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ABSTRACT

Landmines are the epitome of the perfect soldier; always ready, never tiring. Landmines also
do not choose their victims - it may very well be an armed and protected soldier or an innocent
civilian who activates the detonator. As such, landmines have reached epidemic proportions in
the Third World, affecting both combatants and civilians, whether they are on foot or in a
vehicle. When stepping on an anti-personnel landmine, traumatic amputation of the foot, lower
leg or upper leg is generally expected. However, an anti-vehicle landmine detonating
underneath a vehicle can have equally as detrimental results, as the occupants of the vehicle
are bound to sustain serious injuries to the lower extremities. These injuries can vary from being
less life threatening to being fatal in some extreme cases. Anthropomorphic test devices have
been developed and refined over the years to represent the occupant exposed to simulated

landmine detonation and then to retrieve valuable technical information from the test data.

In the present investigation a simplified aluminium surrogate lower leg was designed,
manufactured and subjected to axial blast testing. In addition, a rubber layer representing the
sole of a standard army combat boot was placed below the foot model in a separate series of
blast tests. The main factors investigated in this study were the effect of varying the amount and
positioning of the explosives and the attenuation produced by including the rubber sole layer.

The blast tests were conducted using a horizontal ballistic pendulum, with the foot model
placed axially in the pendulum. The disc shaped explosives of different mass was placed in the
centre of the detonation plate and axially in line with the heel respectively to draw a comparison
between the respective stresses induced in the lower leg. As expected, the stress recorded by
the strain gauges placed on the lower leg was significantly higher when the explosives were

positioned in line with the heel than when placed in the centre of the detonation plate.

The same series of blast tests were performed with the rubber sole being included in the test
setup. Alternating the positioning of the explosives did not yield a significant difference in
induced stress. Investigation of the blast attenuation provided by the rubber layer showed that
the peak stress is mitigated by approximately 70%, which was much greater than expected.

An elementary analytical solution was performed as a preliminary validation of the
experimental test results. Furthermore, a finite element model of the aluminium surrogate foot
and the rubber layer was created and a numerical simulation of each blast test was executed.

Material data for the aluminium and rubber obtained via Split-Hopkinson Pressure Bar testing
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were employed to construct the material models used in the finite element model. The results
from the numerical simulations compare well to the experimental test results for the blast
loading conditions where the rubber layer was excluded from the test setup. In the case where
the rubber layer was included in the testing, the trend and shape of the stress graphs obtained
from the numerical simulation results agrees with the stress curves recorded during the actual
blast tests. However, the peak stresses recorded during the experimental blast tests are found
to be significantly higher than the peak stresses yielded by the numerical simulations.

Ultimately it was concluded that the blast testing performed during this study can be
classified as “non-injurious”, that detonating the explosives in line with the heel increases the
peak stress experienced by the tibia, that placing a rubber layer underneath the foot provides a
certain amount of blast attenuation and that the numerical modelling of the rubber requires more

detailed attention.
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explosive devices against persons are not covered within the treaty.
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List of signatories (as of 18 September 2007) [2]:
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Philippines, Poland, Portugal, Qatar, Romania, Rwanda, Saint Kitts and Nevis, Saint Lucia,
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Saint Vincent and the Grenadines, Samoa, San Marino, Sao Tome and Principe, Senegal,
Serbia (Republic of), Seychelles, Sierra Leone, Slovakia, Slovenia, Solomon Islands, South
Africa, Spain, Sudan, Suriname, Swaziland, Sweden, Switzerland, Tajikistan, Tanzania (United
Republic of), Thailand, Togo, Trinidad and Tobago, Tunisia, Turkey, Turkmenistan, Uganda,

United Kingdom, Uruguay, Vanuatu, Venezuela, Yemen, Zambia, Zimbabwe.

Countries that have not joined the Ottawa Treaty (as of 17 August 2007) [2]:
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States of America, Uzbekistan, Vietnam, Yugoslavia.

Note that the United States of America is the only NATO country not to renounce

antipersonnel landmines.

Anti-personnel mine (AP mine)
(Definition according to the Ottawa Treaty [2])

A mine designed to be exploded by the presence, proximity or contact of a person that will

incapacitate, injure or kill one or more persons.

Anti-vehicular | Anti-tank mine (AV | AT mine)
(Definition according to the Ottawa Treaty [2])

A mine designed to be detonated by the presence, proximity or contact of a vehicle as
opposed to a person, which is equipped with an anti-handling device. An anti-handling device
means a device intended to protect a mine and which is part of, linked to, attached to or placed
under the mine and which activates when an attempt is made to tamper with or otherwise

intentionally disturb the mine.
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NATO Task Group HFM-089/TG-024
This particular NATO Task Group was initiated with these chief goals in mind [3]:

= Investigate and review the various test methods currently in use for analysing protective
footwear.

= |dentify the benefits and limitations of the various test methods.

= Define testing guidelines that would ensure test results from different nations are

meaningful and comparable.

Canadian Centre for Mine Action Technologies (CCMAT)

The CCMAT was established in 1998 to develop low cost, sustainable technologies for mine
action and to work towards their successful deployment in the field[4]. This goal is accomplished
through a comprehensive program of Research and Development, test and evaluation, and
active communication with the user community. Funding for the CCMAT is provided through the
Canadian Landmine Fund.
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Chapter 1 - Introduction

1

1.1 SUBJECT OF THIS REPORT

This report concerns the investigation into the degree of attenuation provided by introducing

a layer of rubber underneath an aluminium surrogate leg when exposed to axial blast impact.

1.2 BACKGROUND TO THE INVESTIGATION

Not only do anti-personnel (AP) landmines pose a serious threat to humanity, but anti-
vehicle (AV) landmines present detrimental consequences as well. It is well understood that
the landmine does not choose its victim, and as such the dangers of a hidden landmine
extend from soldiers to peacekeepers and civilians alike.

Injuries sustained due to the detonation of AP and AV landmines differ in characteristics, as
the injury mechanisms of the two types are inherently different:

= Detonation of AP landmines cause burn injuries due to the thermal effect at the centre
of the blast, damage to the hollow organs caused by the intense overpressure wave
originating from the blast, and ballistic injuries due to sharp fragments propelled radially
outwards from the landmine[5]. The extent of these injuries is evaluated according to
the Mine Trauma Score (MTS) system, which was generated during the Lower
Extremity Assessment Program (LEAP) [6]. Depending on the size of the landmine,
wearing civilian shoes or standard army combat boots do not provide sufficient
protection against the effect of the landmine blast, which normally results in the
traumatic amputation of a portion or the whole of the lower limb[7]. Trial testing using
cadaver lower legs and frangible lower leg models has proved that wearing specifically
designed landmine protective footwear may drastically decrease the degree of injury
induced upon the lower extremities due to the detonation of an AP landmine[6].

* AV landmines on the other hand are designed to damage and immobilise vehicles. The
occupants of a soft-skin vehicle exposed to an exploding landmine stand little chance
of survival. As such, landmine protected vehicles are carefully designed and tested
according to strict standards in order to ensure occupant safety during a landmine
blast. Despite the excessive measures of protection provided by an armoured vehicle,
the detonation of AV landmines is known to induce floor acceleration and velocity

typically exceeding 100g and 12m/s respectively, which in turn causes injury to the
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lower extremities of the occupants of the vehicle[8]. Floorboard intrusion is deemed to
be the principle cause of lower leg injuries, ranging from less life threatening injuries
(e.g. calcaneous, tibia and/or femur fracture), injuries with long term effects (e.g.
traumatic amputation of one or both of the lower legs or on the upper legs) to fatal
injuries[8). Instrumented mechanical human surrogate models (such as the Hybrid-ll|
dummy) are generally employed in the testing of landmine protected vehicles, allowing
the forces and accelerations exerted upon the occupants to be measured and studied.
Load limits predicting a 25% and 50% possibility of a moderate to severe injury
occurring in the lower limb is assigned to each type of instrumented dummy|[9].

Various test methods have been developed and successfully used to delineate blast related
injuries in a controlled setting. These test methods comprise either a vertical setup (as used in
the TROSS rig[8]) or a horizontal setup (e.g. the linear impactor used by Bir et al.[8] and the
horizontal pendulum used by the Medical College of Wisconsin[10]). Notwithstanding, the
axial impact test methods essentially operate on the same principle: Impact is applied axially
in line with the tibial axis via an impactor plate that transmits the impact through the base of
the foot of the surrogate leg.

The blast laboratory of the Blast Impact and Survivability Research Unit (BISRU) at the
University of Cape Town has the facility to accommodate a horizontal ballistic pendulum to
conduct blast tests on test specimens of different sorts. The ballistic pendulum operates on a
similar principle as mentioned above; because the explosives placed against the detonation
plate exerts impact on the surrogate foot by transmitting the impulse through the detonation
plate, through the base of the surrogate foot and along the remainder of the leg. A project was
therefore launched to develop, manufacture and test an economically viable surrogate lower
leg which can be utilised for blast testing using the horizontal ballistic pendulum. The blast test
results would thereafter be compared to existing results from previous successful blast test
investigations to comment on the feasibility of the surrogate leg design. In addition to the
original project outline, it was decided to investigate the effect on the stress wave passing
through the surrogate leg when a layer of rubber, acting as a sole, is placed underneath the
base of the foot.

1.3 OBUECTIVES OF THIS REPORT
The key objectives of this thesis are as follows:
= Based on the original surrogate foot designed as part of a previous undergraduate

project, modify the ankle region to provide the surrogate lower leg with better biofidelic

characteristics.
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= Retrieve results from the blast tests which would illustrate the stress wave propagation
through the modified lower leg model, using a horizontal ballistic pendulum rig specially
constructed to accommodate the surrogate lower leg while providing axial sliding
movement for the leg model.

* Construct a finite element model of the surrogate lower leg and retrieve results from the
simulations of each of the different experimental blast tests. The numerical results are
compared to the experimental results in order to validate the relevance and accuracy of
the finite element model.

= |nvestigate the amount of attenuation provided by the rubber sole placed underneath
the foot of the lower leg model. Use the numerical model to study the mechanism by
which the rubber layer is perceived to provide attenuation to the stress transmitted to
the surrogate leg.

= Compare the experimental results to the results provided by previous successful
investigations. In doing so, the blast tests conducted in the present study can be
categorised according to the level of injury estimated to be induced in the surrogate

lower leg.

1.4 PLAN OF DEVELOPMENT OF THE REPORT

The report starts off with a Literature Review (Chapter 2) in which background into blast
loading is provided, the human lower leg anatomy is briefly explained, and existing
representations of the human lower leg, related test methods and injury criteria is discussed.
The details regarding material characterisation of rubber-like materials using the Split

Hopkinson Pressure Bar is also discussed in the Literature Review.

Chapter 3 details the material characterisation performed of the solid aluminium used to
construct the foot and ankle complex, also of the rubber used to represent a sole underneath
the base of the surrogate foot. Chapter 4 gives the experimental details and results of the
blast tests performed with the rubber sole excluded from and included in the test setup, while
changing the positioning of the explosives from the centre of the foot to being in line with the
heel. The stress wave propagation along the lower leg is modelled analytically in Chapter 5.
Details concerning the construction of the finite element model are provided in Chapter 6, as

well as the results retrieved from the simulations.

The analytical, experimental and numerical results are summarised and compared in
Chapter 7, after which coherent conclusions are drawn and documented in Chapter 8.
Chapter 9 lists recommendations which are made in order to aid the future research into blast

impact of the lower extremities conducted at BISRU.
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Chapter 2 - Literature Survey

o
Y

2.1 INTRODUCTION

Anti-personnel landmines in particular pose a significant threat to both military personnel and
civilians of many countries throughout the world, as there are 110 million uncleared anti-
personnel landmines around the world, scattered through more than 70 countries[11]. Clinical
history shows that the foot, ankle and tibia are injured primarily during a landmine
explosion[8;12]. Trauma to the lower extremities are however not limited to anti-personnel
landmine explosions only. It is documented that occupants of a vehicle experiencing an anti-
vehicle or anti-tank mine blast also exhibit primary injuries to the lower limbs, with the injuries
ranging from fracture of the calcaneous to traumatic amputation of the upper legs[8]. As such,
the assessment of protective equipment became of great importance. Although a vast variety of
test protocols are currently in use, three basic approaches to blast testing can be defined

according to the type of surrogate leg being used.

Surrogate legs can be divided into three main groups: mechanical, frangible and cadaver
models of the human leg[13]. The selection of the appropriate test methodology is mainly
determined by two factors. Firstly, the test procedure is dependent on the level of detail and
information obtainable from the test. Secondly, the test method must be practical and able to be

implemented by various users and countries with differing preferences and ethical regulations.

The NATO Task Group HFM-089/TG-024 categorised the test approaches such that simple
mechanical legs are employed for screening, complex frangible leg models for proofing and
human cadaver legs for validation purposes[13]. To simulate exposure to a landmine blast, all of

these test approaches include explosive testing in a controlled environment.
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Whether a mechanical, frangible or cadaver leg model is being used, every blast test

procedure consists of the following basic elements:

Leg model

Protection

Explosive

Figure 2.1- Schematic representation of typical test for protective footwear[13]

= Threat definition — Anti-personnel, anti-vehicle or anti-tank landmine.

= Representation of human body region — Whole body or singular limb being analysed.
= Representation of the protective wear

= Means of evaluating the effectiveness of the protection

This literature review discusses the threat definition, anatomy of the human ankle-foot
complex, various surrogate leg models and the test protocols used when employing these leg
models in blast testing. Injury criteria pertaining to mine blast effects and existing lower leg
protective equipment is also overviewed. Thereafter the investigation of the stress versus strain
behaviour of rubber materials is briefly duscussed and the theory behind material

characterisation using the Split-Hopkinson Pressure Bar is explained.
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2.2 THE BLAST EVENT

2.2.1 Defining an explosive material and an explosion

An explosion can be defined as the generation of a pressure wave of finite amplitude in air by
a rapid release of energy[14], due to an explosive material being either chemically or
energetically unstable. With a sudden expansion of the explosive material, heat and large
pressure changes are produced upon initiation (which is typically accompanied by a flash and/or

loud noise). This process is termed the explosion.
Chemical explosive materials are categorised according to their rate of decomposition[15]:

= A low explosive is typically a mixture of a combustible substance and an oxidant that
decomposes rapidly (also known as deflagration). Deflagration occurs at rates varying
from a few cm/s to approximately 400 m/s.
= A high explosive is a chemical compound which undergoes detonation that produces a
shock-wave with a velocity ranging from 1000 m/s to 9000 m/s.
Plastic explosive is a specialised form of chemical explosive material which is soft and hand

malleable and has the benefit of being usable over a wide range of temperature[15].

2.2.1.1  TNT (Trinitrotoluene)

TNT is a chemical compound which is 99% TNT and 1% DNT (Dinitroluene), and has an
initial shock-wave velocity of 6800m/s to 6950m/s [16;17]. Crystalline and light yellow in colour,
TNT is known as a useful explosive material that is safe to handle. TNT is the most common
explosive for both military and industrial purposes, as its insensitivity to shock and friction
reduces the risk of unexpected detonations. The low sensitivity also allows the compound to be

melted and cast into casings.

2212 RDX

RDX is a high explosive compound also known as Cyclonite, Hexagon and T4 [17;18]. RDX is
white and crystalline in appearance, and as an explosive it is generally used mixed with other
explosives and plasticizers. RDX is considered to be one of the most powerful and brisant of the

military high explosives, boasting an initial shock-wave velocity of approximately 8500 m/s.
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2.2.1.3 PE4

British Military plastic explosive is referred to as PE4 [19]. The explosive characteristics of
PE4 are similar to that of C-4, the only difference between PE4 and C-4 being the type and
proportion of plasticizer used. PE4 compound consists of 88% RDX and 12% plasticizer. The
detonation velocity of PE4 is also approximately 8100 m/s.

2.2.1.4 C-4 (Composition C-4)

The term “composition” is used for any stable explosive. C-4 is a high explosive compound
made up of 91% RDX and 9% non-explosive plasticizer, and detonates at approximately 8100
m/s [18]. The explosive output of C-4 is found to be roughly 1.4 times that of TNT. One of the
main advantages of C-4 is that it can be easily moulded into any shape or form desired. Other
advantages of using C-4 are its durability, reliability and safety, as it will only detonate when
both heat and pressure is applied.

2.2.1.5 Plasticizer

The main functions of the plasticizer in explosives are[20]:

= Soften the explosives (make it more malleable).
» Increase the stability of the explosive by increasing the temperature at which it burns

and/or the pressure at which it detonates.

2.2.2 Detonation and blast waves

When an explosive material is detonated, a stable chemical reaction rapidly propagates
through the un-reacted portion of the explosive material which in turn causes a detonation wave
that travels at supersonic speed. The detonation velocity varies for different explosive materials
as the detonation velocity depends on the composition and density of the specific explosive
material (information is provided in the above section). In the process of detonation the
explosive material is converted into an extremely hot, dense and high pressure gas. The gas
formed by the chemical reaction of the explosive material during detonation is the source of the
strong blast waves in the air. The velocity of the blast wave is much slower than the velocity of

the detonation wave[21].

2.2.3 Describing the blast load

The blast load is typically described by the nature of its pressure-time history. Referring to
Figure 2.2 it is noticed that the blast load comprises an over-pressure region and an under-
pressure region. Only the effect of the peak over-pressure is considered as it is much larger

than the peak under-pressure.
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The impulse of the blast load is represented by the area under the over-pressure portion of
the pressure-time graph. Hence the impulse imparted by the blast load depends on the

magnitude of the peak over-pressure, the duration of the over-pressure and the rate of decay.

4T Eq. 2.1

I,= [P(e)dt

4
Po|--—— - Over - pressure
°
[
3
:
o
P Atmospheric pressure
% VI S . NG e
1
t, T Under - pressure
>
Time

Figure 2.2 — Pressure-time history describing the blast load[22]

2.2.4 Scaling of blast overpressure waves
The blast overpressure wave decays exponentially with increasing distance from the
explosive source, providing a safety standoff distance to be a possible solution in protective

footwear[7]. The charge masses W; and W, consisting of the same explosive is calculated by

the following equation, where p is the density of the particular explosive:

. Eq. 2.2
3
Wl = pgdl

Eq. 2.3

T .3

W2 = p‘6—d2
It is known that the explosive diameter d is directly proportional to the distance R away from
the centre of the volume of explosive. As such, if the same overpressure P; is to be produced by
the two different charge masses, the ranges at which that specific overpressure is generated

can be determined from the relationship given by Eq. 2.4 [14;23]:
Eq.2.4
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The relationship given in Eq.2.4 yields a constant of proportionality Z which can be used as a

scale factor.
7 R, R

_ __
Wl% Wz% Eq.25
The expected peak overpressure Ps in the near field (Ps >10Bar) is demonstrated to be

calculated by[24]: 6.7
PS = _._3_ +1
7 Eq.2.6

If the same charge mass is used, i.e. W, =W,, the peak overpressure occurs at the same

distance Rs. In order to determine the overpressure Py experienced at a different range in the
near field, the new scale factor Zy is used with respect to the reference scale factor Zs, as

shown in Eq. 2.7 and illustrated in Figure 2.3.

1
z, _(R—1)?
Z, \P-1

3 Eq. 2.7
Z
=P, =| =% | (B -1)+1
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Figure 2.3 - lllustration of blast wave scaling
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2.3 THREAT DEFINITION

In real landmines the amount of explosive may vary axtensively and thare always exists the
passibility of deflagration instead of detonation of the explosives in the mine{13]. As such, the
consistency of any real landmine may vary significantly in terms of explosive output, which
makes the threat definition difficult to assess. Accessing real landmines to use as test devices is
glso made difficult after the Ottows treaty limited the availability and transport of real
minesf3; 13]). Despite these setbacks, the types of landmines can be examined by using

sufrogate mines in an gttermnpt to understand the expacted threat.

Landmines are categorised according to their operational purpose and mechanism of
injury[25]. According to operational purpose landmines are classified as anti-personnel and anti-
tank landmines, Subsequently landmines can then be grouped according to their injury

mechanism as either blast mines or fragmentation mines{13], as depicted in Figure 2. 4.

Table 2.1 shows a few examples of anti-personnel znd anti-tank landmines and the amount of
explosives it comprises. The high explosive main-charges commeonly Used in mines are TNT,

RO, tetryl, picric acid, plastic explosive and nitromeathane[17].

( Blast h f Blast J
L8 ~ e
( Bounding ) i Self-ferging
fragmentation fragmentation
[ Direct fragmentation ) [ Explesively farmed
i penatratar
(" Stake fragmentaticn ] ( Shaped charge J
e, - LR

Figure 2.4 — Landmines categorised as anti-parsonne| and anti-tank landmines {286]
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AP mine Type Explasives | Mass || AT mine Type Explosives Mass
M4 blest Tetry! 293 SB-31 hiast ROXTNT 2.2 kg
PMA-3 blast Tetey 35g Th-72 shaped charge ROXITNT 25kg
VS-50 blazt RO 43 g fk-5 hiast TNT 3.7 kg
T5-50 blast ROX Eig || TMRP-6 hiast T 5.1 kg
Wi DY 59 blast TWT 0y ThA-4 biast TWT 55kg
PMR-2A | fragmentation TNT 100 g TC/A bizst ROXITNT | 6.0kg
PMA-2 blazt TMNT 100 g Thak-2 shaped charge ROXITNT 6.5 kg
PMA-1 biast TWNT 200 g M50 biast TNT 7.5 Kg
PLMN btast T 240 g k-7 bfesi T 4.8 kg
PMON-50 | fragmentafion | ROXTNT | 7o0g 15 Bfast ROXITMT | 123 kg

Table 2.1 — Examples of landmine types and the amount of explosives [17]

2.3.1 Anfi-personnel landmines (APLs)

Anti-personnel mines are generally used in static mine figlds along borders or as a manner of
defence of strategic positions. APLs are however also deployed in small numbers or singularly

to lay an ambush, protect a temporary base, protect equipment or evade pursuit.

Anti-personnel landmines generally contain 28 grams to 500 grams of explosives|27] and are
typically buried under soil (at depths of 10mm — 40mm) or placed strategically on the surface
thidden by leaves or rocks). The APLs are activated by pressure which can be from a parson
stepping on therm or a vehicle driving over them. Impulse resulting from the blast mine explosion
is considerably influenced by the soil conditions, burial depth and explosive confinement.
Generally deeper burial depth and soil with a higher moisture content and density will result in

greater energy transfer from the landmine to the target[27].

2.3.1.1 Blast anti-personnel landmines

Blast APLs are the cheapest and most comemon form of landmine,
which rely on the overpressure waves (or sonic shock waves) from
the detongtion of a high explosive to maim the victim, causing
physical and psychological trauma[6]. Although Blast APLs are
designed to injure the wictim, mines with larger charges can be
lethall&],

Figure 2.5 — AP landmine, French MI AP DV 59 [28]
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An AF blast mine consists of four main components[27]:

Mine casing — The casing houses and protects the components of the landmine, Early
landmines had casings made of steel, but in order to prevent detection by electronic
mine detectors most anti-personna| mines today are encased in plastic housings.
Pressure plate — The pressure plate acts as a detonation mechanism that sets off the
detonation charge. Generally a spring-loaded detonation mechanism  strikes  the
detonator charge with a firing pin or an electric charge is passed through it to detonate
the landmine.

Detonator charge — The detonation charge consists of a highly sensitive explosive that
would sasily explode when an electric charge or sudden pressure is applied to it

Main charge — The main charge is a stable explesive that is detonated by the explosion
of the detonater charge. TNT or tetryl is used in most AP blast mines, where a U.S. M-14
containg on average 31 grams of tetryl and in a Russian FMN anti-personnel landmine

up to 200 grams of TNT is used,

Pressure Plate

[

y X/ \X A .,A\-'.\ ALWVA L A L{'A '.’AJ L\--

Figure 2.6 — Compesition of a blast antl-personnel landmineg [27]
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2.3.1.2  Fragmentation anti-personnel landmines

Fragmentation mines are designed to spread shrapnel fragments. varying in shape, size,

composition and initial welogity, to cause ballistic injuries[8]. The ultimate aim of the

fragmentation AFL is to kill the victim, maximising the morality damage to the opposing

forces[8). Fragmentation APLs include stake mines, directional mines and bounding mines[27].

As the name suggests. stake mines
ara mounted on a stake at an
appropriate height above the ground,
camouflaged by vegetation or rubbish,
The hollow cylindrical sleave is filled with
a small explosive charge and the sleeve
g packed with fragments that will shoot
out radially when the tripwire triggers the

detonator.

Figure 2.7 — AP stake mounted mine, Yugoslav PMR-2A [27]

A  bhounding mine s

buried and when triggered.
a lifting charge i5
detonated that throws the
body of the mine up in the
air where the main charge
expicdes and  fragments

are spread at waste level,

Directional mines are designed to spray fragments in a
restricted are. These mines are generally used to protect the
combatants, by placing the mines such that the blast is

directed towards the enemy,

Figure 2.8 - AP directional mine, Russian MON-50 [27]

Figure 2.9 — AP bounding mine, USA “"Bouncing Betty™ [29]
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2313  Injury mechanisms related io AP landmines

Blast and fragmentation anti-persennel mines are designed with the intention of using two
inherently diffarent injury mechanisms to produce distinetly different types of injury to the victim,
25 explained in Table 2.2, Where a fragmentation mine causes ballistic injury to the victim by
shooting fragments radially cutward, a blast mine mainly employs the powerful overpressure
shock wave to impart injury onto the vietim[5]. However, Figure 2.10 shows how the fype and
probability of injury caused by the detonation of a blast AP mine changes as the wvictim's

distance from the centre of the blast increases;

= Thermal effects are caused by the combustion of the explosives, which causes bum
waounds o the body partis) of the victim positioned at the epicentre of the detonating
explosives,

= Detonation of the explosive material causes a detonation wave which travels at a
supersonic speed and rapidly converts the explosive material into an extremsly hot
dense and high pressure gas, as such resulting in strong blast waves in the air,
Therefore, the victim or the bedy regions of the victim situated further away from the
epicentre of the blast would experience the intense blast overpressure wave, The
periphery of the overpressure wave is relative to the size and mass of the explosive, as
briefly discussed in Section 2.2 4. The blast overpressure wave mainly causes damage
o the hollow crgans and the blast wind created by the explesion can throw the victim
against solid objects, causing blunt trauma.

= Fragments {of varying shape, size and composition) preduced by the expleding landmine
are propelled radially outwards. which causes ballistic injuries to the victim when the

victim is positioned beyond the effect of the blast overpressure wave,

Cistance From Epcenar

¥

1.0

Probability
ol
Irjury

Baltistic Blast
Thermat

Figure 2.10 - Mechanisms of injury of blast mines [5]
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Type of APL Blast APL Fragmentation APL Ref.

Aim injure wictim Kl wictim fa]

Method interse overpressure shock wave SA0DIS Bagholis radialy for
audwards

Imjury criteria Faes: ais, drspeolil fogt External ballistic infures a7

holfow argans

Table 2.2 — Comparisan of blast and fragmentation APLs

2.3.2 Anti-tankfanti-vehicle landmines (ATIAV mines)

Anti-tank mines are specifically dasigned to immobilise or destray tanks and armoured
vehicles and were first improvised during the First World War as a countér measure against the
first tanks intraduced by the British[30]. AT minres evolved significantly from simply being a high
explosive shell or mortar bomb buried with the fuse upright to the madern anti-tank mines used

today.

Maodern AT mines have plastic malerial casings to avoid easy detection and contain a much
larger explesive charge {(up to 10kg of explosives) than anti-personnel mines[30]. The
explosives are more powearful and the detonation triggers are more sophisticated, enabling the
explosives to be directed to either the tank tracks, anywhers on the tank body or the top or side
of the vehicle. The detanator can be triggered by pressure or seismic effects caused by the
vehicle, remote detonation or by using & combination of the triggering effects. AT landmines are

generally buried under the ground surface to be exploded undernsath the vehizle,

2.3.21  Eelfforging fragmentation anti-veficle landmines

Self-forging fragmentation AT/AY |landmines employ two methods in order to damage,
penetrate or destroy the target[26]. Either a shaped charge (SC) or an explosively formed

penetrator {EFF) is used in these fragmentation mines.

A shaped charge {SC) is an explosive charge shaped in such a way
as to focus the effect of the blast enargy in order to penetrate
armour[31]. Medern cone shaped explosive charges are metallined
and the detonation of the explosives collapses the conical liner by
force into a jet of metal. This metal jet can penetrate armeour steel up to

a depth of 10 times the diameter of the charge cone.

Figure 2.11 - Photograph of AT self-forging fragmentation landmine with
shaped charge, Russian TMK-2 [26]
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Explasively formed penatratar (EFP) charges (also known as explosively formed projectile)
exploits the explosive's detonation wave to deform a plate ar dish of ductile metal, such as
copper, inte a compact high-velocity missile[32]. This projectile’s
final shape is typically a ball or red and is commonly termed the
“slug”. The slug is amed and projected at the target at velacities
reaching 2kmfsecond, which makes an EFP much more effective

over large standoff distances than a conventional shaped charge.

L

Figure 2.12 — Photegraph of AT self-forging fragmentation fandmine with explosively formed
penetrator, Russian TMPR-6 [32]

2.3.2.2 Blast anti-vehicle landmines

Blast AT/AY landmines ara essentially larger and more powerful
versions of the AP hlast mines and thair composition and
functionality are similar to AP blast mings. Blast mines usually
corntaing 2kg — 10kg of explosives, TNT or RDX being the

explosives most commonly used[33].

Figure 2.13 — Photegraph of AT blast landmine, ltalian TC/6 [33]

2323 “Off-route mines”

However not all anti-tank mines can be buried if the ground or surface is unsuitable. “Of-
raute mines” are useful in this case as they are designed to be effective when detonated next to
the vehicle instead of underneath[30], Off-reute mines amplay aither a
SC or EFF to focus the effect of the explosion such that the vehicla
armaur is penetrated. Although the term “off-route mine” refers to
specifically manufactured AT mines, most improvised explosive
devicas (IEDsg) ara "home tuilt' according to the same principles[32].
IEDs are proving to be the novel enemy of armaured vehiclas,

becoming increasingly popular in urban warfare,

Figure 2.14 — Photograph of a hame built IED composed of an EFP [32]
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2324 Injury mechanisms related to AV landmines

During the event of an anti-vehicle landming blast. it is poessible for the average acceleration
of a medium-sized armoured vehicle floor to exceed 100g and the velocity of the floor to exceed
12mds [8]. Owing to such high accelerations of the vehicle, the occcupants of the vehicle will
subsequently be affected by the overpressure shock wave resulting from the explosion as well
as the movement of the vehicle. Most common injuries are closed fractures of the upper

extremities and especially the lower extremities[B]. as depicted in Figure 2 15,

Figure 2,15 — lHustration of the distribution of fracture sites sustained by occupant of armoured

vehicla that detonated a landmine [8]

Injurtes sustained by cccupants of an armoured vehicle during a ming blast are due to four
main effects of the explosion, which ts illustrated in Figure 2.16. The four effects created by the

explosion underneath the vehicle include[8]:

* the blast overpressure,
* missites from the landmine and fragments frem the elastic deformation of the vehicla,
= franslational blast injuries caused by the movement of the vehicle and the occupants
= toxic fumes released by combustion of Tefton ceated interior of certain armoured
vehicles.
The injuries imposed vpon the occupants of an armoured vehicle experiencing a mine blast

are classified according to the criterta given in Table 2.3
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Figure 2,16 — IMlustration of injuries sustained as a result of defeated armour [8]

Classification Duration after
o Reason ( Body regions affected

of injury detonation

: Bfast overpressure wavea ! Ears, lungs. hollow
i S : E,

N Shock Wavo e gk gastroiriostingl organs

Efaste deformation Skin peneiration, Blunt trauma o

Secondary (rissios | phojeciics) 0 Gy

T Vahicle & ocoupant ; Lower extremities. spine, neck
FRRiEar movement gl and head

The nature of the injuries induced upon the cccupants of an armoured vehicle subjected to a

Table 2.3 — Classification of injuries [8;26]

landmine blast is explained as follows[8;26];

Primary injuries are induced by the overpressure shock wave and impulse caused by

the detonation of the explosives. Usually the injuries include rupture of the middle ear

and damage tc the lungs, trachea, larynx and abdominal cavity,

Secondary injuries result from projectiles dispersed from the landmine itself. These
projectiles may cause laceration or penetration of the skin and blunt traurma to the body.

Tertiary injuries Usually ucour after the detonation of the landmine caused the vehicle to
travel upwards and hit the ground at high wvelocity. The dramatic vehicle movernent

causes whole body movement and distinct impact of the occupants, which causes most

damage to the body.
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2.4 HuMAN LOWER LEG ANATOMY

The human foot and ankle consists of 26 bones, 33 joints. mare than 100 muscles, tendons
and figarments and a vast network of blood vessels, nerves skin and soft tissue[34] These
complex components are designed with the structural intent to provide the rest of the bhody with
rability, support and balance. The foot is flexikle. yet resilient and able to sustain high pressure

loads, whereas the ankle essentially acts as a shock absorber.

