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Cellular materials are often used as impact/blashaators due to their capacity to
absorb kinetic energy when compressed to largenstrior such applications, three
key material properties are the crushing stresdéeal stress and densification strain.
The difficulties associated with obtaining these chanical properties from
dynamic/impact tests are outlined. The resultsnodxperimental investigation of the
guasi-static and dynamic mechanical propertiesvoftypes of cellular materials are
reported.

The dynamic tests were carried out using Hopkirs@ssure bars. Experimentally
determined propagation coefficients are employetepresent both dispersion and
attenuation effects as stress waves travel aloagb#rs. Propagation coefficients
were determined for 20 mm and 40 mm diameter viaste PMMA pressure bars
and for elastic Magnesium pressure bars. The ugleeoélementary wave theory is
shown to give satisfactory results for frequencgsip to approximately 15 kHz, 8
kHz and 30 kHz for the 20 mm and 40 mm diameter PMibArs and the 23 mm
diameter Magnesium bars respectively. The use wf ilmpedance, viscoelastic
pressure bars is shown to be preferable for tesimg density, low strength
materials.

The quasi-static and dynamic compressive propesfibalsa wood, Rohacell-51WF
and Rohacell-110WF foams are investigated alonthede principal directions. The
dynamic properties were investigated by perfornfipdit Hopkinson Pressure Bar
(SHPB) and Direct Impact (DI) tests. In generak ttrushing stress, the plateau
stress and the densification strain remain constéthtincreasing strain rate of the
SHPB tests. However, a dynamic enhancement of ringhing stress and plateau
stress was revealed for balsa wood and RohacellF51W contrast, the plateau
stresses of the Rohacell-110WF specimens are |lboveSEHPB than quasi-static
tests.

From the DI tests, it is shown that compaction vgakrave negligible effect on the
stresses during dynamic compaction of along andsacthe grain balsa wood at
impact speeds between approximately 20 — 100 nitstratively, the proximal end
stresses of both Rohacell-51WF and 110WF foam&aser with increasing impact
velocity, following the quadratic trend predicted tshock theory”. This indicates
that compaction waves are important for the cas®aliacell foam, even at low
impact velocities.
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Nomenclature

Roman Symbols

A Area of the pressure bars
A Pseudoinverse of a matrik
A" Hermitian matrix

A, Initial area of the specimen
Alw) Coefficient matrix

C Constant
E Young’'s Modulus of the pressure bars

E*(w) Complex Young's Modulus

F(t) Force at bar/specimen interface
F(w) Fourier Transform of the force
G Gain

G;  Shear Modulus of the cell wall material

G (w) Complex Shear Modulus
I Second moment of area

K" (w) Complex Bulk Modulus

M " (ew) Complex Moduli
N Number of sampling points

Ps Buckling load

N(w) Fourier Transform of the backward travelling w#wt) )
5(50) Fourier Transform of the forward travelling wavie(f) )
S;  Gauge factor

Vv Change in velocity across the compaction wavéfron
V.

Input bridge voltage
Output bridge voltage

Ve Impact velocity

19



Nomenclature

\Y/

cr

V(t)

V(w)

~

Critical impact velocity

Velocity at bar/specimen interface
Fourier Transforms of the particle velocity

Matrix containing the unknown forward and backwases

Longitudinal wave velocity of the pressure bars

Elastic wave speed of the foam

Phase velocity

Diameter of the pressure bars

Highest frequency component present in a signal
Wavenumber

Length of the pressure bars

Initial length of the specimen

Atmospheric pressure

Initial pressure of the fluid within the cells thfe foam

Time

tand,, (w), tand, (w) Loss factors

u(x,t) Axial displacement at a position

v(x,t) Particle velocity at a positior

Greek Symbols

Af Frequency spacing

At Time interval between two successive points
Ao  Elevation in stress

A« Angular frequency increment

a(w) Attenuation coefficient

y Ratio of specific heat capacities

y(a) Propagation coefficient

Y, Yield strain of balsa wood in longitudinal shear
g,  Crushing strain

&, Densification or locking strain
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Nomenclature

£ (t)
£ ()
0

£(1)

£ (X, &) Fourier transform of the longitudinal straiﬂ(&t)) at positionx

£,(t)

£ (w)

QS M

A

opt

()

Po
P

g,

cr

g,

Oy

Incident strain
Reflected strain
Transmitted strain

Average strain in the specimen

Average strain-rate in the specimen

Fourier Transform of the strain rate

Second derivative of strain (strain acceleration)

Energy absorbing efficiency
Initial fibre misalignment angle
Optimum slenderness ratio
Wavelength

Coefficient of friction

Complex Poisson’s ratio
Poisson'’s ratio of the foam
Density of the pressure bars
Density of the specimen
Relative density

Density of the cell wall material
Real positive constant

Stress at the front of the compaction wave

Crushing stress
Plateau stress

Yield stress of the cell wall material

o(x,t) Normal stress at a position

as(t)
7(w)
9

a

Average stress in the specimen
Fourier Transform of the stress
Fraction of the solid material in the cell edges

Angular frequency
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CHAPTER 1

Introduction

1.1 Aims

Cellular materials are often used as energy absoihe@mpact applications due to
their low cost, good strength to weight ratio ahditt ability to dissipate energy
under an optimum safe load/displacement levels itherefore important to know
their response under high strain rates. The miaj@ctives of this study include the
investigation of the difficulties involved when tieg) soft materials using the
conventional Split Hopkinson Pressure Bar (SHPRhmegue that utilises high
impedance elastic pressure bars. In order to aehigns aim, experimental
techniques that can be used to obtain high stedenproperties of cellular materials
to large strains were explored: The goal beingeiegate stress-strain curves up to
full densification for balsa wood and Rohacell foaBoth SHPB techniques that
utilised low impedance elastic pressure bars alsdoelastic pressure bars were
investigated. As well as SHPB tests, Direct Imp@d) tests were carried out in

order to characterise the dynamic properties otéllelar materials.

1.2 Background of the Split Hopkinson Pressure Bar techique

Cellular materials, including wood, polymeric foaraad honeycomb structures,
possess unique characteristics such as the dbilitpdergo large deformation under
constant load as well as high strength to weigttosa Due to low cost

manufacturing processes, they are used in varioysaét and blast damage
protection applications. For example they are usethe automobile industry, for

occupant protection under impact or in new car bemmgesigns, in the sports
industry for the design of new helmets and variprgtective equipment. Clearly, it

is important to know the properties of these matsrunder high rates of strain.
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Chapter 1: Introduction

Several techniques have been developed for studyengesponse of materials under

low, medium and high strain rates.

The Split Hopkinson Pressure Bar (SHPB) is onehefrhost popular and reliable
devices used to study the dynamic behaviour of maddeup to strain rates of
approximately 10s™. It finds its origin in 1914 when B. Hopkinson dsa single
elastic pressure bar for measurements of dynamegspre by means of momentum
traps at the end of the bar. The pressures werergied by the detonation of
explosives or by the impact of bullets. Major adseson the Hopkison's design
were made by Davies [1] who discussed the limitetimvolved in the Hopkinson’s
pressure bar and introduced the use of electricgdsnrement techniques which
enabled direct measurements of the pressure-titse fravelling through the bar. In
1949 Kolsky [2] introduced the use of two presdoaes. The SHPB consists of two
pressure bars of uniform cross-sectional area nuddibe same elastic material,
which are referred to as the incident (or input)l &amnsmitter (or output) bars. A
short specimen is placed between the two bars.ofeqile or striker made of the
same material and the same diameter as the prdsssrés fired at the incident bar
and imposes an elastic compressive pulse on .ittheencident wave The incident
compressive wave propagates until it reaches theirsen. At the interface, part of
the incident wave is reflected back through the bar thereflected wavewhile a
portion of it is transmitted through the specimenthe transmitter bar, i.e. the
transmitted waveMeasurements of these three pulses are takemvypairs of
strain gauges, which are attached usually in thedlmiof each bar. According to
one-dimensional stress wave propagation, the sigpigked up from each strain
gauge station are time shifted and are known imyegeint on the bar. In this way
the conditions at both faces of the specimen intaminwith the bars can be

determined.

The applied forcesK(t)) and the velocities\( t()) at both ends of the specimen
(Figure 1.1) are given by

F.(t) = AE(e, (t) + £:(1)) ; (1.1)
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F,(t) = AEs (1) ; (1.2)
Vi () = cle, (1) - - (1) ; (1.3)
V, (t) = c&, (1) , (1.4)

where A, E, c are the area, Young's Modulus and longitudinal evaelocity of

the pressure bars and subscril#ted?2 are explained in Figure 1.E, (t), £(t) and

& (t) are the incident, reflected and transmitted stre@spectively.

The average stress, strain and strain-rate inpgbeirmen can be obtained as:

o, (t) = %(e. (1) + a0 + & (V) ; 0L5)
C t

AR ICIORENUREIG) (1.6)

£.(0)==(g () -£.(0) - & (1) , 0w.7)

0o

wherel, and A, are the initial length and area of the specimepeetively.

One of the main assumptions for the specimens wedoin the SHPB analysis is that
the stress and strain state throughout the specisnaniform [3, 4] (note that the
presence of friction and/or the effects of radiall aaxial inertia can violate this
assumption). Details of the assumptions involvetha SHPB technique have been
presented in a number of review papers such aj.[3,

If the stress and strain fields are assumed unitbinmughout the specimen then the

stress-strain relationship of the specimen canbb&ed from:
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EA
t)y=—-2e&:(t) ; 1.8
o,(t) A & (1) (1.8)
2¢ |
AOEES j £ (tydt . (1.9)

Experimental results can be processed using a tare,or three-wave analysis,
depending on the number of stress waves useddolatd the stress in the specimen.
For the one-wave analysis uniformity of the strissassumed rather than checked,
with the stress and strain calculated from Equatith8) and (1.9) respectively.
Similarly, for the two-wave analysis, the waveghe incident bar only are used to
determine stresses (Equation (1.1)). The three-waaedysis uses the average stress

calculated from Equation (1.5).

