds in LDPE 45 and HDPE 96 Material Models

The sound speed was estimated using the relation proposed by [Gibson, 1995]. A density of solid

polyethylene of 1000 kg/m3 was used as this was consistent with the value used in determining the
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behavior for the numerical model. The air density was as$wagel.27 kg/m3 and the speed of
sound in air was assumed as 330 m/s. Sound speeds for an LDPE 45 and HDPE 96 foam were
calculated as 56 m/s and 40 m/s respectively. The sound speed versus apparent bulk density for a

porous material with a solid phasendity of 1000 kg/m3 is shown iRigure5.18 below.
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Figure 5.18- Sound speed versus apparent bulk density for a porous material (polyethylene)

It should be noted that the above sound speeds are representative of the post buckling behavior of
the foams. Prior to buckling, however, the materials exhibit a linegssstrain relationship and

thus the elastic wave speed in this regscalculated as:

. O
vz (5.15

From the material curves used for the numerical models, the expected elastic wave speeds prior to

buckling for LDPE 45 and HDPE 96 we285 m/s and 374 m/s respectively.
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The stress straibehaviourof foams, and the two wave speeds calculated above suggest that in
foams, two waves can Ipeopagatinghrough the material at onc&he elastic wave speed prior to
buckling will be relevant regardless of load level, while the second wave speed cdlaulabaly

be relevant when the plateau stress is reaemeldexceeded The extremely low post budklb

wave speed means that under high keaeling, a foam material is extremely prone to the formation

of shock waves (though they may dissipate quickly)he formation of shock waves can be
mitigated by reducing the velocity of the foam front face under blast loading. This can be done by

mounting a plate of high density material to the front face of the foam.

5.4 Model Validation Results

The moded used in this study forow Density Polyethylene foam of densifgkg/m3 (LDPE 45)

and High Density Polyethylene foam of density 96 kg/m3 (HDPEv8&E validated using data

from both Nerenberg [Nerenberg, 1998] and Ouellet [Ouellet, 2008]. The testerbphdrg
involved blast loading of various thicknesses of closed cell LDPE 45 while the tests by Ouellet
involved blast loading of a single thickness of open cell LDPE 45 (enclosed preventing air escape)

with plates of varied mass placed in front of thanfo

5.4.1 Foam with Varied Thickness Under Blast Loading

Experiments conducted by Nerenberg consisted of various thicknesses of closed cell LDPE45 and
HDPE 96 foams loaded by vatdieharge sizes at 1 meter stayfi The results from tests where

the foam was$oaded by 170gnd 325gf C4 were chosen for use in validation efforts because the
results show the transition from amplification of the peaéssure to attenuatiofrigure 5.19).

The baseline pressure history (without foam) can be seen in the presented data. The peak pressure
of the unmodified blast wave quoted in [Nerenberg, 1998] as being 1.16 MPa above atmospheric

for 170g of C4 and the dwationwasapproximately 0.6 ms.

107



25 |
----- Baseline Pressure [Nerenberg, 1998]
20 20mm LDPE45 [Nerenberg, 1998]
%\ """"""""" 60mm LDPE45 [Nerenberg, 1998]
Q
TC_’ 100mm LDPE45 [Nerenberg, 1998]
S 15
L
ko]
£
=
o) -
Q10 s
o R
S Y
\ i \
0 | -
o |
o X
5 i

|

1

)

0
0.0

Time (ms)

Figure 5.19- Experimental pressure histories for various thicknesses of LDPE 45 foam loaded by 170g of
C4 at 1m [Nerenberg, 1998]

In the case of 20mm of LDPE 45 foam, tiickness of the foam was not adequate to prevent
densification. In the densifiian regime, the stiffness dbam is much higher and thus rapid
increases in pressure could occur. As the thickness was increased, the energy imparted to the foam
by the bast wave could be better managed; the foam is&gpredensification strains for a longer

time. It was observed that 60mm of foam yielded a modest attenuation, while increasing thickness
further to 100mm resulted in further attenuation of the pealspres ltwasnoted that while the

peak pressurevas redwed, the duration of loading was reduced. The 100mm of LDPE 45 appears

to be approaching the limit of the attenuation possible with this material, as the attenuation would

be limited by the plateagat r e s s of t he f oam. The author wo

attention to the relatively constant plateau stress shown in the experimental data.

Results from the previously described 1D foam model were compared to experimental results.
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Figure 5.20 - Comparison of experimental results from [Nerenberg, 1998] and numerical results from the
current study for: A) Baseline loading without foam, B) 20mm LDPE 45 foam, C) 60mm LDPE 45 Foam,
D) LDPE 45 Foam. All loaded by 170g of C4 at 1m.

The numerical results matched the experimental results very closely. A significant deviation in
peak pressure was observed for the 20mm case, with 35.8% error being calculated between
numerical andexperimental resultsT@ble 5.2). The error could have been the result of the
approximations in stress strain behaviour, as well as assumptions (such &aozeressatia) 6
resulting in an overly stiff behaviour at high straikleasurement error could also be a possibility

In spite of error in peak pressure for the 20mm foam case, the general shape of the pressure
transmitted through the foam was close to expentalaesults. Since the primary purpose of the
model was to evaluate protective (attenuating) concepts, the error in the case showing amplification

was considered acceptable.
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Table 5.2 - Comparison of peak tackwall pressures from Experiment [Nerenberg, 1998] and Current Study

LDPE 45 Peak Pressure from ical K
Foam Experiment (bar) Numerical Pea Eercent
Pressure (bar) Difference
Length [Nerenberg, 1998]
20mm 19.0 25.8 35.8%
60mm 6.9 6.5 5.1%
100mm 3.3 3.3 1.7%

A large part of the success in recreating experimental results was the use of unloading and damping
parametersFigure5.21, below, shows the positieime history ¢ 100 points for the 2100mm foam

struck by the blast wave produced by 170g of C4 at 1m. It is possible to make out two distinct
waves. The first which arrives is the wave which travels at the velocity determined by equation
(5.15), 295 m/s(indicated by a solid blue linen Figure 5.21). The second wave begins as a
compaction wave which dispersasd smearsapidly (indicated by dashed lines)rhe tests wh
20mm,60mmand 100mm of foam allowsuto observe how the compiact wavehas dispersed at

these distances in the materidfor example, at 20mm, the compaction wave has not dispersed
greatly Figure5.21), resulting in a very rag rise in pressure for this caseiqure5.20B). The
compaction wave speed was calculated as being 56 m/s previously in the chapter, and the

maximum velocity of théront face of the foam was determined to be 136 m/s in the case shown.
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Figure 5.21 - Wave diagram for 100mm of LDPE 45 foam under blast loading from 170 g of C4

The same loading was simulated for 20mmH®PE 96 foam(Figure 5.22). The resulting
pressure profile behind the foam deviates considerably from the experimental result because of the
use of a nommate depedent model, or possibly the choice of a plateau stress that was too high for
the material model. In the material characterization tests [Nerenberg, 1998] it was observed that at
extremely high strain rates, the plateau stress dropped rather than cgntmumcrease. This
phenomenon was not investigated in great depth as a part of the work by Nerenberg, and was

beyond the scope of the current study.
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Figure 5.22 - Comparison of experimental results from [Nerenberg, 1998] and numerical results from the
current study for: Baseline loading (left) and 20mm HDPE96 foam (right). Both loaded by 170g of C4 at
Im

Experiments were also carried out by Nerenberg wherbramthick high carbon steel plate was
mounted in front of a 20mm LDPE45 foam sample in order to decouple the incident shock wave
from the foam. This experiment was simulated as a part of the study. The peak pressure was well
predicted, however the ovelrahape of the numerical result deviafeam the experimental result

due to the use of a non rate dependent m@dgure5.23). The steel plate in front of the salep

greatly reduced the velocity of the face of the foam loaded by the shock wave and prevented the
formation of shock waves within the foam. The strain rate with tmé pkate in front of the
sample idelow theregimewhere it can be assumed that thatghu stresis relatively constant. In

spite of this shortcoming of the material model, the resulting pressure history was quite

representative of the experimental result, albeit somewhat conservative during the loading phase.
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Figure 5.23 - Comparison of experimental results from [Nerenberg, 1998] and numerical results from the
current study for: Baseline loading (left) and 20mm LDPE45 foam with 1.5mm steel plate (right). Both
loaded by 170g of C4 at 1m.

Experiments with a larger charge of C4 (3259) at a stdihdf 1m undertaken by Nerenberg were
also simulated. These were simulated in order to further validate the model and show it can predict

the backwall pressure behind a foanmder varied loading.

20 and 40mm of LDPE45 foam loaded by 325g of C4 were simulatedcamgbared to
experimental resultd~{gure5.24). The 20mm case matches vergll to the experimental result,

with the exception of some deviation in the fk
was smeared for stability in the numerical case through use of a damping parameter. The 40mm
simulation matched well withexperimental results, except for delan the arrival of the

compactionvave.
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Figure 5.24 - Comparison of experimental results from [Nerenberg, 1998] and numerical results from the
current study for: Baseline loading top left), 20mm LDPE45 foam (op right), and 40mm LDPE45
(bottom). Both loaded by 3259 of C4 at 1m.