241 Foot bones

Hindfoot Hindfoot Forefoot
Anatomy
Subtalar 7

gl ]_H Phalqnges
Caleaneus w B e T
CAIMM G 28N "“1-‘-"-‘-‘5?"““"

Figure 217 - lllustration of the anatamy of the human foot, showing the hindfoot and forefoot [34]

The structure of the foot can be divided into three main sections, the forefoot, midfoot and
hindfoot[34]. The forefoot consists of the five toes (phalanges) which are connected to the long
bones {metfatarsals) at the ball of the foot. The midfoot is composed of five tarsal bones which
locks and unlocks to support the foot under different types of load conditions. The hindfoot
comprises of the ankle bone (falus) and the heel bone (calsansus) The calcaneus connects to
the talus at the subtalar joint, which allows the foot to flex inwards and outwards, Finally, the top
of the falus is connected o the fibia and fibula (the two long bones of the lower leg) to waork like

a hinge, allowing upwards and downwards flexion of the foot.
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. The design of the ankle joint is similar to a mortise
Mortise and

2 and tenont construction typically used by craftsmen to
tenon joint LA i

make structurally strong items[35] In normal stance
body weight is essentially distributed evenly betweaen
the hindfoot and forefoot., with the pressure being

balanced on the hegl and the ball of the foot,

Figure 2.18 — lllustration of the human ankle represented by mortise & tenon joint [35]

2.4.2 Foot tendons, ligaments and muscles

A collection of tendons, ligaments and muscles are arranged in the foot to hold the bones
together while also enabling movement of the foot[34] Ligaments attach bones to bones and
tendons attach muscle to bone. The large Achilles tendon connects the calf muscle to the
calcaneus and is the most important tendon for physical actions such as walking, running and
Jumping. Various other smaller tendons attach to the layers of muscle in the foot to support the

foot arches and to allow movement of the ankle, foot and toes,

Adductoer
hallucis

Perane Extensor

brevis digitorum Extenzor
RSy hallucis
longus

-~ Extensor

~§"‘ —hallucis

~ :
s, brﬁws

digitorum digitorum S
Ahbnc{ l!..::c ?is revis Er‘evi s i
Plantar surface Dorsal surface

Figure 2.19 = lllustration of the muscles in the human foot [34]
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Tibialis Extensor

Achilles posterior Peroneus o Extensor
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- __Flexor Peroneus SN longus
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e digiterum ’ ; : :
hu"ucis: k i ) ongu Pgrongus A % \‘\ :..--"" hd"u{EIS
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digiforum
revis

Medial view Dorsal view

Figure 2.20 - lllustration of the tendans in the human foot [34]

Front view Side view

Figure 2.21 - lllustration of the bones comprising the human ankle [35]

Anterior inferior
_-tibiofibutar

Posterior, Anterior talofibular
talo- " g
fibular - 4

Calcaneofibular
Lateral view Medial view

Figure 2.22 — lllustration of the ligaments present in the human ankle [35]
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2.4.3 Movement of the foot

The human foot is capable of five main motions]34:35]:

Movement of the toes — The metatarsal phalangeal joint forms the bkall of the foot and
alsc allows for movement of the toes. Mumerous small muscles layered on the sole of
the foot work together with the tendons around the toes to move the toes up and down.
Dorsiflexion and plantarflexion — The strong muscles in the lower leg and the antericr
tibial tendon allows the foot to be flexed upward (termed dorsiflexion) by approximately
30" and downwards (termed plantarflexion) by approximately 50°, Up and down flexion is
made possible by the fafus fitting in between the lower ends of the tibia and fbula,
forming a hinge.

Eversion and inversion — Two tendons run behind the outer bump of the ankle and
attach to the outside of the foot, enabling the foot to be tumed outwards by about 15°
{termed eversion), The posterior tibial attaches the calf muscle to the underside of the
foot. enablng the foot to turn inwards by about 20° (termed inversion}. The talus
connects to the calcaneus at the subtalar joint. allowing inversion and eversion of the

foot,

20" Inversion

15 Eversion

Figure 2.23 - llustration of the planes of retation of the human ankle jeint
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2.5 EXISTING REPRESENTATIONS OF THE HUMAN LOWER LEG AND TEST PROTOCOLS

Human data for mine loading conditions are not available, therefore experimental and
numerical studies using different lower leg models aim towards improved confidence in mine
protection research. In order to test and examine protective footwear effectively, it is necessary
to have specific evaluation criteria[13]. Most importantly, the threat/protection combination
together with the chosen test procedure used must relate to the expected medical ocutcomes or
severity of injury, Whether the victim steps directly on an AF landmine or is seated inside a
vehicle exposed to an AVIAT mine blast, the lower extremities are bound o experience primary
injury during the landmine explosion. |t s therefore essential that the test model employed must

ke able to evaluate the response in the lower leg.

Surrpgate test models can be mechanical, frangible or cadaver models of the human
body[13]. Mechanical models are reusable and used for initial testing. frangible models for more
detailed analysis and human cadaver medels are used to validate the results of the prior testing
procedures. Each of these surrogate models has a specific test method to extract the desired

information from the test,

2.3.1 Mechanical lower leg models

Mechanical legs are reusable test devices that primarily represent the dimensions and mass
of the human leg[13] Blast testing result in aggressive loading being imposed on the leg,
therefore mechanical legs are generally constructed out of rugged materials, such as steel, to
survive the explosive testing. Using reusable fest devices iz both cost effective and time
efficient, making mechanical legs ideal for initial evaluation of protective footwear, vehicle

acoupant safety, etc,

Testing of protective footwear was initially performed by using mechanical legs, with this first
kind of surrogate leg being used by the Netherlands, United Kingdom, United Stated of America
" and Canada in the 1990's [13]. These initial mechanical surrogate
i legs generally consisted of two metal tubes (representing the upper
and lower leq) juined by a mechanical juint {the knee). Gelatine
P filled the space between the metal foot and the protection to
represent the soft tissue of the human foot and lower leg. High-
speed imaging was then used to asszess the response of the

mechamcal leg. Figure 2.24 shows an illustration of one of the

garliest mechanical legs designed by the Netherlands[13].

Figure 2.24 — lllustration of the Netherlands mechanical leg {13]
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251.1 Canadian mechanical feg

The DRDC (Defence Research and Development Canada) mechanical leg is used by Canada
as a scregening tool and is constructed out of a combination of metallic
and polymeric materials[13). The tibia is represented by an aluminium
tube and a urethane cast represents the foot and calf allowing a
combat boot to be fitted,

An explosive charge 1s buried at a certain depth or flush with the
greund surface and detonated to simulate an AF landmine blast. The
response of the DRDC leg s measured by strain gauges attached to

the aluminium tube and accelerometars placed in the ankle unit.

Figure 2.25 - Photograph of the DREC mechanical lower leg model [13]

2581.2  Crash test dummies

Cadaver and animal testing were performed from as early as the late 1930°s and yislded
valuable information that was eventually used to construct the first representation of the human
body in 1949 with the creation of “Sierra Sam” [36]. Sierra Sam was a mechanical test device
designed to test aircraft gjection seats and pilat restraint harnesses, but ultimately paved the
way of developing mare humanlike anthropomarphic test devices {ATDs), such as the Hybrid
series of crash test dummies. Altheugh these ATDs are originally designed for automebils
impact testing, the Hybrid-1ll dummy fitted with either the Denton |ower leg or the Thor-Lx lower
leg have widely heen used in the evaluation of protective footwear and in assessing occupant

lgading in a vehicle subjected to an AV/AT mine blast[8].

* The Denton lower leg is shown in Figure 2.26, from which it can be seen that the tibia
shaft is offset from the centres of the knee and ankle joint[37]. Dorsiflexion/plantarflexion
and inversionfeversion motion eriginates from a single ball joint,

= The design of the Thor-Lx lower leg (also shown in Figure 2.26) is based on the latest
biomechanical data, providing the leg model with mere bicfidelic characteristics[37]. The
Thor-Lx has an elemant to simulate hiofidelic axial load response in the tibia, the location
of the dorsiflexion/plantarflexion and inversion/eversion joint centres of rotation s
separated and an Achilles tendon is included to represent the muscle resistance to

dorsiflexion. Internal and external rotation is also possible,
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Denton lower leg Thor-Lx lower leg
Figure 2.26 — Photagraphs of the Hybrid-I!l Denton and Thor-Lx lower legs [37;38]

The Test Rig for Occupant Safety System (TROSS) shown in Figure 2.27 is developed by
|ABG (Lichtenau, Germany) [B]. TRCSS is one of the acclaimed systems used to study and
analyse the response of the Denton and Thor-Lx lower legs subjected to AV landmine blast
loading. The full Hybrid-Ill dummy. with both the H-1ll Denton and Thor-Lx lower legs attached,
is seated on 5 seat that is fixed to the enclosure of the rig. The feet of the dummy rest on a
footplate attached to the base plate under which an explosive charge is detonated. The floor
structure is decoupled from the rest of the rig in order to eliminate shock effects on the ng
enclosure and so seat motion would not affect the loading in the lower leg. A known relationship
exists between the explosive charge used and a real AV landmine {2kg — 10kg TNT} detonated
under a light armoured vehicle, therefore the loads induced upon the Hybrid-Ill dummy can be
compared to what a8 human body would experience[8]. The response of the Hybrid-1ll Dentan
and Thor-Lx lower leg is maonitored by accelerometers and load cells placed in strategic areas of
the leqg.

Figura 2.27 - Photographs of the Tast Rig for Oceupant Safety Systems (TROSS) showing the test
setup of tha Hybrid-IIl dummy [8]
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Tibia force results obtained from AV landmine blast testing using the TROSS system and the
Hytrid |l surregate ranged from 3708N {low severity test with a boot on the foot) to 10740MN
{high severity without a boot on the foot) [8]. A series of linear impact tests utilising the Hybrid I
Denton lower leg and the Thor-Lx lower leg model were performed by Wayne State University[3]
in an attempt to reproduce the TROSS tast results. The Hybrid 11l surrogate was positioned
accerding to Figure 2.28 to conduct the linear impact tests. Footplate displacement and the axial
tibia force were the key parametars that needed to be matched to ensure the lower limb was

being subjected to a similar impact,

, fool piate

/ loadc=al

. 9IF suppon

Figure 2.28 — lllustration of the positioning of surregate for linear impact testing performed to

compare to impact testing utilising the TROSS system [8]

Figure 2.28 and Figure 2 30 show the comparison of the data recorded during the TROSS
tests and the lingar axial impact tests. The first graph depicts the tibia force history reccrded by
the Hybrid-111 lower leg (with boot) for the low severity tests and the second graph the tibia force
history recorded by the Hybrid-1l| lower leg (with boot) for the high severity tests. The summary

of the results from the tests using the linear impactor is displayed in Table 2.4,

H-If Denton leg H-Iif Thor-Lx
Avg impactor Lower tibia Upper tibia

Saverity velooity Tibia force Ankle force force force

Low {no boot) JAmis a520 N BO0E N 2ATEN 2474 N
Low (with boof) 2. 8mys 3B3IN 4435 N 2504 M 2303 N
Mediom e hool) 4.7mis 1007 N 13782 N 3545 M 2910 N
Med (with boot) 4. 7mils 8052 M 576N J154 N 2601 M
High (with boot) §.3mis 98497 N 12785 N 2309 N 3708 N

Tzble 2.4 — Results from the Hybrid lll Denten and Thor-Lx testing with the linear impactor [8]
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Figure 2.29 — Graph comparing linear impactor data with TRCOSS test data, low severity load [8]
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Figure 2.30 - Graph comparing linear impactor data with TROSS test data. high severity lead [8]

The typical axial force experienced by a Hybrid Il surrogate seated in a Canadian hght-

armoured vehicle subjected to

13000 -

Hybrkd B tebia £oenprssaien forcs [H)

an AY blast mine detonation i shown in Figere 2.31 below,

2004 -

Tievel {8)

Figure 2.31 = Graph of the tibia force measured by H-Hl seated in light armoured vehicle during

mine blast [39]
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The Hybrig-ll Denton leg has also been used in other tast applications to test the effects of an
A\ landmine detonation. Canada employed the H-IIl Denton leq in conjunction with the
Complex Lower Leg (a frangible lower leg model which is discussed later) in a series of tests
using an air cannon and sledfrail system as the impact test device[38]. Compressed air is
exhausted from the tank. pushing the piston (a rod placed inside the barrel of the air cannon)
forwards against a sled. The sled then slides freely along the rail towards the target intended for
impact. in order to position and secure the Danton leg a femur load cell simulater is fixed to tha

target table and the |leq is inserted into the simulator.

2.5.2 Frangible lower legs

The term frangible means that the object is capable of being broken. This implies that a
frangible leg model approximates the human leg geometry. material properties, bone fracture
and tissue disruption[13]. Frangible leg models are designed specifically to perform similar to a
human leg under the same leading conditions. Response of the frangible lag is monitored during
testing using a combination of accelerometers, load cells, strain gauvges and high-speed
imaging. After testing is completed, “injuries” incurred upon the frangible leg can be examined

using autopsy-based procedures,

2521 Complex Lowerleg (CLL)

The CLL was eriginally developed to examine AP landming injuries, but it was later also used
to evaluate footfankle injuries induced upon occupants of an armoured vehicle experiencing an
AV landmine blastf13:33]. The main objective of the design of the CLL was to select appropriate
synthetic materials that can reprasent the bone and soft tissues of the human leg[13]. A single
polymeric bone with suitable cross-sectional area and strength represents the tibia and fibula,
and the foot and ankle complex incorporates a talus and calcanecus according to human
geometry, The |leg design also incorporates a nylen tendon, silicone rubber cartilage and heel
pads, soft tissue and a latex skin layer, Although the CLL was
designed to correspond to the geometry and material properties of
the human lower leg, simplicity of the design was maintained to
increase consistency between tests and reduce costs. Earlier

Cartilag versions of the CLL included instrumentation, buet currently the CLL

Double 5 is examined using an autopsy-based procedure.
calcaneous

Hegl pad

Figure 2.32 — Phatograph of the Complex Lower Lag components [39]
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Canadian researchars amployed the sledirail test g {discussed in the Secdtion 2.5.1) to
simulate the impact proeduced by an AV mine blast on the floor of the vehicle[39]. High severity
testing was performed by applying axial impact at a velocity of 5mfs to a rectangular steel plate
at the base of the so-called heel pad of the CLE. Typical rasults of the high-velocity impact tests

are shown in Figure 2.33 and Figure 2.34.

Figure 2.33 shows that calcaneous fracture occurred during two of the tests[38]. One test
however produced talus fracture without calcaneous damage, which is unexpected in AP mine
injuries. Overall, the injuries predicted by the CLL were not as severe and complex as the
injuries documented to be sustained by PMHS {(Post Mortem Human Surrogates) tests
preformead under the same impact test canditions. This can be attributed to the fact that the CLL
model is mare resistant than the cadaver leg models and the biofidelity of the bone mechanical
properties of the CLL need to be improved[38]. Figure 2.34 clearly shows the high stiffness of
the Hybrid Ill leg compared to the more biofidelic CLL surrogate, which suggests that a tibia
force of approximately 17kN and 10kMN would induce significant fracture of the footfankle

complex in the H-1ll leg and CLL respectively.
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Figure 2.34 — Graph comparing Hyhrid Il and CLL tibla axial force results from high severity
impact testing [39]
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2522 Simplified Surrogate Leg (55L)
DRDC in Canada developed the 3SL to evaluate landmine protection[13]. The SSL model

was essentially the starting point for the evolution towards developing the Complex Lower Leg
CLL. The 35L is a simplified representation of the huran leg, consisting of a central bone
structure to represent the tibia, fibula, calcaneous and
talus. The soft tissues of the lower leg are represented by
a concentric volume of gelating that surrounds the bone
structure. Reaction of the leg during testing is recorded by
strain gauges on the bone, high-speed imaging and x-ray

imaging.

Figure 2.35 — Photograph of Simplified Lower Leg [13]

2.5.2.3 Frangible Surrogate Leg (FSL)

The Defence Science and Technology Organisation (DSTO) in Australia developed the FSL
which is an exact representation of the 50" percentile Australian male leg{13]. All the major
bones, tendons and muscles are included in the surrogate model, The bones are manufacturad
from minaralised plastic, the muscles from ballistic gelating, the tendons from elastic materials
and the skin is simulated with a haavy nylon mesh that is melled into the outer layer of the

gelatine.

Photn conalesy of DSTO, Ausiraia

Figure 2.36 — Photographs of DSTO Frangible Surrogate Leg, shewing the accurate bone structure

and joints fitted with strain gauges, and the bones enclosed in gelatine [12]

The Canadian Centre for Mine Action Technglogies (CCMAT) started the Lower Extremity
Assassment Program (LEAF) to evaluate and categorise the effectivensss of axisting mine-

protective footwear and to document the procass of the injury to the lower leg during a landming
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blast[12]. To date the LEAP data has formed the most complete dataset pertaining to injury to

the lower extremities. Cadavers were used in LEAP, which were very difficult to work with, as

this type of tests could enly be performed at specialised institutions within strict legal and ethical

FEL witt omnlrat boot
anc overshoe

“v‘

.Frash.x-'mf BOLICES

borders. Some sort of replacement leg
model that would still produce results
similar to that of the cadavers was
needed. therefore a number of FSLs
were  bought and  tested by
CCMAT[4:12]. As such, the ethical
constraints were eliminated, as well as
the need for medical staff and special

facilities.

Figure 2.37 — Photograph showing the experimental setup for F5L blast tests [12]

Testing of protective footwear using the FSL is performed according to the test setup shown

in Figure 2 .37. Essentially the surrogate leg supports its own weight, and a sand box is placed

underneath the leg. The landmine is placed directly below the heel of the leq and buried at a

specific depth or flush with the surface. After each test, the area needs to be combed to retrieve

the pieces of the boot and FSL fragments. Strain gauges, load cells and accelerometers are

used to analyse the response of the leg during blast testing and the trauma to the leg is

thereafter inspected by a surgeon using an autopsy-based procedure.

Figure 2.38 — X-ray images showing the internal damages to the FSL with boot/overshoe
combination for the (a) PMA-3, (b) 50g C4 and (c) PMA-2 [12]
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The injurigs shown in Figure 2.38 are experienced by the FSL after being exposed to 3

different AP landmine detonations. The pictures in Figure 2.38 are specific to a series of tests

conducted to evaluate the protection provided by wearing a standard boot and overshoe during

g landmine blasi{12]. The graphs pravided in Figure 2.39 shows a good correlation exists
between the results obtained from the FSL tests with the LEAP test results, indicating that the

FSL can be used as a practical toal to analyse the performance of 2 human leg experiencing an
AP landmine blast[12]
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Figure 2.39 — FSL vs. LEAP test results for using different combinations of protective footwear

against AP landmine blast [12]
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2.5.3 Cadaver lower logs

Commercial production of automobiles began in the 1890s, making the automobile part of
daily life but on the other hand causing the number of motor vehicle deaths to become a serious
issue. Cadaver testing started in the late 1930s at Detroit's Wayne State University to collect
data about the effects of high-speed collisions on the human body[36]. The first biclogical test
devices were human cadavers that were subjected to rudimentary test procedures, such as
stee| ball bearings being dropped on skulls and bodies being dropped down unused elevator

shafts onto stee| plates[36]

Blast testing using human cadavers to document the effects of a landmine explosion an the
human body effectively only started in the late 1980s with the institution of the LEAP programl[6].
Biological test devices include isolated human lower limbs and also whote body cadavers Using
cadaver models proves to be particularly successful in evaluating protective foobwear, as the
geometry and material properties are superb representations of the living human[13]
Mechanical properties of the bone and soft tissue might differ slightly though from the living

human due to the age or presence of pre-existing diseases in the donor,

25231 Whole body human cadaver mode!

Ethical constraints, availability and the ability to test with full body human cadaver models
generally hamper testing of this nature. However, in the United States of America a number of
full body human cadaver tests was carried out in the Lower Extremity Assessment Program
(LEAP) with successful results[13], Usually the cadavers are received in the "fresh frozen" state
after which they are thawed, instrumented and tested in a suitable time period in order to
preserve the mechanical and material properties of the various human tissues, The response of
the human cadaver is monitored by strain gauges in the knee and ankle regions, and a load cell
in the tibia. The instrumentation of the cadaver is illustrated in Figure 2.40. After testing, the

trauma caused by the mine blast can be assessed through an autopsy.

Strain Gauge
Tihia

Load Cell

Figure 2.40 — lllustratien shawing instrumentaticn of the full body human cadaver model [13]
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25.3.2 Isolated human lower leg modef

Fesearchers from the United Kingdom assessed footwear protection concepts by using
amputated human lower legs, the amputations being either above aor below-knee due to
peripheral vascular disease[13]. Using isclated lower limb cadavers instead of full bady human
cadavers ensure the mechanical proeperties of the bone and soft tissues have not degraded due
to age; and handling of the spacimens are much easier. The lower limb cadavers are meounted
at or close to the knee joint for testing, and an autopsy procedure are used after the testing to

examine the injuries.

Axial impact tests on cadaver lower limbs and the Hybrid-ll dummy lower leg were also
conducted at the Medical Collage of Wisconsin[13], The main objective of the study was to
determine the dynamic stiffness and damping properties of the human cadaver lower leg and
the H-lll dummy leg. as well as to characterise the axial force response ratio betwean the
cadaver legs and the H-lll leg. The leg specimen was altached to a mini-sled that was free to
slide on a rail after being impacted by a pendulum, as shown in Figure 241 The pendulum
impacted the plantar surface of the foot with velocities ranging fram 2.2 mfs — 5.8mis, In arder to
record the accelerations and forces at the plantar surface of the foot and the proximal leg, load

cells and acceleremeters were attached to the pendulum and the mini sled.

Figure 2 41 — lllustration of setup for the axial impact tests at the Medical Collsge of Wiscansin[10]

The velocity and impact energy was kept the same in each of the comparative tests, The
gragh in Figure 2.42 shows that the H-Il dummy lower leg experienced higher farce at the
proximal end than the cadaver lower leg during each of the tests[10]. As the mass difference
batween the H-lll leg and the cadaver leg is minimal {the H-Il leg weighing 11.2kg and the
cadaver leg 11 .5kg). the results therefore clearly imply that the dynamic stiffness and damping
propertias of the cadaver and dummy leg differ greatiy[10].
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Figure 2.42 - Graph comparing human cadaver and H-Ill dummy responses under similar impact

conditions [10]

Wayne State University used human cadaver lower leg specimens and conducted axial
impact tests in a similar way to establish human response corridors[8]. All the lower limbs were
cut roughly 7 inches above the knee at the femur, a load cell was implanted approximately
midshaft and the cadaver leg specimen was fixed into a device specially designed to fit onto the
Hybrid-1ll dummy[R]. The test apparatus setup emplayed is shawn in Figure 2. 28 The results
obtained from the Hyhrid 1l and Thor-Lx lower leg surrogates subjected to the same tast
conditions were then compared to the human response corriders. The graphs shown in Figure
2.43 and Figure 2 44 illustrate that the Ther-Lx leg medel produces a better biofidelic response

to axial impact than the Hybrid 11l leg model.
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Figure 2.43 — Graph comparing force-time histories of Hybrid Il lower leg surrogate to human

response corrldors [8)
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Figure 2.44 — Graph comparing force-time histories of Thor-Lx lower leg surrogate to human

response corridors [8)

2.5.4 Numerical representation of lower leg

The mine blast essentially consists of two events following close after one anather; the
detonation of the explosives and the resulting interaction of the pressure wave with the human
ieg[13]. Experimental testing is vital in the assezsment and development of landming protective
wear. However, developing protective wear purely by experimental means can be costly and
time catsuming, and measuring the detailed response of the complex structures {such as the

leg and protective footwear) during an explosive event is very difficult,

Extensive effort is currently being put into validating numerical models of the human body
response to high loads over shor time periods with real life data. Ultimately, numerical
madelling aims at providing a cost and time effective toal for the assessment of mine protection
and trauma to the human body exposed to mine blast. An example of the analytical value of

utilising numerical modelling to study the effects of a landmine blast is shown in Figure 2.45.

= Part (a3} illustrates the sequence of events caused by the detonation of an actual AF
landmine under the foot of a parson.

= Part (b) shows results of a numerical simulation of an S5L model experiencing an AP
landmine blast with the time frarmes correlating to that of the real landmine blast event.

= Part {c) shows photagraphs taken from the high speed video footage of an S5L mode!
exposed to the detonation of a landmine, It is generally expected that high speed video
footage of the blast event would provide helpful information. but as Figure 2 45 shows,

the view might be obscured during critical fractions of time[40].
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Correlation of the results retrieved from the numerical Blast simulation to the physical results
obtained from the blast tests performed using human cadavers and surrogate leg models is of

utmost importance to ensure the accurate analysis of the physics and effects of the blast event.

{a}
REAL MINE BLAST EVENT QE

i
Tj e l:!‘l'.l!'ﬂ frll.'.ll".l‘ fl"l.'.ll’ﬂ Cﬂff'ﬂlra !‘.I;ﬂﬂ
detonation of landmine ' ﬂ'ﬂs of rasulis
[1+]]
HUMERICAL MODEL
SIMULATION OF
MINE BLAST EVENT Corralation
of restlts

(s}
SURRGGATE LOWER
LEG USED iH
SIMULATION OF
MIME BLAST EVENT

Flgure 2.45 — Correlation of actual mine blast response[5] with a numerical model[40] and the high

speed video of the blast and resulting injury to the SS5L model[40]

TROSS setap Shresiation sersap

Figure 2 46 — Photograph of TROSS test setup and Madymo simulation setup {8]
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One of the commercially available simulation codes used to assess occupant response in 8

vehicle subjected to crash loading is Madyme, which is a TNO Automotive engineering software

tool[41). Madymo is a multi-body computational code that is based on the Hybrid Il surrogate

fited with the Denton leg(41]). The data retrieved from the AV landmine blast tests conducted

using the TROSS (as discussed in Section 2.5.1) were used to validate the Madymo Hybrid |l

Denton leg model for axial impact caused by an AV mine detonation.
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(c) Results for high severity AW mine test

The Madymeo Hybrid Ill 50" percentile male
durnmy with Denton leg model was placed In a
simplified model of the TROSS, as shown in Figure
2.45 [42]. The data from the medium severity tast
with the dummy wearing boots were used as the
base for the validation. The vertical acceleration
exparienced by the foot and hhia and the
compressive load in the tibia were considered as
the main parameters to compare the experimental
data to the data ebtained frem the Madymo

simulations.

Figure 2 47 shows the comparisen of the results
from the low, medium and high severity TROSS
tests and Madymo simulations (with the Denten leg
wearing a boot) [42]. The results clearly indicate
the increase in induced lpads due to the increase
of blast lpad. Varying tha centact friction between
the foot and the footplate proved to be insignificant,
but wvarying the contact damping showed that
employing low damping at the foot yields the best
results. The increased effects of contact damping
at higher leading conditions are avident from the
results (Figure 2.47 {c}}, as the difference in tibia
forces increases from low sevarity to high severity

testing.

Figure 2.47 — Graphs comparing the TROSS and Madymo results for AV mine detonation [42]
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Hurman computational impact simulation codes are also available. such as:

= SIMon (Simulated Injury Monitor) developed by NHTSA {(Mational Highway Traffic Safety
Administration’, which is designed to aide new advanced mechanical surragates and
interpret the enriched experimental cutput data obtained from the tests[41].

= THUMS (Total Human Model for Safety) developed and tested by the Toyota Research
Company, which is a relatively detailed model that is based on Toyota research and
models created by Wayne State University[41].

= Madymo human models, which consist of various combinations of detailed multi-body
and finite element segments[41].

An international attempt is however being made to standardise the methedalogy for medelling
the human body for impact biomechanics and vehicle ocoupant safety, in the form of the
HUMOS project[41]. The aim is not to create specific numerical models, but rather to build a
data base which contains characteristics, properties, guidelines and rules regarding geometry
acquisition, the meshing process, material property assignment and validation of the human
body segments. A first definition of a finite element model of the human body (known as the H-
Model) in a seated driving position has been developed. which was put info practice with the
Madymo dynamic crash code, amongst others[41]. Details of the lower extremity medels are

shown below in Figure 2.48 and Figure 2.49.

_Mutcle terdons
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Anterior eruciate
ligatient, ACL

Fasterior eruslate
ligament, FCL Medlsl callataral
ML - Hgamant, MCL
" Lateral sollateral”

ligamant. LCL

Fatellar llganent

Figure 2.48 — lllustrations of the knee joint and ligaments used in the HUMOS model [41]
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Figure 2.49 — lllustrations of the foot and ankle model used in the HUMOS model [41]
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2.6 LANDMINE PROTECTIVE FOOTWEAR

Although personal protective equipment (PPE) is not available to all soldiers and civilians
finding themsealvas in a mine-threat area, deminers responsible for the clearance of landmines
require protection in the case of accidental detonation of the explosive ardnance. After the first
AP landmines were used during the early 1900's, soldiers tried to devise their own protective
foctwear by using materials such as lumber and rope[7] A 6-inch sabot attachment for the
combat boots was developed in the aarly 19508 by the U.S. Marine Carps, after which the U5,

Army developed and assessed protective shanks in the 1960s]7].

Design of mine protective foohwear has developed significantly since then, with the
effectiveness being highly advertised by the manufacturers. Testing however showed that none
of these specially designhed boots are capable of preventing severe injury to the lower leg but

that they can provide a reduction in injury severity. especially with smaller explosive charges{7].

Mine protective footwear strategies are categorised according Yo their safety mechanism,
although none of the boots strictly utilises only one independent method[7]. The safety

techniques employed in the boot designs are intended to;

= Deflect the blast away frem the limb in contact with the landming; e.g. Wellco® Blast
Boaot alone.

= Reduce the blast by using either certain materials that will decrease the energy
transmitted by the blast through the change in their physical state or by the destruction of
the boaot itzelf: e q. Welleo® Over Boot.

= Create a standoff distance between the limb and the mine blast by either elevation or off-
axis detonation: e.g. BFR boot and the Med-Eng Spider Baot™.

Examples of various mine protective footwear are discussed in limited detail in the next section,

2.6.1 Standard Army Combat Bool

The standard combat boots issued to the infantry is not designed to
provide any protection against AP landmine blasts[7:43] Therefare,
when 21 gram C-4 (equivalent to 28 gram PE4) is detonated
underneath a standard combat boot, the result will be a severely injured

lower limb as shown in Figure 2.50.

Flgure 2.50 — Photograph of the effect of 21 gram C-4 detonated under a
standard army combat boot [43]
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2.6.2 Wellco® Blast Boat

Sandwiched between the specially shaped polyurethane outer sale and the multi-layer Kevlar
innerssle 1s a wedge of metallic honeycomb attenuator, as shown in Figure 2.51 [43] Blast tests
conducted on  aluminium-honey comb-aluminium sandwich specimens proved that the
maximum deflection induced upon the rear aluminium surface (in this case the rear surface
would be the top surface in contact with the insole and the honey comb) is greatly reduced due
to the anergy absorbing properties of the honey comb {refer to Section 2.8 of this report). The
layerad sole composition of the Wellco® Blast Boot therefore directs the blast away from the leg

and absorbs energy from the blast, helping to minimise the effects of an AP landmina explosion.

Kuvtar Insole

Honoy tomb

-"""Mi.i

e '
S ———. . ,

Blasl Aftenlator

Figure 2.51 — Photegraphs of Wellco® Blast Boot, showing detail of the protective sole [43]

Wellco® conducted several test at tha U.S. Army Aberdeen
Tast Cantre[43]. The surrogate landmines used during testing
contained 21 gram of C-4 {equivalent to 28 gram PE4). Notice
that the blast attenuator absorbed most of the enargy and the

rest of the sole is shll intact.

Figure 2.52 — Photagraph of Wellco® Blast Boot after 21 gram C-4

was detonated under the heel [43]

2.6.3 Wellco® Over Boot

The Over Boot shown in Figure 2 53 is designed to be worn over a standard army combat
boot or over the Blast Boot for maximum protection[7:43}. The paolyurethane sole is fused
directly to the Nylon-Kevlar upper and rubber studs are imbadded in the sole bottom to create a
vented and cleated surface. Two layers of stainless steel covers an aluminium haneycomb
atteruator that is sandwiched between the outer sole and multi-layer Kevlar inner sole. The
QOwer Boot is designed to create deflection and attenuation of the landmine blast and create

additional standoff distance from the blast.
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Figure 2 .53 — Photograph showing tha Wellco® Over Boot [43]

The same tests that were performed on the Wellco® Blast Boot ware performed on tha
Wellco® Ower Boot[43], The Over Boot was used in combination with a standard army combat
koot and also with the Blast Boot The results in Figura 2.54 showed that the attenuator
absorbed most of the blast energy. |gaving the standard combat boot and the Blast Boot
wirtually undamaged. Howewver, as the amount of explosives increase, the Blast Boot and Blast
Boot-Owvar Boot combination does not pravent intarnal fracturas or traumatic amputation (Figura
2.55) [12].

and the Blast Boot-Over Boot combination from (b) PMA-3 {c) 50 gram C4 [d) PMA-2 [12]
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2.6.4 BFR-40 protective compat boot

The Blast and Fragment Resistant (BFR) pratective combat boat has a unique protective sole
systern which is based on specially woven fabric bonded together with specifically designed
sole and heel plates and a heel plug {shown befow in Figure 2 56} [44]. The materials help to
provide a certain amount of protection against blast temperatures generated by an AP landming
explosion. The safety features of the BFR boot also incorporate an intermediate protection

system in the upper lining of the boot.