1.3 Report Outline

In the second chapter the limitations of using Isiee other high mechanical
impedance) SHPB set ups to test soft materialsdem®ussed. Then a review is
presented of the existing methods that are useéektacellular materials utilising the
SHPB technique. Furthermore, the validity of theuasption of stress uniformity

within the tested specimen is discussed in detail.

In the next chapter the details of the instrumeémtathat was used are given. Also,
the two different SHPB arrangements and the Dupedre described.

The following chapter involves the “calibration’qmedure followed for the 20 mm
and 40 mm diameter PMMA pressure bars. This indualeliscussion of the wave
propagation in viscoelastic media as well as tHela@on for the accuracy of the
“calibration” method that was carried out. Alsoetmechanical properties of the

PMMA material are investigated and results areqares.

25



Chapter 1: Introduction

The fifth chapter includes a discussion of existimgve propagation techniques.
Numerical and experimental results are presentethécase of the PMMA pressure

bars.

In Chapter Six an experimental propagation coedfitis determined for the case of
the Magnesium pressure bars. The accuracy of thieoshés verified and results of

the wave separation in the case of the Magnesiasspre bars are presented.

In the seventh chapter the properties of balsa waredinvestigated under quasi-
static and dynamic conditions. Balsa wood is cosged under high strain rates
along its three principal axis utilising both theaghesium and PMMA SHPB set
ups. In addition DI tests are performed for botbngl and across the grain balsa
wood specimens. It is worth mentioning that theadaitained from the SHPB tests

for the across the grain balsa are new.
In the eighth chapter new data is presented ofiyfmamic properties of Rohacell-
51WF and Rohacell-110WF foam in all three directiby performing SHPB and DI

tests.

Finally, in the last chapter the concluding remadisthis study are presented.

Furthermore, suggestions are given for future rebea this field.
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Figure 1.1 Specimen between the incident and transtter pressure bars [3]
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CHAPTER 2

Literature Review

2.1 Introduction

The knowledge of the properties of soft materiatglar dynamic conditions is
essential since they are often utilised as enebgpraers. One of the most widely
used devices for the determination of a mater@dysamic properties is the SHPB.
However, testing of soft materials using a convardl SHPB set up, which usually
consists of steel pressure bars, leads to inadegrdce to the low strength of the
specimen. Hence, testing of soft materials sucltedisilar solids has often been

carried out using modified SHPB arrangements.

In this chapter the limitations of the classicalghh impedance, elastic SHPB
arrangement for testing low density, soft matergasinvestigated. Then a review of
the existing modified SHPB methods is given. Finathe validity of one of the

fundamental assumptions of the SHPB techniquessudsed in detalil.

2.2 Limitations of the classic SHPB technique when testg soft materials

The SHPB technique is the standard method usedbtionodynamic properties of
materials at strain rates of the order of 1000However, the conventional SHPB
system consists of pressure bars whose mechamipaldance is higher than that of
the low impedance and low strength materials camsdihere. This mismatch in the

mechanical impedance can lead to inaccuracies.

Some understanding of this can be gained by comsgiéhe magnitude of the

transmitted ¢ ) and reflected ¢, ) elastic stress waves at the interface of two
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rods with different mechanical impedances. The ntada of the elastic incident

stress wave at the interface is definedsag . According to the wave propagation in

linear elastic solids the magnitude of the refldaed transmitted wave depends on

the impedance mismatch of the two rods [3]:

- 2pocop\) A .

UT,E(t)_ (AP, +A) A UI,E(t) : @.1)
_ AP, ~ A

Trel)= e s Ao e2)

If the mechanical impedance of the second (8go.c, is viery small compared to
that of the first rodAoc), the magnitude of the reflected stress wave wadl b

approximately equal to that of the incident stnease (Equation (2.2)) leading to a

very low amplitude transmitted pulse (Equation 2.1

Now consider the case when the specimen has atlewgsh, defined by a yield

stress 0,. The maximum stress at the back face of the speTinj.e.

specimen/transmitter bar interface) is limited bg yield stress of the specimen. If
this stress is low, the accurate measurement oftrdmesmitted pulse becomes
difficult for high impedance bars. The maximum ssrat the incident bar/specimen
interface is also limited by this yield stress amte yielding occurs, the difference
between the magnitudes of the incident and refleetaves is proportional to the
yield stress in the specimen. The aim here is tasme this low strength accurately,
and at strain rates of the order of 1000amd to large strains of up to 0.9. Large
specimen strains require large displacements initk&ent pressure bar. The
combination of large displacements in the bar aigtl ktrain rates in the specimen
can only be achieved when the incident wave inhilgh impedance input bar has a
large stress magnitude relative to the vyield stresshe specimen. In these
circumstances, the incident wave and the reflestedde are almost equal in

magnitude (the difference in magnitude is propodioto o,). This is the

fundamental difficulty associated with testing I®trength materials using elastic
bars with relatively high mechanical impedance. Ti®dent and reflected waves
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have almost equal magnitude so that the experithantse and oscillations in the
stress waves make it extremely difficult to deternithe stress at the incident
bar/specimen interface. It therefore becomes imbplessto check for stress
uniformity in the specimen by using either the twave or three-wave analysis.

Furthermore, when soft materials are tested usingjastic SHPB, it is essential that
a uniform stress state within the specimen is cheéakxperimentally. It should not
simply be assumed that Equations (1.8) and (1®)eaapplied. Stress waves within
the specimen can result in differences in stresgsacthe specimen and since soft
materials tend to have low wave speeds, the tinggimed to achieve stress
equilibrium will be significantly greater than thd&r metallic specimens. For
example, consider the effect of an incident wave inonventional SHPB with a
short rise time (approximately i) if the specimen is a soft material with a low
wave speed. If the amplitude of the stress of daslihg pulse exceeds the yield
stress within the rise time, then plastic yieldindl occur at the front face of the
specimen, while the stress at the back face mamadl, resulting in a non-uniform
stress and strain state [5, 6, 7]. The limitatiohthe assumption of stress uniformity

within the specimen will be discussed in more détabection 2.4.

2.3 SHPB arrangements for testing soft materials

The difficulties encountered when testing soft mate have been overcome by
either modifying the SHPB set up in order to inseahe sensitivity of the
transmitter bar or by using lower impedance presbars so as to increase the signal
to noise ratio of the strain signals and overconeelimitations discussed in section
2.2.

2.3.1 Modified SHPB arrangements

For a given stress in the specimen, the straihéntiansmitter bar can be increased
by reducing either the Young's Modulus or the crssstional area of the bar
(Equation (1.5) and (1.8)). Based on this obsemmaC€hen et al. [7] modified the
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classic SHPB set up by using lower impedance Alwminalloy bars with a hollow
output bar to test RTV630 silicone rubber. An eap of the same material as the
bar was placed at the specimen/transmitter interfacorder to keep the sample in
place. A pulse shaping technique was employed tdraothe rise time of the
incident pulse, in order to ensure homogeneous riahafiion of the specimen.
Furthermore, this pulse shaping eliminated any Higlquency components in the
loading pulse and so dispersion effects were assuragligible. It was argued that
the pulse shaper ensured that the presence omtheap did not violate the one
dimensional wave propagation in the transmitter aorder to examine the effects
of the end cap on the transmitter bar signal, twgeeaments were conducted using
identical incident waves. It was argued that astti@ transmitter bar signals had
similar shapes, the effect of the end cap couldybered. Gray et al. [8] argued that
both a one-wave and two-wave analyses should hese tarried out by Chen et al.
[7] in order to check correctly the effect of thedecap. In addition, Mahfuz et al. [9]
pointed out that it is doubtful whether the end eaquld not interfere with the wave

propagation in the hollow bar.

The use of a hollow transmitter bar was regardecddejuate for testing rubber
materials, such as silicone rubber RTV630 speciniéhsand was also applied in
SHPB tension experiments of epoxy and Polymethyia@mylate (PMMA)
specimens [10]. However, for even lower impedaneg¢enmals such as foams a new
technique was introduced by Chen et al. [6], whichvided an increase of the
measured transmitted signal by three orders of matgrwhen compared with the
conventional technique of employing strain gaudestead of reducing the cross-
sectional area of the transmitter bar, a piezoetettansducer was placed in the
middle of the output bar to increase the sensjtioftthe measurements. The quartz
crystal had the same cross-sectional area and xapyately the same mechanical
impedance as the bars to ensure one-dimensiona p@pagation by minimising

reflections at the bar/specimen interface.

Neither of the above methods [7, 6] can overcoreetioblem that when testing soft
materials with higher impedance pressure bars mb#he incident wave will be
reflected back to the input bar. Therefore, thecspen’s stress equilibrium cannot

be checked by simply comparing the one and two veaadysis [5, 11, 12], since the
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input force (force at incident bar/specimen integefawill be difficult to measure, i.e.
the incident and reflected strains of Equation)(aré almost equal in magnitude but
of opposite sign so that the result of adding thtegether produces a very noisy
signal. In order to overcome this problem piezaele¢ransducers were placed near
the specimen’s interfaces to monitor both the framd back forces [5, 11, 12]. The
transducers could not be placed at the interfasetha lateral expansion of the
specimen during compression would destroy the guenystals. Therefore, thin
aluminium disks were placed between the transdueexs the specimen. The
presence of additional interfaces in both presbtars can interfere with the stress
wave propagation and obscure the reflected andnrited waves that are used to
calculate the nominal stress, strain and straie mit the specimen. Further
investigations of this experimental arrangementeweairried out by Casem et al.
[13], who concluded that the force measurementsenigdthe quartz gauges may
need to be corrected for errors associated withtisheeffects in the quartz and

aluminium discs.