Simulations of 20 and 60m of HDPE96 foam loaded by 325¢g of C4 were also undertgkgare

5.25). The results matched well with experimental work by Nerenberg, though some deviation in
the $ape of the pressure pulse was observed, which was a result of deviation of the numerical
model stresstrain behaviour from that shown experimentally by Nerenberg. It is likely that an

empirically based stresgrain curve would have yielded more repreagve results.
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Figure 5.25 - Comparison of experimental results from [Nerenberg, 1998] and numerical results from the
current study for: Baseline loading fop left), 20mm HDPE96 foam {op right), and 60mmHDPE96 foam
(bottom). Both loaded by 325¢g of C4 at 1m.

Finally, a 325g charge was used to load a 20mm sackpleof LDPE45 foam with a 1.5mm high

carbon steel plate mounted on the loaded surface of the foam. This experiment undertaken by
Nerenberg was simulated in order to validate t
at higher loading. The relési matched very well between experiment and numerical r@sglire

5.26) with the exception of the deviation due to the non rate dependence of the model (also
obseved for the same material combination loaded by 170g of C4).
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Figure 5.26 - Comparison of experimental results from [Nerenberg, 1998] and numerical results from the
current study for: Baseline loading (lef) and 20mm LDPE45 foam with 1.5mm steel plate (right). Both
loaded by 325¢g of C4 at 1m.

5.4.2 Foam Coupled to High Density Material

Experiments by Ouellet [Ouellet, 2008] consisted of foam materials faced with hard plates. This
study was similar to some dhe experiments done in [Nerenberg, 1998], however Ouellet
investigated the effect of the properties of the hard plate on the attenuation of blast by these
concepts, while the foam thickness and loading was kept constant. The experiments of interest to
this study involved the use of an LDPE45 open cell foam (note that the foam used by Nerenberg

was closed cell).

Given the complexity of open cell foams, only closed cell foams were modeled. This posed a
problem in that the data acquired in the studyioxellet et al., used open cell foams. However, the
experimental set up was such that the escape of air out of the front and sides of the foam would be
minimized; this discrepancy remains i&kely source of error however. In the case of the
experimental st up from Ouellet [OuelleR008 the gas contribution still exists, however the gas
would have beertontained within the volume defined by the high density material and steel
wedges placed around the open cell foam saifipire 5.27). The closed cell foam model was

still used, with the assumption that leakages from the experimental set up could be neglected.
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Figure 5.27 - Experimental set up for blast testing of foam decouplers [Ouellet, 2008]

The experimentally measured pressure, obtained from -fhainted pressure transducers, is
shown below for 250 grams of C4 detonated a distance of 1m from the experiapgatatus. A

half inch of LDPE 45 foam was utilized in conjunction with a variety of hard plates, with the peak
pressure beneath the foam being decreased with increasing platé&igaeH(28).
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Figure 5.28 - Experimental data showing 12.7mm of LDPE45 foam with various high density materials
mounted on the front face. Loaded by 250g of C4 at 1m distand@uellet, 2008]

The experimental results were compared to numerical simulations of a foam of 13mm thickness

(13 elements of 1mm size). The results compare very well in terms of peak pressure and general

pressure historgFigure5.29). The unloading behaviour of the numerical model does not seem to
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show sufficient hysteresis in the simulation of 13mm of LDPE 45 foam with a carbon fibre plate of
areal density 9.8 kg/m2.
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Figure 5.29 - Comparison of numerical results to experimental results [Ouellet, 2008] for A) Baseline
loading (no protection), B) 12.7mm LDPE45 with 5mm UHMWPE plate, C) 12.7mm LDPE45 with 4mm
aluminum plate, D) 12.7mm LDPEA45 with carbon fibre plate

A comparison of the peak pressure values between experiment and numerical simulations is shown
below in Table 5.3. Considering the fact that the same model was used in the simulation of
experiments by both Ouellet and Nerenberg, the teesuéclose. This is likely because the sides

of the foam sample were blocked, which might minimize the error resulting from e=akag

Table 5.3 - Comparison of Experimental [Ouellet, 2008] and Numerical Peak Back Wall Pressures behind
13mm of LDPE 45 Foam Faced with Various Plates

Areal Experimental Peak Numerical
. Peak Percent
Plate Type Density Pressure (bar) Pressure Difference
(kg/m?) [Ouellet, 2008]
(bar)
UHMWPE 4.8 34.3 33.0 3.8%
4Amm Aluminum 5.6 19.0 20.7 8.7%
Carbon Fiber 9.4 7.6 6.7 11.3%
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Solutions for the Ultra High Molecular Weight Polyethylene (UHMWPE) case wereobhtamed

with the elastic modulus of the UHMWPE being decreased and increased two orders of magnitude

from the original value. No difference in presstinge history at the back wall was observed.

A wave diagram for the case of the 12.7mm LDPE 45 and 4mm aluminum decoupler is shown in

Figure5.29 below. Note that the deformation is uniform throughout the ti@sk of the sample.

The maximum velocity of the 4mm aluminum plate (and thus the foam front face) was calculated

to be 34.7 m/s, below the compaction wave speed calculated assbemfs. Note the blue line

indicates theslastic precursor wave corresplimg to the prebuckling behaviour of the foam.
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Figure 5.30- Wave diagram for a 4mm Aluminum and 12.7mm LDPE 45 sample Loaded by 250g C4 at 1m
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5.5 Foam Parametric Study with Finite Element Model

A parametric study was undertaken to gain further understanding into the effect of the various
parameters on blast amplification or attenuation. The validation study already contained a study of
the effect of high density plate mass. Additional paramétatswere varied for this studyere:

foam thickness, foam strestrain behaviour (through foam density) and blast loading.

The plate areal densitiesere consistentwith those used in the experimental stualyd for
validating this model [Ouellet, 2008]. Additionallyy some caseplates of higher areal density

(15 and 20kg/m?) were modelled. These areal densities approach those of hard ballistic plates
used for protection against projectile threats at tirheviiting. The blast loading used in the
validation study was carried over to tharametric study The LDPE 45 foam used in the previous
validation study was used. Additionally, a higher densiBPE 96 foam wassimulated. Thse
variatiors were meanto showthe effect offoam plateau stress and densification on resulke
thickness of foam of 12.7mm (1/2 in.) was used in this parametric study. Additionally, 25mm and

7mm thick foams were simulated.

In total this yields28 test cases which were gilated and analysedThe studyprovides insights
into the attenuation of blast by fabrics. This understanding can be used to predict the effect of

further changes to the various parameters.

5.5.1 Effect of Plate Mass

For all cases examined, an increasglate mass resulted in a decrease in the peak transmitted
pressure.This is consistent with results from Ouellet, against which a part ohtdue| validation
was conducted in the previous section. A sample of results from the HDPE 96 simulations with a

thickness of 13mmns shown below irFigure5.31.

120



30

- - Baseline
25
:'. —13mm HDPE 96, 2mm Aluminum
h
= Iy 13mm HDPE 96, UHMWPE
T 20 1y -
< N —13mm HDPE 96, 4mm Aluminum
= - — 13mm HDPE 96, Carbon Fiber Plate
8 15 —
x C
T 1oy
; 10 | \ .
X v A\
@© |
o ; N
5 i “\

| \

| N \

] ~ o - \

0 i T = pPA————= = = ===
0.0 0.5 1.0 1.5
Time (ms)

Figure 5.31- 13mm of HDPE 96foamfaced with plates of varied aeal density
A sample of results from LDPE 45 simulations with a thickness of 25mm are shéiguie5.32.

Note that for the simulation with 2mm of Aluminum (AR:8kg/m2 based on mass from [Ouellet,

2008]) the wave within the foam reflects back and forth between the aluminum plate and back wall.
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Figure 5.32- 25mm of LDPE 45foamfaced with plates ofvaried areal density

5.5.2 Effect of Foam Thickness

The effect of foam thickness (without high déwp plate) was imestigated by [Nerenberg, 1998].

The parametric study undertaken as a part of the current research allowed an investigation into the
effect of foam thicknessn pressure wave attenuation/amplification when a high density plate was
included. The effect of increased thicknesssiggpected, with an increase in thickness causing a
reduction in peak pressuréd sample of results of various thicknesses of HDBEMth a 4mm
aluminum platds shown inFigure5.33, and results from various thicknesses of LDPE 45 with a

4mm aluminum plate are shownkigure5.34.
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The peak pressure results from both LDPE 45gqre 5.35 and HDPE 96 Kigure 5.35)
simulationswere plotted againstreal density for thegariousthicknesses simulated. It can be seen

that it was possible to produ@tenuation of the peak pressure for any thickness of foam by
selecting an appropriate areal density for the plate mounted to the foam. As the thickness was

reduced, the areal density of the plate had to be increased to produce attenuation.