Figure 2.56 — Photographs of the BFR protective combat boot, showing the construction of the
heel [44)

The BFR boots were tested by the Rayal Military Cellege of Science in the United Kingdom
against different explosive charge sizes representing different AP landmines(44]. Explosives
weare independently detonated underneath the ball and heel of the foot. The tests showed that
although wearing the BFR protective boots were not uniformly successful, the BFR boots
mitigate the blast injuries to such an extent that even though soft tissue and skeletal damage
still oceur, the integrity of the lower limb might be maintained. It is therefore concluded that the
BFE protective boot de provide considerable protection against hot gas streams, high-velocity

fragments and dabris resulting from the explosion.

BfR Compat Boot after 509 BfR Gombat Boo after 70g
explasian an ball explosion on heel

Tast Prop

Figure 2.57 — Photographs of the testing of the BFR protective boot against an AP landmine
detonation [44]
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2.6.5 Med-Eng Spider Boot™

The blast overpressure wave ganerated by the detonation of explesives is known to decay
exponentially with increasing distance from the explosive source (discussed in Section 2.2.4).
The Spider Boet illustrated in Figure 2.58 utiises the advantages of creating a stand-off
distance in the boot design[7:45]. The Spider Boot cansists of a platform mounted to 3 nominal
height of 144mm an a deflector shell and twe forward and two rear protruding legs, each ending
in a rubber pod. The blast wave and fragments are vented away from the foat via the fragment
resistant shetl through the front and rear protruding pods. Most of the rasidual energy is also

absorbed through tha sacrificial materials on the underside of the Spider Boot,

The Spider Boot is desigred to be warn with regular footwear, and the dasign is such that it

permits demining operations over a diversity of terrain.

Binding System

Himge Plate

Top Plate

Ceflector Shell

Leg

Prads

Figure 2.58 — lllustration showing the anatomy of the Mead-Eng Spider Boot™ [45]

Elast tests to evaluate the Spider Boot were performed at Defence Research Establishment
Suffield[45]. The photagraphs in Figure 2 58 show that the two front pods were broken and the
front end of the Spider Boot was damaged after the detonation of the PMA-1 under the right
front leg, but the standard combat bost was undamaged. Figure 2 .60 shows similar results after
the FMA-3 was detonated under the rear right leg of the Spider BEoot. The fwo rear pods were

severed, but the combat boot sustained no damage.
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Figure 2.59 — Photographs of PMA-1 AP mine (200 gram TNT) under the front right pod of the

Spider Boot, showing pre-detonation and post-detonation [45]

2 rear pods
severed

Figure 2.60 - Photographs of PMA-3 AP mine (35 gram Tetryl} under the rear right ped of the

Spider Boot, showing pre-detonation and post-detonation [435]

2.6.6 Comparison of protective footwear

The graph in Figure 261 shows the affect of charge mass on the resultant acceleration
experienced at the ankle of the surrogate leg while each of the abovementioned protective
footwear was womn[45]. The results provided are relative to a blast protective boot which is

based on a standard military combat bogt fitted with an enhanced sole,

The resulting acceleration for a detonation under the rear right pod (RRF} of the Spider Boot
proves to be highar than the acceleration experienced by the detonation of the same amount of
explosives under tha front right pod (FRP) of the Spider Bant. The Spider Boot rasults therefore

emphasise that a target closer to the detonation experiences higher blast loading,
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The test results indicates the following percentage differences in the ankle acceleration
experienced dus to the detanation of 25g C4 while wearing the various blast protective
boots[45]:

= Datanations under the front and rear pods of the Spider Boot while wearing a regular
army combat boot reduced ankle acceleration by =80%.

= Detonation under the heel of the Blast Boot with Cverboot (Zem overburden) reduced
ankle acceleration by =30%.

= [etonation under the heel of the Blast Boot with Cverboot (no overburden) reduced
ankle acceleration by =40%.

= [Detonation under the heel while wearing only the Blast Boot increased the ankle

aceeleration by =60%.

RESULTANT ACCELERATION AT ANKLE
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Figure 2 61 — Graph showing resultant accelerations at the ankle of the surrogate leg with different

foot protection systems [45]
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2.7 INJURY CRITERIA

Currently there exists no universally accepted injury classification and coding system among
any known databases[46]. The majority of the injury classification schemes focus on the
description, severity and mechanism of the injury. The most established and widely used
scheme is the AIS, which is an anatomical scoring system where the scores are assigned in
terms of “threat to life” associated with a single injury[46]. As such the AIS scores do not
represent a comprehensive measure of severity where the combined effects of multiple injuries
on one person are taken into account. To score the overall injury severity of a single injured
person, the Injury Severity Score and the Maximum AIS (both systems are derivatives of the
AIS) are used[46].

The AIS classifies the injury according to the body region, the type of and specific anatomic
structure, details of the wound and the severity of the injury[46]. A numerical identifier is
assigned to each category, while the severity of the specific injury is ranked on a 6-point scale
(given in Table 2.5). The 7" digit is provided to code “Unknown”.

Injury | AIS Score
1 Minor
2 Moderate
3 Serious
4 Severe
5 Critical
6 Not survivable
7 Unknown

Table 2.5 — Table of Abbreviated Injury Scale scores [46]

2.7.1 Mechanical test devices

Evaluating impact effects on the critical regions of the lower extremities produced criteria
which help to indicate when fatal injury would occur due to severe loading conditions. Kuppa et
al.[37] proposed injury criteria and limits for the 50™ percentile male at 25% and 50% probability
of experiencing AlS2+ injuries. The injury criteria attempt to assign a load limit which could
induce moderate to serious injuries to the specific anatomic structure. The load limits related to

the lower extremity anatomic structures are presented in Table 2.6.
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The criteria and performance limits of the Hybrid Ill Denton and Thor-Lx lower leg surrogates

are also given in Table 2.6, as these two lower leg models have been successfully utilised in

extensive automotive crash and blast load impact testing. The injury criteria shown below in

Table 2.6 are mainly intended for assessing lower extremity injuries experienced by an

occupant in a vehicle subjected to a landmine blast.

507 percentile male[37] | Denton[37] | Thor-Lx[47]

Body region Injury criteria 25% prob 50% prob Threshold Threshold
Hip/femurlknee | Axial femur force 9040 N 11150 N 9070 N 9040 N
Knee ligament Kneelfibula shear ~ 15 mm 15 mm 15 mm
Tibia plateau Upper tibia axial force 5600 N 7000 N 8000 N 5600 N
Tibialfibula shaft | (Revised) Tibia index, (R)TI 0.91 1.16 1.0 0.91
Ankle/midfoot/

Lower tibia axial force 5200 N 6800 N 8000 N 5200 N
calcaneous

Dorsiflexion ~ 60Nm|35deg ~ 35deg
Ankle/malleolus

Inversion/eversion = 40Nm/35deg ~ 36deg

Table 2.6 — Table of injury criteria related to human surrogate impact testing

2.7.2 Cadaver and FSL test devices

The LEAP tests performed by CCMAT were used to generate the Mine Trauma Score (MTS)
to classify the lower leg injury caused by a mine blast[6]. After each blast test was performed,

the cadaver leg was inspected by surgeons using an autopsy procedure to record the extent

and type of damage induced upon the lower leg.

The MTS system is similar to the AIS system in the sense that the severity of an individual

injury is scored using numerical identifiers. The MTS employs a nine score system, where the

number from 0 to 4 describes the level of amputation required and the letter A or B indicates the

level of soft tissue contamination[6]. The MTS score system is provided in Table 2.7.

= A closed injury (using numbers 1 or 2 without a letter) does not violate the skin and pose

a minimal risk of infection, although internal bone fractures might be present.

= An open contained injury (denoted by letter A) is any injury where the skin is lacerated or

torn, but contamination from external debris has been minimised because the inner

footwear was not breached.

» An open contaminated injury (denoted by letter B) is when the footwear was breached,

the skin is violated and contamination by external debris is visible.
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MTS Score | Contamination level Injury assessment

0 Minimal No major surgery required

1 Closed

1A Open contained Salvageable limb

1B Open contaminated

2 Closed
2A Open contained Below knee amputation
2B Open contaminated

3 Open contaminated | Below or above knee amputation
4 Open contaminated Above knee amputation

Table 2.7 — Table with definitions of the Mine Trauma Score for the lower extremity [6]

The chief objective of the MTS system is to assess lower leg injuries related to the direct blast
impact of an AP landmine. The LEAP tests used three levels of explosive content to represent
blast AP landmines: small (M-14, 29 gram), medium (PMA-2, 100 gram) and large (PMN, 240
gram). A general range of footwear was tested, including unprotected footwear (an improvised
sandal, standard US Army Combat Boot), mine-protected boots (Wellco® Blast Boot, BFR-40
boot) and boot supplements (Wellco® Over Boot, Med-Eng Spider Boot™). The MTS grading of

the various LEAP tests are documented in Table 2.8.

Range of MTS scores obtained for AP landmine blast
Footwear M-14 (29 g) PMA-2 (100 g) PMN (240 g)
Combat Boot alone 3-4 Not tested 3
Sandal 2B Not tested 4
Blast Boot alone 2B Not tested Not tested
BFR boot alone 2B-3 Not tested Not tested
Over Boot combinations 1-2A 2B-3 2A-3
Spider Boot combinations Not tested 2A 1-2A

Table 2.8 — MTS results of LEAP tests with different footwear [6]
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2.8 ATTENUATION PROPERTIES OF METALLIC HONEY COMB

The results of blast impact tests perfformed on metallic honey comb specimens to investigate
the blast attenuation properties of honey comb are presented in Figure 2 52 [48]. The differance
between having the honey comb section sandwiched between two 1.6mm mild steel layers and
using the honey comb layer independently were assessed. The graph in Figure 2.62 shows that
the maximum deflection experienced by the rear surface of the specimen during a high applied
impulse is reduced by employing the mild steel - alyminium honey comb - anld sfeel sandwich
setup. The attenuating effect of the metallic honey comb is therefore an ideal safety mechanism

to be utilised in the design of blast protective boots.

Air vs. plate deformation under uniform loading
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Figure 2 62 — Graph showing attenuation effects of haney comb against blast load [48]
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2.9 UnaxiAlL COMPRESSION STRESS VERSUS STRAIN BEHAVIOUR OF RUBBER-LIKE
MATERIALS

Figure 2.63 shows the range of strain rates of interest to material scientists and the
associated test methods used to obtain the particular strain rate. The research of this thesis is
focused on the effect of blast loading, which falls in the 10°s™" to 10%s™ shrain rate range, and
using the SHPE has become the standard test method for  dymamic  material
characterisation[49], Quasi-static material testing using canventicnal crass-head machings are

also performed in order ta generate material data aver a broad spectrum of strain rates.
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Figure 2.63 — Test techniques developed to obtain specific strain rate regimes [49]

Expenmental invesfigation of the mechanical stress-strain response of low impedance
materials such as natural rubber, polyethelene and plastics date back to the pioneering studies
of Koisky[50] and his contempeories[50]. As with bigh impedance metallic and non-metallic
materials, the response of low impedance materials are studied at various strain rates and
termperatures. Howewver for the present investigation, the effect of the strain rate on the
mechanical properties of rubber is of mare importance as the material characterisation of rubber

will be conducted.

Mobility of the polymer chain on atomic and macroscopic scale is the reason for the visco-
elastic nature of amorghous rubbers. The inherent strain rate sansitivity of rubbers is strongly
related to its microstructure, as the strain rate sensitivity is a sign of the time required for these
polymer chains to recrientate thamselves[51]. Low strain rates give the chains ample time to
rearientate themselves, whereas high strain rates limit defarmation of the chains to bending and

stretching of the chemical bonds, These properties of rubber materiats are the cause for little
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change being noticed in the mechanical behaviour when experiencing strain rates in the range
of 107 to 107s™, but the Young's modulus besoming more sensitive and increasing by a factor

of & when the strain rate is increased to 3x10°s™ [51],

2.9.1 Low and medium strain rate test resulls

Uniaxial low and medium strain rate testing is generally performed using a hydraulic or screw
driven testing maching. Low strain rate testing is done by compressing the specimen at a rate of
approximately 0.001s” to 1.0s”. while medium strain rate testing allows the specimen to be
compressed at a rate of approximately 50s', A static hyperelastic constitutive equation can be

used to represent the behaviour of rubber under guasi-static deformation[52].

= 2401- A A= 4, — Al -3+ (1, - 3]} Eq. 28

where the relationship between engineering stretch A and strain ¢, in the direction of the

applied load is A =1+£, [52]. A least squares method were used to fit the data obtained from
compression tests done on specimens of SHA30 (soft rubber) and SHATO (stiff rubber} at
0.001s " strain rate to the hyperelastic formulation (Eq. 2.8) in arder to solve for the A, 4: and
41 parameters. Comparing the experimental data with the analytical results proves good
correlation. as shown in Figure 2 684 More experimental and analytical results of rubber in
guasi-static compression (where a wvisco-hyperslastic formulation is employed) are given in
Figurae 2. 65 and Figure 2 66
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Figure 2 64 — Graph comparing the hyperelastic rubber material model to data from quasi-static
material testing of SHA30 and SHA70 performed at 0.001s™ [52]
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2.9.2 High strain rate test results

High strain rate testing of materials are generally conducted utilising the SHFE to achieve
dynamic strain rates of up to approximately 5x10° [49]. The main purpose of the SHPB s to
deform the specimen between twe bars excited above their resonance. the bars staying elastic
while the specimen is subjected to large strains, The thegretical details required to perferm
material characterisation using the SHPE are given in Section 2.10,

Oynamic festing of rubber and like matertals using the SHPB shows that the specimens
effectively return to the same geometric state after unleading and that the residual strains are
insignificant, indicating that the stress-strain behaviour of the rubber specimen can readily be
described by a wvisco-hyperelastic material model[52]. Visco-hyperelasticity stems  from

combining the characteristics of quasi-static hyperelasticity (o) and dynamic rate-dependent

viscoelasticity ('), resulting in the expression below(52]

—J idt

R IA[A,, b A (F, — 3)]exp 1
(]
5

/'—*-

+ I f,{'z[4 + A1, Jj]exp ATJ)L ddr Eg. 2.9

-]
where o) is equal to Eg. 28 and A = .z:',, . Data obtained from uniaxial dynamic compression
SHFB tests performed on SHA30 and SHAYO rubber specimens were used o determing the 4.,

As and 4, parameters via a least-squares fit[52]. Good correlation between the experimental
high-strain rate data from the SHA30 and SHATO rubber specimens and the analytical results is
evident from Figure 2.65 and Figure 2.66.
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Figure 2.65 — Graph comparing the visco-hyperelastic material model ta dynamic strain rate data
from SHPB testing of SHA30 rubber [52]
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Various material models representing the mechanical behaviour of rubber-like materials exist

which can be used in the numerncal simulation of the response of rubber. Quasi-static response

are generally modelted by employing material laws such as those developed by Mooney and

Rivlin as well as Ogden[53]. The Cgden material model describes a broad spectrum of strain

hardening characteristics, but the Mooney-Rivlin model is unsuitable for simulating responses

that entails strong strain hardening characteristics[51]. However, during high-strain rate activity,

the inherent strain rate dependence of rubber materials becomes noticeable. [t also has to be

taken Into account if the strain rate varies according to the location. especially during impact

simulations[53]. In oarder to compensate for this type of characteristic behaviour of rubber

material. viscous terms need to be introduced to generalise the Ogden material model. resulting

in a large amount of parameters that neead to be identified for the specific material[53).
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Figura 2.66 — Graph comparing the visco-hyperelastic material mode| to dynamic strain rate data
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Figure 2.67 — Graph comparing the experimental stress-strain data of B432 silicane rubber to

numerical results using the Ogden rubber material mode| [49]
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2.10 MATERIAL CHARACTERISATION USING THE SPLIT-HOPKINSON PRESSURE BAR

In circumstances wheare matarials are exposed to sudden impacts, it is required to discemn
how the material properties depend on the rate at which strain is applied Knowing the
material properties of engineering materials at high loading rates is therafore of great
importance, since these characteristics will determine the mechanical behaviour of the

matenal in question,

Mechanical properties of materials are generally measured by cenducting load tests in
compression, tension or torsion[54]. Various testing methods exist that can be used to
achieve constant loading rates for limited plastic strains, therefore producing a constant
engineering strain rate. Testing at strain rates of above 200 s however requires a more
uncenventional technique where stress-wave propagation is induced in the specimen by direct
or indirect projectile driven impact[54]. The Split-Hopkinson Pressure Bar is the most widely
used technigue, as it is able to achieve the highest uniform uniaxial compressive stress

loading of a specimen at nominally constant strain rates of the order of 10° s [54].

2.10.1Principles of the Split-Hopkinson Pressure Bar

The dynamic stress-strain behaviour of materials experiencing strain rates up to 2x10° s
can readily be determined in a single test by using the conventional comprassion Hopkinsan
bar method. The basic compeonents that a compression Hopkinson bar test setup consist of is

shown in Figure 2.68,

Transmitted Bar incident Bar Striker Bar
‘ Sampla ‘ !
EAomantum Strain Gage Stram Giage
Trap Gas Gur

= ST
£ :
r
Figure 2.68 — Schematic representation of a compression Split-Hopkinson Pressure Bar [54]

The material specimen is sandwiched between the input {incident) and the output
{transmitted) bar. Both these bars are elastic so that the displacement maasurad in the bars
can be used to determine the stress-strain conditions at each end of the specimen[54]. A
stress wave is commonly generated by propelling a striker bar, consisting of the same

material and diameter as the pressure bars. to impact the free end of the input bar. The length
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of the striker bar and the impact velocity will determine the strain rate and total strain within
the specimen.

Impacting the input bar causes a longitudinal compressive stress wave in this bar, referred
to as £, When the input wave reaches the bar-specimen interface, a portion of the pulse is
reflected, denoted by £, . The remainder of the pulse passes through the test specimen and
enters the output bar, such that the pulse is now referred to as £, . The input and output stress

wave signals are represented by compressive load pulses and the reflected stress wave is &
tensile load pulse. Strain gauges positioned along the length of the two pressure bars capture
the magnitude and duration of these three elastic pulses. An example of the |load pulses
recorded by the strain gauges during & Split-Hopkinson Pressure Bar test of a 304 stainless

steel specimen is shown below in Figure 2 69,
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Figure 2.69 — Graph of strain gauge data showing the compressive input and output load

pulses and the tensile reflected pulse [54]

2.10.2Theory of the Split-Hopkinson Pressure Bar

The stress-strain behaviour of the test specimen can be determined by applying the
principles of one-dimensional elastic-wave propagation through the pressure bars[54]. The
displacements andlor stresses experienced at any point along the system can be found by

measuring the elastic wave at the point of interest, x. as it transmits through the bar. Basic
wave theory yields the wave equation; where ¢, = 4/ £/ is the longitudinal wave speed in the

pressure bars, u is the displacament and ¢ the time:

£lu 1 A% Eq:2.10
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Figure 2.70 - Schematic detailed view of the input bar-spacimen-output bar region [54]

The subseripts 1 and 2 indicates the input and output bar ends of the specimen, therefore

the displacements of the ends of the specimen are given as u, and u,. The strains
experienced by the bars are denoted as & (input strain), & (reflected strain) and ¢, {output
strain).

Considering the input bar and using elementary wave theory. the wave equation given in

Eg. 2.10 can be written as:

u=flx~ct)+glx+ct)

=i +Hr

Eq. 2.11

where function f describes the input wave shape, function g describes the reflected wave

shape and ¢y, is the longitudinal wave speed in the pressure bars,

It is known that 1-dimensional strain is given by:

#=04L Eq. 2.12
Therefore differentiating Eg. 2.11 with respect lo x allows the strain in the input bar to be
written as:
=Sk Eq 2.13
=& +&

Differentiating Eg. 2.11 with respect to time and using Eq. 2.13 gives the velocities at the
input bar-specimen interface, ﬁ, , and the output bar-specimen interface, u, :

: Eq. 2.14
w1 = e =g+

M:=—0.8, Egq. 215
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The strain rate in the test specimen can then be related to the velocities experienced by

each end of the specimen, dl and u'2 ,and the instantaneous length of the specimen, [, by:

o= (lﬁ—ﬁz)
] Eq. 2.16

N

The force in the input bar, F, , and the output bar, F,, are:

Eq. 2.17
F, = AE(s, +¢€,)

F, = AE¢, Eq. 2.18
where A4 is the cross-sectional area of the pressure bar and E is the Young's (elastic)
modulus of the bars.

The true stress experienced by the test specimen is calculated from the transmitted force

measured from the strain gauge signal, F,, divided by the instantaneous cross-sectional area,

A, , over which it acts:

o(t) = : Eq. 2.19

2.10.3Determining the stress-strain behaviour of the test specimen

In order to employ the SHPB equations to relate the strain gage measurement of the
pressure bars to the stress-strain behaviour of the test specimen, the specimen needs to
deform uniformly[54]. The stress-state equilibrium of the specimen can be verified by

comparing the 1-wave and 2-wave stress-strain response.

The 1-wave stress analysis represents the stress conditions at the specimen-output bar
interface. In the waveform retrieved from the 1-wave stress analysis the back stress in the
specimen is directly proportional to the strain in the output bar (calculated from Eq. 2.18). On
the other hand, the 2-wave stress analysis represents the conditions at the incident bar-
specimen interface. In this latter stress analysis the front stress in the specimen is directly
proportional to the sum of the strain in the input bar and the reflected strain (calculated from
Eq. 2.17). Figure 2.71 shows an example of the 1-wave and 2-wave stress curves obtained

from a SHPB test of a 304 stainless steel specimen.
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Figure 2.71 — Graph of stress-strain response showing the 1-wave and 2-wave stress curves [54]

When the 2-wave stress oscillates equally above and below the 1-wave stress, it shows that
the front and back specimen faces exhibits similar stress response, verifying that the stress
state is uniform throughout the specimen[54]. However, when the 2-wave stress diverges and

exceeds the 1-wave stress, it indicates that the specimen does not experience stress

equilibrium.

2.10.4SHPB testing of rubber

Measuring the mechanical response of rubber-like materials is challenging due to the
characteristic low elastic impedance and flow strength of such materials[55]. When using
traditional steel pressure bars in the SHPB setup, the wave impedance of the rubber
specimen is much lower than that of the steel pressure bars. The wave impedance mismatch
results in the transmission of a very weak pressure pulse, making it difficult and sometimes
impossible to resolve the transmitted pulse of the rubber. It has become more popular to use
pressure bars with a lower elastic modulus, as it increases the signal-to-noise level of the
strain gauges in order to efficiently aid dynamic testing of low-strength materials, provided that
the yield strength of the pressure bars are adequately higher than that of the specimen

material[55].
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2.10.4.1 Pressure bar materials

Table 2.9 provides the wave impedance properties of pressure bar materials most

commonly used in the SHPB setup.

e s maon | o
Steel 212 40.8 1.00
Ti-6Al-4V 115 22.8 0.56
Aluminium 90 13.5 0.33
Magnesium 45 8.6 0.21
Polymethyl methacrylate (PMMA) 4 2.2 0.05

Table 2.9 — Material properties of bar materials used in SHPB testing [55]

From Table 2.9 it is obvious that using polymeric material pressure bars is ideal for the
SHPB testing of soft material specimens as the impedance difference is very small compared
to that of the rubber specimen, enabling the transmitted pulse to be sufficiently large for
measurement[52]. However, before the pressure bar material is decided upon, the roll that the
pressure bars play in the “classic” SHPB material analysis must be understood. As the theory
is based on utilising metallic bars (which generally displays a linear elastic response when
loaded in the elastic regime), classic SHPB analysis relies on the wave propagation being
undistorted such that the locally measured strain pulse would also describe the stress wave
and particle velocity at various points along the pressure bar[54]. Polymeric materials on the
other hand do not display ideal linear elastic characteristics, as the wave amplitude gradually
decreases due to attenuation and the shape of the associated waveform becomes distorted
as the wave travels down the pressure bar[55]. As such, the measured strain pulse would not
represent the stress wave or particle velocity at another point along the pressure bar and
complex manipulation of the data is required to extract the stress-strain behaviour of the
specimen. The behaviour of polymeric bars is also very sensitive to temperature changes,
creating the extra need to control the entire bar system and specimen temperature to within a

few degrees when performing the SHPB testing[55].

Titanium (Ti), aluminium (Al) and magnesium (Mg) bars are low impedance metallic bars
that are increasingly being utilised in the dynamic material testing of low wave-speed material
specimens. The main advantage of using any of these low impedance metallic bars is that the
classic linear-elastic SHPB theory can be applied and no data reduction assumptions or rules

are required to analyse the stresses and strains in the test specimen[55].
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Another technique employed to increase the signal to noise measured during SHPB testing
of low wave-speed materials is to use a hollow high-strength aluminium alloy output
(transmitted) pressure bar together with a pulse shaper to increase the input pulse rise time

and filter out high-frequency components of the input stress wave at the same time[55].

it must be noted though that although low-impedance pressure bars can improve the data
acquisitioning through SHPB testing of the stress-strain material properties of low-strength
solids, certain classes of soft materials cannot be analysed using traditional SHPB testing.
The theory of SHPB data analysis relies on the assumption of one-dimensional wave
propagation in the pressure bars and the specimen, therefore the specimen material is

required to conserve its volume during deformation[55].

2.10.4.2 Specimen size

The successful analysis of the high strain rate response of low impedance material
specimens during SHPB testing greatly depends on the size and thickness of the specimen to
guarantee a uniform stress state, which will ensure the data to be accurate and
repeatable[55]. Kolsky[50] originally demonstrated the importance of using thin rubber
specimens in order to allow the specimen to reach a state of uniform uniaxial stress in a
shorter time period. Also, because rubber is rather compliant and allows a very weak pulse to
be transmitted, thin specimens need to be used else the original assumption that pressure on

both surfaces of the specimen is reasonably the same can no longer be valid[50;55].

Figure 2.72 clearly shows the effect of the specimen size on the stress-strain data retrieved
from the SHPB test. It is noticed that the specimens with an aspect ratio of 1 to 1 display the
most scattered and oscillatory ringup as well as the quickest falloff in stress after the
maximum stress state was attained[55]. The specimens with the 0.5 aspect ratio however
display significantly lower ringing amplitude and clearly show when the yield strength is
reached. It is also proven that using specimen aspect ratios of as low as 0.25 may reduce

wave attenuation while controlling frictional effects[55].
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Figure 2.72 — Graph showing the stress-strain response of 6.35mm diameter Adiprene L100

specimens as a function of specimen length compressed at high strain rate (25005'1) [55]

The dynamic testing of rubber-like materials using the SHPB technique is deemed valid

when the input and output strain data measured from the pressure bars shows a stress-state

equilibrium and when the strain rate achieved during the test was constant[55]. The conditions
for a uniform stress-state were explained in Section 2.10.3.
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Chapter 3 - Material Characterisation

3.1 INTRODUCTION

The present investigation examines the attenuation provided by a rubber layer placed
underneath the foot of a surrogate lower leg exposed to blast impact. The entire leg model is
created from AI6000 series solid aluminium, the tibia is represented by a tube of Al6063-T6
aluminium and the rubber layer is taken from the rubber outer sole of a standard army combat
boot. The design of the leg model and rubber sole is described in Chapter 5. It is required to
construct a finite element model of the surrogate leg and the blast test setup, which entails not
only accurate geometric modelling of the components, but also accurate material properties

being assigned to the various components.

When materials are used in an application where they are expected to withstand sudden
impacts, it is important to understand how the rate at which the strain is applied affects the
material properties, as these material characteristics will ultimately determine the mechanical
behaviour of the specific material. Equally as important is the correct modelling of these
material characteristics, because applying the material properties correctly or incorrectly can

greatly affect the accuracy of the numerical simulation and the results obtained from it.

In essence, proper material characterisation and application of the various materials forms
the backbone of constructing a good finite element model, ensuring accurate results to be

retrieved from the numerical analysis.

Seeing that a standard issue AI6063-T6 aluminium tube is used for the tibia of the lower leg
model, the relevant and necessary material properties are known. However, as it is unclear
which specific series of solid aluminium is used to construct the foot and ankle, the material
properties required to create the numerical model of the foot and ankle is not known either. It
is also not known which type of rubber the boot sole consist of. This section of the report
therefore describes and discusses the techniques used to acquire the material properties of

the solid aluminium and the rubber.
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3.2 ALUMINIUM

The Elastic modulus of the aluminturm used to construct the foot and ankle complex was not
known. and although the matenal properties of the aluminium tube used for the tibia is known,
the density and Elastic modulus of the solid aluminivm parts could not be assumed to be the
same. A wave speed test using a cylindrical bar of the same grade aluminium as the solid

pieces of aluminium is performed to determine the Elastic madulus expearimentally.

3.2.1 Wave speed test apparatus setup

The Hopkinson Pressure Bar is used to record the wave speed of the aluminium bar. The
1.6m long cylindrical aluminium bar is strain gauged to measure the stress wave propagation
i the bar and is placed in the position of the incident bar according to the setup shown in
Figure 3.1, An aluminium striker bar is then launched via the gun barrel of the gas gun,
impacting the aluminium bar to send a pulse through the aluminium bar. Effectively, the time
the pulse takes tn transrmit from the strain gauge to the rear end of the bar and reflect back to
the strain gauge. will determine the wave speed of the aluminium. The wave form of ane of

the pulsas retrieved fram the tests is shown in Figure 3.2

Gas gun Striker bar Aluminium bar
£ 16mm

Wotriker {stram gauge}

{comp ar) - ==E

i i)
-

In' '|I Ereflected
Einput et

Figure 3.1 - Test apparatus setup for wave speed tests of aluminium bar
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3.2.2 Defermining the Efastic Modulus of the aluminium bar

Theory states that the wave speed of a material is determined by the time that a sound
wave takes to travel a certain distance through the material[36]. The wave spead of a material
however is also dependant on the Elastic modulus and the density of the particular

material[530:56]. These two relationships describing the wave speed, ¢, are written as:

Eoan Eg. 3.1
G %\r

_[EF Eq. 3.2
¢ Ma

The wave speed of the aluminium bar is determined to be 5136.7mfs by considering the
time the pulse takes to travel past and reflect back to the strain gauge placed on the
aluminium bar, Also, the aluminium Bar is found to have a density of ETGQ.?kgme'. Following

from Eq. 3.2 the Elastic modulus of the aluminium bar is calculated to be 71 5GFPa.
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Figure 3.2 — Strain gauge data to determina wave speed of AIG0E3 aluminium bar

Chapter 3 - Matenzt Charactensakon 65



invasligating the use of rubber o stfenuate the effect of Blast load apolied to & surmogate lower Ieg

3.3 RuBBER

Uniaxial compression tests are performed on disk shaped rubber specimens cut from the
seles of a pair of standard issue army combat boots. The rubber test samples are tested at
strain rates ranging from 0.004s" to 40005, Low to medium strain rate tests (107 to 103"} is
genarally conducted an conventional mechanical test machines, while using a split-Hopkinson
pressure bar (SHPB) is an accepted test method used to determine the mechanical response

of an engineering material at high strain rates (10° to 10%7").

3.3.1 Quasi-static (low strain rate) experiments

A Zwick hydraulic testing machine is utilised for the quasi-static uniaxial comprassion tests.
Circular cylindrical rubber spacimens of 13mm diameter and Smm length are used to perform
compression tests at strain rates of 0.004s", 0.04s" and 0.25"'. For each test the rubber
sarmple s placed on the bottormn platen, after which the batom platen is raised until the top
surface of the specimen touches the top platen of the machine. The boltom platen s then
raised at a constant speed to produce the desired strain rate in the rubber specimen, and
stopped when the required specimen deflection of 4mm is reached. In arder to achieve a
strain rate of 0.004s, the bottom platen is raised at a cross-head speed of 2.16mm.s". A
cross-head speed of 21.6mm.s™" and 108mm s’ is used to produce a strain rate of 0.04s ' and
0.2s" respectively. Three tests at each of the aforementicned strain rates are conducted and

the results of the stress-strain response are shown below in Figure 3. 3.

{Juas|-static compression tests of rubber
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Figure 3.3 — Engineering stress versus strain response of the rubber
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3.3.2 Dynamic {high strain rafe) experiments

3.3.2.1  Tesf apparatiis sefup and procediure

The SHPB test apparatus used for the material characterisation of the rubber sole
specimens is of conventional design, where a compressad air gas gun is used to propel the
striker bar along a gun barrel onto the pressure bars. The diagrammatic representation of the

SHPE test setup is depicted below in Figure 3 4.