Mahfuz et al. [9] replaced the elastic steel trattem pressure bar with a low
impedance, viscoelastic, polycarbonate bar in omléncrease the magnitude of the
transmitted signal. An increase of one order of mtage in the sensitivity of the
transmitter bar signal was achieved by using tHgcadbonate output bar. However,
stress waves disperse and attenuate as they alavgl a viscoelastic bar. Although
these effects were recognised by the authors,leeg assumed negligible and both
the phase velocity and Young's Modulus were assuocoedtant. Errors associated
with these simplifying assumptions were not qu&dif The same SHPB
arrangement was used by Deshpande and Fleck [14gdio aluminium foam
(Alulight and Duocel Foam). Again viscoleastic effe were disregarded.
Furthermore, since the pressure bars are madefalifferent materials Equations
(1.5)-(1.9) were modified. This was identified bgthh Mahfuz et al. [9] and by
Deshpande and Fleck [14] However, the results friooth investigations are
questionable, since the assumption of stress bquiin within the specimen was not
checked. A fuller discussion of the effects of freqcy on the viscoelastic properties
of polymer materials and the stress wave propagatieiscoelastic rods is provided

in Chapter 4.
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2.3.2 Low impedance SHPB arrangements

The advantage of large impedance mismatch betweebdrs and specimen is that
stress equilibrium can be achieved more rapidlylfb, 12]. Elastic bars have the
additional advantage of simple processing of stragords. The disadvantages are
the low sensitivity in the output bar and the diffty in determining the input force
as previously discussed. In order to achieve amogpjate balance between these
advantages and disadvantages, pressure bars madkematals, which have lower
Young’'s Modulus than steel, such as Titanium alloysMagnesium alloys, have
been employed [15, 16, 17, 18] in preference ta@oefastic pressure bars. In
addition, the mechanical properties of these lowddance metallic bars are
unaffected by various environmental factors such teamperature, aging and
moisture. It should be noted that even if metdiars are used dispersion effects
should be taken into account if the stress wavatagofrequencies wherein the ratio
of the wavelength to bar diameter is not large. By, there is a class of materials
that includes certain foams, some types of wood @otgmers for which even low
impedance metallic bars will not provide sufficiesgnsitivity when used in the
SHPB [8]. Table 2.1 shows the relative impedancenafterials used as Hopkinson
bars as a percentage of that of steel. Lower impmxlanaterials give greater
sensitivity in the measurements. Just as magneasllay is preferable to steel as a
Hopkinson bar material for testing certain matsfiadlo PMMA is preferable to
magnesium alloy for increasingly soft materialsingsbars with lower impedance
allows the stresses at both bar/specimen interfexcbs calculated. The uniformity
of stress within the specimen can be checked bypedng the results of the one-
and two-wave analyses. The increase in sensitiiif is gained by employing
PMMA rather than magnesium alloy bars is alsofitated in Figure 2.1. SHPB tests
utilising PMMA and Magnesium alloy pressure barsravgerformed on two
aluminium foam specimens with a thickness of 10 e forces shown in Figure
2.1 (a) follow similar shapes, while in Figure 2k} the difference between the front
face and back face forces makes it difficult toeasswhether stress uniformity

within the specimen has been achieved. This ifdurdiscussed in later chapters.
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During the last decade, the use of polymer baryy(fRethylmethacrylate (PMMA),

Polycarbonate (PC)) has become very popular [1922022, 23, 24, 25, 26, 27, 28].
However, stress waves propagating in viscoelasdis lattenuate due to material
damping and disperse due to the geometric efféctedeal inertia and due to the fact
that the material properties depend on frequen®y 26]. Both effects have to be
considered in order to obtain valid SHPB data.ds$ lbeen shown experimentally
[23] that if these effects are assumed negligithe, magnitude of stress in the
specimen can be underpredicted by 15%, while thecisgen strain can be

overpredicted by more than 26%. In addition, theceelastic material properties
depend on several environmental factors such apeture, moisture content and
ageing [8]. Therefore, the use of polymer presswaes at various temperatures
requires additional effort compared with elastiegsure bars whose mechanical
properties can be assumed to be constant for sthatiges in room temperature.
Bacon et al. [29] suggested the experimental detetion of a transfer matrix

whose properties depend on temperature. Howevsoftiimaterials have to be tested
at various temperature levels, a transfer matrig twa be determined for every

temperature.

Wang et al. [25] developed a viscoelastic SHPB rhbdeed on the Zhu-Wang-Tan
(ZWT) non-linear constitutive equation (Equation3)2.and the method of
characteristics. The mechanical properties of pelgmare strain rate dependent and
this was incorporated using the rheological modeFigure 2.2. In a viscoelastic
SHPB system, the bars are subjected to impactrigacihhnditions and therefore it
was suggested that the wave propagation in a Jastoe SHPB should be treated
according to the high strain rate behaviour of pwys. Based on experimental
observations it was argued that the Zhu-Wang-Tamatsan (Equation (2.3)) can be
used to describe the non-linear behaviour of potgraéhigh strain rates:

ter

o=Ec+ae’+ [ + Eljé(r)e[ Hljdr + Ezjé(r)e[_e2 Jdr , @2.3)

t-r

where the first three terms describe the non-liedastic response anl,,a, are

elastic constants, the first integral describesuiseoelastic response at low strain
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rates withE;, 8, being the elastic constant and relaxation timpeaesvely and the
last term corresponds to the viscoelastic respah&égh strain rates an,, &, are

the elastic constant and relaxation time respdgtive

The low frequency Maxwell element witk, and 77, can be reduced to a single

elastic element under high strain rates. Furtheemioecause the deformation of the
bars is small the second and the third terms ofakowm (2.3) were ignored. Hence,

for Hopkinson pressure bars Equation (2.3) redtmes

ter

o=Es+Ee+ Ezjg(r)ggz]dr. .4)

Considering the above equation (Equation (2.4)) tredequations of motion and
continuity for a thin bar a solution for the wavguation in viscoelastic bars was
obtained. It should be pointed out that Wang ef2&l] suggested that in the case of
high strain rate conditions for the high frequenwegves the phase velocity was
assumed to be constant, as was the attenuatiorficcer@f Neither of these
assumptions are accurate for practical Hopkinsanse&ups, as is illustrated in
Chapter 4. Gary et al. [30] argued that the preshstof the viscoelastic model used
by Wang et al [25] are not generally applicableHtapkinson bars. It was accepted
by the same authors [27] as well as in [21] thatgfoposed method [25] would give
satisfactory results for a narrow frequency rarigés worth pointing out that the
method presented by Wang et al. [25] has never bsed in an actual SHPB test in
the open literature.

Zhao et al. [26] considered both attenuation arspealision effects by generalising
the Pochhammer-Chree frequency equation for elaatigin the case of viscoelastic
bars, where the elastic constants were replacetbimplex properties. The Fourier
stationary wave analysis was employed for the ks=iic model because the
numerical efficiency and the precision were indejeen of the distance between the
strain gauge and the specimen/bar interface [@gp, the three dimensional effects
(the bar diameter effects), which become imporéanthe ratio of the wavelength to

diameter of the bar reduces, could be considerdidowt additional computational
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efforts. The solution of the frequency equation egivthe phase velocity and
attenuation coefficient, which both depend on tegdency and the diameter of the
bar [26, 27]. However, in order to obtain the solutthe material properties must be
known a priori. As a result a rheological model veasployed and the unknown
viscoelastic parameters were determined by compaairpredicted wave and a
measured wave at another point on the bar. It shioellmentioned that the details of
the solution scheme that is required to deternfieenine constants in the rheological
model used were not published.

The technique has been used to test honeycombsaiffilinetallic tubes as well as
polymeric foams and satisfactory results were olethi [32]. However, it is
mathematically rather complex and additional corapanhal time is required to
solve the Pochhammer-Chree equation, since antidierprocedure is required.
Also, it was assumed that the Poisson’s ratio veesstant which is not exactly true

for viscoelastic materials as will be shown in Cleag.

Sawas et al. [23] used two strain measurementsvatdifferent locations on a
polymeric pressure bar and determined experimgngail auxiliary function in the
time domain in order to establish the relaxatiod areep functions. Those functions
where then used to determine the stress-strain stnelss-particle velocity
relationships at the specimen/bar interfaces. Hewekie constitutive relationship of
the linear viscoelastic material is required to kmewn before the technique is
applied. Furthermore, the starting time of eaclnalidpad to be identified accurately
to avoid errors, which is difficult since real sais are often corrupted with noise.
Polycarbonate, polyurethane foam and Styrofoam kmmpere tested using the
viscoelastic analysis that was proposed at diffesgnain rates. It should be pointed
out that the specimens were assumed to be in lequih without comparing the
results from the one and two wave analyses. Intiaddnigh-strength titanium alloy
anvils were placed at the specimen/bar interfacesvbid any damage of the bars

and to diminish localised elastic deformation &t ithterfaces.

Bacon [33], following the work by Lundeberg and Bta[22], presented an
experimental method for the dispersion correctiorviscoelastic bars due to both

the bar geometry and the viscoelastic propertiaseB on the one-dimensional wave
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propagation it was shown that measurements ofathgitudinal strain could lead to
the determination of a propagation coefficient. sThcoefficient y(a) is
representative of both attenuation and dispersifatts in a viscoelastic bar and is
defined as:

Nw) = a(w)+ik(w) = a(w)+i—— , @.5)

where a(w), k(w) and c(w) are the attenuation coefficient, the wavenumbertaa

phase velocity respectively, ard is the angular frequency.

The one-dimensional equation of axial motion ofvlseoelastic bars is given by

ox?