Note that despite being what would be referred to as a "decoupling” arrangement, the low thickness

foams with lower areal density plates are fully capable of amplifying blast loads.
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Figure 5.35- Peak back wall pressurevs. plate areal density for various thicknesses of LDPE 45
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Figure 5.36 - Peakback wall pressure Vs.plate areal density for various thicknesses of HDPE 96

It was observed both iexperiments and numerical simulations that higher density foams have a
greaterability to manage energy. This is due to the higher plateau stress of the higher density
foam. The disadvantage of higlensity foams is that the minimum attainable stress#pre is

limited by the plateau stress (unless the energy imparted to the foam is insufficient to cause
buckling of the solid cell phase), so although they can store more energy before reaching
densification, they are not necessarily the best choicedst ptotection. Ideally the foam selected
would have a plateau stress which is below the human threshold for injury at long durations.

5.6 Foam Implementation with the Modified Axelsson Model To Investigate

Injury

For foam with a high density material oretfront, the mass of the high density material is treated
as a lump mass, and the mass of the foam is split and added to the high density material mass and
the back wall (however since the back wall remains stationary this mass does not appear in the

equaions defining the system). The system is showrigire5.37 below.
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Figure 5.37 - Foam and high density material model diagram

The behaviourof foams is complicated, but has been characterized in r@wibpsly discussed in
this chapter

a@ = Oggo 0 »(QQ (5.16)
Q= @/qy (5.17)
Q= a3/ 6y (5.18)

The effect of strain rate was initially considered as had been done with the finite element model,
however, as with the finite element model, not enough information on the high rate/high strain
behaviour of foams was available to justify using a rate diggnmodel. Ultimately, the same
behaviour as described Bection5.3.3was implemented in the rtieematical model. Unloading
wasnot implemented The implemeration of an unloading behavioshouldnot affect the peak
pressure resultjue tothe assumption of uniform deformation through the thickness of the ftfam

the deformation is uniform, unloading does not occur until the peak pressure value is.resched

has been discussed previously, the assumption of uniform deformation throughout the foam is only

valid if the foam face is compressed at a velocity belovetimpactionwvave speed of the material.
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5.6.1 Validation of Foam Mathematical Model

The mathematidamodel of foam with a hard plate was validated against data from Ouellet

[Ouellet, 2008]. This data was also used in evaluating the 1D finite element model. A prescribed

load was applied based on results from the experimental work by Ouellet. Thgs agsidhown

below inFigure5.38, and indicate a good fit to experimental results. The same limitiations of the

finite element model apply to the mathematical model, namely the inability for the mathematical

model to accourfor leakage of the air out of the open cell foam.
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Figure 5.38 - Validation against experimental data [Ouellette, 2008] for 1Dnodel of foam with high density
materials with an A.D. of: A) Loading; B) 4.8kg/m?; C) 5.6kg/m2 D) 9.5 kg/m?

The success in reproducing experimental results with the mathematical model helped confirm that

it could be a useful tool in the estimation of pressure rieadibn by protection concepts. It

should be noted that aif the velocities calculated were below the compaction wave speed of 56

m/s, thus the assumption of uniform deformation was appropriate.
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Due to the simplicity of the mathematical model, there are some limitations. Since the foam and
air are treated as®i ngl e fel ement o0, it i's assumed that
change linearly through the thickness of the material, and mass is distributed evenly through the
thickness of the material, meaning wave effects or other discontinuities weaeauointed for.

This model assumes that the blast wave is planar, and the torso and protection -améngemi

The significance of the assumption of an infinite plane is that edge effects (such assledikage

from the foam)were not accounted forln spite of these limitations, it will be shown that there

were valuable (and accurate) rigsproduced from these models.

5.6.2 Evaluation of the Differences in Behaviour Between Shock Tube and Blast

Loading

It was observed when examining the simple mattaral models used in this wqrthat when the
impulseper unit areaf the original, unprotected, back wallessure time history sacompared to
the impulse seen when protectiaras present, an intersect occurs, which coindidégth the
maximum deflectio of the front face of the protective concept, and thus the maximu

compressive strain

Figure5.39 below shows the pressure and integral of pressure versustiinetli the applied blast

load as well as the predicted back wall pressure for 12.7mm of LDPE 45 foam with a 4.8 kg/m?
plate on the loaded face. The two pressures histories shown Fetpwe 5.39A) were acting on

the plate in opposite directions, thus when their integfature 5.39B) were equal, a maxima in

displacement léhbeen reached.
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Figure 5.39 - Pressure andintegral of pressure {mpulseper unit area) for 12.7mmLDPE 45 foam faced
with a 4.8kg/m2 plate; baded by 250g C4 at 1m

Examiningthe integral of blast pressure over tinitecan be sea that at times above the blast
duration, the impulse no longer increases. This is significant, because if the peak
pressure/protection deformation occurs at this time or latergah&ibution to the totaimpulse

from blast loading does not change. iBgreasing the thickness or mass in front of the protection
coneept, the time to peak pressure couldreased, but as shown kigure 5.39B, theimpulse per

unit areafrom blast loadingvill not change, thus, the integral of pres&iressover time must be

the same within thprotection conceptBecause this integration eking place over a greater time,

the pressure or stress within the protection will not bieigts In order to increase the time to peak
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pressure, the thickness of the soft material can be increased (or the size of the air gap can be
increased in the case of fabric with an air gafother alternative would b® increase the areal
density of ay high density materials used in the protection. The effect of doubling the high
density material or material thickness under blast loading is shokigunre5.40 below.

A) 3.5E+06 Pressure from Blast
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Figure 5.40 - Effect of increasingfoamthickness orplate areal density onpressure andintegral of pressure
(impulseper unit area) for 12.7mm LDPE 45 foam faced with a 4.8kg/mglate; loaded by250g C4 at 1m

For shock tube loading, the behaviair impulsewasdifferent. Since the applied shock loading

wasa step increase in pressuits,integral,the impulseper unit areaincreasd linearly with time.
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This meah that as the time to peakgssure behind the protection increhsmore impulsenvas

being applied (in fact thimcrease inmpulsewasproportional tancrease in the time to peak back
wall pressure).This explains how for increased thickness, under shock tube loading, the peak
pressurewould plateau Figure 5.41A). The time to peakvas increasedby the same methsd

describedoreviously for blast loading
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L 6.0E+05 /L
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0.0E+00 ‘ ‘ ?Zac7k WaII:I Pressu Eje
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'<DE and 4.8kg/m? Plate
E
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) and 9.6kg/m?2 Plate
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Figure 5.41 - Effect of increasingfoamthickness orplate areal density onpressure andintegral of pressure
(impulse per unit area) for 12.7mm LDPE 45 foamfaced with a 4.8kg/m2plate; loaded bya 3 bar pulse
wave.

While the above discussion explains the effect of increased thickness or mass in front of a

protective concept, the resutisuld notbe used to predict through analytical, back of the envelope,
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calculations, the qualitative effect of these changes. The mathematical usedei this work,

which determines the pressure history underneath a protective concept through numerical
integration,was likely the simplest form of analysis that could beedido estimate the effect of

protection. Relationproposedby Gibson [Gibson, 1988] coulthvepotentially benused, except

they both requide st i mat es of the Atime to epere@ktohbe and e
absorbed could have betken @ the reflected blast impulse, but the time to peak depends on both

the loading and the material mechanical behaviour

5.6.3 Foam and Axelsson Model LD50 Predictions

By coupling the foam and high density material described irS#ation5.6.2with the modified
Axelsson model described in Sectidrl, a tool was developed which could help predict the

threshold between amplification and attenuation.

A diagram of the model is displayed belowFigure5.42.

Foam
o(Strain, Strain Rate)

BlastWave

Ppast(t) :»

M5, X (1)
—> My, X4(1)

Figure 5.42 - Foam model combined with Axelsson torso model

The approach taken for examining the foam and hard plate concepts was to nthatséme

thickness of the foam sample, and increase the mass of the hard plate. The plate mass was changed
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such that results ranged from a predicted amplification of peak pressure and injury, to an
attenuation of these values. The predicted chest weadhkatics were used as the metrics for injury
prediction, using chest wall velocity (as suggested in the original work by Axel8setfs$on,

1994) as well as chest wall acceleration, which has been found to be a metric of value when

investigating proteatin concepts [Ouellet, 2008 ; Cooper, 1996].

The loading applied was equivalent to LD50 loading from [Bass, 2006], with a duration of 2ms and
peak reflected overpressure of 18.8 bar. The curve was compared to that obtained from ALE
calculations to ensureonsistency of loading between the mathematical model and the finite

element of the torso.

A summary of the cas@xaminedand resultss given inTable 5.4 below.