(3as gun Striker bar Incident bar Specimen Transmitled bar
Mg B9 .5mm Mg {219 5mem Fiber Mg (219.5mm
B=10 Smm
Vstiivar (sirain gauge: Lk Ot (sirain gauge) h
{Comp Jir) oo > [E I e R S, s e R [T = 3 i
i L
s 1 : H

a4

Figure 3.4 — SHPE satup

Steel or aluminium pressure bars are usually used, but research has shewn that if the wave
impedance of the test specimen is much |ower than that of the prassure bars, the magnitude
of the transmitted pulse can be weak[55). Accurately determining the high strain rate uniaxial
stress mechanical response of polymeric materials using an SHPE therefore poses to be very
challenging. As such, it has become popular to use increasingly lower impedance metallic
pressure bars (2.g. titanium, aluminium and magnesium} to attain higher resolution signals

from the output bar, also eliminating the need for additional data reduction technigues[55).

Magnesium {ZKBOA) extruded 19.5mm rods are used for the input and cutput pressure bars
in the SHPB setup The magnesium bars were age hardened to attain the following the

material properties:

» The density, o, is calculated to be 1.82g/em’.

= The magnesium bars are determined to have an Elastic modulus of 44 87GPa by
conducting a wave speed test,

= Tensile testing of magnesium specimens of the same set of magnesium rods revealed

a tensile yield stress of 337 65MPa.
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The striker bars used to apply impact and the bars used for the input and output bars in the
SHPB test setup are from the same set of age hardened magnesium rods. The lengths and
corresponding masses of the magnesium striker bars employed in the material testing of the
rubber are given in Table 3.1. It is desirable to generate a square input pulse with a high rise
time and a long duration[54]. Using the shorter striker bars (Striker 1, 2 and 3) result in the
recorded input pulse having a short duration, as is displayed by the strain gauge recordings
shown in Figure 3.5. Striker 4 however produced a long square input pulse which can be seen

in Figure 3.7 and Figure 3.9.

Striker ID Length Mass

Striker 1 50 mm 27.31¢g
Striker 2 125 mm 67.75g
Striker 3 250 mm 136.80 g
Striker 4 500 mm 273.70 g

Table 3.1 — Table of magnesium striker bar length and mass

The gas gun is operated at 0.08—0.14MPa, generating striker bar velocities in the range of
4m.s” - 6m.s”. When the striker bar impacts the front end of the input bar, an elastic
compressive stress wave is sent through the input bar. The displacement of the input bar
subsequently causes the specimen, which is sandwich between the input and output bar, to
be compressed. The specimen transmits a portion of the compressive stress wave while the
remaining fraction of the pulse is reflected back through the input bar in the form of a tensile
stress wave. Readings of the strain experienced by the input and output bars are recorded by
strain gauges located halfway along each of the bars.

3.3.2.2 Specimen size

Polymeric materials typically have low longitudinal sound speeds, complicating SHPB
testing of such specimens because a dramatic impedance mismatch exist between the
specimen and the bars. In turn, this mismatch of the mechanical impedance makes it difficult
to achieve a uniform stress state in a polymeric test specimen. Research has shown that in
order to reach stress equilibrium in a short time at lower strain levels during SHPB testing of

the high strain rate response of polymeric materials, an //d aspect ratio of 0.5 and a lower

striker bar velocity need to be used[55]. Gray et al.[55] also proved that thin specimens with

aspect ratios of 0.5 and 0.25 are able to minimise the wave attenuation, control friction
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constraints at the specimen-pressure bar interfaces, as well as ensure that the stresses at the

interfaces can still be assumed to be essentially the same.

The stress-strain response of rubber test samples with aspect ratios of 0.5, 0.27, 0.2 and
0.175 are analysed in the material characterisation process. The length and diameter

dimensions related to the various aspect ratios of the rubber specimens are tabulated in Table
3.2. SHPB testing of the rubber specimens with an //d ratio of 0.5 demonstrated transmission

of a negligible amount of the stress wave, therefore it was decided to pursue more acceptable

results employing specimens with lower aspect ratios.

Figure 3.5 and Figure 3.8 illustrate the effect of the specimen aspect ratio on the
transmission of the stress wave. Rubber specimens with an aspect ratio of 0.27 transmit a
weak stress wave, whereas rubber specimens with an aspect ratio of 0.2 prove to be more
successful in transmitting a pulse. Analysing the signal to noise ratio of the applicable signal is
also important, as a higher signal to noise ratio generally ensures a more clear and
satisfactory signal. Figure 3.6 and Figure 3.8 show the maximum signal value with respect to
the amplitude of the signal noise of the transmitted signals from the tests performed using
specimen aspect ratios of 0.27 and 0.2 respectively. The signal to noise ratio of the
transmitted signal obtained by using a specimen aspect ratio of 0.27 is 3.91, whereas using a
lower aspect ratio of 0.2 increased the signal to noise ratio to 10.56.

Ultimately it was decided to use rubber specimens with an aspect ratio of 0.175 since an
acceptable transmitted stress pulse is produced and the signal to noise ratio is increased to
13.30. The circular cylindrical specimens used to perform the material characterisation tests
are of length 3.5mm and diameter 19.5mm.

Aspect Length Diameter Signal to noise
ratio (mm) (mm) ratio
0.5 6.5 13 ~
0.27 3.5 13 3.91
0.2 4.0 19.5 10.56
0.175 3.5 19.5 13.30

Table 3.2 — Table of various rubber specimen aspect ratios
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3.3.2.3 Interpretation of the SHPB strain data

Dispersion correction of the recorded input, output and reflected strain gauge readings are
performed prior to being manipulated according to the SHPB theory given in the Literature
Survey (Section 2.10). The results of the dispersion correction of the raw signals shown in

Figure 3.9 are displayed in Figure 3.10.

It is known that the true stress experienced by the test specimen is determined from the
transmitted force measured from the output strain signal divided by the instantaneous area of
the specimen[54] (according to Eq. 2.9). The true stress experienced by the rubber specimen
is represented in Figure 3.11 by the “1-stress” wave. The range of SHPB tests conducted
covers strain rate conditions ranging from 1750/s to 2500/s. The stress-strain response of the
rubber specimens experiencing strain rates of 1750/s, 2200/s and 2500/s in compression is

compared in Figure 3.12.

The uniformity of the stress state throughout the specimen is checked by comparing the 1-
wave stress to the 2-wave stress, as the 1-wave stress and 2-wave stress represent the
stress state at the front and back surfaces of the specimen respectively[54;55]. Figure 3.11
shows the dispersion corrected stress vs. strain data from the SHPB test that produced an
approximate strain rate of 2500/s in the rubber specimen. It can be seen that the stress state
is in equilibrium only up to approximately 0.16 strain, after which the 2-wave diverges
dramatically from the 1-wave but converges again before the specimen surfaces loses contact
with the pressure bars. The impact manages to induce maximum compression of

approximately 0.38 strain in the rubber specimen.

The dispersion corrected stress vs. strain data retrieved from the SHPB tests which
produced 1750/s and 2200/s strain rates respectively in the rubber specimens are provided in
Appendix A. For both of these tests the specimen is seen to exit the state of equilibrium earlier
than the 2500/s strain rate test. During the SHPB test which produced a 1750/s strain rate
equilibrium is maintained only up to 0.09 strain and compression of 0.09 strain is reached in
the rubber specimen. Test data from the 2200/s strain rate testing showed that the specimen
is in equilibrium only up to 0.075 strain and that the impact produced 0.075 strain in the

specimen.

Considering all the facts mentioned above, it is clear that the data from the 2500/s strain
rate test is the most suitable to employ in the creation of the rubber material model when

constructing the finite element model of the rubber sole layer.
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Figure 3.9 - Graph of the strain gauge readings from SHPB testing of rubber specimen with
aspect ratio of 0.175 (length 3.5mm, diameter 19.5mm) tested at 2500/s strain rate

—— Ir pul Straie
Dispersion corrected strain data o Rinflrtod atran
—— Output stran
| o v AR N e I

NTIFR -

ne -

0ot

NENES 4

Strain
m

Thme {jis)

Figure 3.10 — Graph showing dispersion corrected strain data from SHPB testing of rubber
specimen at 2500/s strain rate

Chapter 3 - Malenal Charaﬂlarisaﬁb}r 73




investigating the use of rubher to attenuate the effect of biast inad applisd {0 & surrogate fower leg

—— 2 Etress wave
Rubber stress vs. strain data FAlslties el iy
— AN =12 55 Wave
—imn ray
E = = - A0TN
= 4 5700
._rf"—‘-\"r r\
i .t f—-’_M ]
4 - ‘ 1 iy == 1‘ 1 o
T ' H ’ i i 1500
o e L/ -
= t ‘ ' =
- i ] =
¥ o2 ! Lin &
3 / I =
] 3 | 7
z \ : b
E i iqm ,
] Il| |
¥ S : : . 0
i n 105 10 118 o0 02R 03a oas 047 45
1 T ,
1
2 ; oo

True Strain

Figure 3.11 — Graph displaying the stress vs. strain results obtained for the rubbker specimen,

and the strain rate at which the SHPB testing is performed

T

Rubber 1-stress vs. straln curves 11

e BRI

A it i
-
o
=
W
5
a
Z
(=

0.a 0.25
1 —_— o
True Strain

Figure 3.12 — Graph comparing the 1-stress vs. strain data of the rubber for strain rates of
17680/s, 2200/s and 2500/

Chapfer 3 - Malorisl Characlerization 74




Investigating the use of rubber to attenuate the effect of blast load applied to a surrogate lower leg

Chapter 4 - Experimental Details

) |

4.1 INTRODUCTION

The purpose of a mechanical surrogate leg is to measure the physical forces applied on the
lower leg as a result of particular loading conditions[13]. In the case of blast loading,
employing a mechanical lower leg model is desirable for initial evaluation of the blast effects
on the leg as well as the foot protection used. Using a surrogate leg for mine blast testing
provides a relatively inexpensive method to measure the load experienced by the lower leg

while the surrogate leg can also be used for multiple tests if the explosive charge is limited.

The main structure of a mechanical leg model usually consists of metal components, which

is instrumented according to what loading effects are to be analysed[13]:

= Strain gauges are used to measure tension, compression and/or bending of the leg,
serving as an indication of the possibility of bone fracture due to blast-induced flailing.
= Accelerometers are used to measure the shock transmitted to the leg, indicating the
chance that the bones in the leg will shatter.
= A linear transducer placed at the top of the test rig is used to measure the vertical
movement and the energy transmitted to the leg.
Given the vertical loading conditions induced by the mine blast, injuries are most commonly
seen to the calcaneous and lower portion of the tibia and fibula[8]. As such, special attention
is given to the design of the calcaneous and ankle area of the lower leg model.

This chapter contains the details pertaining to the blast loading experiments of a simplified
mechanical lower leg model. The horizontal ballistic pendulum is utilised to accommodate the
instrumented leg model in order to perform the blast loading. Disc shaped plastic explosives is
used to transmit the blast load onto the lower leg. Using the horizontal ballistic pendulum
enables the impulse transmitted to the leg model to be measured. The aim of the experiments
is to investigate the attenuation effect of a rubber sole on the load experienced by the lower
leg model during the blast event.
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4.2 DESIGN OF THE EXPERIMENTAL FOOT-ANKLE MODEL

The mechanical lower leg model is a simplified version of a human feot, of which the design
is based on an existing foot model designed and tested as part of an undergraduate
project[57]. X-rays were taken of the human foot and impored into 8 drawing program
(AutoCADY in order to acguire the relevant measurements needed to design the foot and

ankle complex[57]. The X-ray images portraying the dimensions are displayed in Figure 4.1,

Side view of foot (X-ray)

Top view of foot {(X-rav)

110

— =} |
ey = e }

Figure 4.1 — X-rays of the top and side view of the human foot, dimensions in mm [57]

The design of the foot modet allows the impact te be applied through the pressure points of

the foot: at the bhottem of the calcaneous (heel) and the front end of the metatarsals[57).

metatarsals

Figure 4.2 — lliustration of the prassure points of the foot
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A photograph of the assembled foot-ankle-tibia moedel is shown in Figure 4.3, The final

model used to obtain exparimental data consists of four fundamental sections:

= The foot
= The ankle complex, comprising of four parts
* The tihia

= A rubber representation of a boot sole

Figure 4.3 — Photagraph of the assembled foot model featuring the rubber sole

4.2.1 The foot

The foot is machined from a solid aluminium plate, the aluminium being of the AIGDGO
range. The "bridge” of the foot is modelled as a flat section connecting the melatarsals to the
calcaneaus, with the metatarsals being represented by an arc and the calcaneous as a

hemisphere at the rear of the foot.

4.2.2 The ankle

The design of the ankle complex resembles the essential functienal features of the human
ankle. Firstly the human ankle represents a marise and tenon jeint (shown in Figure 2.18} and
secondly only dorsiflexion and plantarflexion of the ankle is imporant in the current
investigation. As such, the ankle is model is represented purely by a hinge which is limited to

allow 30" dorsiflexion and 40° plantarflexion, The bottom part of the hinge models the talus
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and the tap part of the hinge models the bz and fibla as a connected segment. These two
parts {machined from the sclid aluminium) binges around a pin (machined from the solid
aluminiurmy. The pin runs inside a brass bush and the inner walls of the bottom and top parts

of the hinge are saparated by two Teflon washers.

3&”dursiﬂexi

40°plantarfiexion

{a) Bottam view of foot showing calcanecus
and metatarsals ic) Flexion limits of ankle

Figure 4.4 — Details of foot and ankle design

4.2.3 The tibia

Tha fibia is an aluminium {AIB083-TE) tube which has a 25mm and 22mm outer and inner
diameter respactively. The tube 15 500mm long to provide sufficient time for the strain gauges
to recard a satisfactory reflected signal. The tube is mountad inte a 25mm diameter recess

made in the top part of the ankle kinge and is fixed in position by a small pin.
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4.2.4 Rubber sole

& pair of standard army combat boots was sacrificed for the noble sake of research, The
ideal setup would have been to utilize the combat boot as iz during the blast testing. However,
constructing a numerical modea! invelves generating material models that will accurately
represent the material properties related to the parts used in the numerical model, Taking the
cormbat boot apart reveals the combat boot sole to consist of an inner sole, a cardboard-like
mid-layer. a short metal strip that shapes the sole from the heel into the mid-foot section. nails
holding the heel section together and finally the external rubber sole and thickened heel.
Material properties and the relevant interaction between all the boot sole components
therefore need to be established in order to ensure the accuracy of the numerical model. As
such, including the complete boat model in the numerical simulation of the blast tests

introduces complexities that are heyond the scope of this project.

It is therefore decided to only use the external rebber layer to serve as an attenuator during
the blast tests, The shape of the rubber sole is based on the shape of the foot as viewed from
above. The sole consists of a flat 2mm thick piece of rubber (taken from the army combat

booty and a double layered rubber section at the rear end to represent the heel of the boat.

4.2.5 Muscles, tendons and ligamenis

A blast event occurs in a matter of approximately 2ms — 8ms [8], which does nat render
enaugh time for the muscles supporting the lower extremities (such ag the calf muscle} to
1 react to the impact[47]. Therefore the calf muscle 1s assumed to be passive

during the blast event and that reaction of the Achilles tendon is not

r activated, The passive state of the Achilles tendon incresses the

! dorsiflexion stiffness and superimposes axial force on the tibia. as noticed in

|| the response of a human lower leg[47]. In order to maintain simplicity and

ﬁ eliminate as many unknowns in the model of the lower leg, the Achilles

et ™ 2 tendaon was not included in the present model of the lower leg.

I'IJ

Figure 4.5 — Effect of calf muscle and Achilles tendon on lower leg response to axial impact [47]
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4.3 INSTRUMENTATION OF THE EXPERIMENTAL LEG MODEL

Strain gauges certified for use on aluminium are used to record the strain experienced by
the tibia during the blast event. Two strain gauges are placed just above the ankle hinge
E0mm upwards on the aluminium tube, one an the front suface and one on the back surface

of the tube {shown in Figure 4.6 {a)).

+'|,|"F /
1/¥ 4
AR 3
&
Ve
2 /’{ 3
- N
{a) Position of strain gauges on tibia shaft (b} Half bridge configuration of strain gauge

Figure 4.6 — Instrumentation of tibia shaft using strain gauges

4.3.1 Sirain gauge configuration

The applicatian of a specific strain gauge depends on the particuiar bridge configuration and

urnbalanced modes in the strain gauge design, Three bridge configurations exists[58]:

= The guarter bridge is employed whare axial strain or tension in a uniaxial stress field
are to be measured. |n this arrangement only one arm is unbalanced,

= In the half bridge configuration, two of the arms are unbalanced. When two opposite
arms arg unbalanced, the strain gauge is used to measure axial strain, tension or
compression in a uniaxial stress field. On the other hand, if two adjacent arms are
unbalanced, the strain gauge is used to measure pure bending with one arrm in tension
and the other arm in equal compression, Figure 4.6 (b} shows the wiring diagram of the
half bridge configuration.

= Al four arms are unbalanced in the full bridge configuration. where two opposite arms
ara in tension and the other pair is in compression. This configuration is employed to

measure bending, tarsion and shear.
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4.3.2 Output conversion of strain gauge signals

In the present investigation it is desired to obtain the stress-time history recorded by the

strain gauges; however the output of the strain gauges is in voltage (V). The voltage output of

the strain gauges can be converted into stress (o) by the following equation[58]:

o=Es, Eq. 4.1
where the strain g, is:
& = 4Vout
" ABFV, Eq. 4.2
Substituting Eq. 5.2 into Eq. 5.1 renders:
AEV,, Eq. 4.3
o=—"
ABFV,,

This yields the theoretical K factor by which the output voltage needs to be multiplied in

order to obtain the experimental stress output:

K=
ABFV, Eq. 4.4

The theoretical K factor is calculated to be 12.759.

Variable | Property Value
E Young’s modulus of material on which strain gauge is placed 68.9 GPa
A Amplification 1000
F Strain gauge factor for Aluminium 2.16
B Bridge factor 2
Vin Bridge excitation voltage 5
Vout Test results output voltage From test

Table 4.1 — Variables necessary to convert strain gauge voltage to stress
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4.4 THE BALLISTIC PENDULUM

4.4.1 The test rig

Blast testing on the foot model is performed using a horizontal ballistic pendulum. The test
rig built to accommodate the surrogate lower leqg during the blast testing is based on an
existing template of a herizontal ballistic pendulum. The rig assembly consists of a 25mm mild
steel detonation plate. a 20mm mild steel backing plate and two 20mm machined mild stes|
plates used to position the lower leq model. The four rig plates are held squarely in place by
four angle bars and four flat bars The two positioning plates are constructed out of four parts
that are machined to form five holes, cne hole is machined off-centre to align the tibia shaft,
four holes to align the four silver steel Hopkinson bars and all five holes are fitted with a Teflon
bush to reduce friction. The Hopkinson bars are bolted to the detonation plate and the ends of
the bars are not to touch the backing plate prior to the detonation of the explosives, A 3mm
rubber mat is glued to the backing plate to act as a buffer if the Hopkinson bars impact the
backing plate during the blast event, The base of the foot s placed flush with the detonation
plate before detonating the explosives to ensure masximum transmission of the impulse
generated by the blast event. The position of the foot is such that the gentre of the detonation
plate is aligned with the midpeint between the pressure peints (the melatarsals and the

calcaneous) of the foot. The rig design and positioning of the foot is shown in Figure 4.7.

88 suspending /2/

Eiim from roof  f: g balancing
[ WEIghIE

recarding
pen 1

Figure 4.7 — Photograph of the horlzontal ballistic pendulum and foot mede| setup
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4.4.2 The test apparatus setup

The horizontal ballistic pendulum is suspended by four cables from the ceiling of the blast
laboratory. Each of the cables has an adjustable screw which is used to level the pendulum
vertically and horizontally. Balancing of the pendulum is also aided with the addition of weights

at the rear end of the pendulum, A well-balanced pendulum is important in order for:

= the four cables to carry approximately an equal amaunt of weight;
= the impulse fram the blast event to act through the centroid of the pendulum;
= the pendulum to swing along its axis without any rotation.
The horizantal displacement of the pendulum is recorded on & piece of tracing paper by a
marker pen that 15 attached to the bottom of the rear end of the pendulum. The impulse
transmitted through the system during each blast test can then be calculated by using the

relevant measured displacement,

4.4.3 Horizontal ballistic pendulum theory and equations

Figure 4.8 shows an illustration of the ballistic pendulum and the geometric relationships

associated with the theory.

5 ST L \ 5

i L G i S S T o \\\
da [+ M d;z
Wl =4

X2 Xy

Figure 4.8 — Diagrammatic representation of the horizantal ballistic pendulum
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The amplitude recorded by the pen on the tracing paper underneath the ballistic pendulum
is directly proportional to the impulse applied to the lower leg positioned in the pendulum. This
relationship is shown by applying the linearised equation of motion of the pendulum. While
assuming viscous damping of the system, the linearised equation of motion of the ballistic

pendulum is given by:

X+2Bx+@ix=0 Eq. 4.5
where:
=C Eq. 4.6
B=%m
@, = 2% Eq. 4.7
where:
A= damping constant
C=  damping coefficient

M= total mass of the entire pendulum (the rig, test specimen, balancing weights and the

explosive charge)
T = natural period of the pendulum motion
The solution to the linearised equation of motion (Eq. 4.5) is given by:

@,
where:

XO = initial velocity of the pendulum, and:

w, =\o, -’ Eq. 4.9
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If x, is the horizontal displacement at t=% and x, is the horizontal displacement at

t= 3%, substitution into Eq. 4.8 yields the following relationships:

) AT
xoTe *
X = Tor Eq. 4.10
4 3T
v, =0T Eq. 4.11
2r
Dividing x, by x,:
BT
X2
=e Eq. 4.12
Xy
yields the damping constant:
=2 Eq. 4.13
T \x,

Substitution and simplification of Eq. 4.10 — Eq. 4.13 renders the following relationship for
the initial velocity of the ballistic pendulum:

J.CO =—xe 4 Eq 414

The average time it takes for the ballistic pendulum to complete a number of oscillations is

used to obtain the natural period T of the pendulum.

x, (forward displacement) and x, (backward displacement) of the ballistic pendulum motion

are determined by using the amplitude of the pen recordings marked on the tracing paper.
However it is noted that the pendulum moves in a circular arc, and therefore the displacement
recorded by the marker pen on the tracing paper will not be the same as the actual horizontal
displacement of the pendulum. It is important to take this discrepancy in account in order to

determine the true displacements x, and x,. The true displacement of the horizontal ballistic

pendulum is determined by the following approach.
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From Figure 4.8, the horizontal displacement from the end of the stationary pendulum to the

tip of the marker pen is written as:

d =+vz'-a’ Eq. 4.15

and at maximum amplitude of the oscillation the horizontal distance from the end of the

pendulum to the tip of the pen decreased, and is written as:

i =@y Eq. 4.16

Since the angle # remains very small during the experiment, it can be assumed that:

R 2
x, =R8E; y = ;9

which yields the vertical displacement:
2
y= i Eq. 4.17
2R

Inspection of the diagram presented in Figure 4.8 shows that the displacements x, and x,

can be written as:

%, = AR+d, ~d, Eq. 4.18

¥ps AL-d +d, Eq. 4.19

Substituting for d, and d, in Eq. 4.18 and Eq. 4.19 gives the true forward and backward

displacements of the ballistic pendulum:

xl=AR+‘\’22—az—\/Zz— a+x_l Eq420

i 2 7 Eq. 4.21
x,=AL- 22—a2+\/22— a+x—l a

The displacements x; and x; calculated in Eq. 4.20 and Eq. 4.21 is used to determine the
value of S, which enables the initial velocity of the pendulum to be calcualted from Eq. 4.14.

The impulse imparted onto the lower leg is calculated by:

A Eq. 4.22
I =M x,
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4.5 ExPLOSIVES

4.5.1 Setup of the explosives

The type of explosive used to provide the blast loading on the lower leg model is plastic
explosives, FE4. The PE4 is shaped into a 20mm diameter disc and is placed onto a circular
polystyrene piece which is 110mm in diameter and 12mm thick. The polystyrene piece
including the explosives is in turn positioned on the detenation plate, as shown in Figure 4.9,
Creating a stand-off distance between the explosives and the detonation plate helps to

prevent pitting of the mild steel detonation plate.

The total mass of the explosives consists of the charge mass that ultimately produces the
mpulse plus the one gram explosives which is used to attach the detonator to the main
charge. The series of total charge masses used in the present investigation is 6g, Tg and 8g
FPE4. The charge mass is limited so as not to exceed the yield stress of the aluminium tube

{representing the tibia of the lower leg medel) during the blast leading.

Detonation plate fixed to
ballistic pendulum

Model of
human foot

o

Polystyrene

Mait charoe of PE4
.-—

—- 1gram PE4 leacer

i

Detonatar

Figure 4.8 — lllustration of the satup of the explosives to perform blast test
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4.5.2 Burn and impulse duration

Burn duration of the explosive is dependent on the burn speed (velocity of detonation) of the
particular explosive and the charge radius, as illustrated in Fig. 4.10. The impulse duration is
taken to be effectively equal to the duration over which the resulting impulse is transmitted to

the blast test specimen.

The burn duration 7, of the plastic explosive is approximated by:

T burn = DChaIge
2xV, Eq. 4.23

burn

The explosive charge diameter D, is chosen to be 20mm for all the blast tests. PE4 has
a detonation velocity ¥, . of approximately 8200m/s and a density of 1.6g/cm® [13;15]. The

burn duration is therefore calculated to be in the range of 1.2ps.

1g leader
charge

PE4 charge diameter

8200m/s
burn speed

Figure 4.10 - lllustration of explosive detonation velocity

4.5.3 Bilast loading scenarios

In performing the series of blast tests, the variation in the load experienced by the lower leg
model is investigated when placing the explosives at different impact positions. The explosive
charges are positioned in the centre of the detonation plate during one portion of the tests and
the remainder of the blast tests is performed with the explosives placed in line with the heel of

the foot model.
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The effect on the load experienced by the lower leg modef by introducing a rubber sole as
blast attenuater is alse investigated. For the second part of the series of blast tests the two
loading conditions (explosives in the centre and in line with the heel are repeated, the only

difference being the inclusion of an elermentary representation of a rubber sale.

Figure 4,11 illustrates the four different blast loading conditions and the amount of explosive

charges used with each setup.

«S+1gPE4A

« 6+1g PE4

= T+1g PE4 = 5+1g PE4

fa} Loading condifion § fb] Loading condition 2

= 5+1g PE4
*6+1g PE4 = 5+1q PE4

w 7+1g PE4 = T+1q PE4

{c) Loading condition 3 {ef) Loading condition 4

Figure 4.11 — |llustration of the four blast loading conditions
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4.5.4 Relationship between the impulse, force and pressure induced by the

detonation

The manner in which the load is applied to the detonation plate can be viewed in two
different ways:

= The first method is to apply a uniform load over the surface area in contact with the
detonating explosives. The pressure applied to the detonation plate is in this case
represented by a square stress pulse.

» The second method is to apply a non-uniform load which decreases in magnitude at a
certain rate outwards from the centre of the detonated explosives. The pressure
applied to the detonation plate is defined as a peak pressure corresponding to the
position of the explosives, with the pressure decaying radially outwards towards the
edges of the detonation plate.

The results using either of the two load applications should however be reasonably the
same, as long as the impulse and the duration (4f) over which the load is applied is the same
for both applications. The load duration At is assumed to be equal to the burn duration Tj,,,.
The impulse generated by the detonation of the explosives is determined by applying the
theory explained in Section 5.4.3. The force induced by the impulse is related by:

13
I = I Forcedt
0

Eq.4.24
. =1
. Force = /A p
Given that:
Pressure = Force
Area Eq. 4.25
the uniform pressure applied would be calculated by:

I Eq. 4.26

Pressure = ———
At x Area
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4.6 RESULTS FROM THE EXPERIMENTAL BLAST TESTS

4.6.1 Test schedule

Table 4.2 shows the lest schedule of the blast test performed on the lower leg model in which the horizontal ballistic pendulum is
employed The characleristics of the pendulum setup and the data measured from the pendulum marker pen after each test is also

provided. The calculated true displacement, damping constant and initial velocity of the pendulum IS given. as well as the resulting impulse.
The full set of blast test information is provided in Appendix B.

122

Table 4.2 - Table of the blast test schedule, ballistic pendulum measurements and calculated results
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RUBBER SOLE OMITTED RUBBER SOLE INCLUDED

| Charge mass (g) 5+1g Betg | 7419 S+1g 5¢1g 6e1g T+1g 5+1g T41g
Nuimber of f9sts pertarmed 2 1 1 2 4% 2 1 1 1
_Name of fest 090107 | DU 1101G7b 110197c | DU 1101070 | DU 150107c | DU_150107n | DU 1501071 | DU _160107a | DU _150107e
Lharge hameler == : - S - . S W - - 02
_Charge area (i 0000314158 | 0000314156 | 0000314159 | 0000314156 | 0000314156 | 0000314156 | 0000314150 | 0000314159 | 0.000314158
Perod [s) 36 36 3.6 & 36 38 38 3.6 3.6

z i) 0.19 019 019 0.19 019 0.19 0.19 015 019

a () 0.08 0.06 0.06 0.06 0.06 0.06 0.08 0.06 0086

R 2.93 293 293 2.83 2.93 2,63 2.63 _2.93 2a3
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4.6.2 Stress-time results obtained during the experimental blast tests

For the purpose of studying the general behaviour of the stress propagating through the
lower section of the tibia, only the results for the blast tests performed using 5+1g PE4 is
discussed in this section of the report. Comparison of the three different analyses (analytical,
experimental and numerical) is also based on comparing the results obtained using 5+1g
explosives. All of the stress-time results recorded while performing the series of experimental
blast tests are however provided in Appendix B.

4.6.2.1 Blast loading performed excluding the rubber sole

The stress-time results obtained from the data recorded by the strain gauges are shown in
Figure 4.12 and Figure 4.13. The initial portion of the graphs is mostly taken up by signal
noise due to the interference caused by the electrical signal being sent through the detonator.
As the stress wave is also only expected to propagate through the strain gauges from roughly

40ps at the earliest, it is decided to present only the section of the graph that is of significance

to the investigation.

Two of the tests performed while detonating 5+1g explosives in the centre of the foot model
are presented in Figure 4.12. The maximum stress recorded for the two tests is 16.8MPa and
20.3MPa respectively. A 9.6% standard deviation exists between these two tests, indicating
acceptably good repeatability of the series of experimental blast tests. A curious event is
noticed in the second test (DU_110107a), namely the unexpected peak occurring at
approximately 120us. Even though it is possible that this sudden peak in the stress may
purely be due to signal noise, earlier research has pointed out that applying an impact load in
the centre of the foot model would cause a second peak in the stress results[8). The numerical

analysis will however be scrutinised for an explanation.

Figure 4.13 shows the stress-time results obtained during two blast tests which were
performed by detonating 5+1g explosives axially in line with the calcaneous of the foot model.
A maximum stress of 27.7MPa and 32.7MPa is recorded for the respective two blast tests.
Once again an acceptable standard deviation of 8.2% exists between the two maximum stress

results.
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The shape of the stress-time graphs obtained for blast loading performed exchuding the
rubber sole is as predicted in the analytical solution {(Section 4), i.e. elongated with the peak
stress fading off gently. The time domain predicted in the analytical solution for blast loading
at the heel is also similar, However, the time domain for blast loading in the centre of the foot
is notably extended. The finer details of these stress results are discussed later in this section

of the report.

an

5+1g centre of foot, no rubber i W IR |
— EapBlzst Strezs - DU 100075

16.78 MPa

20.34 MPa

Stress [MPa)

Naise fram triggering
of fetonator

Time (us)

Figure 4.12 — Graph of blast test results for 5+1g PEd placed in the centre of the foot model,

axcluding the rubber sole
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= 5+1g at hee| of foot, no rubber rrcpRiatirmazs QLR
— Exp Elast Stress - OLL110107=

3269 MPa 773 MFs (r— Noize

a5
40

Strass |MPa]

Time {us)

Figure 413 - Graph of blast test results for 5+1g PE4 placed in line with the heel of the foot

madel|, excluding the rubber scle

4.68.2.2 Blast loading performed including the rubber sole

Figure 4.14 shows the stress-time results obtained when 5+1g explosives are detonated in
the centre of the foot with the rubber sole included in the test setup. Two distingt peaks in the
stress signal are observed. The first peak stress of 4 ZMPa occurs in the time span estimated
in the analytical solution (Chapter 4) which the compressive stress wave s expected to take to
propagate through the foot and tibia. The second peak stress of 54MPa occurs after
approximately twice the time span as the first, implying that a second compressive stress
wave propagating through the foot model caused an exaggeration in the maximum stress.
Maximum stress values of 4 8MPa and 5 2MFPa are recorded for the first peaks and 8 6MPa
and 12 3MPa are recorded for the second peaks ocourring during the other two centre blast
tests. The magnitude of the initial peak stresses differs by roughly 3.9%, whereas the

maximum stress values of the second peaks differs by a standard deviation of 17.7%.