(0_2 ; yzjg(x, =0 e6)

The general solution of Equation (2.6) gives thaistat any point on the bar,
£(x,w) = P(w)e™ + N(w)e” @.7)

where I5(a)) and N(a)) are the Fourier transforms of the forwar® { )(gnd
backward (N () travelling waves respectively are{x,« i the Fourier transform

of the longitudinal strain at any cross sectionFrom a series of impact tests on a
20 mm and a 40 mm diameter viscoelastic pressusedmal by use of Equation (2.7)
the propagation coefficient was determined and ueechlculate the axial particle
velocity and normal force at any point of the bs.the propagation coefficient was
determined experimentally, it incorporates all digon and attenuation effects in
the propagating wave that are present as a resuibthh the bar geometry and
material properties. As such, the strains calcdlatethe end of the bar include
inherently all material and geometric effects o€ thar. However, in order to
determine the complex elastic modulus of the baherstress at the bar ends, it is
necessary to employ a rod wave theory together thighpropagation coefficient. In

contrast to the method used by Zhao et al. [26, B&fon [33] employed the one-
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dimensional wave model. Although, this can lead itaccuracies when the
wavelength is of the same order or less than ttegaladimensions of the bar, it is
considered to lead to sufficiently accurate resuitshe case of SHPB tests (the
frequency range of a typical SHPB test does no¢eds the 10-15 kHz [33,20]). The
method is regarded as rather advantageous, singesiinple from a mathematical
point of view and easy to implement. It can alsoabplied to pressure bars of any
cross sectional shape and the properties of tlveefigstic material are not required a
priori [33]. The method described was used sucadgdbr the determination of the

high strain-rate properties of balsa wood [34].

A simple technique to predict the strains at carpsitions along a viscoelastic bar
was employed by Cheng et al. [21], whereby a teanfinction was used to relate
the strain measurements at two positions alongbtre Using this technique the
strain can then be predicted at integer multipleshe distance between the two

strain readings.

In order to determine the strain in a specimen wing viscoelastic bars usually
involves measurements of the strain on both bangsrain gauges. In this case the
correction for the dispersion and attenuation é$fexessential. In order to avoid the
viscoelastic wave analysis needed when using strailges, Casem et al. [20] used
electromagnetic velocity gauges, which were plabetiveen the specimen/bar
interfaces, to measure directly the velocity athbfatces of the specimen. For the
case of a 19 mm diameter polycarbonate bar, it shasvn that errors of less than
5% arise for frequencies up to 20 kHz when calauathe stress from the velocity
measurements and without taking into account disperand attenuation effects.
The main drawback that exists with this technigu¢hat a single measurement of
the velocity at the input bar/specimen interfacaas sufficient to calculate both the
incident and reflected waves. An impact pre-testh@nincident bar is required so as
to calculate the velocity of the loading pulse. Tingdent bar has to be impacted at
the same velocity in order to generate an ideniigatient pulse to that occurring in
an actual test with the specimen. Therefore, tlcaracy of this method relies on the
repeatability of the incident pulse during everst{20]. Nevertheless, the measuring
test duration is doubled without the need of theesaio be separated. The method

was applied successfully for testing low-densitgrfoat various strain rates (1500 s
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to 10000%). It should be noted that the method cannot tel ue test magnetic
materials or when the pressure bars are magnetidalthe effects of the induced

magnetic field on the velocity readings.

Sharma et al. [24] proposed the use of high-spéetbgraphy in combination with
a viscoelastic SHPB. The high-speed camera was tese@deasure the axial and
transverse strains of the specimen. The viscoelgstperties of the bars were
described using a three parameter Kelvin model sgare 2.3) and the method of
characteristics was applied to determine the foacekthe particle velocities at both

faces of the specimen.

However, as in the case of the techniques by Waiad) 5] the geometric effects

were not considered and the material constantsedetxbe determined before the
application of the method. Also, the time stepdusethe method of characteristics
were approximate, since the wave speed was assumdsk independent of

frequency (as was the attenuation coefficient)tS'aeg&re performed on sorbothane,
clay and bologna and it was revealed that the eisstic analysis underestimated
the strain values of the specimens by approximéits®, when compared with the

strain measurements that were obtained using tjiedpeed camera. Therefore, it
was suggested that the values of the material aotssshould be changed in order to
reduce the discrepancies between the two metho#iS%0 Nevertheless, the stress
values were validated by comparing the resultgestiston polyurethane samples with

previous results on the same material.

More recently Liu and Subhash [28] developed a nesthod to describe the wave
propagation in viscoelastic bars. Two strain meam@nts were used to define an
impulse response function. One-dimensional waveagation was assumed and the
constants of a universal linear viscoelastic madgh multiple Maxwell elements
were determined by a least squares fit. The methadtierefore similar in some
respects to that of Zhao et al. [26], but emplogsnapler wave theory. The method
has been used to test the high strain-rate pregeastipolymeric foams [35].
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2.4  Stress uniformity in the specimen

One of the fundamental assumptions of the SHPRat the stress and strain state
throughout the specimen is uniform (Note that fellutar materials the strain will
never be uniform due to localised deformation dmd ts discussed further in e.g.
Chapter 7). This assumption can be violated bytimenr friction effects. Strictly
speaking the above assumption is never true ated#nly stages of loading (for
severalus) especially for thicker specimens, since asribelent wave arrives at the
front specimen/bar interface the generated stressewoads only the front face of
the specimenAt this instant the back face remains at rest. [lUhe stress wave
propagates to reach the back face of the specineeditference in stresses between
the front and the back specimen’s face is gigat2]. Although this is inevitable the
assumption of stress equilibrium will not lead tgndficant errors for the case of
metal specimens [36] of appropriate aspect raffg. [Bhe achievement of a uniform
stress and strain state within the specimen is miffieult in the case of brittle and
soft materials. Brittle materials usually fail dugithe initial stage of loading, while
soft materials require a longer time to achievesstrequilibrium due to their lower
stress wave speeds [6, 5, 12, 8,38,39].

Therefore stress uniformity of the specimen, esdlgcior brittle and soft materials,
must not be assumed at any time and should alwaghdécked. This can be done by
checking the forces/stresses at both faces ofgheirmen (referred to as two-wave
and one-wave analysis). The two-wave analysis sepits the force/stress at the
front face of the specimen, while the one-wave ysiglrepresents the force/stress at
the back face of the specimen. The result obtaired the two-wave analysis will
be always more oscillating than the result fromdhe-wave analysis. This is due to
the fact that as the transmitted pulse travels ghotihe tested sample the high
frequency oscillations will be eliminated leading & smoother pulse in the
transmitter pressure bar. If the specimen reactresssequilibrium, the two-wave
result will oscillate equally above and below theeavave result [4,8]. The
achievement of a constant strain rate can be useshather validation of stress
uniformity within the specimen [4, 8], at-least foetal specimens as explained later

(Equation (2.8)). Note that caution should be auplvhen using strain rate as a
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check for stress uniformity in soft or cellular madls. Particularly when the
pressure bars are high impedance, the straingateminated by the displacement
history of the input bar/specimen interface. Whas $pecimen is soft, the reflected
wave is so similar to that for a free-ended bat #tein rates will always tend to

appear to be approximately constant.

The establishment of a uniform stress and straate stvithin the tested sample
depends mainly on:
» The existence of radial and axial inertia effects;
* The presence of friction at the bar/specimen iate$;
* The rise time of the incident loading pulse, whadntrols the initial stress
state in the specimen [12];
* The sample thickness, which controls stress equfib after the initial stage
[12];
e The mechanical impedance mismatch between therspeand the pressure
bars;

* The quality of the specimens.

Radial and axial inertia effects can be minimisgdlsuitable choice of the sample
size. The majority of the guidance in the literaton the choice of optimal specimen
size refers to metallic specimens. However, it banused to guide the choice of
dimensions of non-metallic specimens [40]. The ditanof the specimen is chosen
usually to be 80% of the bar diameter [4]. In thisy the maximum desirable strain
in the sample is achieved without its diameter egagg the bar's diameter. On the
other hand, the specimen must be large enough t$obulk properties to be

measurable. For example in the case of polycrys¢éathetals and alloys the sample

diameter should be at least ten times the reprabemimicrostructure unit size [4].

Davies and Hunter [41] adopted an energy balanpeoaph to minimise axial and
radial inertia effects. Their analysis leads toréwsult:

o, (1) :Uo(t)+,03[%—'/sz d; }f , e.8)
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where o, is the axial stress required for the specimen éforth in a one-
dimensional stress state,, is the stress measured at the transmitter banspec

interface, |

Je, dg, ps andy, are the length, diameter, density and Poissotis o

the specimen under investigation respectivelyéarslthe second derivative of strain
often referred as strain acceleration [42]. Erdue to inertia are minimised when a
constant strain rate has been achieved or whepdtenthesis of Equation (2.8) is

zero, which gives the optimum slenderness ratiarferal specimens as:

=5 =
opt Ty
s

p) v, . 2.9)

N[ &

It should be mentioned that the above equationaigdwonly when the stress is
calculated using the transmitted pulse, i.e. whesss equilibrium is assumed and
the stress is calculated by use of Equation (248].[Numerical studies [37, 40]
suggested that the use of Equation (2.9) gives nad® results for metal specimens
when the effect of friction is smallt was proven in [37, 40] that for metal
specimens witli<iqp, stress uniformity is affected by radial inertadyile for A>Aop,
stress uniformity is influenced by axial inertiaemte, radial inertia limits the
maximum strain rate that can be achieved by theBStéehnique, since the strain

rate is inversely proportional to the specimenfgyté.

Another problem that arises in the case of veny faimples is friction. The effects of
friction were investigated numerically by Berthalhd Karnes [37] as well as by
Meng and Li [40]. It was demonstrated that evdpoth inertia effects are eliminated
by a suitable choice of sample size, the presendection at the bar/specimen
interface will lead to inaccurate results. As asauence of friction, the calculated
value of the flow stress of the tested material @l enhanced due to the presence of
shear stresses at the interfaces that will vidlageassumption of a uniaxial stress
state in the specimen [37, 40, 44]. This can be glyoimterpreted as a strain rate
effect especially when the quasi-static and dynamsults are compared directly.
Therefore, lubrication at the bar/specimen intedaseessential. Moreover, extreme

care should be taken to ensure that both quasi-stad dynamic tests are performed
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under the same conditions regarding friction in eordo make qualitative

comparisons [37, 42, 45].