Table 5.4 - Summary of Modified Axelsson Model Results for Foams

: . Plate AD Pgak Pressure Chest Max Inwarq Chest Pgak

Loading Protection Behind Protectior] . Acceleration
(kg/m2) Velocity (m/s)
(bar) (misls)
LD50 T2 None - 18.8 21.3 7.67E+04
LD50 T2 30mm LDPEA45 and Plate 7.5 130 30.9 5.06E+05
LD50 T2 30mm LDPEA45 and Plate 15 11.9 23.3 3.97E+04
LD50 T2 30mm LDPE45 and Plat|e 30 3.20 12.2 1.14E+04
|  Baseline | Amplified | Attenuated |

Based on the results above, it was expected that finite element simulations of the foam with the 7.5
kg/m2 plate would amplify blast, and the case with the 30 kg/m2 plate would attenuate the injury.
The 15 kg/m?2 case could result in either amplificationatienuation, depending on the metric
which best represents the response. It will be shown that a slight attewasipredicted for the

15 kg/m? case with the finite element torso.

5.7 Foam Implementation with Torso Model
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While material property effects were investigated as a part of 1D model analysis, the effect of
protection geometry could not be examined as a part of 1D studies, and is only briefly examined as
a part of this research. In general, a flat plat struck plamar wave would yield conservative
results, while a convex plate would result in some deflection of the blast loading and reduced
injury. While the material models were kept the same when implemented with the torso model, the

geometries had to be altdrieo accommodate the 2D nature of the torso mgdglre5.43).

Based on results from the mathematical model developed as a part of this study, a 30 mm thick
plate of LDPE 45 foam was simulated with varied areal densities of rigid plates mounted on the
front surface as a fAdecoupl ero. The thickness
simulations. The densities were selected to show a transitton ijury amplification to
attenuationas predicted in the previous sectidime areal densities of rigid plate simulated were

30kg/m2, 15kg/m? and 7.5 kg/m2. Densities were varied by reducing the material density, while

maintaining the same geometrydan y oungoés modul us.

Figure 5.43- Torso model with 30mm offoam and 10mm hard plate protection

Contact was implemented utilizing a penalty stiffness formulation very similar to the
Lagrangian/Eularian apling of an ALE algorithm, where a force proportional to nodal
penetration is applied to the node penetrating node and penetrated surface. It was noted that when
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the ALE i mplementation was wused some fAsticki
observed in tension (during unloading the protection would fail to release from the torso). This
was attributed to both the torso and protection being coupled to the same ALE mesh. The
responsibility of the ALE coupling for this phenomenon was invesiighyeboth: comparing the

same run using both ALE and CONWEP (prescribed loading) implementations, as well disabling
the ALE coupling prior to unloading. Both of these methods allowed the release of the protection

concept after unloading, suggesting thelgem was ALE related.

In all cases, unless otherwise specified, the protection was modelled as a flat plate with a width of
24 cm.

5.7.1 Finite Element Torso Model Predicted Injury with Foam Protection

As was expected based on mathematical model resultsatiteis areal densities of hard plates
used in the study show a transition from amplification of lung injasyprelicted by peak dynamic

pressureto a rediction of predicted lung injury.

The metric used for estimating injury from the torso model p@agent lung volume above a

threshold pressure. Four threshold pressures were defined as: 60 kPa, 100 kPa, 140 kPa and 240

kPa. The results are presented using both bar graphs and a visual topology of the 2D lung. These
methods provided information in\@ay which could be easily compared to the baseline result

(loading of the model without protection).
The baselines results for LD50 loading (2ms duratio7 darpeak incident pressurd8.8 bar

peak reflected pressyrare shown along with the foam protection simulations results below in
Figureb.44.
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Figure 5.44 - Predicted lung injury results from thefinite elementtorso model with various foam andhigh
impedancematerial protection concepts.

The above results are summarized belowrigure 5.45, where the percentage volume of lung

elements which had a peak pressure above 24&kidapared between cases.

Baseline | 30mm LDPE45 Foam and Plate
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Figure 5.45 - Percentagesevere lung injury for foam protection concepts
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The injury was significantly attenuated by the 30kg/m? plate and 30mm of LDPE 45(fimam
10% severe injury to 0.1%)Interestingly, the 7.5 kg/m? plate and 30mm of foam actually resulted
in a fairly significant amplification of injurypredicting an increase from 10% severely injured lung
without the protection, to 16% with the foam and 7.5kg/m? plate.

5.8 Discussion of Foam Results

The implementation of the 1D finite element models of foams and foathshard plates was
validated against experiments by [Ouellet, 2008] and [Nerenberg 2006]. In most cases the
predicted results matched very well with experimental results, despite the fact that in some cases a

closed cell foam model was used to predistules from casewhere a open celled foam was used.

The results from simulations illustrate the importance of proper selection of both damping and
unloading behaviour for simulation of limited duration blast load$ie foam behind the shock
wave wouldundergo unloading before th@ave hadreached the back wall. The importance of
unloading and damping was reduced when a imgpedancematerial was added, because the

material begnto deform uniformly through thickness.

A parametric study was conductedltostrate the effects of varied plate areal densities mounted to
foams of varied thicknessed-or the range of thicknesses tested, an increase in foam thickness
always yielded a reduction in peak pressure. Likewise, an increase in plate arealaleaggy
resulted in a reduction in peak pressure. The effect of the plate mass is a reduction in the rate of
deformation of the foam under blast loading due to the added inertia at face of the foam loaded by
the blast wave.

The results show that a protivet concept cannot be evaluated based only on the simple impedance
mismatch analysis described in sect2.1 The motion of the high impedance material and
subsequent deformation of a foam can result in an increase in peak pressure comgheed

applied blast loading.
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The assumption of uniform deformation of the foam allowed the use of a simplified mathematical
model for predicting the behaviour of foammaterials coupled to high impedance materials. The
model was validated against data from [Ouellet, 2008]. The results matched experiments very
well, except that the arrival time of the peak pressure was delayed compared to experiments (even

compared tohe 1D finite element mods)|

The mathematical model for a foam was implemented with the modified Axelsson model
developed aa part of this study. The finite element model of the torso was also used with a foam
protection model addedThe modified Axelsson model, when peak chest wall acceleration was
used as a metric for injury, predicted amplification and attenuation of injury in the same instances
as the finite element torso model. While the modified Axelsson model, as usedstudlyisdoes

not offer any prediction of the level of injury (only change relative to a baseline case), the finite

element model estimated the severity and location of lung injury.

Unfortunately, the prediction of injury through use of the torso modeldcoat be directly
validated, as no controlled experiments of humans subjected to blast loading with foam protection
were available. The torso model itself wadidated as a part of work by Gre@0D6], and the

foam protection models were validated gmé of the current study.
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Chapter 6

Single Layer Fabrics and their Behaviour in Blast

Single layer fabrics are commonly usedapparel, and represent a simple case for protection.
While no protection concept against blast consists exclusively of singlefédyrecs, almost all of
these concepts will have areas where fabric or plate ballistic protection is not present, leaving only

thin layers of fabric, which when struck by a blast wave may alter the loading to the torso.

6.1 Single Layer Fabric Properties

The structure of fabrics is complex, and throdlgitkness material properties are often not well
established, due the difficulty in measuring them (particularly, determining the actual applied
strain). Transverse loading of a single fibre of Kevlar fatvas undegken in one study [Cheng,
2005] however the use of this data to determine the transverse properties of a woven fabric would
require modelling of a fabric at the fibre level and be a task outside of the scope of this project. As
will be shown lagr, the through thickness properties probably do not have a significant influence
on the alteration of blast loading, as this is primarily a result of the compression of air between the

fabric and reflecting baewall, and shock wave reflections betweeest surfaces.

The structure of fabrics, shown kigure 6.1, results in them having holes through which air can
flow, resulting in permeability. The permeability thie fabric will depend on what type of weave

is used, the tightness of the weave, and the yarn geometry.
Another property of fabrics is their areal density. This is the density of the fabric per unit area.

This value is commonly used instead of dgn&iecause of the difficulty in determining the

thickness of fabrics.
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In-plane properties of fabrics have been investigated, particularly for those used in ballistic
protection. This is because theglane properties of these fabrics are extremely inapoit terms

of their ability to mitigate ballistic threaf¥ang, 1992] For the cases that have been evaluated
experimentally, and those that will be studied numerically, these properties are not considered to be

significant, as most of the loading is uniform, and out of plane (trans¥egsee6.1).

In plane (warp, fill) 1 transverse

: :
< %\@ <] _
TS 5?«%;%%* =

.,

< 2 :
S e et
S &

Figure 6.1 - Fabric orientation and descriptions used in curren study

6.2 Experimental Work (Literature)
Skews and Hattingh et. al. [Ske®806; Hattingh,2001] have undertaken shock tube tests to

investigate fabric materials, and focused on the back wall pressure measuieiqestt(2) and
associated raplification with single fabric samples having some stafidrom the back wall. A

simple schematic of the experimental apparatus is shown beléigure6.2.
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Figure 6.2 - Diagram of shock tube apparatus with fabric sample

These studies considered fabrics of varying density and porosity (muslin, cotton, and satin) and air

shock waves of varying pressure ratidee(tatio of pressure of the shocked and unshocked air). In

one caseKigure 6.3), muslin resulted in the lowest amplification of blast pressure t{thés),

having the lowest density as well as the highest permeability. For the materials considered, satin

had the highest amplification of blast pressure (2 times), with the highest density as well as the

lowest permeability of the three samples.
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Figure 6.3 - Pressuretime histories for various fabrics with 6mm stand-off, 2.21 bar baseliner eflected
overpressure [Hattingh, 2001]

The pressure traces for the fabrics exhibited multiple steps overrgéméting from the multiple
reflections of the transmitted shealave between the fabric and baskll. As the fabrics were
accelerated towards the back wall, this resulted in a decreased volume between the back wall and
fabric, where the fabric acts asianovi ng pi stono [ Hattingh, 2001].
[Naiman, 2006] using permeable stationary barriers confirmed this mechanism, as their results

were unable to produce amplifications observed in experiments.