The stress-time graph for the blast test performed with 5+1g explosives being detonated in
line with the hesl with the rubber sole included in the setup is given in Figure 415 The

maximum stress found for this blast test setup is §.6MPa.
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The shape of the stress-time graphs obtained for the blast tests where the rubber sole is
included is as predicted by the analytical solution, ie, the graph is characterised by a peak

stress of short duration.

Boas m— e 52 ==
S+1g centre of foot, wilh rubber sole

5. MPg

4.78 MPa

Htre st (MPa)

I — Fup Rlask Sress - DL_RMNTC.

i
Time [jis)

Figure 4.14 - Graph of blast test results for 5+1g PE4 placed in the centre of the foot model,

including the rubber sole

R, W il T =

F+1g at heel of foot, with rubber

653 WPa

Htress [MPa)

++ Evp Bt Stz - O 12000 7d

Tima (us)

Figure 4.15 - Graph of blast test results for 5+1g PE4 placed at the heel of the foot model,

including the rubher sole
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4.6.3 Investigating the effect of blast loading position

The positioning of the blast load is naturally expected to affect mainly two aspects of the

stress-time results:

= The magnitude of the maximum stress transmitted through the strain gauges placed on
the tibia is affected, because the impact load applied in line with the calcaneous of the
foot model is expected to induce a higher stress in the tibia than when the load is
applied in the centre of the foot model.

= The time at which the stress starts to rise sharply while approaching the maximum
stress value is also affected. This is due to the stress wave needing less time to
propagate directly through the calcaneous and the ankle complex to reach the strain
gauges on the tibia. When the impact load is applied in the centre, the stress wave
needs to travel further via the detonation plate, calcaneous and metatarsals before

reaching the strain gauges.

4.6.3.1 Impact load applied excluding the rubber sole

The stress-time comparison between applying the blast load in the centre with respect to
applying the blast load in line with the calcaneous of the foot model is shown in Figure 4.16. A
maximum stress of 16.8MPa is induced during the centre blast load and 27.7MPa during the
heel blast. Comparing these maximum stress values yields a 65% increase in stress if the
impact load position is moved from the centre of the foot to the heel of the foot. A 61%
increase in stress is observed when the test resuits from test DU_110107a (centre blast,
20.34MPa) and test DU_110107e (heel blast, 32.69MPa) is compared. The time delay for the
onset of reaching the peak stress for an impact in the centre is approximately 80us with

respect to impact applied in line with the calcaneous.

4.6.3.2 Impact load applied including the rubber sole

Figure 4.17 shows the comparison between the stress-time results obtained for centre and
heel blast loading conditions where the rubber sole is included in the test setup. Blast loading
in the centre of the foot model results in a maximum stress of 5.4MPa recorded by the strain
gauges, whereas blast loading at the heel of the foot induced a maximum stress of 6.6MPa in
the tibia. Comparing these results shows that blast loading at the heel results in a 22%
increase in maximum stress experienced by the lower region of the tibia than for blast loading
applied in the centre of the foot model. An approximate 275us delay in onset of reaching the

peak stress is observed for centre impact with respect to heel impact.
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Figure 4.16 — Graph comparing the effects of blast loading in the centre of the foot vs, at the

heel of the foot, excluding rubber sole
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. Comparing the effect of biast position - with rubber soie
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g4 ——uertre o ool (3+1g- O 1521 00
—Feel of fagr (S+1g] - 2 - 5227

Time {us]

Figure 4.17 - Graph comparing the effects of hlast lvading in the centre of the foot vs, at the heel
of the foot, including rubber sole
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4.6.4 Investigating the attenuation effect of including the rubber sole

The degree of attenuation supplied by including the rubber sole layer in the test setup is
evaluated in terms of the amount of stress transmitted to the strain gauges. A delay in the
transmission of stress as a result of the dissipative nature of rubber material (energy
dissipated by the rubber material) is also expected to be observed in the stress-time results.

4.6.4.1 Blast loading in the centre of the foot model

A collection of results obtained from the various blast tests performed with the explosives
placed in the centre of the test setup is presented in Figure 4.18. Including the rubber layer in
the blast tests performed using 5+1g explosives decreased the maximum stress experienced
by the tibia by 68%. For the blast tests performed using 6+1g and 7+1g explosives, an
attenuation of 76% and 55% respectively is observed in the stress recorded by the strain

gauges. Introducing the layer of rubber is noticed to cause a time delay of 90us in the onset of

reaching the initial maximum stress and approximately 340us in reaching the second peak

stress.

4.6.4.2 Blast loading at the heel of the foot

Results from the blast tests performed with the explosives placed axially in line with the
calcaneous of the foot model is given in Figure 4.19. In order not to induce plasticity in the
Aluminium (Al6063-T6) tube used to represent the tibia, it was decided not to continue heel
blast testing using more than 5+1g PE4 when the rubber sole is excluded. However when the
rubber sole is included in the test setup, the rubber proved to provide enough attenuation to
increase the amount of explosives used to 7+1g. Unfortunately blast loading using 7+1g
explosives generated an unexpected maximum stress of 3.8MPa which is lower than the
maximum stress of 6.6MPa generated by the blast loading performed using 5+1g explosives.
As such, the opportunity to draw a comprehensive comparison between the results produced
by different impact loading conditions is lost. Nevertheless, the attenuation provided by the
rubber layer is observed to be approximately 76%. Including the rubber layer in the test setup

is noticed to create a time delay of 170pus in the onset of reaching the maximum stress.
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Figure 4.18 — Graph comparing resuits when excluding and including the rubber sole for blast loading in the centre of the foot
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Figure 4.19 - Graph comparing results when excluding and including the rubber sole for blast loading at the heel of the foot
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4.6.5 Comparison of results from all lnading conditions

In order to readily compare the effect produced by blast loading using & certain amount of
explosives positicned in the centre or at the heel of the foot surrogate and excluding or
including a rubber layer, Table 4.3 is constructed. The values given in Table 4 3 represent the
percentage by which the stress results from the yellow section differ with respect to the blue
section. Far example: the stress resulting from 5+1g (no rubber, centre blast) is 17% |less than
the stress resulting from 6+1g (no rubber, centre blast);, whereas the stress resulting from
7+1g (no rubber, centre blast) is 33% higher than the stress resulting fram 5+1g {no rubber,

centre blast).

The cells of Table 4.3 marked in green and red indicates the comparison in the blast impact
scenarios which reprasent the opposite corners of the scale. The green cell shows that the
stress resulting from a blast load in the centre of the foot when the rubber sole is included
results in B2% less stress experienced by the lower tibia than during a blast load applied at
the heel of the foot model when the rubber scle is not included in the test setup. The red cell
simply shows the opposite, i.e that a blast load at the heel of the foot excluding the rubber
layer results in a 466% higher stress than during a blast Inad applied in the centre of the foot

whert the rubber layer is included.

CENTRE BLAST HEEL BLAST

Ho_rubber With rubber rug.!a} i With riebber

nerse [ seig [ arig [ 7410 | 5010 [ oig [ 7etg | sera [ sena [ 7ot

Charge | Stross

Fhast (MPa) 16.8 203 22.3 5.4 4.9 10.0 2T.7 6.6 3.8

_ | s5+19 | 188 o 47 | 25 | +z09 | +243 | +67 | -39 | 153 | +343
L]
-0

| 2| er1e § 208 | +2f 0 9 | +274 | +315 | +103 | -27 | +207 | +437
| [a]
=

3 7otg | 228 | +33 | +8 | o | +308 | +3s4 | +122 | 20 | +208 | 467

]

5| 5 [ 5e1a | sa | e8| 72| 76| o [ .11 | a5 | 0 | 18 | 44
T} £
]

S ¥ |Fesig 4.9 i |26 | 8 | i o 51 |i 26 | -2
=

2 | 7e1g | 100 | 20 | 51 | 55 | +84 | +105] o 64 | +51 | +168
£

= S8 [ ssg | 2mr | +65 | +36 | +25 | +ar0 +176 | o | +318 | +632
2|z

1]

EEE 5+1g 5.6 61 | 67 | 70 | +22 | +35 | 34 | -7 o +75
I E £

2| 7+1g 3.8 ke -1 -3 -30 -23 62 -66 -43 0

Table 4.3 - Table documanting the percentage difference betwean the stress results
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Chapter 5 - Analytical Model of Stress Wave Propagation

5.1 INTRODUCTION

This section of the report describes the attempt to model analytically the stress-wave
propagation through the foot. The system is essentially represented as a series of “bars” in full
contact with each other, each bar of its own particular cross-sectional area.

The first part of the impact loading is performed using only the aluminium foot model.
Aluminium and mild steel are linear elastic solid materials, therefore the basic equations for
linear elasticity can be used to analyse the stress-wave propagation.

The second part of the impact loading introduces a rubber layer wedged between the
detonation plate and the base of the aluminium foot model. However, rubber is not a linear
elastic material, which implies that the constitutive equations for linear elasticity cannot be
used to derive the stress-wave propagation through the rubber “bars” in the analytical model.
A hyperelastic strain energy potential is incorporated to analyse the stress-wave propagation
through the rubber material.

It is important to remember that the results from this analysis serves to indicate the
estimated stress propagation through the foot model components (from the base of the
detonation plate up to the top of the tibia) and not the stress propagation through the strain
gauges. The graphs representing the stress propagation is however still plotted with respect to
time and not distance, as it takes a specific time for the stress to travel through each
component. The point at which the stress passes through the strain gauges is indicated on
each graph so that the peak stress values obtained from the experimental blast tests and the
numerical simulations can eventually be compared and validated (see Chapter 7).
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5.2 ONE-DIMENSIONAL STRESS WAVE PROPAGATION

5.2.1 Linear elastic solid material

The theory of one-dimensional stress wave propagation in uniform bars is used to obtain the
analytical solution to the impact loading problem under investigation. The analysis is based on
the set of constitutive equations for a linear elastic solid material in which a relationship
between stress and strain is constructed[59]. Considering a Cartesian coordinate system, for

i, j =123, the constitutive equations of linear elasticity are{59):

6Tﬁ 5
—+ .= .
ox, PO = Py Eq. 5.1
E 1%
T.=—"YE + E, 5.
if 1+V|: ij (1_2‘/) kk y:| Eq52
1
E, = E—[(1 +V)T, ~VT,,6, ] Eq.5.3
Y
T; = Cauchy stress component in the j direction, acting on the plane with an outward
normal in the i direction
E; = strain component in the i direction, acting on the plane with an outward normal in the
J direction
T =Tn+Tn+Ts
Eg =En+En+Es;
Xj = position in the j direction
b; = body force acting in the i direction
a; = particle acceleration in the i direction
p = density of the material
Ey = Modulus of elasticity (Young’'s Modulus) of the material
14 = Poisson’s ratio of the material
1 i=
Oy = Kronecker delta, which is defined by &, ={ f i J
0 if i=#j
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Figure 5.1 — lllustration of ene-dimensional impact loading of a uniform bar [56]

In arder to analyse the one-dimensicnal stress wave propagation, a long slender bar of
specific density, p, and Elastic Modulus, Ey, is considered, of which the impact loading is
illustrated in Figure 5.1, When a stress is rapidly applizd to the one end of the bar, a
compressive stress wave is set up which propagates along the length of the bar. I the
presence of body forces is neglected, Cauchy's equation of motion given in Eq. 5.1

becomes[S9]

&, el Eq 5.4
From Eq. 5.2 and Eq. 5.3, considering a one-dimansional case:

T AE Ou
T, =E,.E, >, a};t =R Exlll =l E.‘x.ll Eq. 5.5

Equating Eq. 5.4 and Eq. 5.5 yields the wave equation, where ¢ is the wave speed. The
wave speed is a8 material property which represents the velocity at which a stress wave travels
along the bar[53]:

_i — e Eq. 5.8

Feferring to the impact loading illustrated in Figure 5.1, at a specific time 7. the momentum

is equal to the impulse transferred via the impact[56];

LT * v_ru.rll'r'.l'c' = Fu,l?_pn'.l'rd xt

(p.!‘mr Aha-r r:'r}vparﬂp{e = {Ja.np.frcd Ahw ]'E
As such, the stress due to the impact is:

T = P OV i, Eqg.: 57
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Knowing that the density and the wave speed are material constants, it is implied that the
stress exparienced by the bar is directly proporional to the change in paricle velocity in the
bar[56]. The wave speed and particle velocity are in the same direction (and therefore have
the same sign) for a compressive stress wave, while the opposite is true for a tensile stress

Wave,

In the case of the impact of two uniform bars of the same material but with different cross-

sectional areas. the following assumptions are made[56]:

= Full contact is made over the entire contact area of the smaller bar.
= The two bars remain in total contact during the duration of the impact, implying that the
overall paricle velocity at the two contact surfaces is the vector sum of the particle

velacities at the input and output interfaces[56]

v v, + ¥

wral T Cin b

¥ W Eq. 58

in i

==try
cpyoep

The forces at the interface are in equilibrium, therefore:

a4, =a,4 Eq. 59

A i
Rearrangement of Eq. 58 and Eq. 5.9 enables the strasses in 2ach bar to be written in
terms of the particle velocity at the interface and the ratio of the cross-gectional areas of the
two bars[55].

Aa.ua
s mlﬂcummf
A Eq. 5.10
Wt = v,
5 Amur i Ar’n ;- i
Input bar Output bar
Amr.r
= "‘{r.u r‘.'n -+ — “—h 'r".mrJ' pm”
Dupptied ____ L P o Sl o
- r“' b

Flgure 5.2 — lllustration of one-dimensional impact of two uniform bars
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5.2.2 Hyperelastic incompressible solid material

It is a well-known fact that the mechanical behaviour of rubber is rate dependent[52;60].
Hyperelasticity is commonly used to model the mechanical behaviour of rubber-like materials,
as rubber is an ideally elastic material which possesses isotropic and nonlinear material
properties[60]. Hyperelastic behaviour is described by a strain energy potential, which relates
the strain energy stored at a certain point in the material to the strain experienced at that point
in the material. Various mathematical strain energy models exist which can be used to model
the hyperelasticity, of which the polynomial model (and other derived models such as the Neo-
Hookean, Mooney-Rivlin and Yeoh models) is the most popular strain energy function
generally utilised[60]. The polynomial strain model for the strain energy function is[60]:

N _ S . N 1 .
= AL =31, -3 —(J,-D*
U H;l(jy(ll )‘(2 )’1+;Dl( el )‘ Eq 511

=V

—
Deviatoric part Volumetric part

It has been found that using a polynomial strain energy function with three terms in the
resulting polynomial series is sufficient to create an adequate stress-strain fit of the available
test data[52]. It is also reasonable to assume that rubber-like materials are incompressible,
which means the volumetric part of the strain energy function may be ignored[52;60]. This
resuits in the polynomial strain energy function to be written as[52]:

U=C,(I,-3)+C,(T,-3)+C, (T -3)I,-3) Eq. 5.12

where Cyo, Cp; and C;; are material parameters determined by using available one-

dimensional test data.

During uniaxial loading of a specimen, A indicates the stretch in the loading direction. The
stretches in the principle directions and the resulting first and second deviatoric strain
invariants are[52;61]:

The engineering strain & in the direction of the uniaxially applied load is related to the stretch

A by the equation 4 =1 + &, [62;61].
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In order to determine the nominal stress-strain relationship of the hyperelastic material, the
principle of virtual work is applied. The change in potential energy is related to the change in
stretch, which yields the stress o, that is acting on the particle in the uniaxial loading
direction[61]:

_u

oA
_oual, av dl,

61-, oA oI, dA
_21-42) 284 %Y

ol, al,
o, =20-12)coa+Cy +C (T, -3+ AT, -3))

T

Eq.5.13

The experimental stress-strain data obtained from the SHPB testing of the rubber
specimens for dynamic compression at a strain rate of 2500s™ (as provided in Section 3.3.2 of
this thesis) is used to ascertain the material parameters Cio, Co1 and Ci;. A simple linear
least-squares fit is employed to match the empirical data to the existing experimental data.
The values for the three material parameters are calculated to be:

C,, =71.6 MPa
C,, =—61.8 MPa
C, =-85.2 MPa

The nominal stress-strain relationship of the rubber used in this investigation experiencing
dynamic compression at a strain rate of 2500s™ is therefore given by:

oy, =2(1- 12)[(71.637x10%)2 - (61.876 x10°) - 85.238 x10°(T, -3+ A(T, - 3))]

Eq. 5.14

Following the strain energy potential theory, if the amount of strain induced upon the
hyperelastic material at a specific strain rate is known, the stress transmitted by the
hyperelastic material can readily be determined.
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5.3 ANALYTICAL MODEL OF THE BLAST LOADING OF THE FOOT MODEL, EXCLUDING THE

RUBBER SOLE

The blast loading test setup of the ballistic penduium and foot model is analytically

represented by a series of uniform “bars” of varying cross-sectional area. The one-

dimensional stress wave propagation theory relating to linear elastic materials is employed to

obtain the stress-time curve which indicates the approximated maximum stress experienced

by the various interfaces as the stress pulse travels through the foot. The estimated stress-

time plot for each loading condition (in the centre of the foot and at the heel) is determined for

blast loading using 5+1g explosives.

As this is a simple first order approximation, a few important aspects and assumptions that

are made need to be pointed out:

Full contact is assumed to exist over the total contact surface of the bar with the
smaller cross-sectional area.

A state of force equilibrium is assumed at each contact interface; as such Eq. 5.9
applies.

The stress pulse applied to the system is taken to be a square planar stress wave that
propagates without change in amplitude from the front end to the rear end of each bar.
The stress pulse applied to the front surface of each bar is assumed to travel at a
constant wave speed specific to the material of each particular bar.

Even though the density of the detonation plate (mild steel, p=7800 kg/m®) differs to

that of the aluminium used to construct the foot model (AI6000 range, p=2710 kg/m?),
Eq. 5.9 indicates that only the stress experienced by one of the contact surfaces and
the ratio of the areas of the two bars need to be known in order to determine the stress
experienced by the second contact surface. The magnitude of the planar stress pulse
applied to the front surface of the detonation plate is known, and the rear surface of the
detonation plate is assumed to be subjected to the same magnitude of stress. The
stress experienced by the surface in contact with the rear surface of the detonation
plate can therefore be easily calculated using Eq. 5.9. The same principle is applied to
each of the interfaces in order to determine the stress experienced by the contact
surfaces.

The impact loading problem is solved by means of a purely one-dimensional model.
The stress distribution over the impact surface is therefore not taken into account, and
the stress applied to the front surface of each bar is modelled as a uniformly distributed
load acting over the total cross-sectional area of each bar.
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The wave speed of the aluminium used to construct the foot and ankle model was
determined in Section 3.2 to be 5137 m/s. Knowing that mild steel has a Young's Modulus of
207 GPa and a density of 7800 kg/m®, the wave speed for mild steel is calculated using Eq.
5.6 to be 5152 m/s. The shock wave caused by the detonation of the explosives is assumed to
travel via two paths, pass through the strain gauges and then at the end of the aluminium tube
reflect back through the strain gauges. With the distances between each interface and the
wave speed of the material of the particular “bar” being known, the time it will take for the
stress wave to travel from interface to interface can be estimated by:

5.3.1 Blast loading in the centre of the foot

Figure 5.3 illustrates the two paths along which the stress wave caused by the blast loading
is assumed to travel, as well as the various interfaces the stress wave encounters. The
approximate distance from the detonating explosives to the strain gauges is 279mm via Path
1 and 441mm via Path 2. It will therefore take the stress wave an estimated 54us via Path 1
and a longer 86us via Path 2 to reach the strain gauges after the detonation of the explosives.
It will be a further approximately 165us before the reflection of the shock wave passes through

the strain gauges again.

As explained earlier, the components of the system is considered to be uniform bars with
the contact surfaces in full contact. Table 5.1 documents the characteristics pertaining each
of the “bar” components:

= the given area is the area of the surface in contact with the neighbouring components;

= the distance provided is the length of the component (i.e. the distance the stress wave
travels from the first to the second surface of the component);

= the time provided is the total time the stress wave has taken to propagate to the
second surface of the particular component;

= ultimately the stress experienced by the contact surfaces of the particular component is
produced.

Although the pressure caused by the detonation of the explosives is actually decaying
radially outwards at a certain rate from the centre of the detonation (explained in Section
2.2.4), it is deemed sufficient for this first order analysis to represent the applied pressure as a
uniformly distributed stress acting over the total area of the detonation plate. In performing the
blast tests, the impulse induced by the detonation of 5+1g PE4 is calculated to be in the order
of 7.7Ns. According to the equations discussed in Section 4.5.4, the force applied to the
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system is therefore approximately 6.3MN, which in turn yields the magnitude of the uniform

siress applied to the detonation plate to be 157 EMPa.

The magnitude of the stress acting on the surfaces of each interface as the slress wave
travels along the system is presented in a tabular fashion in Figure 5.4 and Figure 5.5. Figure
2.4 shows the dramatic difference in the amount of stress experienced by the calcanecus
surface {in contact with the detonation plate) with respect to the stress experienced by the
metatarsal surface {in contact with the detonation plate). In reality the calcaneous surface is a
point in contact with the surface of the detonation plate. In order to employ the theory of stress
propagation through uniform bars, the calcanecus surface is approximated to be 3 circular
surface of diameter 1.2mm. As such. the calcaneous contact surface is estimated to

experience a stress of 4185MFa and the metatarsal contact surface anly 2 7MPa.

A closer logk 15 taken in Figure 5.5 at the stress behaviour in the ankle complex and the
tibia. The stress flow through the contact interfaces of the ankle compenents is clearly shown
by a shart series of stress variations, with the strass peaking at 10.6MFa at the contact
surfaces of the ankle hinge pin. The stress wave reaches the ankle region approximately 30us
later via Path 2, as the detour via the metatarsals increases the distance travelled by the
stress wave. Finally, a maximum average stress of 36MPa is determined to transmit along the

tibia. The maximum average stress displays a stress "plateau” which lasts roughly 147 pus.

PATH 1 PATH 2
Name assigned Area Distance | Time Stress | Distance | Time Stress
iedchigar (m?) (m) me) | eay | m) sy | mPa)
404000 0706 2063 157.5 O 7106 2063 1575
Calcaneous 9.8x107 | 0.01 | 2258 | 4194.7 ~ ~ ~
Metatarsals 10015 - = ~ 0.01 2258 27
Fe -'Eﬁ'@??f 0.0t £.015 25.50 0.36 Q477 57.03 0.38
1 AL 0025 3036 4 00258 £1.90 4
O O0037T 0.006 31.53 106 0006 £3.07 0.6
0 048 o117 34.34 8.3 o017 66,35 8.3
30016 362 38.74 25 0.02 2y 2.5
Strain gauges .000111 A 24,31 36 £ 08 85,85 36
End of tibia 0.000111 42 136.07 38 242 167,61 36
Strain gauges 0060111 .42 27784 [ 42 242 37 36

Table 5.1 — Table of stress propagation through the foot model, rubber sole excluded (blast

loading in centre of foot)
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Reflection of
stress wave

Stran gauges

INTERFACE G - Tibia
- Tibia base

INTERFACE F - Tibia base
- Hinge pin \ - Hinge top
-~ p— -INTERFACE D - Hi i
INTERFACE C - Hinge bollom - ; H;g: I:Phrﬂum
- Foot bridge

INTERFACE E - Hinge top

INTERFACE B.2 - Foot bridge
- Metatarsals

INTERFACE B.1 - Foot bridge

- Calcaneous
INTERFACE A2 - Matatarsals

- Detonation plate

INTERFACE A1 - Calcansous -
- Detonation plate

Figure 5.3 — Diagram indicating Path 1 and Path 2 of stress wave propagation for blast loading in the centre of the foot, excluding rubber sale
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5.3.2 Blast loading at the heel of the foot

Figure 5.6 illustrates the two paths the stress wave is assumed to travel. The setup is
similar, only in this case the detonated explosive responsible for the impact load is positioned
at the heel of the foot model. As such, the distances of Path 1 and Path 2 differ to the
distances relating to the centre impact loading condition. Following the detonation of the
explosives, the stress wave travels an approximate distance of 198mm in 39us along Path 1
to reach the strain gauges, and roughly 522mm in 102us along Path 2 before reaching the
strain gauges. Once again the stress wave transmits along the tibia and reflects back to the
strain gauges in 165ps.

The results documented in Table 5.2 are similar to the results shown in Table 5.1. The
impulse transmitted during the heel blast loading conditions is of the same magnitude as what
is calculated for the centre blast loading conditions. As such, the uniform stress acting over
the surface of the detonation plate is also 158MPa. The position of impact is however moved
from the centre of the setup to be axially in line with the calcaneous of the foot model, which
alters the distance travelled by the stress wave through the detonation plate via Path 1 and
Path 2. Therefore the time related to the stress propagation through the series of interfaces
along Path 1 and Path 2 differs significantly, which is also clearly seen in Figure 5.7 and
Figure 5.8.

It is observed in Figure 5.7 that the maximum stress transmitted to the calcaneous and
metatarsal contact surfaces is the same as for the centre impact loading position. This is due
to the assumption that the stress wave is planar and does not change in amplitude as it
travels along the uniform bar. However, the stress wave reaches the metatarsal contact
surface roughly 30us later than the calcaneous contact surface.

Figure 5.8 also demonstrates the time lag in stress transmission via Path 2 relative to Path
1. The stress wave travelling along Path 2 reaches the ankle region 63pus later than the stress
wave travelling along Path 1. The stress flow through the ankle hinge components is again
clearly identifiable by the short series of stress variation, with a peak stress of 10.6MPa
experienced by the contact surfaces of the hinge pin.

The maximum average stress propagating along the tibia is found to be 36MPa, although
the duration of the “plateau” of the maximum average stress for the heel impact loading
condition is only 116us compared to the duration of 147us observed in the centre impact
loading condition.
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Strain gauges

INTERFACE G - Tibia
- Tibia base

INTERFACE F - Tibia base

INTERFACE E - Hinge top — — - Hinge top
- Hinge pin | ‘
‘ N V‘E . INTERFAGE D - Hinge pin
INTERFACE C - Hinge bottomn > - Hinge bottom
- Foot bridge

INTERFACE B.2 - Fool bridge
- Metatarsals

INTERFACE B 1 - Foot bridge

- Calcaneous
INTERFACE &.2 - Metatarsals

- Detonation plate

INTERFACE A1 - Calcaneous
- Detonation plate

Figure 5.6 - Diagram indicating Path 1 and Path 2 of stress wave propagation for blast loading at the heel of the foot, axcluding rubber sole
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PATH1 FATH 2
MName assigned Area Distance | Timea Stress | Distance | Time Stress
9 wae i) m | owe | mPay | m | s | (P
[ iR ©.0000 | 0025 4.86 158 0.187 | 3640 158
(Calcaneois g &x 107" .01 6.61 4185 ~ ~ ~
Metatarsals (0315 2 = % .07 3B.35 27
‘Foot bridge 0.011 0.015 8.73 0.36 0.177 72.80 0.36
: 0. 001 2.025 14, 60 4 0025 ¥F7.67 4
| O 37T £ 006 1576 10.6 0. 006 78,84 10.6
0.00048 0.017 18.07 83 0.017 §2.15 8.3
0016 oz 22.87 &5 a0z 56.04 25
‘Strain gauges a0t 1 .08 38.54 36 £.08 10162 36
End of tibia 0060111 .42 12030 36 0.42 185 .38 36
Strain gauges {1 G 11 42 202 .7 36 42 265 14 36

Table 5.2 - Table of stress propagation through the foot madel, rubber sole excluded (blast
Izading at heel of foot)
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Figure 5.7 - Graph showing analytical prediction for maximum stress experienced by

calcansous and metatarsal contact surfaces during blast loading at the hee! of the foot model,

excluding the rubber sole
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Figure 5.8 - Graph showing analytical prediction for stress propagation during blast loading at

the heel of the foot model, excluding the rubber sole
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5.4 ANALYTICAL MODEL OF THE BLAST LOADING OF THE FOOT MODEL, INCLUDING THE
RUBBER SOLE AS ATTENUATOR

In the second section of the blast testing a layer of rubber is wedged between the
detonation plate and the base of the aluminium foot to investigate the blast attenuation
attributes. The rubber attenuator is introduced in the analytical model as a “bar” component of
non-linear elastic material, characterised by a hyperelastic material model.

The one-dimensional stress wave propagation theory relating to linear elastic materials is
applied to the detonation plate, where the induced stress wave is assumed to propagate as a
planar stress pulse with a wave velocity of 5152 m/s through the mild steel detonation plate,
until it encounters the first surface of the rubber layer. After reaching the first rubber surface,
some of the stress is dissipated due to the release of energy as the stress wave travels
through the thickness of the rubber component. The strain energy potential theory relating to
the behaviour of hyperelastic materials is therefore employed to estimate the amount of stress
transmitted by the rubber layer due to the impact loading. Equation 5.14 yields the stress-
strain relationship particular to the rubber undergoing compression at a 2500s™ strain rate.
The wave speed of rubber is taken to be approximately 1500m/s [62]. Knowing the wave
velocity of the rubber, the time it takes for the stress wave to transmit through the thickness of
the rubber layer can be determined. In turn the strain (and therefore the stretch) induced upon
the rubber in that transmitting time can be calculated. The stretch value is used in Equation
5.14 to determine the stress transmitted by the layer of rubber. Stress wave propagation along
the remaining series of aluminium components is once again analysed according to the linear
elastic theory of stress wave propagation, with the wave velocity of the aluminium being
5137m/s.

An important aspect to take note of is the paths along which the stress wave is assumed to
travel. As for the analyses performed on the impact loading without the rubber layer, the
stress wave travels along two distinct paths (Path 1 via the calcaneous and Path 2 via the
metatarsals of the foot model). However, in the situation including the rubber layer, the stress
wave is assumed to split a second time along each path when the rubber sole is reached.
Path 1 separates in the heel of the rubber sole, travels along the mid-section of the sole, exits
through the toe section, transmits along the metatarsals and unites at the bottom surface of
the hinge component. Path 2 diverts in the toe section of the rubber sole, travels along the
mid-section of the sole, exits through the heel surface of the rubber sole, transmits trough the
calcaneous of the foot model and reconnects also at the bottom surface of the hinge. The

second separation of the stress path is clearly illustrated in Figure 5.11 and Figure 5.14.
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5.4.1 Blast loading in the centre of the foot

Figure 5.9 illustrates the two paths and their respective diversions along which the stress
wave is expected to travel. The sequence of contact interfaces encountered along these paths
is also indicated.

The stress wave induced by the impact loading is expected to travel approximately 66us
along the 297mm of Path 1.1 to reach the strain gauges, and roughly 208ps to transmit along
the 624mm of Path 1.2. The stress wave will travel the 450mm of Path 2.1 in roughly 92ps
before reaching the strain gauges, and more or less 170us to propagate along the 453mm of
Path 2.2. The duration of the stress propagation along Path 1.2 and Path 2.2 differs
substantially with respect to Path 1.1 and Path 2.1 due to the “detour” of Path 1.2 and Path
2.2 through the mid-section of the rubber sole. The wave speed of rubber is much lower than
the wave speed of mild steel or aluminium, increasing the duration of the stress wave
propagation. As for the previous loading scenarios, it will take a further 165us for the stress

wave to transmit along the tibia and reflect back to the strain gauges.

Table 5.3 details the propagation of the stress wave as it encounters the various interfaces
associated with Path 1.1, Path 1.2, Path 2.1 and Path 2.2. From Table 4.3 and Figure 5.10 it
is observed that an estimated 2MPa is transmitted through the rubber heel when the stress
wave follows Path 1.1, inducing a maximum stress of 3716MPa upon the contact surface of
the calcaneous. It is further noticed that an estimated 0.9MPa is transmitted through the toe
section of the rubber sole when the stress wave follows Path 2.1, causing the metatarsals to

experience a maximum stress of 2.3MPa.

Similar to the analytical results of the loading conditions excluding the rubber sole, the
distinctive short step-like stress propagation occurring through the interfaces of the ankle
hinge is clearly noticeable in Figure 5.11. The only difference is that when the rubber sole is
introduced in the analysis, a second pair of short step-like stress propagations is observed,
which occurs due to the delayed stress wave transmission along Path 1.2 and Path 2.2. The
maximum stress experienced by the pin is 9.4MPa and is caused by the stress wave travelling
along Path 1.1.