It has been suggested [4, 42] that for dynamiecngsif metals at room temperatures
an oil-based lubricant is suitable to minimise tfan, since there is not sufficient
time for the lubricant to flow out from the intecks. At elevated temperatures the
use of a thin layer of fine boron nitride powdemsre effective, while for example
petroleum jelly [46] and PTFE spray [14] have besed as lubricants for SHPB
tests on polymeric and aluminium foams. In all sas@re must be taken that only a
thin layer of lubricant is applied at the interfacen order to avoid any delays of the
strain recordings on both pressure bars due forésence. Also, velocity-dependant
frictional constraints should be avoided, sinceytlsan affect the measurements
especially for thicker specimens [4, 47]. It wasinped out [47] that thicker
specimens deformed at the same strain rate asthspecimens, will contain larger

radial displacements and hence lubricant breakdswmore likely to occur.

Based on an energy balance approach, Malinowskikdeplaczko [42] following
their earlier investigation [45] suggested an optimspecimen size that would
reduce the effects of both inertia and friction y&gon 2.10). This optimum

slenderness ratio is

1/3
I 2uoc
A =S=—""2z , 10
"o, (pd§(£2+é‘)j e

where u is the coefficient of friction& is the strain acceleratiop,is the specimen
density ando, is the experimental compressive stress. Howewes, dlenderness
ratio has to be checked always since both thens@ad strain rate change for
different experiments. Furthermore, the calculabbthe second derivative of strain
may be difficult to define accurately due to theldems associated with performing
numerical differentiations, especially on noisyastrsignals [43, 48]. As already
mentioned, both works by Malinowski et al. [42] abdvies and Hunter [41]
considered only metal specimens. However, they lmamsed as a reference for

testing soft materials [40].
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Gorham [43] and Zencker [44] argued that Equatibf)(cannot eliminate inertia. It
was suggested that no optimum sample size exigtsmbuld eliminate completely

inertia effects, apart from very thin specimensnffn thick), which can only be

tested using miniature impact apparatus [49]. Témebts of a miniature SHPB have
been presented by Jia and Ramesh [50]. Apart ftafact that strain rates up to
50000 & can be achieved, the effects of both inertia aistidn are less pronounced
in a miniature SHPB. Furthermore, waves are lespedsive in smaller diameter
bars. Following the work by Gorham [43] a limitisgrain rate was presented [50]

for a selected error, due to the inertia effects:

Y L @.11)

where g, is the yield stress of the tested material. Fraqudiion (2.11) it is evident

that for a given (acceptable) error, materials whilgh yield stresses and low
densities can attain higher strain rates than tbatlow strength, high density
materials. However, Equation (2.11) as well as Eqng2.10) can only be used as

an approximation since the material propertiesoéten not known prior to testing.

The thickness effect in the case of dynamic congowasof polymers has been
investigated experimentally [51] and numericall,[36]. Dioh et al. [51] examined
polymers of different thicknesset/ds= 0.12, 0.3 at different strain rates and
concluded that their response at high strain ragsends on the sample size.
Particularly, thicker specimens showed an enhancewiethe flow stress at high
strain rates. In the numerical study reported bghDet al. [52] a rate independent
bilinear material model was used. The absenceresstenhancement for thinner
specimens was attributed to the lower impact veexcithat were used to achieve the
same strain rate as for the thicker specimensastdemonstrated that the use of high
impact velocities in SHPB tests violates the asdionf stress uniformity due to
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the generation of large plastic wave fronts wittlie specimen. On the other hand,
Zhao [36] used a rate sensitive polymer-like modeld concluded that the

observations of Dioh et al. [51, 52] were not valkihce his results showed no
sample size dependence. It was suggested thahighkpdss effect was due to inertia
and friction and not due to wave propagation effest suggested by Dioh [51, 52].

A more detailed finite element analysis on strag®umity within the specimen was
performed by Meng and Li [40], who relate the stregquilibrium to the accuracy of
the SHPB results. Considering both axial and radettia as well as friction effects,
two coefficients representative of the stress umifty and a method to correct errors
on SHPB results were introduced. A metallic matesias used to demonstrate the
method. However, the method cannot be used wheerialatof unknown properties
are tested, since a constitutive law describing riegerial is needed ariori.
Furthermore, the method requires further developsénthe pressure bars are

viscoelastic in order to simulate the SHPB tests.

Other factors that influence the specimen stregsmmnity include the incident pulse
rise time. In the case of metallic specimens thgtle of the incident wavefront must
be large compared to the specimen’s length to enstuess equilibrium before the
plastic deformation begins [38, 53]. Therefore jrandent pulse with a suitable rise
time is required, in order to ensure that the mlastgion in a stress-strain curve
represents the true material response. Yang ef38] used the method of
characteristics and according to the relative meichhimpedance of the specimen
and the bars, determined the number of reverbesatb the stress pulse required to
achieve stress equilibrium within the specimen.vieresly, Ravichandran and
Subhash [38] had considered a linear ramp in thielémt pulse and suggested that
four reverberations of the stress wave were sefficto achieve stress uniformity.
However, Yang et al. [39] showed that the numberewtrberations was greater. It
was also shown that the time to reach equilibrigrstiongly dependent on the shape
of the incident pulse. For example samples whiehlaaded with an incident wave
of finite rise time reach equilibrium faster thametones loaded by a rectangular
stress pulse.
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There are several techniques that can be usediar tw control the rise time of the
incident wave. A brief overview of the existing pelshaping techniques is given in
[4]. Song et al. [11, 12] as well as Chen et al. §h have performed extensive
investigations into the conditions that are requifer soft materials to reach
equilibrium. In all four of these studies, the ohent wave was “triangular” in form
and typically with a long rise-time of approximatel00 to 200us in order to
achieve the stress equilibrium in the soft, rubtmaterials. An examination of the
loading rate and specimen thickness effect [12¢atd that the thinner samples,
which were compressed under lower loading ratdsgaed equilibrium for almost
the entire test duration. Similar “triangular” wéwens have been used to test
ceramics and it was suggested [54] that the ddsitahding pulse could be obtained
by placing thin copper disks on the impact endhefincident bar. By doing so, the

sample deformed uniformly and at a constant stz [54].

2.5 General remarks of the literature review

Testing of soft, low strength materials with higleehanical impedance pressure bars
encounters two main difficulties. The first problésthe low magnitude transmitted
pulse which cannot be measured accurately usiagmsiauges. The second problem
is that the stress uniformity within the specimenmot be checked by simply
comparing the forces from the incident bar/speciraed transmitter bar/specimen
interfaces. A review has been presented of prelyioeported attempts to overcome
the above limitations when testing soft, low sttbngaterials. The use of low
impedance pressure bars (elastic or viscoleasti®garded as an ideal solution. The
use of elastic low impedance bars is attractivetdude simple analysis involved in
the processing of the results. However, there &xistlass of materials (e.g. Rohacell
foam) wherein the use of viscoelastic (e.g. PMMAggsure bars is regarded as
essential to perform SHPB tests. The main reasing ltleat stress uniformity within
the specimen can be checked with confidence. Tha disadvantage when using
viscoelastic pressure bars is the complicated arsatizat is required to describe the
wave propagation. Different approaches to achieseurate results when using
viscoelastic SHPB set ups where presented in $e2tk?2. It can be concluded that

the method proposed by Bacon [33] is advantageweistbe other techniques, since
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it is easy to implement and accurate results caacheved when applied to impact
tests that involve the use of viscoelastic bars (ghfurther discussed in Chapter 4).
In fact the simplicity of the method presented kgc@n [33] is comparable to that

when using elastic bars.

A discussion of the validity of the assumption dfess uniformity within the
specimen in SHPB tests was presented in SectioritZdn be concluded that stress
equilibrium within the specimen should never beuas=sd for soft materials and
should always be checked during SHPB testing, évesing the proposed optimal
lengths presented in Section 2.4. Furthermorerdhbelts obtained by SHPB testing
are influenced by the specimen dimensions, sugggstiat tests should be carried
out on a range of specimen sizes when testing wmkmoaterial properties. Finally,
the shape of the loading wave can affect the aehiewnt of stress uniformity. When
impacting an elastic bar with a projectile of tlaenge material without the use a pulse
shaper a rectangular pulse is produced with a sisegime. On the other hand the
impact of a viscoelastic rod with a projectile bEétsame material tends to create a
loading pulse with longer rise times due to the piag of the material. This
facilitates the achievement of stress equilibriumrenquickly within the specimen,

adding to the advantage of using viscoelastic predsars in SHPB tests.
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Material Young’s Modulus Density Mechanical impedance relative
(E in GPa) (p in kgm™) to steel (%)

Steel ~205 ~7870 100

Titanium Alloy 114 4430 56

(Ti-6Al-4V)

Magnesium Alloy 45 1770 22

(AZ31B)

PMMA ~5 1190 6

Table 2.1 Comparison of the mechanical impedance different materials.
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Figure 2.1 Forces at the incident/specimen and tramitter/specimen interfaces

from SHPB tests on aluminium foam specimen with ahickness of 10 mm

length utilising (a) PMMA and (b) Magnesium pressue bars.
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Figure 2.2 Model of the ZWT constitutive equation Equation (2.3)) [25].
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Figure 2.3 Three parameter Kelvin model [24].
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CHAPTER 3

Experimental Set-up

3.1 Introduction

The main aim of this study was to examine the dynaroperties of soft materials
by performing SHPB tests and Direct Impact (DIl}tge$or the case of the SHPB
tests two different configurations were used, opaststing of Magnesium alloy
pressure bars and another consisting of PMMA predsars. The purpose of using
pressure bars made out of different materials wa®mpare the two set-ups and to
make recommendations for future SHPB testing df sw@iterials. For the DI tests a

large diameter PMMA pressure bar was used.