The effect of varying the shoatrength on the pressure amplification was also investigated. It was
found that as shock strength increases, the amplification also increases, with a greater rate increase

shown by the less permeable fabriegy(re6.4).
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Figure 6.4 - Variation of shock strength and the resulting pressureamplification by fabrics [Hattingh,
2001]

The influence of the initial aigap 6tandoff) was investigated also. No clear trend was found in
the experimental value&igure6.5) for the stanebff values considered.
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Figure 6.5 - Effect of varied air gap width (stand-off) on pressureamplification for various fabrics
[Hattingh,2001]

An aramid fabric (Kevlar) was investigated in another study using a similar appi®keWs,
2006]and produced a peak pressure amplification of 4.5 times at the back wall, which was greater
than any other fabric tested. This fabric was quoted as having an extremely low permeability, and

was described as being essentially-permeable.

6.3 Numerical Model of Single Layer Fabrics

To understand the phenomenon of blast amplification, experimental tests are often undertaken
using a shock tube. Although this pressure loading differs from blast loading due to the relatively
long duraton, this type of testing is more repeatable than blast testing using explosives. A typical
shock tube consists of multiple sections as shown schematic&llgure6.2. A driver section is
separated from the remainder of the tube with a rupture plate. Depending on the thickness and

material, the rupture plate bursts at a particular pressure difference, resulting in a shock wave that
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travels down the shock tube tetmstrumented test section. The measured value of interest in this
study was the back wall pressure occurring behind the sample material.

In this study, we used LByna, an explicit finite element code (Livermore Software Technology
Corporation) [Hallquist, 2006], to predict the response of fabrics materials exposed to pressure
waves in a shock tube environment in order to investigate freriexents by Skews [Skews, 2006]

and Hattingh [Hattingh, 2001] and then evaluate a wider range of material parameters. The model
was developed from a previous model used to investigate waves in a shock tube [Salisbury, 2004]
and the fabric with associatpérmeability was integrated. This required several initial studies and
developments related to model development, modeling permeability, and finite element mesh

refinement.

6.3.1 Shock Tube Model for Fabrics

A shock tube modelHigure 6.6) was created with dimensions of 5 mm x 5 mm x 120 mm using
0.3125 mm cubic elements, though for some simulations this element size was further refined due
to convergence issues (see cageace results isection6.3.3. The dimensions used are smaller

than typical physical shock tubes, but represents a larger effective size due to symmetignsondit

For the current study, the air in the driver and instrumented sections was modeled using an
Arbitrary Lagrangian Eulerian formulation [Souli, 2004], capable of simulating the large
deformation fluid flow and required structural interaction with thbric. Symmetry boundary
conditions were applied at all fluid and fabric boundaries in order to create an infinite plane of
fabric. It should be noted that these boundary conditions did not allow for consideration-of edge
effects resulting from leakages material stiffness in bending. While pressure readings used from
the experiments were taken from transducers near the centre of the fabric, there may have been
edge effects that would lead to reduced back wall pressure. This aspect is discussenh filmthe
results section. Largexcale models were considered computationally prohibitive due to the high
density of ALE elements required. The average pressure on the rigid back wall was used from the
numerical shock tube model, and these values arprdssures reported in the results in order to

avoid local pressure effects from fabric permeability.
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Figure 6.6 - Sideview of shock tube model

The shock loading in the numerical model was generateghplying a pressuréme history at the

end of the shock tube using an element (ambient element) designed to produce fluid/gas outflow.
Ambient elements allow a pressure to be prescribed at a boundary, and in this study acted as a
source to simulate theigh pressure air reservoir of a shock tube. This approach allowed for the
application of different load histories to the fabric, corresponding to the conditions used in the
experiments by Skews [Skews, 2001]. For the shock tube studies documentec hpesshre
histories were step inputs. It should be noted that, throughout this study, all pressures were defined
with reference to the reflected pressure that would be seen on the back wall without the fabric
present. A shock wave resulting in a refbecpressure of 3.92 bar was the most common loading
scenario considered. The initial ambient air pressure was 0.83 bar as described in [Skews, 2001].
The duration of pulse that could be achieved was limited by the length of the shock tube model
such that ery high stanebffs could not be considered, but was sufficient for loading scenarios

considered.

The ability of LSDYNA to simulate shock waves in a shock tube was previously investigated by
Salisbury et. al. [Salisbury, 2004An ideal gas equation of state was assigned to the air elements,
with the constant volume and constant pressure specific heat coefficients being 718 and 1005
J/kgK, respectively. In order to ensure continuity across shock frontByh§, utilizes a b
viscosity for all solid elements, the magnitude of which is a function of the trace of the strain rate
tensor, local sound speed, density and characteristic element length. In the study by Salisbury, it
was found that the ALE formulation in EBYNA was able to resolve shock fronts and expansion
waves with good correlation to accepted analytical solutions with an ALE element size of 5 mm for
a 1 m length shock tube. It was also noted that an orthogonal mesh, oriented along the primary

direction of fluidflow produced the most accurate results, attributed to the way that flow variables
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are advected in the ALE algorithm [Salisbury, 2004]. The mesh orientation for the current model is
shown inFigure 6.6. The initial element size was 5mm, with an element aspect ratio of 1. The

element size was later reduced when the fabric was incorporated, as described below.

6.3.2 Fabric model

The fabric itself was modeled using 5mm byrBraquare Lagrangian shell elements (Belytsehko
Tsay formulation) and coupled to the ALE calculation using awayg penaltybased coupling
approach [Souli, 2004]. During the calculation of the Lagrangian deformation of the fluid (ALE)
mesh, before adveom and remapping, the movement of the fluid relative to the structure is
determined and a coupling force is applied to the fluid and structure. The force for penalty
coupling is proportional to the change of the Lagrangian node location relative taithenésh

and the penalty stiffness. The penalty stiffness is generally kept as low as possible (to avoid
numerical instability and oscillations in interface forces), while being high enough to prevent the
fluid from leaking through the Lagrangian patrt.

Solid elements were not considered due to the mesh density that would be required to provide
sufficient elements througthickness, while maintaining the fabric thicknesses quoted in literature
[Skews, 2006; Hattingh,, 2001]. It is recognized that theutiinahickness material properties of

the fabric may be important in terms of blast response, particularly for multiple layers of fabric.
While there is some data available on throtighkness properties of aramid fabrics [Raftenberg,
2004; Yu, 1985] andatton [Taylor, 2000], the use of more complicated material models was not

pursued due to limited data for the fabrics considered.

To introduce material permeability, uniform holes were created in the fabric (Figure 3) and an
elastic modulus of 3.2 GPa wased with an isotropic linear elastic material model to prevent in
plane deformation and changes to the hole size or permeability of the fabric during the simulation.
Initial studies showed that the-plane modulus did not affect the results, asidenfmeventing
unrealistic deformation of the hole used for permeability. Density of the material was varied with

shell thickness to produce the desired areal densities.
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Although the model scale was significantly larger and the holes used in the modegreates in

size than the spacing between the weave that would lead to permeability in real fabrics, studies
using multiple holes yielded similar results to a single hole, but did require significantly more mesh
refinement. Values for the density and peatvity of the fabrics considered were based on data
from Hattingh and Skews [Hattingh, 2001; Skews, 2006]. To calibrate the fabric permeability,
numerical simulations were undertaken to determine the required hole size. In these simulations, a
pressurdlifference of 124 Pa was created across the fabric, following Hattingh [Hattingh, 2001],
and the resulting volumetric flow rate of air through the hole was determined. We note that this
pressure is low compared to the pressures in blast or shock scelpatridsgs provide a measure

of material permeability, and was used to be consistent with the experimental data. While
permeability information was not given for aramid fabric (being quoted as impermeable), the
experimental and predicted permeability valdier satin, cotton and muslin are listedTiable 6.1

below.