It is found that the tibia feels a maximum stress of 31.9MPa which is induced by the stress
wave propagating down Path 1.1. However, the maximum average stress transmitted along
the tibia is 21.3MPa and it peaks between 190us and 230ps.
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Figure 5.9 - Diagram indicating Path 1.1 & Path 1.2 and Path 2.1 & Path 2.2 of stress wave propagation for blast loading in the centre of the
foot, including rubber soie
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PATH 1.1 PATH 1.2 PATH 2.1 FPATH 2.2
Mame assigned to Area Dist, Time Stress | Dist Time Stress Dist. Time Stress Dist. Time Stress
each “bar” (m®) m | s (MPa) | (m) | (us) MPa) | (m) | (us) | (MPa} | (m) | (ns) | (MPa)
0.04000 | 0.106 | 2063 157.5 | 0106 | 2063 1575 | 0.106| 2063 1575 | o106 2063 | 1575
0.00182 | 0018 | 3263 ges i - - _ =
"2 oss| re2es | = 1oz 13663 2%
0.003635 | -~ = i = looos)| 2665 |2 >
-~ 0.46 0.94 ~
g8x10" | 0.01 | 3458 3716 - - - ~ ~ ~ 001 | 138s58| &70.2
0.0015 - - - 0.01 | 144.58 1.1 001 | 2858 23 - - -
oott |oois| 3750 0.32 |07z 17e03 ) o015 [o0177] 6303 0.31 0015 | 14150 | o008
0.007 0.025 42.36 2.5 04625 | 183.590 1.7 0025 67.90 3.4 0.025 | 146.36 0.483
0000377 | 0.006 | 43.53 9.4 O.G06 | 185407 44 a006 | 6907 9.0 0.006 | 14753 2.2
000048 | 0.017 ]| 4684 7.4 0.617 | 18838 3.5 0017 | 7238 7.1 0.017 | 150.54 1.7
0.0016 | 002 | 65074 22 00z | 19227 1.0 002 | 7627 2 002 | 15474 0.52
Strain gauges 0.000111 | o.08 | 66.31 31.9 008 | 2or85 | 149 0.08 | 9185 30.8 0.08 | 170.31 7.5
End of tibia 0000117 | 042 148 07 J1.4 042 | 289.67 14.9 042 17367 J0.8 0.42 | 252107 7.5
Strain gauges 0000111 | 042 | 22984 319 g42 | 371.57 14.9 042 | 25537 J0.6 042 | 33384 7.5

Table 5.3 - Table of stress propagation through the foot medel, rubber sole included (blast loading in centre of foot)
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Figure 5,11 - Graph showing analytical prediction for stress propagation during blast leading in

tha centre of the foot model, including the rubber sole
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5.4.2 Blast loading at the heel of the foot

The propagation paths and their relevant series of contact interfaces along which the stress

wave is expected to transmit is demonstrated in Figure 5.12.

The stress wave induced by the impact loading is expected to travel the 216mm of Path 1.1
in approximately 51us before reaching the strain gauges, and the 543mm of Path 1.2 in more
or less 192us. The stress wave is expected to travel approximately 108us along the 531mm of
Path 2.1 to reach the strain gauges, and about 186us to propagate along the 534mm of Path
2.2. As for the previous loading scenarios, it will take a further 165us for the stress wave to
transmit along the tibia and reflect back to the strain gauges.

The results of the stress wave propagation through the range of contact surfaces associated
with Path 1.1, Path 1.2, Path 2.1 and Path 2.2 are documented in Table 5.4. Table 5.4 and
Figure 5.13 shows that the stress wave induces the same magnitude of maximum stress in
the contact surface of the calcaneous (3716MPa) and the metatarsals (2.3MPa) after 1.9MPa
and 0.94MPa is respectively transmitted through the heel and toe section of the rubber sole
layer. However, because the impact loading position is at the heel, the stress wave travelling
along Path 2.1 takes approximately 26us longer before transmitting through the metatarsal
surface.

Considering the graph shown in Figure 5.14, it is noticed that the stress wave reaches the
ankle region 57ps later if travelling via Path 2.1 than Path 1.1. Interesting to note is that the
stress wave travelling along Path 1.2 and Path 2.2 reaches the ankle region at approximately
the same time (168us via Path 1.2 and 162ps via Path 2.2). This is unlike the results found for
the centre impact loading condition where the stress wave following Path 1.2 and Path 2.2
reaches the ankle region at 184ps and 146us respectively. Once again, the maximum stress
induced upon the ankle hinge pin is 9.4MPa.

A maximum stress of 31.9MPa generated in the tibia by the stress wave propagating along
Path 1.1, although the maximum average stress felt by the tibia is 21.3MPa which peaks
between 176us and 214ps.
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Reflection of
stress wave

Stratn gauges

INTERFACE G - Tibia base INTERFACE H - Tibia
- Hinge lop - Tibia base
INTERFACE F - Hinge top
INTERFACE E - Hinge pin - Hinge pin

- Hinge bottom ~_
INTERFACE D - Hinge bottom

INTERFACE C 1 - Foot hridge - Foot hndge
- Calcaneous
; INTERFACE C.2 - Foot bndge

INTERFACE B.1 - Calcaneous - Metalarsals
- Boot heel INTERFACE B.2 - Matatarsals
- Boot toes

INTERFACE A1 - Boot heel

- Detonation plate
P INTERFACE A 2 - Bool toes

- Detonation plate

Figure 5.12 - Diagram indicating Path 1.1 & Path 1.2 and Path 2.1 & Path 2.2 of stress wave propagation for blast loading at the heel of the foot,
including rubber sole
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PATH 1.1 PATH 12 PATH 2.1 PATH 2.2
Name assigned to Area Dist. Time Stress | Dist Time Stress Dist. Tirma Stress Dist. Tima Stress
e Tharm (m®) (m) {us) (MPa) {m} {us) {MPa) {m) (us) (MPa) (m) (us) {MPa)
004000 | 0025 4.86 1575 | 0025 486 157.5 | 0187 | 3640 157.5 | 0187 | 3840 157.5
000182 | aora| ress | 708 el 2 : i 5
19 lotas| 12886 - 9 0174 | 15240 | %%
0009635 | - - N = looos| 4240 | %4° s
~ 0.45 0.94 ~
9.5xt0" | oo1 | 1881 3716 ~ ~ - - - - 001 | 15435 | 8702
0.0015 - - - 001 | 12881 1.1 0.01 | 44.35 23 - ~ B
0.011 | a015| 21.73 032 |o0177| 16327 0.15 | 0177 | 7881 0.31 0015 15727 | o008
0001 |o0025| 26.60 3.5 0.025 | 165.13 1.7 0025| 8367 34 0.025 | 16213 .83
0000377 | 0.006 | 2776 9.4 0.006 | 169.30 44 0.006 | 8484 9.0 0.006 | 16330 22
0.00045 | @017 | 31.07 7.4 ootz | 17261 35 0017 | 8815 7.1 0.017 | 166.61 T
Rl | 20016 [ 002 | 3487 2.2 002 | 17650 1.0 002 | 9204 2.1 002 | 17050 | m52
Strain gauges 0.000711 | 0.08 | 5054 31.9 0as | 15208 14.9 0.08 | 10762 30.8 008 | 186.08 7.5
End of tibia 0000111 | 042 | 13230 319 0.42 | 273.84 14.9 042 | 189.38 30.8 042 | 267 84 7.5
Strain gauges 0000111 | 0.42 | 214.07 319 042 | 355860 14.9 042 | 27114 30.8 0.42 | 343.61 7.5

Table 5.4 - Table of stress propagation through the foot model, rubber sole included (blast lpading at heel of foot)
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Figure 5.13 - Graph showing analytical prediction for maximum stress experienced by
calcaneous and metatarsal contact surfaces during blast loading at the heel of the foot modal,

including the rubber sole
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Figure 5.14 - Graph showing analytical prediction for stress propagation during blast lnading at

the heel of the foot model, including the rubber sole
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55 DiscUSSION OF ANALYTICAL RESULTS

5.5.1 Maximum stress

The maximum stress acting on the surfaces of each component is calculated to be of the
same magnitude when the centre and heel impact lcading conditions are analysed, although
the time at which the maximum stress is initially experienced by the compeonent differs
accarding to the choice of loading condition. The magnitude of the maximum stress is
therefore only influenced by the presence of the rubber sole layer. The results provided in
Table 5.5 indicates that including the rubber sole layer is expected o reduce the maximum

stress experienced by the calcaneocus, ankle hinge pin and tibia by approximately 11%. The

stress acting on the metatarsals is shown to be reduced by 15%.

EXCLUDING RUBBER SOLE INCLUDING RUBBER S01LE
Impact load position Centre Hoel Centro Heel
Componant Stress (MPa) | Time (us) | Time (us) | Stress (MPa) | Time {us) | Time {us})
- s = 7706 2063 4.86
~ ~ ~ 1.9 32.63 16.86
= = = 384.9 20 63 3640
= = i 054 26 63 42 40
Calcaneous 41847 2063 4.86 3716 32 63 16.86
Metatarsals 247 2063 36.40 23 2563 42 40
10.6 26136 14.60 9.4 42 36 2660
Tibia (strain gauges 36 54 31 38 54 315 £6.31 50.54

Table 5.5 — Table listing the time at which maximum stress initially gccurs in critical

componénts

3.5.2 Average stress

The strain gauges are placed on the front surface {in the direction of the metatarsals) and
on the back surface (in the direction of the calecaneous) of the aluminium tube. Tha strain
gauge signal obtained from the blast experiments is the average of the stress recerded by the
twa strain gauges, hence the average stress results obtained from the analytical model is of

significant impartance.

Chapter & - Anafylical Mode! of Stress Wave Prapsgation 126



irvesiigating the use of rubber o attenuate the effect of blast lned applied 1o A surogate lower leg

Table 5.6 provides the magnitude of the maximum average stress propagating along the

tibia as well as the duration (the “plateaw” duration) of the maximum average stress in the

tube. The average stress "plateau” duration is easily observed in Figure 515 The results

indicate that the presence of the rubber sole is expected to reduce the maximum average

stréss in the titva from 36MPa to 21.2MPa, which is an attenuation of approximately 41%. ltis

also noticed that the “plateau” duration is muech sherter for impact lgading when the rebber

sole is included than when the rubber layer is excluded, serving as an indication of the

expected shape of the graphs chtained for the experimental and numerical stress-time results.

The stress-time graph for the blast loading without the rubber sole is therefore expected to be

of a more elongated shape, whereas the stress-time graph for the blast loading with the

rubber is expected to have a shorter more definite peak in maximum stress.

Impact loading condition

Ay Stress (MPa)

Start - Finish of "plateau” (duration)

Centre impact

FlLs = 21808 (148us)

rubher safe

Heel impact

Excluding 36

rubber sole Heel impact BAius — 202us (116us)
tre i t 19308 — 230us (37us

ety Centre impac s t ps {37us)

1775 — 21408 (37us)

Tahle 5.6 — Table detailing the maximum average stress transmitted in the tibia

100 -
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Figure 5.15 -~ Graph showing the average stress "plateau™ experienced by the tibia during the

four loading conditions, also the time at which the stress reaches the strain gauges In the tibia

Although the strain gauges will only start to record stress values from approximately 38us

anwards and therefore not the stress experienced by the rubber sole surfaces, calcansous or

metatarsals, it is of interest (o note from Table 5.7 and Figure 516 that the introduction of a

rubber sole iz expected to reduce the maximum average stress experienced by the

calcaneous by approximately 54%.

Exciuding rubber sofg fnciuding rubber sole
impact loading condition Avg Stress (MPa) Avg Stress (MPa)
Centre impact loading 2090 2 ln]

Heel impact loading 2176 16008

Table 5.7 — Table comparing the maximum average stress experienced by the calcaneous for

leading conditions where the rubber sole |5 excluded and included

Stress (MPa)
=
a2

N

Anahtical comparison of average stress propagation

I T T
i} 10 2N an

Al

Morasber - Zeqtre inipact
, —— Mo runher - Aeel impact
| — it nbkiner  Cartra impart

f— il b oer - Heel irrgact

-

- - — =

ar Fr n N an
Time (s}

(i L 120 130 1ar =1l BN

Figure 5.16 — Graph showing the analytical results of the average stress experienced during the

initial 160us far the four loading conditions
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Chapter 6 - Numerical Foot-Ankle Model

-l

6.1 INTRODUCTION

The Finite Element Method is an approximate numerical technique used to determine the
solution of a physical system. The physical system is described by an underlying
mathematical governing equation to which physical properties, geometry, loading and
boundary conditions are assigned. The governing equation is solved in order to obtain the
desired results. Finite element modelling has become a powerful tool in the investigation and
understanding of both static and dynamic problems, as intricate details of the physical system
can be studied, which is generally difficult to do by performing practical experimentation only.

The finite element software package used to perform the numerical analyses of the
experimental blast tests is ABAQUS [63]. A finite element model of each of the two
experimental test setups is constructed, the first model with the rubber sole excluded and the
second model with the rubber sole included in the test setup. The various loading conditions
are then simulated according to the experiments performed in the blast test schedule
(provided in Section 5.6.1).

This chapter details the construction of the numerical model of the horizontal ballistic
pendulum and foot model test setup. It will be noted that in order to minimise the runtime and
size of the simulations, the whole ballistic pendulum is not modelled, but only the detonation
plate and the Teflon alignment bushes. Applying the correct boundary conditions to the
detonation plate and alignment bushes inherently reproduces the behaviour of the pendulum.
The interactions between the parts and the material properties relevant to the components
used in the test setup is provided, with special attention being given to the material model
used to simulate the behaviour of the rubber sole.

Finally the results retrieved from the finite element simulations carried out for each loading
condition, where the rubber sole is excluded and included, is presented and discussed.
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6.2 DESIGN AND MESHING OF THE INDIVIDUAL PARTS

6.2.1 Assembly of the numerical model

Table 6.1 lists the parts and their sub-components that the numerical model consists of,
along with the relevant material properties. Figure 6.1 shows views of the two finite element

models used in the ABAGUS simulations of the experimental blast tests.

MNumerical model part Model component Materiaf

Foot Foot Sold Afuminium

Ankle Boftom binge component | Solid Afurminiom
Tog hinge componend Solic! Alurnirivem
Hinge pin Sofid Aluminium
Hinge pin bush grass
Inner Teflon bushes Tefan

Tibia Tilua B063-TH Alurnirtivm fube
Tibwa connecting pin Ste!

Alignment bush Aligrment busth Teffon

Boot sole Boot sole Rubber

Detanation plate Delonalion pfate Mt stee!

Table 6.1 — Table of components comprising the numerical model

aligrment bush

tibia

. "'-""'--—______pnsm:in of /’ﬁ-

Eral Gauges

foot

rubber boot 2o|e L

/ detonation plate., :

Figure 6.1 — Assembly of the two numerical models
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6.2.2 Foot

The numerical model of the foot is adapted from the physical foot component used in the
blast testing. There are two differences between the experimental and the finite element foot

component:

= |n the experimental model the edges of the metatarsal arc are chamfered. The edges
of the numerical foot model are not chamfered in order to simplify meshing of the
companeant.
= The four holes for the four screws fixing the bottemn component of the hinge to the foot
are omitted from the nurmerical model of the foot, although the surfaces of where the
holes would have been are identified in the numerical modesl.
Figtre 6 2{a — b} shows how the numercal foot model is partitioned in order to achieve the
desired mesh which contains a total of 8188 C3DER and C3D6 elements.

{a} Top of font {t) Battom of foot

&) Top of foot meshed [dy Bottem of fool meshed

Figure 6.2 — Design of the foot

6.2.3 Ankle

Figure 8.4 shows that the finite element model of the ankle consists of three primary
components; the bottom and top sections of the hinge and the hinge pin. The brass bush is
included in the bottorn and tep part models as a section to which the material properties of
brazs is assigned. Incorperation of the two Teflon spacers in the medel of the tep part of the
hinge is also done by giving the material properties of Teflon to the two specifically assigned

sections, The inclusion of the brass bushes and the Teflon spacers are shown in Figure 6.3,
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{&) Brass bush in Bottom hinge ib] Brags bush in Top hinge [c} Teflon besh in Top hinge

brass bush
on elther
slde

Figure €.3 — Inclusion of the sub-components in the numerical model of the ankle parts

Fartitioning of these three parts to obtain the optimum element mesh is shown in Figure
B.4{a — f}. The bottom part of the hinge consists of 80882 CIDAER elemeants, the top part of the
hinge has a total of 7283 C308R and C304 elements, and the pin has 5832 CADER elements.

{c)] Pin connecting the

{a) Bottom section of the hings hinge

{d} Bottom hinge section meshed fe) Too hinge section meshed [F Hinge pin meshed

Figure 6.4 — Design of the ankle
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6.2.4 Tibia

The numerical model of the tube and the pin connecting the tube to the hinge is the same
as the physical parts. The tube is meshed to contain 22256 C3DER elements and the pin
1820 C3DER elements.,

(b)Y Pin connecting tibia to the top
(&) Titia section of the hinge

{ch Tibvia meshed (d) Titua pin meshed
Figure 6.5 — Design of the tibia

6.2.5 Blast penduium alignment hushes

The bushes employed in the blast pendulum rig to guide the movement of the physical foot
model are alsa included In the numerical model. The numerical model of the alignment bushes
ig partitioned in order to obtain the mesh containing 1480 C3DER elements as shown in
Figure 8.6,

e

fa] Alignmant busth {B} Alignmeant bush meshad
Figure 6.6 — Dasign of the bushes aligning the tibia in the ballistic pendulum rig
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6.2.6 Boot sofe

The physical boot sole used in the blast tests is cut aceording to the profile of the top view of
the foot, but is not moulded or machined to have a specific shape when viewed from the side.
Two different configurations for the design and placement of the numerical rubber sole model
were therefore considerad, as the precize shape and contact conditions between the foot, sole

and detonation plate is not known,

Initially the first configuration {showrn in Figure 6.7(a)} was used in the numerical model, but
inadequate numerical results were obtained as the simulation showed that negligible stress
were transmitted through the rubber contact surfaces. Using the second configuration (Figure
5.7(b} resulted in more realistic stress transmission through the rubber contact surfaces. Tha
comparison between the stress results obtained for when the first and second rubber sole

configurations are used is presented in Section 6.10.1.1 in Figura 6 .18 and Figura 6.19.

Pontian of
siraln gauqes

Positlen of
staln g anges

Rubber 2608 $haped and

poxhigrind accarcing ko actual

fubber $els usedIn

experimental tesHng:

-eanhected to the heel,
- migge ction slwmbed k.

-connecied tx the front of the
metztarsals

Flat rubba- sale
a-iented parzllel to the
surfece af the oot
-canneeter to the h.“l
-tonnecled flugh with the T
raetatars als

ra} Rubber boot sole configuration 1 {b} Rubbar oot sole configuration 2
Figure 6.7 — Design and positioning of the rubber boot sole

The numerical model of the rubber sole is digplayed in Figure 6.8 and consists of 9160
C3DER elements. It must be noted that the finite element model is not an exact representation
of the rubber sole utilised in the blast tests, The experimental sole is made of the rubber layer
from a standard army combat boot sole which was separated from the rest of the boot and cut
according to the desired shape. Shallow grooves are present underneath the sole, the
thickness of the rubber layer is not constant and the curve of the sole (viewed from the side) is

not specifically defined. The bottom surface of the numerical model of the sole however has
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no grooves. the thickness of the layer is a constant 9mim and the sole has a defined curved
shape when viewed from the side. Also, the heel section in the finite element model is a solid
piece, wheraas the heel in the experimental sole consists of a smaller second layer of rubber
glued onto the top rubber layer.

(=) Boot =ole

{b) Boct sole mashed
Figure 6.8 — Design of the rubher boot scle

6.2.7 Detonation plate

The detonation plate is medelled according the plate used during the hlast tests. The finite
element model consists of a total of 7780 C3DER elements,

(=] Detonation plata (b1 Detoration plate meshed
Figure 6.9 — Design of the detonation plate
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6.3 ELEMENTS USED TO CONSTRUCT THE NUMERICAL MODEL

Stress/displacement solid {continuum) elements in ABAGQUS and large deformations are

expacted[54)].
» C3D8R [HEXAHEDRAL)

« 1" order 8-node linear brick element, reduced integration with
hourglass cantrol

« 1% order hexahedral solid elements provide constant volumetric strain
throughout the element, which utimately prevents "mesh locking”
when the material response reaches an almost incompressible state,

* Reduced integration essentially employs a lower-order integration to
canstruct the element stiffress. Using reduced integration alse
reduces the running time to complete the numerical analysis.

* Hourglassing is generally a problem  encountared in

Hexahedral
"brick" element stress/displacement analyses when 1% order reduced integration
: elements are used. The elements have a singular integration point,
,’L"" making it pessible for the elements to distort in such a way that the
o strains calculated at that paint are all zero, which in turn may result in

should preferably be employed in a sufficiently fine mesh.

. the uncontrolled distortion of the mesh. Although hourglass control is
l included in the 1 order reduced integration elements, these slements

Figure 6.10 — lllustration of tha structure of a haxahedral {'brick™} element [65]

» C3D6 {TRIANGULAR]
Triangular = 1% arder 6-node linear triangular prism elemant

"prism" element : ;
P « The use of 1% order triangular solid elements are generally not

v recommended in stress analysis simulations as the tetrahedral solid
elements are excessively stiff and display slow convergence. The
incorporation of tetrahedral elements could however not be avoided in
the present numerical model. As such, the mesh was refined to a

considerable extent in order to achieve satisfactory results,

Figure 6.11 = lllustration of the structure of a triangular ("wedga") element [65)

Chaptor & - Mymeoncal Foot-Ankle Model 135



Investigating the use of rubber to attenuate the effect of blast load applied to a surrogate lower leg

6.4 MATERIAL PROPERTIES

Each of the parts in the model is assigned material properties corresponding to those of the

parts used in the experimental foot model. The effect of the blast event did not induce

plasticity in any of the parts during the experiments, therefore a plasticity model such as the

Johnson-Cook model is not included in any of the material models employed in the finite

element representation of the foot and rubber sole.

The material properties used to construct the various material models are given in Table

6.2. The Young's modulus, density and Poisson’s ratio of all the materials except the rubber

were either taken from a material catalogue or experimentally determined. The material model

for rubber is however constructed by using stress-strain data obtained from SHPB tests,

density which is calculated and a Poisson’s ratio which is determined by trial and error.

Material Property Value Reference

Mild steel Young’s Modulus, E (GPa) 207 [66]
Density, p (kgim®) 7800 [66]
Poisson'’s ratio, v 0.3 [66]

6063-T6 Aluminium tube | Young’s Modulus, E (GPa) 68.9 [66]
Density, p (kg/m°) 2700 [66]
Poisson’s ratio, v 0.33 [66]

Solid Aluminium Young’s Modulus, E (GPa) 71.5 Found experimentally
Density, p (kg/ma) 2709.7 | Found experimentally
Poisson’s ratio, v 0.33 [66]

Brass tube Young’s Modulus, E (GPa) 115 [66]
Density, p (kg/m®) 8750 [66]
Poisson'’s ratio, v 0.3 [66]

Teflon Young’s Modulus, E (GPa) 0.46 [66]
Density, p (kg/m®) 2160 [66]
Poisson’s ratio, v 0.46 [66]

Rubber Stress vs. Strain data Table A.1 SHPB test data
Density, p (kg/ma) 1200 Found experimentally
Poisson’s ratio, v 0.495 [60]

Table 6.2 — Table of material properties used in the finite element model

Chapter 6 - Numerical Foot-Ankle Model
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6.4.1 Construction of the rubber material model

A hyperelastic material is an ideally elastic material which possesses isotropic (orientation
of molecules is initially random) and nonlinear material properties. Hyperelasticity is valid for
the modelling of elastomeric materials such as rubber, which demonstrates instantaneous
elastic response up to large strains[60].

Hyperelastic materials derives from a strain energy potential, U(g). The strain energy
potential relates the strain energy stored in the elastic material per unit volume (and therefore
the stress-strain relationship) to the three strain components at that particular point in the
material, disregarding factors such as the deformation history, heat dissipation and stress
relaxation[60]. In order to employ any of the strain energy potentials available in ABAQUS, the
relevant material constants or experimental test data need to be assigned to the particular
strain energy potential model. Seeing that none of the material parameters are known, the
stress-strain data obtained from the Split-Hopkinson Pressure Bar uniaxial compression tests

performed on the rubber specimens are used to generate the rubber material model.

Essentially, the SHPB tests are reproduced in ABAQUS in order to validate the rubber
material model which is eventually utilised. An axisymmetric finite element model of the rubber
specimen is wedged between two rigid surfaces representing the magnesium pressure bar
surfaces in contact with the front and rear surfaces of the specimen. The velocity applied to
the top surface will produce the same rate of axial compression experienced by the specimen
during the dynamic testing. Afterwards the stress-strain curves from the numerical analysis
are compared to those obtained from the SHPB tests. The rubber material model is validated
for strain rates of 1750s™, 2200s™ and 2500s™.

ABAQUS is prompted to evaluate the experimental test data provided in order to determine
the most favourable form(s) of strain energy potential to be used. The strain energy potentials
revealed to be most suitable for the application include the Marlow, the Yeoh, the Mooney-
Rivlin, the Ogden and the Polynomial form.

* The Marlow strain energy potential is given by[60]:
U=U,;u(I)+U,y(Js) Eq. 6.1
The deviatoric part of the strain energy potential is defined by assigning either planar,
uniaxial or equibiaxial material test data. The volumetric part is defined by assigning a

Poisson’s ratio to the material, by defining the volumetric test data, or by providing the lateral

strains together with the planar, uniaxial or equibiaxial material test data.
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The Mooney-Rivlin form is defined by a polynomial strain energy function[60]:

= = 1
U=C10(Il—3)+C01(12—3)+3(Je,—1)2 Eq. 6.2
1
The initial shear modulus of the material is defined by x4, =2(C,, +C,,).
2
The bulk modulus of the material is defined by K, = D
1
The polynomial strain energy potential is given by[60]:
Y T ir7 j 51 2i
U= C(,-3) (-3 +32—(, -1
i+j=1 prg O Eq. 6.3
The initial shear modulus of the material is defined by ¢, =2(C,, +C,,).
The bulk modulus of the material is defined by X, = Di
1
The Yeoh form is a type of reduced polynomial strain energy potential[60]:
U=Cy(I,-3)+Cy(I,=3)* +Cyy (I, -3)’
1 | . 1 ¢ Eq. 6.4
+—J,-D'+—=,-)"+—(J, -1
o Va = 4 U =D 45y =D
The initial shear modulus of the material is defined by x4, =2.C,, .
The bulk modulus of the material is defined by K, = Di
1
The form of the Ogden strain energy potential is defined by[60]:
u 20, za  Ta, . T | 2i
U=) G + 2 + A =3)+ Y —(J, 1) Eq. 6.5
=t & in D;
N
The initial shear modulus of the material is defined by x, =Y 4, .
i=1
The bulk modulus of the material is defined by K, = 52-
1
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The definitions of the symbols used in the formulation of the strain energy potential
equations are listed below[60]:

U = strain energy per unit of reference volume
U, = deviatoric part of the strain energy potential

U,o1 = volumetric part of the strain energy potential

I, = first deviatoric strain invariant, which is defined as I, = A’ + A7 + A}

I, =second deviatoric strain invariant, which is given by I, = (™ + 2{™? + 2\
4, = principle stretches, given by A, =.J K A,

J = total volume ratio

Joa = elastic volume ratio, which relates the total volume ratio J to thermal volume ratio Jy;

by J,, =Ji, where J, =(1+&")>.

th

th

€ = linear thermal expansion strain
Cig, Co1, Dy, gy and o = temperature dependent material parameters
N = material parameter

The five different strain energy potentials provided in the ABAQUS material package are
employed in the rubber material model to be investigated and compared. Figure 6.12 displays
the difference in behaviour of the rubber specimen under compression when the rubber

material model incorporates each of the five strain energy potentials.

The red curve in Figure 6.12 depicts the true stress-strain data taken from the SHPB tests
performed on the rubber specimens. The black curve in Figure 6.12 represents the trendline
plotted through the experimental stress-strain curve. The stress-strain data taken from the
trendline curve is input into the ABAQUS rubber material model with the intention of obtaining

a similar stress-strain curve from the numerical analysis of the compression procedure.

It is observed from Figure 6.12 that employing the Mooney-Rivlin and Yeoh strain energy
potentials in the rubber material model produces stress-strain curves that differ significantly

from the experimental stress-strain curve, while the stress-strain data generated by employing
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the Marlow, Ogden (with n=3) and peolynomial (with n=2) strain energy potentials displays a

closer relation to the experimental rubber material data.

v T - g

FEM validation of stress vs. strain data for rubber

Trendline equation:
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Flgure §.12 — Comparison of various rubber material models used in the numerical analysis

Thus far a Poisson's ratio of 0.485 is used while investigating the response provided by
using the varigus strain energy potentials in the rubber material madel. A Poisson's ratio of
0,485 i the upper limit suggested by the ABAQUS documentation manual. Although it is
generally advised to use a lower Poisson's ratio in the region of 0.47, if the rubber material is
highly confined between stiff metal surfaces and only a small surface area of the rubber is
unconstrained, using a low Poisson's ration will generate inaccurate results[60]. However,
according to the ABACQUS documentation manual, it is possible that in such a confined case
where the rubber is subjected to high compression, using a high Foisson's ratic may also not
provide accurate results[B0]. As such, even though the validation of the compression stress-
strain results given in Figure 6,12 is taken to be good, the stress results obtained during the

sirmulations of the hlast loading may not be accurate.

The effect of using a low (v = 0.46) and high {v = 0.495) Poisson's ratio in the rubber

material model is investigated in Section 6.10.1 2
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6.5 INTERACTIONS BETWEEN PARTS IN THE ASSEMBLY

Frictional properties between the various materials need to be simulated to ensure correct
interaction between the individual parts of the assembly. A “penalty” friction formulation is
used to imitate the tangential behaviour of the materials and the frictional coefficients are
given in Table 6.3. Pressure over-closure in the normal direction between all parts is
simulated in ABAQUS by a “hard” contact function while allowing separation of the surfaces
after contact. The “hard” contact formulation minimises the penetration of the nodes of the two

surfaces in contact.

In the experimental model the rubber sole is glued onto the bottom surface of the
metatarsals and the calcaneous, therefore a similar fixture has to be simuiated in the
numerical model. A “rough” friction formulation is assigned to simulate the tangential
behaviour between the rubber and aluminium surfaces in contact, together with a “hard”
contact function in the normal direction allowing no separation of the surfaces after contact.
Combining these tangential and normal behaviour specifications ensures that no relative

motion of the surfaces will occur.

Tangential frictional
Material 1 | Material 2 coefficient
Aluminium | Aluminium 0.9
Aluminium | Steel 0.47
Aluminium | Brass 0.4
Aluminium | Teflon 0.1
Steel Rubber 02

Table 6.3 — Table listing friction coefficients between materials used in the foot model [67]

It is stated previously that the four holes for the four screws fixing the bottom hinge
component to the foot is excluded from the numerical model, meaning the four screws are not
modelled either. However, in the finite element model, the surfaces where the four holes are in
the experimental model are identified in the top surface of the foot as well as the bottom
surface of the bottom hinge component. A “tie” constraint is assigned to each of the surface
pairs, which ties the nodes of the two selected surfaces. This procedure simulates the effect of
having the foot and bottom part of the hinge fixed by four screws.

Chapter 6 - Numerical Foot-Ankle Model 142



Investigaling the use of rubber Io aftenuate the effect of biast load applied to a surmgate lowar leg

6.6 BOUNDARY CONDITIONS

Instead of constructing the entire harizontal ballistic pendulum, enly the detonation plate and
the Tefloan alignment bushes are included in the finite element model of the test setup. In
doing 50, the runtime and size of the simulations are minimized. Although a simplified setup
now represents the ballistic pendulum, the inherent behavigur of the pendulum is still

maintained by assigning the comect boundary conditions.,

Two sets of boundary conditions are employed in the numerical simulation of the blast
svent, as illustrated in Figure 6.13, Firstly, the Teflon bushes frem the rig are engastred
{allowing mo translation or rotation of the bushes) in order to guide the mavemant of the tibia,
Secondly, a displacemantiretation boundary condition is applied to the detonation plate,

allowing translation only aleng the tibia axis and no rotation is permitted.

: detonation plate is only allewed
. translatian in the 3 direction and a"qnmmt bushae en:a!sl:reu' ——
klast load anty rotation is prohiblted to guids moevement of tibia

applied &

over total /

araa of

detoration

plate

Figure 6.13 — Boundary conditions and load application

6.7 LOoAD APPLICATION

The impact resulting from the detonation of the explosives is applied to the total area of the
boltom surface of the detonation plate {as shown in Figure 6.13) in the form of a pressure

pulse. The load is defingd as a square pressure pulse (see Figure 614} which is applied

Eistiidriaion | exponentially over the bottom surface of the detonation

i plate. The duration over which the square pulse is
A
5“5 applied is taken to be equal to the burn duration of the
igm-; plastic explosives. The burn duration is caleulated in
62 Section 552 to be approximately 1 22us.
b 12
[ 0 = il PR |
e oF b L 0 Figure 6.14 - Graph showing applied pressure vs. time
TRy
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The peak pressure is applied in the centre of the plate which decays exponentially towards
the edges of the detonation plate (explained in Figure 6.15). The peak pressure is calculated
according ta the magnitude of the impulse transmitted by the specific blast lcading condition

being simulated.