In general a SHPB consists of two pressure barsvknas input/incident and
output/transmitter bars, where a specimen is sastwali between them. A projectile
made of the same material and having the same tham® the pressure bars is fired
using an airgun at the first bar and a compresgiutse is created. Strain
measurements from both the pressure bars areisoffi reveal the properties of

the material.
Two types of DI tests were carried out in ordemt@asure forces at the impacted and
non-impacted faces of the specimen. The forces me@sured using a single strain-

gauged PMMA pressure bar.

In this chapter the details of the SHPB and théeli arrangements are presented.
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3.2 Description of the pressure bars

The first set of pressure bars used for the SHBR tonsisted of bars made out of
Magnesium alloy (AZ31B). The second set of SHPBsguee bars as well as the
pressure bar used in the DI tests was made oublginethylmethacrylate known as
PMMA. A summary of the main material properties &ach material is given in
Table 3.1.

The two Magnesium bars had a diameter of 23 mmth@d®MMA bars used for
SHPB tests were 20 mm in diameter. Both types of baere approximately 1m
long. The PMMA bar that was used for the DI testd la diameter of 40mm and

length of approximately 2 m.

The strain pulses on each bar were recorded ussigtance strain gauges. For the
Magnesium bars FLA-3-23 foil strain gauges weredusgh a gauge length of 3
mm, nominal resistance 120 and a gauge factor of 2.1% {%). For the PMMA
bars Tokyo Sokki Kenkyujo Co. Ltd strain gaugesevesed (Model GFLA-3-70),
which are suitable for plastic materials only, mgva gauge length of 3mm, a gauge
factor of 2.12 ¢ 1% and again a resistance of 120In general, the strain gauges
were attached in the longitudinal direction. Howeweertain strain gauges were
attached to a 20 mm PMMA bar in the circumferendimection in order to take
measurements of the circumferential strain. For Megnesium bars the strain
gauges were bonded using epoxy resin (AE10). Edevimperatures are required
when bonding with epoxy. This is unsuitable for PMM herefore, cynoacrylic was
used to bond the gauges to the polymer bars.

Pairs of strain gauges were connected with dumrsigtags to form a Wheatstone
bridge (Figure 3.2). This involved two active arfiRl, R2) and two dummy
resistors (R3, R4). The two active arms were ceatkit the direction of the strain
that was desired to be measured (i.e. for measuntsroéthe axial or the hoop strain
they were placed parallel or perpendicular to tkie af the bars respectively). In this
way, all strain gauges were insensitive to bendind the hoop stations gave no

output for axial strain.
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All Wheatstone bridges were connected to strainggaamplifiers type 359 TA
voltage amplifiers (FYLDE Electronics Laboratoriesnited) and before each test
the balance of each bridge was checked. The outprts each amplifier were fed
into a Digital Acquisition System, which in turn svaonnected to a PC that uses the
Nicolet software. Nicolet software uses the recdrdata and produces plots of
voltage against time for every captured pulse. 3ingin was calculated from the

strain gauge output voltage using the relationship

4 |Nlout (3 . 1)

g=——ou
2[5, (GLV,

where ¢ is the strain to be measured, and V

out

are the input and output bridge

voltages respectively, was 2.5 V),S; is the gauge factor an@d is the gain.

Each pressure bar was instrumented with gaugéses or four positions along the
bar. The position of the strain gauges were medsaoeurately using a vertical

vernier. All measurements were taken from the imheacd or the end closest to the
impact for every bar. It should be pointed out ithating testing some of the gauges
were damaged and the bars had to be regauged. J2béhows the position of the

strain gauges for the majority of the tests thateweerformed in this study.

For the 20 mm diameter PMMA pressure bars, the ggapon coefficient and the
Poisson’s ratio were calculated using measurenadritee axial and hoop strain at a
location 492.54 mm from the left end of the bahisTstrain gauge location was not
subsequently used for SHPB testing and is nodlistehe above Table 3.2.

3.3 Description of the SHPB arrangement

Details of the background of the SHPB set up wérergin Chapter 1 (Section 1.1).
Delrin guides were used to support each of the barthe SHPB arrangement
(Figure 3.2) in such a way that the bars were atigaccurately with the axis of the

gun barrel, in order to ensure that the conditidos one dimensional wave
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propagation theory are not violated [4]. Both thput and output bars were free to
move along the bar axis. A shock-absorbing block placed a short distance from
the free end of the transmitter bar to prevent ihes from sliding so far as to
damage of the strain gauges. The input Magnesiumwaas earthed to reduce

electrical noise that occurred on contact withdtniker.

Each of the compressive waves was generated biynihect of a striker/projectile

onto the incident bar using an airgun (Figure 3TRe details of the air gun used are
given in [3]. Different impact velocities could laehieved by adjusting either the
pressure level in the reservoir or the positiothef striker bar in the gun barrel. The
gun barrel had an internal diameter of 23.15 mne [Evel of the air pressure was
recorded using three pressure gauges. At the entheofgun barrel two laser

photoelectric detectors were placed 120 mm apatth& striker travels along the
gun barrel it cuts both laser beams giving an dutdeasurements of the time taken
for the projectile to travel the distance betweka two photodiodes provided the

impact velocity.

For both SHPB arrangements the striker length vé@sr@m, 450 mm and 500 mm.
Also, a slight radius was machined to the fronefatthe projectile. This was done
in order to achieve good alignment with the inpat &s well as a finite rise time of

the incident loading wave.

The maximum safe impact velocity of the projecéifed the strain generated on both
Magnesium and PMMA bars had to be determined, deroto avoid any yielding at
the impact end. For convenience it was assumedthieastress wave velocity was

constant for both bars. The maximum impact velesitv,,, ) and strains that were

calculated are shown in Table 3.3 for both matsrial

As an approximation the strain rate and the stegiplied to a specimen can be

calculated using the following equations:

S:V;ﬂ and £:2£|S”ﬂ. (3.2)
C

o]
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It is worth noticing from the above an advantagetted PMMA bars over the
Magnesium bars. Since the strain rate is approeiyalrectly proportional to the
impact velocity, from Table 3.3 it can be deducédtthigher strain rates are
achievable using PMMA bars compared with the Magme®nes for a specimen of
the same length. It follows from Equation (3.2)ttliae strain experienced by a
specimen using a projectile of the same lengtlg@mahigher when using PMMA

bars.

3.4 Description of the Direct Impact (DI) test arrangenent

Two types of DI tests were carried out in ordenteasure the proximal and distal
loads of the specimens tested. The forces were urexhsising a strain gauged
40mm diameter PMMA pressure bar, which was supgarging three Delrin rings
similar to those utilised for the SHPB bars (Fige2). The two different
arrangements that were used to determine the pabxind distal loads are similar to

those used by Harrigan et al. [55] and shown inife@.3.

Masses were used either as a backing mass (Figg(@))3or as projectiles (Figure
3.3 (b)). The purpose of the backing mass was d¢wige additional kinetic energy
and it also ensured better alignment of the spetime&he gun barrel. Two masses
were used. One mass was a 65 gr, 35 mm long alumialloy cylinder. The other
mass was a cylinder made out of Derlin with an ahiunm disk attached to its front
end. This two-part cylinder had a total mass ofjp4and a total length of 38 mm. In
order to measure proximal end forces, a backingsmas attached to the rear face
of the specimen (Figure 3.3 (a)) before the mask specimen were fired at the
pressure bar. As illustrated in Figure 3.3 (b) distal end loads were measured by
firing a projectile at the specimen that was posiid in such a way that its distal end
was in contact with the end of the PMMA bar. Fothbiypes of tests the crushing of
the specimens took place within the gun barrel Wwipcovided lateral constrain.
Also, cushioning of the projectile was minimiseduse of the air vents situated near
the end of the gun barrel. The impact velocitiesewaeasured as in the case of the

SHPB tests by use the two light beams. A smallrale@e was kept between the end
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of the gun barrel and the pressure bar so thatalsgmere not transmitted from the

barrel to the bar.
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Type of material Young’s Modulus Compressive yield Density (kgm'3) (p) Poisson’s Ratio

(Gpa) (E) strength (MPa) (o) (v)
Magnesium  Alloy
(AZ31B) ~45 97 1770 0.35
PMMA =5 =110 1190 ~0.33
Table 3.1 Mechanical properties of Magnesium allopgnd PMMA.
Bar Test Bar Position | Total length Position of Strain Gauges (mm)
Material (m)

A B C D

Magnesium | SHPB | Incident 0.98346 326.96 373.6 491.68 700.58
Magnesium | SHPB | Transmitter 0.9836 327.7 374.34 700.6
PMMA SHPB | Incident 0.99778 145.4 323.16 540.18 801.118
PMMA SHPB | Transmitter 1.00068 324.03 540.36 800.92
PMMA DI - 1.9772 279.7 1036.8 1565.7

Table 3.2Position of the strain gauges

Bar Material Stress Wave Velocity Maximum Impact Maximum Elastic
(m/s) Velocity (m/s) Strain
(C= E/,O) (VIMPmaxz(Zo-y/m)) (gy(max):Jy/E)
Magnesium 5042.2 21.73 0.002155
PMMA ~2050 ~90.18 0.022

Table 3.3 Maximum impact velocity of the projectileand maximum elastic

strain for the Magnesium alloy and PMMA pressure bas.
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Figure 3.1 Wheatstone Bridge arrangement.

Bars held i

Delrin rings

Figure 3.2 SHPB arrangement.
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Backing mass Pressure bar

/ Straln gauges

i

Specimen
o (®23.15)
"r'r[.
A VTSV :
|
4
(b) Projectile

Figure 3.3 Arrangements used to measure (a) proxinhand (b) distal end forces
[55].
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CHAPTER 4

Determining the Propagation Coefficient and the Magrial

Properties of the PMMA Pressure Bars

4.1 Introduction

In a classical SHPB apparatus the forces and displants at the specimen/bar
interfaces are evaluated using strain measurentieaitsare not taken directly at the
interfaces but from strain gauges that are plageydrom the specimen. Under the
assumption of the one-dimensional stress wave gedjwa the measured strains can
be time shifted and be known at any point on thessure bars. This is true in the
case of elastic bars for wavelengths that are lmrgpared to the diameter of the
bars. However, if high frequency waves are present the bar diameter is large,

then radial inertia becomes significant. This rissinl geometric wave dispersion.