Symmetry conditions, as shownhigure6.7, were applied such that the model was effectively an
infinite plane of fabric. In the experiments by Hattingh and Skews [Hattingh, 2001; Skews, 2006]
a 180mm by 76mm piece of fabric was placed in a shock tube, and tapely abthe top and
bottom corners using 12mm foam tape (the thickness of which was used to produadfstarite
experimentalists report that, Abefore a test
easily abl e t o Hatingt BO01]. Basedoa th&k dimersibns of thg sample, the
relatively low stiffness of fabrics in bending, the loose constraint of the fabric in the experiments,
and the fact that a pressure transducer on the back wall behind the middle of the fatdgaonsesm

used for experimental results, the 5x5mm fabric sample simulated numerically was allowed to

accelerate unconstrained towards the back wall.
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Table 6.1- Fabric parameters for experiments and numerical simulations. Experimental results from
Hattingh and Skews [Hattingh, 2001].

Areal Hole Size Permeability

Fabric | Density | (Elements/| (m¥m? per minute)

(g/m® | [Percent]) | Experiment| Numerical
9x10
Muslin 95 153.6 155.3
[35%]
4x5
Cotton 104 32.9 27.8
[7.8%]
3x3
Satin 134 6.0 7.7
[3.5%]

The air on either side of the fabric was tracked during the simulation to ensure no unwanted
leakage was occurring across qaorous sections of the fabric. A corresponding schematic of the

finite element mesh is shown kigure6.8, with the results ifrigure6.9.

150



4x5 Hole 9x10 Hole

Figure 6.8 - Numerical fabric model geometries forvarious permeabilities
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Figure 6.9 - Fabric air permeability numerical Results

This study also considered distributed fabric permeability, where multiple smaller holes were used
within the small section of fabric simulated, and this necessitated a finer mesh for to accurately

model the flow. Compared to a single lumpedpeability, the distributed permeability provided
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similar results as determined by volumetric flow rates due to pressure difference across the fabric.
Furthermore, the distributed permeability was computationally expensive and required additional

mesh refiement to resolve the flow through the smaller holes.

6.3.3 Finite Element Mesh refinement

Appropriate refinement of the finite element mesh must be considered in any numerical analysis.
Although previous studies showed that a relatively coarse mesh (5mm &gmas required to
resolve a shock wave, a finer mesh was required to predict the flow for the permeable fabrics, and
to resolve wave reflections as the fabric moved towards the reflecting wall. It was found that
reducing the element size below 0.3125 mhich not result in significant changes in the predicted
back wall pressure at a staoff of 6mm between the fabric and reflecting wallgure 6.10). It

should be nad that the cases with 0 permeability (no hole) demonstrated convergence at a larger
element size; however, when permeability was included a finer mesh was required. Changes in
flow rate did occur when the element size was varied; however, these cheswesl in less than

a 5% change in the peak pressure results from one element size tested to the next.

Richardson extrapolation [Roache, 1998] from the results of three mesh sizes (0.1563mm,
0.3125mm, 0.6250 mm) was used in order to determiee l¢hid of convergence for the
permeabilities considered. An estimate of the 0 mm element size predictions determined from

Richardson extrapolation are provided-igure6.10.
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Figure 6.10- Mesh Refinement Results, with dotted box showing element size used in most simulations

The Grid Convergence Index (GCI) has been proposed as a standard means of quantifying the level
of convergence achieved with a numerical model [Roache, 1998], and for providing guidance on an
appropriate mesh size. The GCI is based on mesh refinemefis riesuthe problem being
considered. This value also incorporates Richardson extrapolation results, as CGI is an estimate of
error bound for a given element size based on Richardson extrapol@abte 6.2 below shows

the calculated GCI values obtained from the convergence study.\@{les were used to provide

an estimate of the error bound in results using a fine (0.1563mm) mesh. Thev@@s (the
estimatederror bound for results using 0.3125mm elements) suggested less accuracy, which was
expected with an increased element size. The estimated accuracy of the results at the 0.3125mm
mesh size was considered acceptable for all permeabilities and this edi&reamas chosen as the
baseline element size for simulationdzor more information on the calculation of the grid

convergence index, see Sect®B.

Table 6.27 Grid Convergence Indices for permeabilities investigated in convergence study

Permeability Corresponding

0% 6.25% | 25% Element Size
GCl 1.26% | 1.34% | 2.40% 0.1563mm
GCl ;3 2.64% | 5.21% | 6.61% 0.3125mm
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Peak pressure was selected for evaluation of the convergence studies, since this was the most
sensitive metric to the input conditions, and ultimately of greatest relevance for comparison to the
experimental results. In spite of the differences in peaksure with varied element size, the

overallbehaviouwas extremely consistent as illustratedrigure6.11 below.
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Figure 6.11 - Mesh refinement results, pressure time history behind nopermeable fabric at various
element sizes

The level of refiement required for the model was also found to be dependent on theftand
between the fabric and reflecting wall, and the loading applied to the fabric. At lowastaamd

high loadings, a mesh size finer than 0.3125 mm was required to ensureiardufiumber of
elements were located between the fabric and-badkat all times during the simulation. It was
found that, for impermeable fabrics with a stanftiof 4 mm or less, a mesh size of 0.1 mm was
required. For permeable fabrics, the eletrsre was not adjusted from 0.3125 mm because the
minimum distance between the fabric and bael#l was not found to be critical, even at the lowest

standoff and the highest shock strength simulated.
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6.4 Simulation of Shock Tube Tests

A series of experimental shock tube tests [Hattingh, 2001; Skews, 2006] were simulated using the
model described above to investigate three different fabrics: cotton, muslin and satin. The fabric
areal density and material permeability (volumetric flove rfatr 124 kPa pressure differential) was

set to the reported value in [Hattingh, 2001]. The shock loading was then applied and the pressure
behind the fabric was monitored at a reflecting surface throughout the simuldiiguare 6.12

shows a cross section of the shock tube model, with air initially between the fabric and reflecting
backwall being lightly coloured, and air on the incident wave side of the fabric lzearker

colour. The pressure wave rapidly applied a pressure load to the fabric surface, accelerating the
fabric towards the back wall. For a nparmeable fabric, this resulted in compression of the air
behind the fabric, and superposition of wavestcreeng t he Opi ston effect
permeable material, the air flows partially through the fabric. Later in time, the flow reverses as a

result of high pressure between the fabric and wall.
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Figure 6.127 Air flow through hole in: a) permeable fabric (muslin), b) nonpermeable fabric (aramid).
From numerical model with added symbols for clarity.

Figure6.13illustrates the effect of back wall pressure measurement position. In one extreme, if the
pressure was measured directly behind the hole in the fabric there was a pronounced initial rise in
pressure from air traveling through the fabric hole. In the atkgeme (pressure measured in the
opposite corner from the hole) the initial pressure rise was westienated. An averaged pressure
measurement provides the most reasonable results and best reflects what the change in loading on
the reflecting wall woud be. The average pressure measurement in this case was close to the
measurement behind the middle of the fabric, and this was due to the relatively small hole size for
this simulation (3.25%).
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Figure 6.13 - Reflected Pressure History on Back Wall behind Satin: Averaged, Behind Fabric Hole, and
Behind Fabric

The resulting timegpressure histories at the back wall for three different fabrics are shdviguire

6.14, and the back wall pressure, and pressure 6mm from the back wall, without fabric are shown
in Figure 6.15. Time histoy data for aramid was not available. A summary of the experimental
and predicted peak pressures, along with the percent difference is sh&igurie6.16. Please

note that experimental results were digitized by hand from [Hattingh, 2001].
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Figure 6.14 - Reflectedpressurehistory on back wall behind satin, cotton and muslin. experimental results
from Hattingh and Skews [Hattingh, 2001].
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Figure 6.15 - Pressuretime histories without fabric sample. Load caseusedfor muslin, cotton and satin
cases

Thefinite elementsimulations predicted times to peak pressure and the overall pressure profile, as
measured behind various fabrics, reasonably well. The most significant difference was noted in
terms of the predicted pressure amplificatiohisTis shown irFigure6.16 along with the percent

error in the prediction, ranging from 5% for Muslin to 25% for Satin. It should be noted that the
aramid fabric wasested under different test conditions (lower staffcand higher shock strength),

and the predicted pressure amplification was within 10% of the experimental data. For the
experimental data, the number of repeat tests was not provided, so the impaofrtearcability in

the testing could not be directly assessed.

159



Increasing Permeability

»
»

4.5 : 45%
4.0 - :Iilixperlme?t L 40%
® 35 | L [ INumerical | 350
5 - X- Percent Error -
2 c 3.0 30% S
£% 25 R . 25% &
TE 20 — 20% 3
E £ 15- RS — | 15% &
g 104 f T - 10%
0.5 - 5 - 5%
0.0 ‘ ‘ 0%

Aramid Satin Cotton Muslin
Fabric

Figure 6.16 - Predicted back wall pressureamplification for various fabrics

6.4.1 Parametric Study

A parametric study was undertaken to isoltie effect of the important parameters in terms
response of fabrics to blast loading. The parameters included: permeability, areal density, incident
shock wave strength, and stawoifl between the fabric and reflecting wall. The baseline case was:
9.8% pemeability, 3.92 bar shock strength, 3mm staffdand 150g/rh areal density. The

parameters were varied around this baseline dad#g6.3).