The load application is assigned by a user-defined subrouting written for each of the loading
eonditions. The peak pressure is assigned ta act in the centre of the detonation plate for the
blast |aading applied in the centre of the foot model. The peak pressure of the decaying load
is assigned to act at an offset which is axially in line with the calcanecus of the foot model for

the blast loading applied at the heel,

Exponentially decaying detonation piate !
load application

Amplitude

o 40 Bl an
Radius {mm} DECAYIWG BLAST LOAD

Figure §.15 — Graph showing the exponentially decaying blast load

6.8 HISTORY OUTPUT

In order to compare the results obtained from the experimental blast tests to the results
obtained from the finite element simulations, a consistent feature needs to be vsed. In the
experimental test setup, a pair of strain gauges are placed B0mm above the base of the
aluminiurn fube which records the strain experienced in that region of the tube. The strain
signal recorded by the strain gauges during every blast test is then converted t¢ provide the
stress-time results. Hence it is decided to select elements in the numerical medel of the
alumirium tube which correspond to the position of the strain gauges in the experimental
setup. The elements selected in the tube are hereon referred to as the “strain gauge”
glements. In the course of the numerical simulation, the “strain gauge' elemenlts are
requested to record the stress experienced in thern gt each interval, therefore generating a
stress signal which can be comparad to the stress signal obtained from the experimental blast

tests,
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6.9 RESULTS FROM THE NUMERICAL SIMULATION OF BLAST LOADING PERFORMED,

EXCLUDING THE RUBBER SOLE

This section of the report contains the stress-time results obtained from the finite element
analyses performed to simulate the blast loading conditions where the rubber sole was not

included in the test setup.

6.9.1 Blast loading in the centre of the foot model

The stress results obtained from the numerical analyses performed to simulate blast loading
in the centre of the foot model are shown in Figure 6.16. The impulse applied to the centre of
the detonation plate in the numerical simulation is taken from the experimental data (provided
in Section 3.6.1) and relates to the detonation load as follows:

* 5+1g PE4 — 7.6Ns impulse

= 6+1g PE4 — 8.9Ns impulse

= 7+1g PE4 — 8.9Ns impulse
Simulation of the 5+1g explosives load applied to the centre of the detonation plate
indicates a maximum stress of 26.23MPa to be experienced by the “strain gauge” elements in
the tibia. The impulse used to simulate the detonation of both 6+1g and 7+1g explosives is
roughly 1.2Ns higher than the impulse used to simulate the detonation of 5+1g explosives,
which is clearly observed in the results given in Figure 6.16. The results show that a maximum
stress of 30.50MPa and 31.25MPa is induced in the “strain gauge” elements for the 6+1g and

7+1g numerical simulation respectively.

It is noticed in Figure 6.16 that the finite element simulation produced multiple peaks in the
compressive stress wave passing through the “strain gauge” elements. As briefly discussed in
Section 5.6.3.1 pertaining the experimental results of blast loading in the centre without the
rubber sole, the muitiple peaks in the stress curve may be due to cyclic stress caused by the
flexion of the foot during the blast event. This phenomenon is discussed in more detail in
Section 7.2.1.2 of this thesis.

6.9.2 Blast loading at the heel of the foot model

Figure 6.17 presents the stress-time results retrieved from the finite element analyses
performed to simulate blast loading of 5+1g PE4 at the heel of the foot model. The impulse
applied axially in line with the heel of the numerical model of the foot surrogate is 7.8Ns. The
maximum stress recorded in the “strain gauge” elements is seen in Figure 6.17 to be
39.36MPa.
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Figure 616 — Graph comparing FEM analyses results for blast loading in the centre of the foot,

gxcluding the rubber sole
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Figure 6.17 - Graph of the FEM analyses results for blast loading at the hael of the foot,

excluding the rubber sole
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6.10 RESULTS FROM THE NUMERICAL SIMULATION OF BLAST LOADING PERFORMED,

INCLUDING THE RUBBER SOLE

This section of the report contains the stress-time results retrieved from the finite element
simulations executed for the different blast loading conditions relevant to the blast tests
performed where the rubber sole is included in the test setup. Firstly the aspects taken into
account during the construction of the rubber material model and the effect of those
parameters on the outcome of the finite element results are discussed. After the rubber
material model is established, the eventual finite element resuits of the various blast loading

conditions are examined.

6.10.1Preparation of the rubber material model

It is concluded in Section 6.4.1 that the material characteristics resulting in the most
favourable rubber material model includes using the determined density of 1200kg/m®, a
Poisson’s ratio of 0.495 and employing the Ogden (n=3) or polynomial (n=2) strain energy
potentials for a strain rate of 2500s™. As such, the rubber material model used to model the
rubber sole is initially constructed by employing the main characteristics mentioned above.
The results obtained by altering the parameters investigated in this part of the report are
therefore all compared to the results obtained by using the rubber material model initially
decided upon in Section 6.4.1.

6.10.1.1 Rubber sole configuration 1 vs. configuration 2

As explained in Section 6.2.6, the exact shape (viewed from the side) of the rubber sole
used during the experimental blast tests is not defined, because the rubber sole is not shaped
by any moulding or machining technique. Therefore, different shapes representing the rubber
sole in the finite element model is initially tried out in order to examine the stress response
provided by each of the models. The two models with most varying shape (shown in Figure
6.7 (a) & (b)) yielded the most varying stress-time results, which are presented in Figure 6.18.
The numerical results obtained using these two different rubber sole configurations is

compared to the experimental results obtained for the same loading condition in Figure 6.19.

From Figure 6.18 and Figure 6.19 it is clearly noticed that the final configuration leads to the
optimum stress transmission, whereas the initial configuration of the rubber sole yielded

negligible stress transmission.
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Figure 6.18 = Graph comparing the FEM results obtained for 5+1g explosiva hlast loading in the

centre of the foot model, employing two different configurations of the rubber sole
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Figure 6.19 — Graph cemparing the FEM results obtained when using the two rubber sole
configuratiens to the experimental results obtained when detonating 5+1g explosives in the

centre of the foot model
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6.10.1.2 Effect of varying the Poisson's ratio of the rubber matenal model

Most solid rubber-like materials have very little compressibility compared to their shear
flexibility, which implies that modelling the rubber as an incompressible matenal would |lead to
the most favourable results. Howewver, in ABAQUS/Explicit if the rubber material is highly
confined (as in this particular case), it is not possible to assume full incompressibility because
the pragram has no means of forcing such a constraint at each material calculation point[60].
Therefore enough compressibility must be provided for the ABAQLUS code to work, which may
mean that the bulk behavicur of the rubber material is softer than that of the actual rubber

material.

Solid rubber-like materials have Poisson's ratios varying between 0.490 and 0.457, but an
upper fimit of Poisson’s ratio of 0485 is suggested by the ABAQUS documentation, as the
use of excessively small time increments is required[0]. It is unfortunately possible in the
case where the rubber is in contact with stiff metal parts and has a small amount of free

space, that using ABAQUS/Explicit will not yield accurate rasults[B0].

It is observed from Figure 6.20 that providing more compressibility (v = 0.46) resulted in
much less accurate results than when the suggested upper limit of v= 0,495 is used,
However, even using such a high Poissen's ratio of 0,495 does not yield sufficient results to

accurately reproduce the experimantal results.

S+1g centre of foot, with rubber sole
- varied Polsson's ratio

Stress (MPa)

| e Ep Blast Strzs - OU_150107c
— Ogden w0 A95 ISCC!s denshe= 1200,
— Chyglen 2040, FE0CAE Jensite=1 300;

Time {us)

Figure 6.20 — Graph showing the effect of varying the Poisson's ratio of the rubber
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6.10.1.3 Effect of employing various strain rafe data in the rubber maternal modef

The material characterisation of the rubber used in the experimental blast test setup is
explained and discussed in Section 5.3.2 of this report. The material characterisation involved
exposing the rubber specimens to a range of dynamic strain rates employing the compression
Split-Hopkinson Pressure Bar. The strain rates analysed in Section 532 for the rubber

specimen in compression are 175057, 22008 and 25007

It is initially assumed that employing the stress-strain data from the higher strain rate in the
rubber material model would provide the most favourable finite element analysis results.
However, it is decided to inspect the finite element results obtained by using stress-strain data
from strain rates of 1750s™, 2200s™ and 2700s"' as well, and the results are presented in
Figure 6.21. Although stress-strain test data for a strain rate of 27005 does not exist, the
stress-strain test data obtained for the strain rates of 1750s”, 22008 and 2500s" was
extrapolated in order to generate hypothetical stress-strain data for rubber subjected to a

strain rate of 2700s™.

The results in Figure 6.21 indicates that using the lower strain rate (1750s™") data results in
a negligible amount of stress to be transmitted through the rubber layer, whereas using the
higher strain rate (hypothetical 2700s ™"} data yields the most appropriate stress transmission.
Comparing the maximum stress recorded by the “strain gauge” elements, using a higher strain
rate of 2700s than the original 25005 proves to provide the most favourable results when

compared to the experimental stress results.

n E
5+1g centre of foot, with rubber sgole !

-warled straln rates

Slress |MPa)

B — Lop Dlaal Slress DU 1EUZ A
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| | = Capdan 22020, densmty= 120101
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— Digden (270, denerte= 2003
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Figure 6.21 - Graph showing the effect of using different strain rate data in the rubber madal
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6.10.1.4 Employing different strain energy potentials in the construction of the rubber

material model

As explained in Section 6.4.1 of this thesis, the hyperelastic behaviour of the rubber material
is modelled by employing some form of strain energy potential. It is subsequently revealed the
Ogden (with n=3) and the polynomial (with n=2) strain energy potentials to provide the
optimum results in the finite element analyses. Each of the strain energy potentials discussed
in Section 6.4.1 are employed in the rubber material model and the results are compared. The
stress-time results obtained from the numerical analysis of blast loading applied in the centre
of the foot is shown in Figure 6.22 and the results for blast loading applied axially in line with
the heel is shown in Figure 6.23.

The results from the finite element simulations indicates that the Ogden (with n=3) and
polynomial (with n=2) strain energy potentials yield the most favourable stress-time resuits.
The results from the finite element simulations of the different impact loading conditions also
indicate (as noticed in Section 6.4.1) that employing the Ogden (with n=3) and polynomial

(with n=2) strain energy potentials arrive at essentially the same stress-time results.

Figure 6.22 shows that the numerical analyses for blast loading in the centre of the foot
using the Ogden and polynomial functions do not accomplish the same maximum stresses as
recorded during the experimental blast tests.

However, it is seen in Figure 6.23 that the numerical results for the maximum stress
obtained during the analyses of blast loading applied at the heel of the foot employing the
Ogden and polynomial functions shows very good correlation to the maximum stress recorded
during the experimental blast tests. The results obtained by using the hypothetical stress-
strain data of the 2700s™ strain rate during the numerical analysis of blast loading applied at
the heel is also included in Figure 6.23. The enhanced stress transmission through the rubber
layer is observed in the quicker rise in the stress curve in order to reach the peak in the stress
curve, as well as the higher maximum stress recorded by the “strain gauge” elements.

The difference in maximum stress experienced by the aluminium tube is discussed in more
detail in Section 7.3.
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Figure 6.22 — Graph comparing the FEM results obtained for analysing 5+1g explosive blast
loading in the centre of the foot model when using different strain energy potentials in the
rubber material mode!
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Figure 6.23 - Graph comparing the FEM results obtained for analysing 5+1g explosive blast
|Ieading at the heel of the foot model when using different strain energy potentials in the rubber
material model
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6.10.2Blast loading in the centre of the foot

The results obtained from the finite element analyses performed to simulate the blast
loading in the centre of the foot with the rubber sole included in the test setup is presented in
Figure 6.24. The various impulses applied to the detonation plate in the numerical model are
once again taken from the experimental data provided in Section 3.6.1, and relate to the

relevant explosive loading as follows:

= 5+1g PE4 - 7.5Ns impulse

= 6+1g PE4 — 8.7Ns impulse

= 7+1g PE4 — 9.1Ns impulse
The stress-time results shown in Figure 6.24 indicate the occurrence of two compressive
stress waves passing through the “strain gauge” elements in short succession. The shape of
the second compressive stress wave carries a distinct resemblance to the shape of the stress
wave obtained during the numerical simulation of the blast loading in the centre of the foot
model with the rubber sole excluded from the test setup. The origin of these two compressive
stress waves is examined later in Section 7.3.1.2, and only the peak stress values are

investigated for now.

During the first compressive stress wave passing through the “strain gauge” elements, a
maximum stress of 0.51MPa, 0.46MPa and 0.44MPa is observed for blast loading using 5+1g,
6+1g and 7+1g explosives respectively.

The maximum stress which occurs during the second compressive stress wave passing
through the “strain gauge” elements is recorded to be 2.11MPa, 2.31MPa and 2.49MPa for
the blast loading using 5+1g, 6+1g and 7+1g explosives respectively.

6.10.3Blast loading at the heel of the foot model

Figure 6.25 presents the results obtained from the finite element analyses executed to
simulate the blast loading applied in line with the heel of the foot mode with the rubber sole
included in the test setup. The impulse applied in the numerical model to simulate the 5+1g
PE4 detonating at the heel is taken to be 7.6Ns and 8.5Ns to simulate 7+1g PE4 detonating at
the heel. The maximum stress experienced by the “strain gauge” elements in the tibia for blast
loading using 5+1g explosives is observed to be 7.09MPa and 8.02MPa for blast loading

using 7+1g explosives.
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6.11 COMPARISON OF RESULTS FOR DIFFERENT BLAST LOADING POSITIONS

6.11.15imulation of blast loading performed excluding the rubber sole

The stress-time results obtained from the numerical simulations of blast loading in the
centre of the foot model and blast loading at the hael of the foot model when the rubber sole is
excluded, is compared in Figure 6.26. As blast loading at the heel is only perdformed using
5+1g explosives, the results with respect to impact loading position is only compared using the
results relating to the 5+1g simulations, According to the finite element simulatiens, applying
blast loading at the heel of the foot results in a 50% increase in stress recorded by the “strain
gauge” elements selected in the lower region of the aluminium tube. The time delay in the

onset of reaching the peak stress, which is noticed hetween the heel and centre blast lsading,

is observed to be approximately 150us.
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Figura 6.26 — Graph comparing the FEM results for blast foading in the centre and at the heel of
the foat madael, excluding the rubbar sola
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6.11.25imulation of blast loading performed including the rubber sole

A comparison of the results obtained from the finite element analyses performed to
simulate the blast loading applied in the cantre of the foot and at the heel of the foot when the
rubber sole is included in the test setup, is presented in Figure 6 27. The numerical simulation
stress-time results indicate that blast loading at the heel increases the maximum stress
recorded by the “strain gauge” elemeants by 236% for the 5+1g explosive loading condition,
and by 222% for the 7+1g loading condition. The percentage increase in stress is calculated
by using the maximum stress value of the second peak occurring during the blast loading in
the centre of the foot model.

The time delay is observed to be approximately 50us between the onset of reaching the
maximum stress for the heel blast and the onset of reaching the first compressive maximum
stress for the centre blast, A time delay of roughly 300us is observed to exist between the

ansat of reaching the maximum stress for the heel blast and the enset of reaching the second

compressiva peak stress for the centre blast loading condition.
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Figure 6.27 - Graph comparing the FEM results for blast leading in the centre and at the heel of
the feot model, including the rubber sele
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6.12 INVESTIGATING THE ATTENUATION EFFECT OF INCLUDING THE RUBBER S0OLE

The attenuation provided by including the rubber scle in the finite element model is
quantified in terms of the maximum stress experienced by the "strain gauge’ elements
selected in the lower region of the tibia tube. In the case of the loading cenditions where the
rubber sole is included, the maximum stress from the second compressive siress wave s
used in the comparison. The time delay observed in the transmission of the stress wave

during the blast loading applied in the centre of the foot medel is alsg inspacted.

6.12.1Simulation of blast loading performed in the centre of the foot model

The series of results obtained from the finite element simulations of blast loading applied in
the centre of the foot. excluding and including the rubber sole |ayer, is presented in Figure
6.28. Including the rubber sole in the finite element model of the test setup is seen to reduce
the maximum stress experienced by the “strain gauge” elements by 81% for the blast leading
simulated for 5+1g explosives, The results from the simulations of the 6+1g and 7+1g
explosive blast loading shows that the maximum stress experienced in the lower region of the
tibia is reduced by 62.4% and 92% respectively. 1t s alse neticed from Figure 6.28 that the

onset of reaching peak stress when the rubber scle is included in the test setup occours

approximately 290us later than when the rubber sole is excluded from the test setup.
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Figure 6.28 - Graph comparing FEM results when excluding and including the rubber sole for
blast loading in the centre af the foot
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6.12. 2Simulation of blast loading performed at the heel of the foot model

The stress-time results obtained from the finite element simulations of the blast loading
applied axially in line with the calcaneous of the foot model. excluding and including the
rubber sole, is provided in Figure 6.29. According to the results given in Figure 6.29,
introducing the rubber sole layer in the test setup reduced the stress recorded by the “strain
gauge' elements by 82% in the simulation of the blast Ipading performed using 5+1g
explosives. |t is observed that the onset of reaching the peak stress occurs roughly 160us

later in the case of the loading condition where the rubber sole is included In the test setup
than when the rubber sole is excluded
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Figure 6.29 - Graph comparing FEM results when excluding and including the rubber scle for
blast leading at the heel of the foot
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Chapter 7 - Comparison and Discussion of Results

1
L4

7.1 INTRODUCTION

This section of the dissertation contains the discussions pertaining to the major
comparisons drawn while investigating the experimental and numerical results blast test

results.
The discussion is divided into four main topics:

= Blast loading performed with the rubber sole excluded — The analytical, experimental
and numerical results are compared. The phenomenon of the stress wave propagation
along the components of the aluminium surrogate leg is examined. These two matters
are discussed for blast loading applied in the centre of the foot and blast loading
applied in line with the heel of the foot.

* Blast loading performed with the rubber sole included — The same procedure as
mentioned above is followed for blast loading performed when the rubber sole is
included in the test setup.

= Attenuation properties of the rubber sole — The reduction in the stress experienced by
the aluminium tube and the time delay in the occurrence of the maximum stress in the
tibia are examined and compared for blast loading applied in the centre of the foot and
at the heel of the foot.

= Comparison with results from previous studies — In order to create a more
comprehensive understanding of the results obtained during the blast tests, the results
are compared to test results from previous studies where mechanical surrogate lower
legs were used.

In essence, this section of the report is designed to set the milieu in which the concluding
chapter is founded.
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7.2 BLAST LOADING PERFORMED EXCLUDING THE RUBBER SOLE
7.2.1 Blast loading applied in the centre of the foot model

7.2.1.1  Comparing the analytical, experimental and numerical results

The stress-time results obtained during the analytical solution, the experimental blast tests
and the numerical simulation of the blast loading of 5+1g PE4 in the centre of the foot model is
compared in Figure 7.1. Aithough the stress curve of the analytical solution plots the stress
values as the stress wave propagates through the interfaces of the foot model, the section of
the curve from approximately 54ps to 250us predicts the maximum average stress that can be
expected to be transmitted along the tibia. As such, the analytical solution serves as tool to
compare and verify the maximum stress recorded by the experimental blast tests and the

numerical simulation.

The comparison of the experimental and numerical stress-time results retrieved for blast
loading applied in the centre of the foot model using 6+1g PE4 and 7+1g PE4 is presented in
Figure 7.2 and Figure 7.3 respectively.

Overall, the shape of the numerical stress-time curve compares well to the general shape of
the experimental stress-time curves. In the results for the 5+1g blast, a significant correlation
is observed between the numerical curve and the DU_110107a experimental curve, as all the
peaks and valleys of the two curves coincide. The DU_090107c¢ stress curve may possess a
much smoother nature, but the time at which the maximum stresses are recorded in both the
experimental and numerical results corresponds at approximately 250pus. In the results for the
6+1g and 7+1g blasts, the first and second peaks apparent in the numerical representation of
the compressive stress curve is distinctly present in the experimental stress curve, although
the experimental stress curve gradually slopes off after this point while the numerical curve

shows a third peak to arise just before the end of the compressive stress wave.

It is also noticed from Figure 7.1, Figure 7.2 and Figure 7.3 that the experimental and
numerical results show a consistency in the total time taken by the compressive stress wave

to transmit along the foot model before returning to the strain gauges as a tensile stress wave.

The compressive stress wave transmits in an average time span of 390us.

The maximum stress recorded during every experimental blast test and numerical
simulation performed of the centre blast Ioading is provided in Table 7.1. The percentage
average standard deviation between the stress results is also calculated. It is evident from the

results in Table 7.1 that the numerical simulations yields an excessive over-prediction of the
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maximum stress recorded in the lower region of the aluminium tube. It should be noticed
though that a 10.4% standard deviation in maximum stress exists between the two
experimental blast test results, which in turn indicates the probability of a significant deviation
to exist between the maximum stress values for the 6+1g and 7+1g load conditions. The
percentage standard deviation in the maximum stress found during the analytical analysis, the
experimental tests and the numerical simulation is calculated to be 18.3% for the 5+1g load

condition.

The material properties for the mild steel and aluminium tube are taken from the
manufacturer specifications, and the properties for the solid aluminium which the foot and
ankle are machined from are experimentally determined. The only material properties of which
the accuracy is uncertain are those assigned to the Teflon rig alignment bushes. However, the
Teflon rig bushes mainly effect the translation of the tibia but not the amount of stress being
transmitted in the tibia. As such, the over-predicted maximum stress values recorded by the
“strain gauge” elements during the numerical simulation of the blast tests may be attributed to
the following aspects:

= The interaction properties assigned in the finite element model may be inconsistent
with the actual interaction occurring between the components of the foot model.

= |[nteraction of the base of the metatarsals and calcaneous with the detonation plate is
important. Full contact between the bottom surfaces of the foot and the detonation
plate is assumed in the finite element model, where full contact of these surfaces may
not have existed in the experimental blast test setup. The foot model rests in a
horizontal position in the horizontal ballistic pendulum. Therefore gravitational loading
cannot be relied on in the experimental setup to ensure full contact between the base
surfaces of the foot and the detonation plate. Employing a mechanism to keep the base
in full contact with the detonation plate would however have impeded the free
translation allowed to the foot model.

Blast load Analytical Stress Experimental Numerical Stress % stzfnc.lard
(MPa) Stress (MPa) (MPa) deviation
5+1g PE4 18 16.5 20.3 26.23 18.3
6+1g PE4 ~ 20.3 30.50 20
7+1g PE4 ~ 22.3 31.25 16.8

Table 7.1 — Table comparing maximum stress values retrieved from experimental and numerical

results for blast loading applied in the centre of the foot, excluding the rubber
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Figure 7.1 = Graph comparing the analytical, experimental and FEM results obtained for
applying blast loading In the centre of the foot, excluding the rubber, using 5+1g explosives
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Figure 7.2 — Graph comparing the experimental and FEM results obtained for applying the blast
load in the centre of the foot, excluding the rubber, using 6+1g explosives
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Figure 7.3 - Graph comparing the experimeantal and FEM rasults obtained for applying the blast

load in the cantre of tha foot, excluding the rubber, using 7+1g explosives

7.2.1.2  Investigation of stress wave progagation through the foot model

According to the simplified analytical medel of the blast lead applied to the foot setup, the

stress wave is expected to transmit through the foot and tibia and reflect back to the strain
gauges in approximately 250ps. However, it is evident from the experimental and numerical

results that the compressive stress wave transmits approximately 140us longer. In an attempt

to explain the extended time period as well as the multiple peaks present in the stress curve, it

is decided to scrutinize the finite element simulation of the blast event.

Cutput files displaying the stress distribution in the finite element model are generated at
specific intervals throughout the numerical simulation. Screen shots of a selection of the
output files are presented in chronologicsl order in Table 7.2 in order to illustrate the stress
propagation through the foot model during the blast event The stress output files
corresponding to the main events in the stress curve (i.e. the peaks and the valleys of the
stress curve) are then displayed on an enlarged version of the stress-time graph (Figure 7.5)

in order to enhance visual understanding of the meaning of the stress-time graph.

From Table 7.2 and Figure 7.5 it is observed that the first peak in the stress curve relates to

stress propagating wvia the calcaneous of the foot. the second peak relsies to stress
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propagating wia the metatarsals of the foot and the third peak again relates to stress

propagating via the calcaneous. As such, three main events are identified;

Initially the stress wave caused by the detonation of the explasives in the centre of the
detenation plate arrives at the same time at both the calcaneous and the metatarsal
surfaces. However, the distance to the strain gauges on the tibia is shorter from the
calcaneous than from the metatarsals, Although the stress wave starts to transmit fram
the metatarsals along the foot bridge. the upward mation of the calcaneous causes the
metatarsals to be pushed down on the detanation plate,

Forcing the metatarsals down on the detonation plate in turn causes a superimposed
stress wave to be reflected back through the metatarsals. The magnified stress wave
travels from the metatarsal surface along the foot bridge, through the ankle joint and
rejoins the calcanecus stress wave in the tibia, inducing the maximum stress in the
tibia.

The stress wave now transmits back down through the ankle joint, but the portion of the
stress wave travelling via the calcansous reaches the detonation plate priar to the
partion travelling via the metatarsals. The reflection of the stress wave through the

calcaneous surface is deemead to cause the third peak in the stress curve.

Modifying the analytical model to simulate the events described above in a simplified

manrner yielded the results shown in Figure 7.4 The extended duration of the stress

transmission is also explained hereby, as the occurrence of a second stress wave reflecting to

the end of the tibia
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Figure 7.4 - Graph showing the comparison between the experimental, FEM and modified

analytical rasults for the blast loading applied in the centre of the foot, axcluding tha rubber,

using 5+1g axplosives
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Table 7.2 - Table illustrating the stress propagation caused by a blast in the centre of the foot with the rubber sole excluded
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Figure 7.5 - Graphical represantation of tha stress propagation of the centre blast with the rubber sole excluded
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7.2.2 Blast loading applied axially in line with the calcaneous of the foot model

7.2.2.1 Comparing the analytical, experimental and numerical results

The analytical, experimental and numerical stress-time results obtained for the blast loading
of 5+1g PE4 positioned axially in line with the calcaneous of the foot model is compared in
Figure 7.6. The results from the analytical stress propagation analysis is included to serve as

an indication of the expected maximum stress to be experienced in the aluminium tube.

It is seen in Figure 7.6 that the results from the finite element simulation correlate well with
the stress results obtained from the experimental blast tests. The shape of the experimental
and numerical stress curves agrees well, with the maximum stresses in each curve occurring
at essentially the same time (approximately 90us). The duration of the compressive stress
transmission through the foot complex and the tibia as observed for the experimental and
numerical results also coincides, where the compressive stress wave changes into a tensile

stress wave after approximately 225us. The transmission duration of roughly 225ps is close to

the expected duration of 265us predicted by the analytical model.

The values of the maximum stress experienced by the aluminium tube during the blast
event as recorded in the experimental blast tests and the numerical simulation are given in
Table 7.3. The percentage standard deviation between the analytical, experimental and
numerical stress results is calculated to be 12.7%. Once again it is noticed that the numerical
simulation of the blast event yields a substantially over-predicted result for the maximum
stress in the tube; however the percentage deviation between the analytical, experimental and
numerical maximum stress is 6% lower than the percentage deviation observed for blast
loading in the centre of the foot.

The over-prediction by the numerical simulation of the blast event can also be associated
with the probable causes discussed previously in Section 7.2.1.1.

Blast load Analytical Stress Experimental Numerical Stress % standard
(MPa) Stress (MPa) (MPa) deviation
5+1g PE4 36 27.7 32.7 39.36 12.7

Table 7.3 - Table comparing maximum stress values retrieved from experimental and numerical

results for blast loading applied at the heel of the foot, excluding the rubber
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Figure 7.6 - Graph comparing the analytical, experimental and FEM results abtained for applying

blast loading at the hael of the foot, excluding the rubber, using 5+1g explosives

7.2.2.2 Investigation of the stress wave propagation through the foot mode!

Applying a blast load axially in line with the heel of the foot induces a clearly defined and

comprehensible stress curve. It is however still interesting to study the means of the stress

wave propagation,

As shown in the analytical solution in Section 4.3.2, blast loading at the heel results in the

stress wave to be mainly transmitted via the calcaneous region of the foot. The portion of the

stress wave that fransmits via the metatarsals joins the initial portion of the stress wave in the

tibia, amplifying the stress in the tibia into attaining a peak value. This process is illustrated In

Table 7.4 by means of a series of screen shots taken from the stress output flles generated

during the numerical simulation of the blast lnading of 5+1g explosives positioned at the heel

of the foot modal. A selection of these screen shots that correspond to the initiation, rise, peak

and decay of the stress wave propagation are also depicled in an enlarged version of the

numerical stress curve (Figure 7.7},
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Figure 7.7 - Graphical representation of the stress propagation of the heel blast with the rubber sole excluded
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7.3 BLAST LOADING PERFORMED INCLUDING THE RUBBER SOLE
7.3.1 Centre blast loading

7.3.1.1  Comparing the analytical, experimental and numerical results

The stress-time results obtained during the analytical solution, the experimental blast tests
and the finite element simulation for blast loading of 5+1g explosives applied in the centre of
the foot with the rubber sole included are compared in Figure 7.8. The analytical stress curve
representing the stress propagation through the foot model is included to compare and verify

the maximum stress values obtained from the experimental and numerical stress-time curves.

The comparison of the experimental and the numerical stress-time curves for the blast
loading using 6+1g PE4 and 7+1g PE4 are presented in Figure 7.9 and Figure 7.10
respectively.

From the stress curves plotted in Figure 7.8, Figure 7.9 and Figure 7.10 it is evident that
although the specific shape of the curves do not agree, the general trend of the stress curve
generated during the numerical simulation follows a similar trend as displayed by the
experimental stress curve. Also, the peaks of the initial and secondary compressive stress
transmissions observed in the numerical stress curve coincide reasonably well with the two

peaks observed in the experimental stress curve. The peak of the initial compressive stress

wave occurs at approximately 310us and the peak of the secondary compressive stress wave

occurs at approximately 575us.

The magnitude of the maximum stress values corresponding to the two compressive peaks
retrieved from the experimental and numerical stress curves are compared in Table 7.5. The
percentage by which the numerical results vary from the experimental results is also
calculated for each blast load. The results provided in Table 7.5 indicates an excessive under-
prediction supplied by the finite element analyses of the blast loading applied in the centre of
the foot when the rubber sole is included in the test setup. Over-prediction is generally
favourable when designing against failure; hence obtaining an under-prediction of up to 75%
is discouraging.

In the previous section it is observed that results from the numerical simulations of the blast
events yielded over-predicted maximum stress values, which means the major problem
originates in the inclusion of the rubber sole in the numerical model. A range of difficulties
related to the finite element modelling of the rubber sole exist, and all of them may have
contributed to the atrocious results obtained from the numerical simulations of the blast
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loading performed with the rubber sole included. The main problem areas related to the
numerical modelling of the rubber sole are the following:

» Firstly, as discussed in Section 6.2.6, the exact geometry of the rubber boot sole is not
defined. This in itself causes a big problem, as the area that is in contact with the
detonation plate cannot be accurately defined in the finite element model. The amount
of stress transmitted across each interface relies on the area ratio of the surfaces in
contact. As such, the amount of stress transmitting across the surfaces of the rubber
sole in contact with the detonation plate cannot be accurately modelled in the finite
element model.

= The contact properties existing between the rubber surface and the mild steel and
between the rubber surface and the aluminium surfaces are debatable.

= The compressive strain rate induced upon the rubber material during the blast event is
not known, causing uncertainty as to which strain rate data should be used in the
construction of the rubber material model. In this investigation, dynamic compression
tests at strain rates up to 2500s” were performed on the rubber using the Split-
Hopkinson Pressure Bar. Therefore the stress-strain data obtained from the 2500s
strain rate SHPB tests are used in the construction of the rubber material model.

= Only four strain energy potentials are investigated in the construction of the rubber
material model, which lead to the conclusion that employing the Ogden (with n=3) or
the polynomial (with n=2) strain energy potentials yields the optimum results. Although
the other strain energy potentials available in the ABAQUS database seem
unfavourable for the present application, it may prove useful to study their response as
well as part of a more detailed project in the future.