The importance of using low impedance pressure f@arsSHPB testing of soft

materials was discussed in Sections 2.2 and 2. fartunately, the wave propagation
in viscoelastic media is complicated since wavespealise and attenuate. Both the
attenuation and dispersion are defined herein uamgxperimentally determined

propagation coefficient.

The procedure that was followed to determine tlopggation coefficients for the 20
mm and 40 mm diameter PMMA pressure bars is outlimethis chapter. This
includes a discussion of the wave propagationsnoglastic media. The accuracy of
the experimentally determined propagation coefficies validated. Also, the
mechanical properties of the PMMA material are stigated and results are

presented.
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PMMA pressure bars

4.2 Wave propagation in viscoelastic bars

The analysis involved in the classical SHPB methsdoften based on the
assumption that the propagation of the stress waloegy the bar is governed by the
one-dimensional wave theory. In the case of thstieldars this is not alwaysue,
since stress waves change shape as their higlogrefiey components travel slower
than their lower frequency components. This leadbe characteristic oscillations in
the measured strain histories that are often appamethe evaluated stress-strain
curves [56]. Therefore, the phase velocity is fesgry dependent and decreases as
frequency increases. This phenomenon is referrex tgeometric dispersion and is
particularly important when the wavelength of tbading wave is of the same order
of magnitude or less than the diameter of the ibarwhen the effects of the radial
inertia become important. In order to correct fois tdispersion, the Pochhammer-
Chree equation of motion has been used [3, 334526]. Although, its solution is
exact only for infinite circular bars it can be dsfor finite length bars without

introducing significant errors [58].

In the case of viscoelastic bars the wave propagasi rather more complex than in
elastic media. Apart from the wave dispersion duéhe lateral motion in the bars,
dispersion occurs as a result of the dependenttyeofiscoelastic material properties
on frequency (material dispersion), which causesphase velocity to increase as
frequency increases. In addition, waves attenuategoto material damping [33, 57,
26]. Zhao and Gary [26] have taken into accountkbspersion and attenuation
effects by generalising the Pochhammer-Chree emuafor elastic bars to
viscoelastic bars. However, this approach is matteally and computationally
complex and requires aspriori the knowledge of the material properties (section
2.3.2). Benatar et al. [57] simplified the Pochhaam@hree equation for the case of
viscoelastic bars in order to correct for both rategion and geometric dispersion in
the phase velocity. For low and intermediate losscoelastic materials, this
approach extends the usable frequency range asatechwith the one-dimensional
theory and only requires the knowledge of the PmI'ss ratio. More recently
Anderson [59] presented the four-mode rod equatibase accuracy is comparable

with Pochhammer-Chree equation. Its advantage akier Pochhammer-Chree
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equation is its computational efficiency, sincecan be solved without using any
iteration theme. Furthermore it can be applied nuss-sectional areas other than

solid circular sections.

On the other hand, methods based on experimegtahitpies for the determination
of a propagation coefficient, which is representatof both the attenuation and
dispersion are simpler and do not need prior kndgdeof the material properties
[33, 60, 61, 62, 63, 64, 65]. Despite the advantd#ghe simplicity involved in these
methods, they are accurate up to a narrow frequearye, since they are based on
the one-dimensional theory of motion, which negldbe lateral motion of the bar.
However, it has been proven that they can leadifficently accurate results up to
approximately 10-15 kHz for 20 mm diameter viscettabars. This is adequate for
SHPB tests if no energy is detected at frequengigler than 10-15 kHz in the
strain gauge histories [33]. Figure 4.4 shows tieguency spectrum of two strain
gauge measurements for a pressure bar impactduebshortest striker bar used in
this investigation. Accurate results using the @ptary theory have been obtained at
frequencies up to 15 kHz for a 20 mm diameter PMb&k [62] and up to 10 kHz
for a 40 mm diameter bar [33]. In the case of senallameter PMMA bars (10 mm)
accurate results were obtained up to 40 kHz [62].

Waves propagating in viscoelastic media can bertdbestusing the one-dimensional
theory in the frequency domain if three complexchions of frequency are known
(see Equation (4.10)). These functions are theggajon coefficient,y(a)), which

is representative of the attenuation and dispersfamaves, and the two waves that
propagate in opposite directions in the bar [33,62]. Therefore, three independent
strain measurements are required (or two if a bagndondition is utilised, e.g. a
free end), in order to determine the three unknoamplex functions and thereby to
obtain the properties of a viscoelastic materiabnithe propagation coefficient the
complex Young's Modulus of Elasticity can be deterad when the density of the
material is known (Equation (4.7)). However, if ttweo waves that propagate in
opposite directions are measured separately, v@diag wave superposition, then
only two or one strain measurement and a boundanglitton are required. Methods

that utilise a reduced number of measurements lheee adopted in the past [33, 29,
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66, 34] and have the advantage that they are siraptk easy to implement.

Furthermore, in the case where the free end boyratardition is used the solution

benefits from the use of a noise free measurenttowever, these methods require

long bars and some skill to ensure that the wawvesot overlap.

Alternatively, methods exist that allow the detaration of the propagation
coefficient (and hence the complex Young's Modulwghout requiring the waves
to be measured separately [61, 67, 68, 62]. Thexre&hort bars can be used. The
main disadvantage of these methods is that thewireecat least two strain
measurements and a boundary condition and thewracy is limited by the position
of the strain gauges. This is due to the fact tiatpropagation coefficient cannot be
determined at some critical frequencies. Theseufreges correspond to the cases
when the distance between two strain gauges is lapieuof half the wavelength
[61, 67, 68, 62]. Hillstrom et al. [61] suggestbdttthe gauges should be positioned
non-uniformly at more than three strain gauge @tatiin order to minimise the
number of critical frequencies and proposed theafidke least square method so as
to obtain an approximate value of the propagatmeffcient at the possible critical
frequencies. However, the above technique is ratberplex mathematically and
computationally. It should also be noted that altffo an advantage of these
techniques is that they are applicable to shors,lttwey have only been applied to
relatively long bars to date, for example the lengt the bar that was used in [61]

and [62] was 2 m.
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4.3 Experimental determination of the viscoelastic proprties of the pressure
bars

4.3.1 Principle

The properties of the PMMA bars were determinedeerpentally by means of a
series of impact tests on the input pressure biising one strain gauge station and
a free end boundary condition. When a sphericajeptite impacts the bar it
generates a compressive pulse, which propagatéseilirection of increasing
(Figure 4.1). When it reaches the free end, iteifected back as a tensile wave.
Provided that the wavelengths within the pulsegsater than the diameter of the
bar and assuming that the plane cross-sectionsingrpiane and a uniaxial stress
state exists, the wave motion can be describes@slionensional. The relationships

for the longitudinal strain a((x,t)) and patrticle velocity ‘((x,t)) are defined with

respect to the axial displacemen(X,t) ) at a positionx and timet by:

e(x1)= a“g:’ Y. (4.1)
()= 20 4.2)

From the equation of motion of a small volume elethéhe following relationship

for the normal stressa(x,t) ) can be derived:

do(xt) _ av(x1)
ox ot

, (4.3)

where p is the density of the bar.

From Equations (4.1)-(4.3) the equation below casilg be derived [2]:
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0’0 (x,1) 0% (% 1)
= . 4.4
ox? P ot? (4.4)
Equation (4.4) can be transformed to the frequelmcyain:
02
Fﬁ(x,a))z—pafé(x,w), (4.5)
X

where G(x«), £(x,w) are the Fourier transforms of the stress and nstrai

respectively. The stress and the strain of a linesnoelastic material are related by

the following equation:

F(xw) = E (w)&(xw), (4.6)

where E’ (a)) is the complex Young’s modulus and is a functiérihe frequency

due to the viscoelastic characteristics of the malte

The propagation coefficient is defined as

y(@) =- E’:‘(‘Z) . (4.7)

By twice differentiating Equation (4.6) with respéctx, one obtains the following

relationship:
0’0 . 0%
o (xw)=E W(xw). (4.8)

Comparing Equations (4.5) and (4.8) and substitutingw®) from Equation (4.7)

the following relation (first encountered in Equati@.6)) is obtained:
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(:—;—yzjé(x,w):o. (4.9)

The general solution of Equation (4.9) gives thaistmeasured at any position

E(x,w) = P(w)e” + Nw) &, (4.10)

where P(«w) and N(w)are the Fourier transforms of the waves propagadtinte
positive and negative direction respectively. ¥ florward and backward waves do

not overlap atx = 0 (Figure 4.1), they can be defined as the incidénatin, &, (t),

and reflected strairg, (t), of a single pulse, i.e.
&, (w) = P(w) and &,(w) = N(w). (4.11)

Both ends of the bar are free and hence the fdr¢keeanon-impacted end will be

zero. Forx=d (Figure 4.1) Equation (4.10) becomes:
0=[& (e +& (w)e” |. (4.12)

Rearranging Equation (4.12), the ratio of the sgaian be expressed in terms of a

transfer function or the propagation coefficient.