Table 6.3 - Range of Values for Parametric Study

Areal Permeability Baseline

. StandOff | Backwall

Density | (Pecent/Numbel (mm) Pressure
(g/m2) of Elements) (bar)
Max 2000 39% (10x10) 9 3.92
Min 50 0% (No Hole) 2.5 2.25
Baseline| 150 9.8% (5x5) 3 3.92

The pressure measured 6mm from the back wall is providédyure 6.17below for the different

shock strengths used in the parametric study. One can clearly see the incident pressure followed by
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the reflected pressure from the back wall. Time 0 on this graplsponds to the time at which
the shock wave producing 3.92 bar reflected pressure hits the back wall.

6.0 —3.92 Bar Baseline
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Figure 6.17 - Pressuretraces 6mmfrom the back wall for 3.92, 3.32 and 2.2%ar reflected pressures
(without fabric)

Material permeability was investigated by increasing the fabric permeability from 0% to 39%,

typical values for common fabrics and ballistic fabrics with the results shokigune6.18.
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Figure 6.18 - Back wall pressuretime histories for fabrics of varying permeabilities, back wall pressure
without fabric: 3.92 bar (reflected),stand-off: 3mm
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At a given permeability, standoff and shock strength, the material areal density was varied across a
wide range as shown fRigure6.19. In general, the rate @nset of pressure as measured at the

back wall was reduced with increasing areal density.
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Figure 6.19 - Back wall pressurehistory for fabrics of varying areal densities,back wall pressurewithout
fabric: 3.92 bar (reflected),stand-off: 3mm, no permeability

The amplification increases-igure 6.20) with increasing areal density up to approximately 500

g/, ater which the amplification remains constant. As expected, permeable fabrics show much

lower amplifications, which decrease with increasing areal density.
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Figure 6.20 - Pressureamplification vs. areal density for fabrics with varied permeabilities, stand-off: 3mm,
back wall pressurewithout fabric: 3.92 bar (reflected)

As reported in the literature [Hattingh, 2001], a large change in peak reflected pressure
amplification has often been observed with raes in incident shock loading, and this was
confirmed with the simulation$-{gure6.21).

163



250%

S 200% —
Q
= 150%
E /
3
S 100% e
? o
o I
& I

50% 5=

0% \ T

2.0 2.5 3.0 35 4.0

Backwall Pressure Without Fabric (bar)

—+NoHole -9HoleArea:9.8% -A-Hole Area:39%

Figure 6.21 - Back wall pressureamplification for various permeabilities under varied shock tube loads,
stand-off: 3mm, areal density: 150g/n?

There was no significant change in peak pressure with the-sthimithe ranges simulatedifure

6.22). The minimum standff of 3mm was chosen as it was the lowest stafifighossible. Lower

standoffs would require much finer meshes which were computationally prohibitive.
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Figure 6.22 - Back wall pressure amplification vs. stand off for fabrics of various permeabilities, areal
density 150g/m, back wall pressurewithout fabric: 3.92 bar (reflected)

6.5 Single Layer Fabric Implementation with the modified Axelsson Model

The mathematical models without the torso were meant for comparison to literature results which
show the effect of protection on the transmitted pressure wave. The finite element equivalents in
the currentresearch were FEA shock tube models developed, also for comparison to experimental

tests.

Some basic assumptions werged in the development of the protection mathematical models. In

the case of the model for fabric with an air gap, the fabric wastireast a lumped mass. The air

gap was treated such that it is assumed no air escapes. The change in pressure with change in
vol ume was treated as described by Boyleds | a\
nature of compression in terms of whestlt was fully adiabatic (no heat transfer out of the system)

or fully isentropic (no change in air temperature). In reality the compression of air would be
somewhere in between, however, detailed knowledge of the heat transfer between the air being

compessed and its surroundings would be required for accurate calculation. Because the rate of
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compression in the cases for this stwdys so high, the assumption of isentropic compression
(which is commonly used at lower strain rateg)uld not necessariljhave beervalid. The
assumption of adiabatic compression and isentropic compression were both investigated, and
ultimately adiabatic compression was assumed. A diagram showing the model of fabric with air
gap is given belowHigure6.23).

Air P (V)
(non-linear
BlastWave spring/piston)
Pblast(t)l:jl>
Fabric
Mass

Figure 6.23- Fabric and air gap model diagram

6.6 Validation of the Single Layer Fabric Mathematical Model

An attempt at validating the mathematical model was conducted against results from shock tube
loading of an aramidabric from [Skews, 2006]. It was found that the model over predicted the
overpressure resulting from shock tube loading (reflected preskar@ loar). For one particular

case considered (a single layer of aramid fabhie)experimental result from [Skews, 2006] gave

the peak pressure behind the fabric as being 13.5 bar, while the result from the mathematical model
was 20.7 bar. Simulation of experiments from [Ouellet, 2008], which involved the blast loading

of rigid plates(aluminum and compositeyith an air gap of 12.7 mm, also resulted in an over

estimation of peak pressurféigure6.24).
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Figure 6.24 - Validation of 1D mathematical model for a plate with air gap against experimental data
[Ouellet, 2008]

The error canbe explained by understanding two limitations of thathematicamodel. The first
limitation was that it couldn't account for air leakages, as mentioned previously. The second
limitation is that because the mathematical moslat uncoupled, icould not acount for the
change in loading resulting from the motion of the fabric itskifcomparison,tte couple shock

tube model described fBection6.3 accounts for the fabric movement when determining the load.
Attempts to account for the reductiohthe magnitude of blast loading due to the kinematics of the
fabric reduced, but did not eliminate, thera in peak pressure predicted by the matheraktic
model

6.6.1 Fabric and Axelsson Model LD50 Predictions

Despite the inability for the 1D fabric and air gap model to accurately predict the amplification of a

blast wave, the model was implemented with the Axelsson mbugiré6.25), similar to the work
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done in Sectiorb.6.3 In this case too, an LD50 blast loading of duraRams and peak incident
pressure of 4.27 bar and peak reflected pressure of 18.8 bar was used.

I:>air1(v1)
Blast\W.
as ave P (V )
Pl I i
My, X,(t)
—> my, X4(t)

Figure 6.25- Fabric model combined with Axelsson torso model

Using the areal density of a layer of Kevfewm [Skews, 2006], areal densities were assigned to

the fabric models such that they represented 1, 32 and 64 layers of Kevlar fabric. The cases and
results are provided belo{able 6.4). Due to the lack of success in the validation of the fabric

and air gap model, the results are presented with little confidencerstiits, but are provided for
comparison against the more detailed finite element simulatibich follow.

Table 6.4 - Summary of Modified Axelsson Model Results for Fabric with an Air Gap

. . Plate AD Pgak Pressu.re Chest Max Inwarq Chest Pgak

Loading Protection (kg/m?) Behind Protectior] Velocity (m/s) Acceleration
(bar) (m/s/s)
LD50 T2 None - 18.8 21.3 7.67E+04
LD50 T2 1 Layer Kevlar and 10mm AirGap 0.273 1570 22.8 6.34E+06
LD50 T2 32 Layer Kevlar and 10mm AirGgp 8.74 216 25.9 8.67E+05
LD50 T2 64 Layer Kevlar and 10mm AirGgp 17.5 71.8 25.1 2.85E+05
| Baseline | Amplified | Attenuated |

168



6.7 Single Layer Fabric Implementation with Torso Model

Three various areal densities of fabric were simulatiglola 10mm aiigap to the torso. The fabric
(modelled as a shell) was assigned varying areal densities, which were meant to simulate 1, 32 and
64 layers of Kevlar fabric (based on the areal densities from the study from [Za8G), In

addition to tke variation of areal density, two geometries were used for each areal density: a flat
piece of width 24cm which was representative of the georest used in other studies, aad
Awrapo of Kevlar which encl osed ardghownbelowio sl i c
Figure6.26.

Planar Fabric Fabric Wrap

Figure 6.26 - Geometries used in torso model simations with a fabric and air gap

In all cases, the loading applied was a 2ms duration blast, with an incident peak press2ife of 4

bar(1.88barreflected). Thisvas representative ah LD50 loading according to [BasX)04.

While the mathematical model from the previous section fwasd not to be valid due to the
uncoupled nature of the loading and failure to account for leakages, the application of the fabric
model to the torso model should be acceptable because the model features fully coupled
fluid/structure interaction. The e®f a coupled formulation should account for both the change in
loading from the fabric motion, as well as the escape of air from behind the fabric.
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6.7.1 Single Layer Fabric Torso Model Results

I n both the planar and A wr aapwith ancain §ap predictadtan o n s
amplification of blast injury except for the highest areal density considered (equivalent to 64
layers). The Kevlar wrap resulted in higher injury levels than the planar Kevlar fabric model
(Figure6.27). This was attributed to the wrap containing the high pressure air resulting from the
compression of the air in the gap between the torso and fabric, while the open edged concept
allowed this high pressure air to escape without contributing further to the loading of the torso.
Similarities can be drawn between this effect and the effect of fabric permeability described in
Section6.4.1

Legend

[ Severe (> 24kP9
Moderate (> 140 ,< 24KP3
Slight (> 100 ,< 14P3

) Trace (> 60 ,< 106P9

[ None (< 6Pg

1 Layer Wrap 32 Layer Wrap 64 Layer Wrap

Figure 6.27 - Predicted lung injury results from thefinite elementtorso model with fabric concepts having
a 10mmstand-off.
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As a summary of the above results, the percentage of elements which experienced a peak pressure
above 240 kPa is shown belowHigure6.28.