Initial peak compressive stress Secondary peak compressive stress

Blast load Analytical Exp FEM % std. Analytical Exp FEM % std.
(MPa) (MPa) (MPa) dev. (MPa) (MPa) (MPa) dev.
5+1g PE4 3.8 4.2 0.51 58.2 5.6 5.4 2.11 36.7
6+1g PE4 ~ 2.4 0.46 67.4 ~ 4.9 2.31 35.9
7+1g PE4 ~ 3.4 0.44 77.1 ~ 10 2.49 60.2

Table 7.5 - Table comparing maximum stress values retrieved from experimental and numerical

resulits for blast loading applied in the centre of the foot, including the rubber
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Figure 7.10 - Graph cemparing the experimental and FEM results abtained for applying the bhlast

lead in the centre of the foet, excluding the rubber, using 7+1g explosives

7.3.1.2  Investigation of the stress wave propagation through the foot and rubber sofe

The two compressive stress waves following one another in short succession calls for an
explanation. In corder to aid the investigation, the numerical simulation s once again
scrutinised. Even though the stress results from the numerical simulations are not successful,
the trend of the stress curve remains similar to that of the experimental stress curve, which
means the reason or cause of the successive compressive stress waves can still be

determined.

Fifteen screen shots from the stress cutput files generated during the finite element analysis
are displayed in serias in Table 7.6 in an attempt to depict the course of the stress
propagation through the rubber sole, foot complex and tibia, Six of the screen shots are
strategically selected and used in an enlarged version of the numerical stress curve in order to

assist the reader visually in understanding the strass propagation (Figure 7.12).

» The first compressive stress curve originates from the stress wave travelling through
the foot components as per usual, with only a small magnitude of stress propagating up

and down the aluminivm tube, It appears that the rubber layer acts as a dashpot,
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damping the amount of stress being transmitted, and in turn sending a reflected wave
back towards the detonation plate.
= The second compressive stress curve is initiated by two events occuming in the same
time span. After the initial compressive stress wave returned past the strain gauges in
the aluminium tube, the compressive stross wave becomes a tensile stress wave,
However before the tensile stress wave could be transmitted in its totality, the energy
absorbed by the rubber layer is now being dissipated with the rubber acting as a
spring. The reflected wave fram the initial comprassive stress wave also stars to
propagate forward through the foot components, These two events cause an enhanced
compressive stress wave to be transmitted through the foot complex and tibia. It is
noticed that the shape of the secondary enhanced compressive stress curve exhibits
similarty to the shape of the compressive stress curve produced during the blast load
applied in the centre of the foot with the rubber sole excluded from the test setup,
implying that the stress wave follows the same propagation pattern which is expected.
A simplified analytical model is generated to attempt to madel the events described above
and the result is shown in Figure 7.11. A closer relationship belween the maximum stress
values fram the analytical and exparimental stress results is abserved (also documentad in
Table 7.5).
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Figure 7.11 - Graph showing the comparisocn between the experimental, FEM and madified
analytical results for the blast loading applied in the centre of the foat, including the rubber,

using 5+1g explosives
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Table 7.6 - Stress propagation caused by a blast in the cantre of the foot with the rubber sole included
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Figure 7.12 - Graphical representation of the stress propagation of the centre blast with the rubber sole included
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7.3.2 Heel blast loading

7.3.2.1  Comparing the analytical, experimental and numerical results

Figure 7.13 contains the comparison of the stress-time results obtained in performing the
analytical solution, the experimental blast test and the finite element simulation for blast
loading using 5+1g PE4 positioned at the heel of the foot model with the rubber sole included
in the test setup. Once again, the propagation of the stress through the foot components as
produced by the analytical solution is included in Figure 7.13 to compare and verify the

maximum stress values generated by the experimental tests and the numerical simulations.

The comparison of the experimental blast test and the numerical simulation performed for
detonating 7+1g PE4 in line with the calcaneous of the foot model is provided in Figure 7.14.

As noted in the results of the blast loading applied in the centre of the foot model where the
rubber sole is included, the shape of the numerical stress curve does not correlate well with
the experimental stress curve. However, the general trend of the two stress curves essentially
agrees when comparing the initiation of the stress increase, the stress peak and the stress

decay. The time at which the maximum stress occurs in the experimental and numerical

stress coincides at approximately 300us.

The magnitude of the maximum stresses observed in the blast tests performed using 5+1g
and 7+1g explosives are compared in Table 7.7. The percentage difference between the
maximum stress experienced in the tibia during the experimental blast tests and the numerical
simulations are also provided in Table 7.7. The analytical, experimental and numerical
maximum stress results obtained for blast testing performed using 5+1g PE4 compares well,
with a standard deviation of 9.7% existing between the values. Conversely, the deviation
between the experimental and finite element simulation results for the blast test using 7+1g
explosives is 35%. It must be noted though that the experimental maximum stress value for
the 7+1g blast test is much lower than the experimental maximum stress value for the 5+1g
blast test, which is not consistent as the higher explosive load should lead to a higher

maximum induced stress.

Analytical Stress Experimental Numerical Stress
Blast load (MPa) Stress (MPa) (MPa) % std.dev.
5+1g PE4 5.6 6.6 7.09 9.7
7+1g PE4 ~ 3.8 8.02 35.8

Table 7.7 - Table comparing maximum stress values retrieved from experimental and numerical
results for blast loading applied at the heel of the foot, including the rubber
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Taking note of the good approximation of the maximum stress magnitude produced by the
numerical simulations of the blast loading applied at the heel with the rubber sole included in
the setup, implies that the problem in the simulations with the blast loading applied in the
centre of the foot lies in the modelling of the toe section (and possibly the mid-section) of the
rubber sole. This observation is consistent with the difficulties of modelling the rubber sole as
discussed in Section 7.3.1.1. As the contact area for the toe section of the rubber sole is not
precisely defined, the accuracy of modelling the stress propagation through the toe section is
compromised.

7.3.2.2 Investigation of the stress wave propagation through the foot and rubber sole

Blast loading at the calcaneous of the foot model with the rubber sole included results in a
stress curve of similar shape to the stress curve obtained for blast loading at the calcaneous
with the rubber sole excluded from the test setup. This observation is expected, as the main
portion of the stress wave travels via the calcaneous during heel blast loading conditions,
whether a rubber sole is included or not.

The only difference in the stress curve when the rubber layer is included is the slow rise in
stress until roughly 200us. The duration of this plateau region in the stress curve is

approximately 150us, which corresponds to a single stress wave propagating along the foot
components towards the end of the aluminium tube and back down the tibia towards the strain
gauges. This observation compares well to the phenomenon of the initial compressive stress
wave noticed when applying the blast load in the centre of the foot with the rubber sole
included.

The slow rise in the stress curve can therefore be attributed to the compressive stress wave
travelling along the foot components as per usual, with the rubber sole acting as a dashpot,
damping the amount of stress being transmitted. The stress wave reflected back towards the
detonation plate in this time then starts to propagate along the foot components. At the same
time, the heel section of the rubber sole starts to dissipate the built-up energy, inducing an
enhanced compressive stress wave to propagate along the aluminium tube and back down

past the strain gauges.

The events discussed above is visually described as a series of screen shots taken from the
stress output files generated during the numerical simulation of the blast loading applied at the
heel of the foot model with the rubber sole included, using 5+1g PE4. Table 7.15 and Figure
7.16 contain a selection of the screen shots, demonstrating the stress propagation through the
foot model during the blast event.
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Figure 7.15 - Stress propagation caused by a blast at the heel of the foot with the rubber sole included
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Figure 7.16 - Graphical representation of the stress propagation of the heel blast with the rubber sole included
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7.4 COMPARING THE ATTENUATION PROPERTIES OF THE RUBBER SOLE OBSERVED DURING
THE EXPERIMENTAL BLAST TESTS AND THE NUMERICAL SIMULATIONS

The rubber sole is employed in the blast test setup to serve as an attenuator to the blast
loading applied to the foot model. The attenuation provided by the rubber layer is investigated
in both the experimental blast tests and the finite element simulations. Section 5.6.5 of this
report discusses the attenuation properties observed in performing the experimental blast
tests and Section 6.12 discusses the attenuation provided by the rubber as observed in the

numerical simulations of the various blast loading applications.

The attenuation characteristics of the rubber layer are observed in the form of stress
reduction and a time delay in attaining maximum stress. For the experimental results, Figure
5.20 and Figure 5.21 demonstrates the attenuation provided by the rubber layer for blast
loading applied in the centre and at the heel of foot respectively. The reduction in the stress
experienced by the aluminium tube (given as a percentage) and the time delay in
experiencing the maximum stress are documented in Table 7.8. It is observed that the 7+1g
blast in the centre of the foot produced a 55% reduction in stress compared to the 68% and
76% noticed in the 5+1g and 6+1g blasts in the centre of the foot. Referring to Figure 5.20, it
is noticed that the peak stress for the 7+1g blast is taken to be 10.03MPa. However, if it
assumed that the 10MPa peak stress is actually caused by signal noise and the 6MPa peak
stress occurring just prior to the 10MPa peak stress is used to calculate the stress reduction, a
73% attenuation of the maximum stress is observed, which is more consistent with the 5+1g
and 6+1g attenuation results. In turn, the standard deviation between the experimental and

numerical stress attenuation would decrease from 25.3% to 11.7%.

Table 7.8 is once again proof that the numerical simulations performed for the heel blasts
provided more consistent and accurate results when compared to the numerical results
obtained during the simulations of applying blast loading in the centre of the foot. Only a 3.8%
deviation exists between the stress reduction observed during the experimental blast tests
and the numerical simulations of the heel blast loading, whereas an average variation of
16.6% is noticed between the experimental and numerical attenuation results for blast loading
performed in the centre of the foot model.
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Attenuation of stress Time delay in onset of
Loading Mass of experienced by tibia (%) reachlng maximum stress
condition PE4 used in tibia (us)
Exp. FEM | Variation Exp. FEM [ Variation
5+1g 68% 91% 14.8%
Centre of
foot —C 6+1g | 76% | 92% | 9.8% | 340us | 290us | Sops
7+1g 55% 92% 25.3%
Heel of foot 5+1g 76% 82% 3.8% 170us | 160us | 10us

Table 7.8 — Table comparing the attenuation properties of including the rubber sole, as provided

by the experimental blast tests and the FEM simulations

The improved accuracy of the numerical simulations of the heel blast loading applications is

also noticed when comparing the time delay in attaining the maximum stress. A 50us

difference in the time delay is observed between the experimental and numerical results

obtained for the blast loading applied in the centre of the foot, where a mere 10us difference is

observed between the experimental and numerical results for blast loading applied at the heel

of the foot model.
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7.5 COMPARING THE RESULTS FROM THE PRESENT INVESTIGATION TO RESULTS PROVIDED
BY PREVIOUS STUDIES

In an attempt to put the results obtained during the present study in better perspective with
respect to other similar studies, the peak stress results from this investigation are converted to
force values and compared to the peak force results obtained during similar studies previously
conducted (as described in Section 2.5 of this report). It is decided to view the results in terms
of impact severity, as this will exhibit whether a trend exists in the amount of force

experienced by the lower tibia during increasing axial impact loading.

The results published on the study performed by Bir et al.[8] in which the TROSS results
were verified by using a horizontal impact rig are used in the current comparison, because the
testing principle is similar to using the horizontal ballistic pendulum and force results over a
relatively broad spectrum of impact severity is provided. The impact loading is rated as “low”,
“medium” and “high” severity impact (see Section 2.5.1.2), of which each impact severity is
translated to a specific amount of impulse transferred during the impact to the surrogate lower
leg. Seeing that both the Hybrid-lll and Thor-Lx lower leg surrogates were used during the
testing conducted by Bir et al.[8], the force results for both surrogate legs are included in the

comparison.

Figure 7.17 shows the comparison between the peak force values obtained for the H-IlI
surrogate leg, the Thor-Lx surrogate leg and the aluminium surrogate leg utilised in the
experimental blast testing performed during the current investigation. It is noted that a peak
force value for “high severity” testing of the H-l! leg is not included, as the force experienced
by the H-lll leg exceeded the limit of the load cell used to record the force in the tibia of the H-
Il surrogate leg[8]. From the force values plotted in Figure 7.17 it is clear that the axial force
experienced by the tibia in the both the H-Ill and Thor-Lx lower legs increases linearly as the
severity of the impact is increased, as expected. Extending the lower portion of the trendlines
indicates that the peak axial tibial force documented in the present study is consistent with the
general trend.

Figure 7.18 compares the force values obtained when using the three different surrogate
lower legs with an army combat boot fitted to the H-1li and Thor-Lx lower legs and the rubber
sole placed underneath the aluminium lower leg used in the current study. It is observed that
the peak axial force in the tibia seems to increase logarithmically with increasing impact
loading when a boot is included in the test setup. This logarithmic instead of a linear increase
may be expected due to the hyperelastic nature of the rubber combined with the interaction of
the remaining layers that the combat boot comprises of.
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Chapter 8 - Conclusions

A series of blast tests using the horizontal ballistic pendulum was conducted. in which an
aluminium surregate lower leg was exposed to blast loading. The tests were divided into two
categaories, in which the first series of tests saw only the surrogate leg being impacted and the
second series of tests included a layer of rubber to act as a boot sole. A finite element model
of the surrogate leg and rig was created and simulations of the blast tests were executed. The
results from these numerical simulations were compared and verified. As a result, the
attenuation properties provided by the rubber layer during blast load could be examined. From

the findings of this investigation, the following conclusions are made:

8.1 NON-INJURIOUS BLAST IMPACT TESTING
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Figure 8.1 — Graph comparing the peak tibial force recorded by the Hybrid-lll and Thor-Lx
surrogate lower legs {excluding and including the boot) to the peak force recorded during the

present study {excluding and including the rubber sole)

Feferring to Figure 8.1, it is clearly shown that the blast testing performed in the present

investigation is of a very low impact severity compared to impact tests conducted by other
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researchers[8]. The peak force plotted to represent the peak force experienced by the
aluminium surrogate leg is taken from the blast tests performed with the explosives positioned
axially in line with the heel of the foot, seeing that the impact testing conducted by Bir et al[8]
is also aligned axially with the heei of the H-1ll and Thor-Lx surrogate legs. Furthermore, the
peak stress values recorded during the 5+1g blast tests are used, as blast testing without the
rubber sole was not conducted with more than 5+1g explosives positioned at the heel. As was
commented in Section 7.5, the results from the present investigation integrate well with the
trends shown by the results taken from the tests performed by Bir et al.[8].

According to Table 2.6 provided in the Literature Review, the H-Ill and Thor-Lx surrogate
legs are designed to experience a threshold of 8000N and 5600N respectively, which would
indicate the probable occurrence of an AlS2+ injury. From Figure 8.1 it is evident that the peak
axial force experienced by the tibia is below 2000N, indicating that minor injuries are expected
in the lower leg.

8.2 EFFECT OF POSITIONING OF THE EXPLOSIVE

The differences in the stress wave travelling through the aluminium surrogate foot caused
by varying the positioning of the explosives with respect to the foot is tabulated in Table 8.1.

Explosive in centre of foot Explosive in line with heel of foot

When the rubber sole is excluded, | When the rubber sole is excluded,
the peak stress is roughly 39% the peak stress is roughly 65%
lower than when the explosive is | higher than when the explosive is
Magnitude of peak stress | Placed in line with the heel. placed in the centre of the foot.

experienced in tibia When the rubber sole is included, | When the rubber sole is included, the
the peak stress is roughly 18% peak stress is roughly 21% higher
lower than when the explosive is | than when the explosive is placed in
placed in line with the heel. the centre of the foot.

When the rubber sole is excluded, the tibia experiences the peak stress

approximately 80us later than when the explosive is placed in the centre
Time when peak stress is | Of the foot than when it is placed in line with the heel.

experienced in tibia When the rubber sole is included, the tibia experiences the peak stress

approximately 275us later than when the explosive is placed in the centre
of the foot than when it is placed in line with the heel.

Two peaks are noticed in the Only one distinct peak is noticed in
Number of peaks present stress curve, both when the the stress curve, both when the
in stress curve rubber sole is excluded and rubber sole is excluded and included
included in the test setup. in the test setup.

Table 8.1 — Table documenting the effects of varying the positioning of the explosives with

respect to the surrogate foot in the blast test setup

Chapter 8 - Conclusions 188



Investigating the use of rubber to atfenuate the effect of blast load applied to a surrogate lower leg

8.3 ATTENUATION PROVIDED BY THE RUBBER LAYER

From the experimental blast test results it is noticed that the rubber layer provides two forms
of attenuation to the blast stress. Including the rubber layer at the base of the surrogate foot
caused a delay in the time at which the tibia experiences the peak stress, and as expected,
the magnitude of the peak stress experienced by the tibia is significantly reduced. Referring to
Figure 5.18 and Figure 5.19, a time delay of approximately 170us up to 340ps is observed
when the rubber sole is used in the test setup. The percentage amount of attenuation in the
peak stress recorded in the tibia ranged from 54% up to 75% for blast impact with the
explosives placed in the centre of the foot, and approximately 76% for blast impact with the
explosives placed in line with the heel of the foot.

The attenuation provided by the standard army combat boot used in the impact testing of
the Hybrid-lll and Thor-Lx surrogate lower legs are calculated from the information published
by Bir et al[8] to be:

= Hybrid-lll surrogate leg[8]:
41% (low severity impact)
39% (medium severity impact)
= Thor-Lx surrogate leg[8]:
15% (low severity impact)
17% (medium severity impact)
27% (high severity impact)

The amount of stress attenuation provided by wearing a standard army combat boot
appears to vary to a large extent. However, the stress attenuation recorded when wearing the
combat boot is significantly lower than the attenuation achieved in the present investigation by
utilising only a rubber layer. This difference can be directly related to the following factor:

= The most obvious contributing factor is the fact that a combat boot constitutes layers of
different material glued and nailed together to form a strong support for the foot. These
layers include rubber for the outer sole, a spongy yet strong material layer making up
the inner sole, a cardboard-like layer which is placed in between the outer and inner
sole, a thin metal plate nailed to the heel to give shape to the base of the boot, and
lastly hard set glue and nails holding the entire boot sole together. This arrangement is
bound to transmit more of the stress wave than a layer of rubber, which would result in
higher stress being experienced by the tibia and as such, lower stress attenuation is
observed.

Chapter 8 - Conclusions 189



Investigating the use of rubber to attenuate the effect of blast load applied to a surrogate lower leg

8.4 VALIDATION OF THE FINITE ELEMENT MODEL

The attempt to validate the experimental blast test results by creating a finite element model
was partly successful. The finite element model constructed to simulate the aluminium
surrogate leg without the rubber layer yielded essentially good results, as the shape of the
stress curves and the magnitudes of the peak stresses for all the blast loading conditions
correlated well with the experimental results.

However, the finite element model created to simulate the blast loading of the surrogate leg
with the rubber sole included in the setup proved to be less successful. The same general
trend in the shape of the stress curves could be observed, with the peaks coinciding at
approximately the same time. The magnitudes of the peak stresses yielded by the numerical
simulations for blast loading in the centre of the foot were greatly under predicted. In contrast,
the magnitudes of the peak stresses given by the simulations of blast loading performed in
line with the heel of the foot agreed reasonably well. This interesting observation leads to the
conclusion that the numerical modelling of the front (metatarsal) portion of the rubber sole
requires more detailed examination. It must however be remembered that the ABAQUS
documentation manual on the modelling of rubber did warn that when the rubber layer is
highly confined and/or subjected to high compression rates, accurate results may not be
provided by the numerical simulation[60].
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Appendix A - SPLIT-HOPKINSON PRESSURE BAR DATA

A.1  SHPB TESTING OF RUBBER AT 175057 STRAIN RATE

Figure A.1 shows the stress curves (1-wave, 2-wave and average stress wave)} obtained
from analysing the data recorded during the SHPB testing of the rubber specimens at a strain
rate of 1750/s. The 2-wave is seen to oscillate equally above and below the 1-wave up to a
strain of 0.09, indicating that the stress at the front and rear surfaces attained a uniform stress
state. After 0.09 strain the 2-wave is seen to diverge from and converge again to the 1-wave
just before the rubber specimen surfaces lpses contact with the surfaces of the pressure bar.
Compression inducing an approximate strain of 0.28 is reached in the specimen before
surface contact is lost, An essentially constant strain rate of 1750is is achieved during the

SHPB testing of the rubber specimen.
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Figura A1 - Graph displaying the 1-wave, 2-wave, gverage stress wave and the sirain rate data
as a function of strain, retrieved fram SHPB testing of rubber specimans {langth 3. 5mm,
diarmater 19.5mm) performed at a strain rata of 1750(s
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A.2 SHPB TESTING OF RUBBER AT 22005 STRAIN RATE

Figure A2 shows the stress curves (1-wave, Z-wave and average stress wave) obtained
from analysing the data recorded during the SHPB testing of the rubber specimens at an
approximate strain rate of 2200/s. The 2-wave is seen to oscillate equally above and below
the 1-wave up to a strain of 0.075, indicating that the stress at the front and rear surfaces
attained a uniform stress state. After 0.075 strain the Z-wave is seen to diverge from and
converge again to the 1-wave just before the rubber specimen surfaces loses contact with the
surfaces of the pressure bar. Compression inducing an approximate strain of 0.33 is reached
in the specimen before surface contact is lost. The achieved strain rate increases slightly from

20000s to 2400/s, however the ¢train rate shows a very small oscillating amplitude.
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Figure A.2 - Graph displaying the 1-wave, 2-wave, average stress wave and the strain rate data
as a function of strain, retrieved from SHPB testing of rubber specimens {length 3.5mm,

diameter 19.5mm) performed at a strain rate of 2200/s
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A.3 SHPB TESTING OF RUBBER AT 250057 STRAIN RATE

Figure A.3 shows the stress curves {(1-wave, 2-wave and average stress wave) obtained

from analysing the data recorded during the SHPEB testing of the rubber specimens at an

approximate strain rate of 2500/s, The 2-wave is seen to oscillate equally above and below
the 1-wave up to a strain of 0.16, indicating that the stress at the frant and rear surfaces
attained a uniform stress state. After (.16 strain the Z-wave is seen to diverge fram and

converge again to the 1-wave just before the rubber specimen surfaces loses contact with the

surfaces of the pressure bar. Compression inducing an approximate strain of 0.375 is reached

in the specimen before surface contact is lost, The strain rate achieved during the SHFB

testing increases steadily from 2100/s to 2900/s, although cnce again the amplitude at which

the strain rate oscillates is very small.
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Figure A.3 - Graph displaying tha 1-wave, 2-wave, avaraga stress wave and the strain rate data

as a function of strain, ratrieved from SHFB testing of rubber specimens {length 3.5mm,

diameter 19.5mm) performed at a strain rate of 2500/s
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A.4 STRESS vS. STRAIN DATA (25005 STRAIN RATE)

Table A.1 contains the stress vs. strain values taken from the curve fitted through the

experimental stress vs. strain data taken from the SHPB testing performed on the rubber

specimen at 2500/s strain rate. The stress-strain data from the fitted curve is employed in the

rubber material model constructed in the finite element model of the rubber sole.

Strain Stress (Pa) Strain Stress (Pa) Strain Stress (Pa)
0 0

0.0037 214822 0.1258 3653540 0.2479 4150111
0.0074 420707 0.1295 3686529 0.2516 4161096
0.0111 617909 0.1332 3717275 0.2553 4172427
0.0148 806682 0.1369 3745914 0.259 4184122
0.0185 987272 0.1406 3772577 0.2627 4196197
0.0222 1159924 0.1443 3797392 0.2664 4208662
0.0259 1324880 0.148 3820483 0.2701 4221526
0.0296 1482377 0.1517 3841972 0.2738 4234791
0.0333 1632650 0.1554 3861975 0.2775 4248460
0.037 1775928 0.1591 3880606 0.2812 4262530
0.0407 1912438 0.1628 3897976 0.2849 4276993
0.0444 2042405 0.1665 3914192 0.2886 4291839
0.0481 2166048 0.1702 3929356 0.2923 4307056
0.0518 2283582 0.1739 3943568 0.296 4322627
0.0555 2395222 0.1776 3956925 0.2997 4338530
0.0592 2501177 0.1813 3969518 0.3034 4354741
0.0629 2601652 0.185 3981438 0.3071 4371234
0.0666 2696849 0.1887 3992769 0.3108 4387976
0.0703 2786967 0.1924 4003594 0.3145 4404934
0.074 2872201 0.1961 4013990 0.3182 4422068
0.0777 2952743 0.1998 4024034 0.3219 4439338
0.0814 3028781 0.2035 4033795 0.3256 4456697
0.0851 3100499 0.2072 4043343 0.3293 4474097
0.0888 3168078 0.2109 4052741 0.333 4491485
0.0925 3231697 0.2146 4062051 0.3367 4508806
0.0962 3291528 0.2183 4071328 0.3404 4526000
0.0999 3347742 0.222 4080628 0.3441 4543005
0.1036 3400507 0.2257 4090000 0.3478 4559752
0.1073 3449984 0.2294 4099491 0.3515 4576173
0.111 3496335 0.2331 4109144 0.3552 4592194
0.1147 3539715 0.2368 4118998 0.3589 4607738
0.1184 3580277 0.2405 4129089 0.3626 4622724
0.1221 3618170 0.2442 4139451 0.3663 4637067
0.37 4650681

Table A.1 — Table of the fitted curve values of the stress vs. strain data retrieved from the SHPB

testing of the rubber specimen at 2500/s strain rate
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Appendix B- EXPERIMENTAL BLAST TEST DATA

]
L

The first two sections of Appendix B contain the graphs which portray the stress-time history
recorded during the series of blast tests performed on the surrogate lower leg. The last two
sections of Appendix B contains the test data noted down prior to and after conducting the
blast tests, The test data comprises the ballistic pendulum characteristics as well as the initial

velocity, impulse and force values calculated for each individual blast test.

B.1 RUBBER SOLE OMITTED FROM BLAST TEST SETUP

B.1.1  5+1g FE4 positianed in the cemntre of the foot model
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Figure B.2 - Graph of stress vs. time history of blast test DU_110107a
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B.1.2 6+1g PE4 positioned in the centre of the fool mode!
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Figure B.3 - Graph of stress vs. time history of blast test DU 110107b
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Figure B.5 - Graph of stress vs. time history of blast test DU_110107d
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Figure B.6 - Graph of stress vs. time history of blast test DU_110107&

B.2 RUBBER SOLE INCLUDED IN THE BLAST TEST SETUP
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Figure B .7 - Graph of stress vs. time history of blast test DU_150107a

OU_150107b

Stress (MPa)
: : : ar
=

S i eaRd S
2R T T
T A N0

o032 100C an 2000

Time {ps)

Figure B.§ - Graph of stress vs. time history of blast test DU_150107b
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Du_180107c

Stress (MPa)

lime [rs)

Figure B.9 - Graph of stress vs. time history of blast test DU_150107c

B.2.2 6+1g PE4 positioned in the centre of the foot mode!
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Figure B.10 - Graph of stress vs. time history of blast test DU 1501079
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Figure B.11 - Graph of stress vs. time history of blast test DU_150107h
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B 23 7+1g PE4 posilioned in the cenlre of the foot moda!

DU_150107f

Figure B.12 - Graph of stress vs. time history of blast test DU 1501071

B.24 5+1g PE4 positioned in line with the heel of the foot model

DU_150107d

— 'Fﬂ.l_

Figure B.12 - Graph of stress vs. time histary of blast test DU_150107d

B 25 7+1g PE4 positioned in fine with the heel of the foof mode!
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Figure B.14 - Graph of stress vs. time history of blast test DU_150107e
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investigating the use of rubber o attanuate the offact of blast load appliad 1o a surrogalo fower lng

B.3 TESTDATAFORBLAST TESTS PERFORMED EXCLUDING THE RUBBER SOLE

TEST DATA Charge diameter = 082 in
Charge area = DO0E14158  m
Bum velnaity = 7200 mvs
Tast o 1 2 3 4 5 B
Tes! namo DU 030107c DU 110107a DU 116107, nU_110107c nu_11010/9 DU "1D1078
Definition foot (genira) foot [cantrel foot {centre) fnot (centrm) inot (heel) food (heal)
Chargo mass (g) _S5elg S+lg Be1g 49 S+1g = 5419
i B 7 8 a 8
Period (s) 36 36 38 s 38 a5
z [m) 019 013 019 - D19 19 B A |
& {m) 0.06 006 oG 006 10,06 D08
R 293 293 753 2483 293 _283
AT (us) 1 34889E 08 1 38B69E-06 1 3BBAYE0B 1 3BABE-DG + MHMOE 06 1 JMBAIE-06
Pandulum mass (kg) T15 715 715 f1.5 1.5 715
| AR (m) 0.0605 0.0 q.0s 0.071 0082 0,05
| OL fen) 0.06 0. 0595 0.068 0.07 0 062 0 058
X1 [(m) 0 (607 09068 (1.061712579 1.0 10250454 0.0/1286588 {.037219648 {1 JA0Z0567T
X2 (m) i 058780817 0. 0RB2AT4 ™ 0. DAA7 18546 0065711412 {.081730352 { Q57734372
_@ 0 Q08466518 u.m-‘r}?agm? Q.012477807 (.01 21@[&1 [ 0.393636 3 0022707580
Vi [mis) 0.106767812 010R556817 D 1740478 01258216/ BA08a791 12 0 10724825

Table B.1 - Table of blast test data for tests performed excluding the rubber sole
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Imvesiigating the use of rubhar to attenuate the effect of hlast load applied fa a surrogate lowar iag

B.4 TESTDATA FOR BLAST TESTS PERFORMED INCLUDING THE RUBHER SOLE

TEST DATA Charge diameter = 002 m
Charge area = 00314158 m'
Bum weloosty = 7200 mis

Test ar 7 B ) 10 11 12 13 14

Tasf nama DU _150107a ouU_ 1501076 DU 150107 DU 1501074 DU 150107a O 150107F DU 1501079 DU_15010Fh

Definition foat+rubber (cenlral | foot+ubber cantre) | boot+rubbar (cenlia) font+rubber (heel) foat+rubber [heel) et drubber (centrey | footimubber (centre) | footrubber (centre)

Charge mass (g) f+10 Bt A+ 2+t 7+1q 7+1q G+ Gelg

g 5] 5] 5] i) i} 7 7

Penad {s) L 5] 3B 3.6 R 36 36 A8

z{m) 015 .19 [ER <] .19 D15 019 015 .19

a [ (.06 .06 [. 06 .06 0.0 1) g 006 PR

i 255 203 253 283 AR ) 293 2.53 293

AT {us) 1, SEARGE-06 1 SRE8SE-0E 1.38858E-08 1.38839E-06 1.ARRABE-NEG 1 3ERRGE-05 1. 3RRAGE-QE 1. 3BEERE-0E
Fenduiurm rass (gl 7 E 15 i i 95 7+.5 71.5 b e 71.5

AR frrt) 00625 [.052 1.0k D.0E 0 (58 a.472 00687 .0675

AL [t 0.0605 .08 1 6 [.QERE (1. 0R55 Q.47 085 .06

X1 () 0062721227 [.522 19545 0 DEO2NEEET 0 OGER2REE2T 0 Q65264542 0. ar2296841 057256754 067 TakE38
X2 fm) DOGO2TETT [.0587A0352 [ 055754273 0 05AFFAATI 0 AE923558 A.07ava5t59 .054 745255 (.63 7305362
il BO2Et027 T 0022218775 0.00320792 [ 017522350 - OOTEARG T 0.012383441 021180205 DA33GER432

Vi [mis) BAVIBT272 B 11GTAT16E 01054315377 DDEFATANT . 118305751 1,127 535068 f3.11E42128 012153878
dmputsa (N} | 7omasevzye | 7921282507 | 7s53egis4s | 7e3swuas | sasesstind 9123111598 _B,554411906 B.71B58063
[ Force(N) | smasessaos | syosspmes | saveotstsy 5437411058 6.090360059 6.568640351 | 5159176637 6277378053
Prassure (Ps) | iscsaoesz |  ibtbazazsd | 1727752150 1749800289 | 19362184 | 2000863162 | 1om05zssis 1698151494
X1 (m) . 00635 0082 .06 0.06 0.058 0072 D.087 0.0B75

difm) 0.18027 7564

Table B.2 - Table of blast test data for tests paerformad including the rubber sole
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Investigating the use of nibber to sttenuate the effect of blest load spplied o a surrogate lowear leg

Appendix C- MANUFACTURING DRAWINGS

The heorizontal pendulum test g used to conduct the blast testing is based on the standard
design of test rins previously used to perform testing in the BISRU blast laboratory. A new test
rig frame was designed and manufactured to incorporate existing rig plates (number 3 in the
Pendulum Rig assembly, drawing number PENDOOBAS) and Teflon bushes (numbers 14 and
15 in the Pendulum Rig assembly, drawing number PENDOOOAS). The silver steel alignment
bars are guided by the Teflon bushes numbered 14 (drawing number PENDGOS) and the tibia
of the surrcgate leg is gquided by the Teflon bushes numbered 15 {drawing number
FPENDO10). The manufacturing drawings for the pendulum test rig are provided in drawings
PENDOOT to PENDO13.

The assembled foot model is shown and labelled in assembly drawings FOOTOO0AS and
FOOTOIMAS. The part drawings for the manufacturing of the surrogate foof, ankle and tibia
are given in drawings FOOTO01 to FOOTO0,

Assembly drawing TESTRIGD01 shows the Foot assembly placed in the Pendulum Rig as

during the experimental test sefup,

Appeandiy O — Manufacfunng Drawings EE
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