FlatSheet Wrap
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Percentage Severe Lung Injury

O I N

Baseline 1llayer 32 64 llayer 32 64
layers layers layers layers

Figure 6.28 - Percentage ofung severelyinjured as determined by peak dynamic pressure forfabric with
anair gap

6.8 Discussion of Single Layer Fabric Results

Thefinite elementsimulationsof shock tube testgredicted times to peak pressure and the overall
pressure profile, as measured behind various fabrics, reasonably well. The most significant
difference was noted in terms of the predicted pressure amplification. The higher predicted peak
pressures may begglained bytheassumptionsnadein the model. The model boundary conditions

did not allow for leakage around the edges of the fabric so air could not escape laterally ir the non
permeable cases. Any edge leakage in the experiments would have led tadl reehic@ressure
amplification. Edge leakages may be increasingly significant as permeability is decreased and
pressures between the fabric and baell increase. In general, the error in prediction decreased

with increasing permeaubility.
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A parametric stdy was undertaken to investigate the effect of fabric properties and loading on
amplification of the pressure behind the fabric material. It should be noted that, although the
parameters were modified individually to investigate the mechanism of premsyndication,

these parameters are typically coupled for real materials with higher permeability leading to lower

areal density for a given material, for example.

Increasing the strength of the incident shock wave increased the pressure amplification, as
expected. At a given areal density, stariidand shock wave pressure ratio, increasing fabric
permeability resulted in a decrease in pressure amplificafigure 6.18) while the time to peak
pressure did not change. A second peak was observed in less permeable fabrics and was attributed
to the long duration loading applied in the shock tube simulation. The first pagakeg 6.18)

occurs when the fabric is accelerated towards the-badlkby the incident shock wave. In less
permeable materials, the pressure between the fabric and thevélhakxceeds the reflected
pressure orthe face of the fabric struck by the shock wave, and the fabric begins to accelerate
away from the backvall. Eventually this pressure drops and the fabric is again accelerated
towards the back wall, resulting in a second peak. The addition of perryeabilie fabric damps

this behavior by reducing the initial acceleration of the fabric due to less exposed area to the shock
wave and a reduced pressure difference across the fabric.

Pressure amplification was found to increase up to 50g/m2 in theotdse permeable fabrics
(Figure 6.20), beyond which, increases in areal density result in a decreased amplification. Peak
pressure and amplification increased vatieal densityKigure 6.20) for nonpermeable fabric, up

to 500g/m. In general, increasing areal density enhanced the piston effect and pressure
amplification fornon-permeable fabrics. However, at higher areal densities the fabric acceleration
is reduced for a given shock strength due to the inertia of the material, resulting in a plateau. No
significant change in amplification was predicted for the changes id-efamvestigated. This is
explained by the countexcting effects of the increased volume of air between the fabric and back
wall allowing more compression before reaching a given pressure, and higher fabric velocity for
higher stanebff
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Although not nvestigated in thparametricstudy, it is expected that higher areal density materials
and stanebff can be used to attenuate limited duration shock waves such as those from a high
explosive; however, the amount of attenuation will depend on the duddtibe wave as well as

the fabric material propertiesWork examining the attenuation of blast waves by hard plates
[Ouellet, 2008] could be considered analogous to multiple layers of impermeable fabric with stand
off.

It was discovered during the atipt at validating thesimplified mathematicaimplementation of
the fabric and air gap model thiie model systematicallyoverestimatethe peak pressureThis
was attributed to the fact that the model does not account for leakages or changes in loading

resulting from the kinematics of the fabric.

To remain consistent with other work done as a part of this study, the fabric and air gap model was
implemented with the modified Axelsson model. For all cases considerenpttiBed Axelsson

model prediced an amplification of injury, while the finite elemetdrso modelpredictions
indicated that the cases with 1 or 32 layers of fabricldvamplify the blast injury, and the 64

layer cases would attenuate the injury.

Two configurations of fabrics witan air gap were considered with the torso model, a planar sheet,
or plate, of fabric, and a fabric wrap. The predicted injury was higher for all fabric wrap cases due
to the inability for the air to escape from behind the fabric (though air was freeveowithin the

gap, thus was pushed to the sides of the torso after initial loading).

It must be mentioned that at the start of the finite element solutions, there were only 2 ALE
elements between the torso and the shell elements used for the fabric (hodwets of stand off,

in a model with a typical element size of 5mm). It was found during the validation of the finite
element shock tube model that at least one ALE element should be maintained between the fabric
and back wall in order to maintain congence. This requirement was not met when the fabric

was implementé with the torso model.
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Chapter 7

Multi -Layer Fabric Behaviour Under Blast Loading

The work outlined irChapter éhad shown how fabrics with stawdf can amplify shock and blast
waves. Because the amplification/attenuation effects discussed previously dakepestd on
through thickness properties, aassumed the existence of an air gap, it could be argued that the
amplification and attenuation of shock waves by fabrics might not apply when no air gap is present

between the fabric and back wall.

The work inChapter Soutlined how soft foams, directly against a reflecting surface, can amplify or
attenuate blast waves. The foam's modification of the back wall pressure history was related to the

throughthickness poperties of the foam, foam thickness and foam density.

In this chapter, the transverse properties of the materials used in soft ballistic vests will be
investigated to demonstrate theaift ballistic vests can amplify or attenuate blast waves when no

airgap is present.

7.1 Multi -Layer Fabric Transverse Behaviour

Many studies have been undertaken to characterize 4blane properties of fabrics, due to their
influence on ballistic resistance [Yung, 1992]. Through thickness properties of soft fabric

protection, however, has only been explored in a few studies.

Work by Raftenberg [Raftenberg, 2004] features results of ptiatsc transverse compression of a
multi-ply Kevlar vest. The vest was comprised of 28 layers of a 600 denier Kevlar KM2 plain
woven fabri¢ though the particular weave is not specifie¢dshould be noted that the vest was left

in its Cordura case during the testRaftenberg sggestedthe constitutive relationship between
second Piol&Kirchhoff stress(Sz3) and Greef5t. Venantstrain (ks3) in the transverse direction

could be describeas
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_ @0y + G03° + (033> + 00"
(1+ 2043)2(1 + Dy3 + "W3°%)

Y3 (7.2)

Note that the above relation assumes that stress in the transverse direction is decoupled from strain

in the warp and fill diretions.

The nominal/engineering stra(ess) (taken to be positive in compressiand GreefSt. Venant

strain are related by:

O 2
O3 = Qs+ QTs (7.2)

The second Piol&irchoff stresqSz3) andCauchy Stress g}) are related by:

¥

%= (1 -33)

(7.3)

Using the above relations it was possible to produce engineering-staasdata for use in the
numeri cal model bresslts. dTheocanstddis fot Exumtithl) ag éeported by
Raftenberg, are listed imable 7.1 below. The significant digits are as reported in [Raftenberg,
2004]

Table 7.1 - Constants for Fabric Constitutive Model [Raftenberg, 2004]

Constant Value
a 1.2577 MPa
b -7.68533 MPa
c -71.1591 MPa
d -135.116 MPa
e 4,74248
f 6.00453

The resulting stresstrain behaviour is shown Figure7.1 below.
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Figure 7.1 - Transverse StressStrain behaviour for Kevlar KM2 fabric from [Raftenberg, 2004]

In work by Jaycor/LaCommunicationgYu, 1985], the through thickness properties of a Kevlar
vest were used as a part of their studfe properties were obtained from compression tests done
as a part of their work.The compressive strestrain curves for the Kevlar vests from ttedy

[Yu, 1985]are shown below inFigure 7.2. It should be noted that while the overall results are
differentfrom [Raftenberg, 2004the behaviour of the materials isdar; that is they both show a

very low stiffness at small strainsutat larger strains the stiffness increases asymptotically.
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Figure 7.2 - Transverse compression test and unloading of 30 layers of Kevlar 29 fabric [Yu, 1985]

Tests of a single Kevlar KM2 fiber by Cheng et al. [Cheng, 2005] are useful in further
understanding the behavior of ballistic fabrics under transverse compressimas found that
Kevlar fibers in transverse compression exhibit -finear stresstrain behaviour, and plastic
deformation. As such, when the fiber was reloaded after initial loading and unloading, the 2nd
load curve follows the unloading curve. $hs to say that Kevlar KM2 fibers behave differently
after they have been significantly loaded once. This could have implications for protection systems

utilizing Kevlar under complex blast loading.
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