H () =‘%=e’2y"- (4.13)

The propagation coefficient can be obtained bynigkhe natural logarithm of the
Equation (4.13). The logarithm’s real part (i.ee Httenuation coefficientr(a))) and
its imaginary part (i.e. the wave numbéfw)) are equal to the amplitude and the

phase of the transfer function respectively (seeafqgn (2.5)). The attenuation
coefficient represents the damping of the matenml is an even function, positive

for both positive and negative frequencies, while tvave number represents the
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wave dispersion and is an odd function, positivy éor «. > 0. Both functions are
continuous witha(0)=k(0)=0 and increase monotonically as positive frequency
increases. It should be noted that calculations pgdgormed in the frequency
domain. As such all calculated phase angles havafiite number of solutions at
intervals of27 . In order to obtain the correct phase a numepoatedure known as
unwrapping is performed. This allows the actual toemous phase angle to be

approximated by the calculated discrete phase 488]e

4.4 Complex viscoelastic material properties

The components of any complex modulil ((a))) and the complex Poisson’s ratio

(V*(a))) are defined in the frequency domain as follows [@9,71, 72]:

M" (w) =M'(w)+iM"(w) =M (w) @+i tand,, (w)); (4.14)
tand,, (w) = "\\AA((Z)))) . (4.15)
V' (w)=- (@) =V'(w)-iv"(w) =v'(w) (L-i tand, (w) ); (4.16)

i (4.17)

where the symbolsand,, (w) and tand, (w) are referred to as the loss factors and
tand, (w) represents the lag of the lateral strain taattial strain which occurs due

to material damping [70]. The prime superscript § and the double prime
superscript (' ) refer to the real and imaginary parts respectivEhe lateral strain
lags behind the axial strain due to damping andPtbisson’s ratio is defined as the
negative of the ratio of the lateral strain to theal strain under a uniaxial stress
state (see Equation 4.16) [69, 70, 71, 72].
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The experimental methods used for the determinaifaine complex Poisson ratio
of viscoelastic materials are categorised aslifart, (b) secondary effeand (c)two
moduli method$70]. Direct methods are based on experimentalsoreanent of the
axial and lateral strains of the specimen (ofténgustrain gauges) when it is excited
into axial vibration. Although, direct methods aasily implemented, extreme care
has to be taken when calculating the phase angléhefPoisson’s ratio. For
secondary methods, the Poisson’s ratio is detedrbyause of its effect on vibration
e.g. the dispersion of the wave propagation. Timsthods lead to results accurate
up to a very narrow frequency range where the vesnggh is much larger than the
lateral dimensions of the specimen. The most effechethod for the determination
of Poisson’s ratio is the measurement of two ottenplex moduli. According to

Pritz [70] the best approach is to measure the @mmghear G’ (w)) and Bulk
(K*(a))) moduli. Caracciolo et al. [72] measured the compPexsson’s ratio and

Young's Modulus E*(a))) by subjecting a beam-like viscoelastic specimen t

seismic excitation at different temperatures takimg account the plate effect. By
applying a reduced variable method they broadeffrdugiency range and obtained a
master curve up to 108 and 104 Hz for the complesden’s ratio and Young’'s

Modulus respectively.

4.5 Experiments, results and discussion of the propagain coefficient and
complex properties of 20 mm and 40 mm diameter PMMAars

Direct measurements of both axial and lateralrséran an impacted PMMA rod can
lead to the determination of both the Poisson'mrand the Elastic Modulus of the
PMMA bar. The complex Young’s modulus can be deteech using Equation (4.7)
as long as the propagation coefficient has beeerméted for the viscoelastic rod
under consideration. The Poisson’s ratio can beutated with the use of Equation
(4.16).

In this study the procedure presented by Bacon B8 used to determine
experimentally the propagation coefficients fortbtite 20 mm and 40 mm diameter
PMMA bars. As already mentioned, the only limitatiof this technique is that
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superposition of waves should be avoided when wéténg the propagation
coefficient. The propagation coefficient and theisBon’s ratio for the 20 mm
diameter PMMA bar were evaluated by impacting théMA bar with a 6 mm
diameter spherical projectile between 26 to 56 o®g an air gun and taking
measurements of the axial and lateral strains Btain gauges that were positioned
492.54 mm away from the impact end of the bar. dtalttwelve tests were
performed. For the case of the 40 mm diameter PMB&A impact tests were
performed using a 35 mm long and 20 mm diameter PMivbjectile. Seven tests
were performed at impact velocities between 232tovs again using an air gun and
axial strain measurements were taken from posBigeee Table 3.1). For both bars
the use of smaller diameter projectiles provides dever a wider frequency range
[33]. The propagation coefficient was determinedibiyg axial strain measurements
according to Equation (4.13). Figure 4.2 showsadtienuation and phase velocity
derived from all the tests that were performed othl20 mm and 40 mm diameter
PMMA bars together with an overall average for elaah

From Figure 4.2 it can be observed that the reslitained for both the attenuation
coefficient and phase velocity show good repeatghip to approximately 20 kHz.
The attenuation coefficient increases with freqyefor both bars (Figure 4.2 (a)).
Both geometric and material dispersion effects enelent in Figure 4.2 (b). The
material effect is seen in the increasing phasecitgl at the lower frequency range
plotted in Figure 4.2 (b) [33, 57]. As expectedge tgeometric dispersion is
particularly evident in the larger diameter bar,idnich the phase velocity reaches a
maximum and then decreases with frequency. Figutgl®) shows that the phase
velocities plateau at approximately 20 kHz and & Kbk the 20 mm and 40 mm
diameter bars respectively. Above 8 kHz, the phadecity of the 40 mm diameter
bar decreases indicating that the effects of ttexdamotion of the bar become the
dominant effect and hence the one-dimensional hbecomes less accurate [33].
When comparing the values of the phase velocitypéth bars it can be seen that for
frequencies below about 10 kHz the phase veloditthe smaller diameter bar is
lower than that of the larger diameter bar, indrgathat the mechanical properties
of the two bars are not identical. This can beilatted to the extrusion process

during manufacture of the bars [33].
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In order to set an upper bound frequency for thiediaa of the one-dimensional
theory, the Wavelength/l((a))) was calculated as a function of frequency fohl

mm and 40 mm diameter PMMA bars using Equation84.4nd is plotted in Figure
4.3.

ANw) =%. (4.18)

Since the wavelength is inversely proportionalie wavenumber (Equation (4.18))
it will be a continuous function, which decreasesnwtonically with frequency and
approaches infinity as frequency tends to zero. piluperties of the viscoelastic
material can be determined using the elementargryhfor frequencies where the
wavelength is greater than approximately 7 to b@es the bar diameter [62]. At
higher frequencies the radial inertia effects avenihant. From Figure 4.3 (a) the
wavelength of longitudinal waves in the 20 mm dian®MMA bar is 0.22 m (i.e.
11D) at 10 kHz and approximately 0.15 m (7.5D)&kHz, where D is the diameter
of the bar. For the 40 mm diameter PMMA bar (Figdre (b)) the wavelength has
values of approximately 0.4 m (10D) at 6 kHz an2BOm (7D) at 8 kHz. It can be
concluded that the elementary theory is accuraté&déguencies up to between 10 to
15 kHz and 6 to 8 kHz for the 20 mm and 40 mm diam@MMA bars respectively.
Figures 4.4 and 4.5 show the frequency spectrursgra@h signals from impact tests
performed on both diameter bars. The frequencytsp®as in Figure 4.4 were
obtained by firing a 95 mm long PMMA projectile orthe 20 mm diameter PMMA
bar at a velocity of 22 m/s. From Figure 4.4 it t@nobserved that negligible energy
is detected for frequencies above 10 kHz. It shdvalchoted that during SHPB tests
the shortest projectile that was used was 250 nmg. [bhe shorter the length of the
projectile the shorter the duration of the stressevthat will be produced. Hence
higher frequency components will be present indtrain signals. For the 40 mm
diameter PMMA bar, the frequency spectrums ploiteBigure 4.5 were generated
from strain measurements taken during a DI tefRamacell foam. It is clear that no
energy is detected above 4 kHz. Hence the elemetit@ory can be used with

accuracy in both SHPB and DI tests.
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The dependence on frequency of the complex preseofi viscoelastic materials has
been investigated thoroughly by Pritz [69]. Thel rgart of the complex Young’s
modulus should increase monotonically with incnegdrequency and the slope of
this increase indicates the amount of damping withe material [69]. The real and
imaginary parts of the Young's modulus as well dse tloss angle

(arctanE"(w)/ E’(a)))) obtained from the average propagation coeffic{&opuation
4.7) for both diameter PMMA bars are illustrated-igure 4.6.

Observing Figure 4.6 (a) the real part of the caxptoung’s modulus for the 20
mm diameter PMMA bar increases with frequency bith & reducing slope as the
frequency increases. At frequencies greater thiddz} the real part could be said to
be approximately constant. For the 40 mm PMMA Hae,real part of the complex
Young’'s modulus increases up to a frequency of adokHz and then remains
roughly constant until a frequency of 8 to 10 kHm asubsequently decreases at
higher frequencies. These observations further aiippe conclusions that were
made previously regarding the frequency range awech Equation (4.7) is valid.
The imaginary part of the Young’s modulus is prdjoal to the slope of increase
of the real part and that is why it has largest mitages at low frequencies and then
remains approximately constant and low-valued aghdri frequencies for both
PMMA bars [69]. The loss angles for the two bareniats are plotted in Figure 4.6
(b). The loss angles have their highest valuetaidwest frequencies, 1@nd 6
for the 20 mm and 40 mm diameter bars respectivay.both bars the loss angles
decrease to approximately @ith increasing frequency. The low values of tbssl
angle and the fact that the slope of increase efélal part of the Young's modulus

is small, indicates that the damping within theenat is at a low level [69].

Pritz [69] reported that theoretically the real tpaf the complex Poisson’s ratio
decreases with increasing frequenslgo, as is the case for any complex moduli, the
imaginary part of the complex Poisson’s ratio iggartional to slope of the real part
and together with the loss angle it should havdeast one maximum at low
frequencies [69]. Figure 4.7 illustrates the congmia of the Poisson ratio as a
function of frequency for the 20 mm diameter PMMArbNo experiments were
performed for the 40 mm diameter bar. It can beenled (Figure 4.7 (a)) that the
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real part of the Poisson ratio has an almost cahstdue of 0.33 while its imaginary
component is approximately zero throughout the wHodquency range up to 20
kHz. The very small values of the loss angle (Fegd7 (b)) along with the almost
zero imaginary part indicate that the Poisson’soratf PMMA is frequency
independent. The Poisson ratio can not be trulysteon for viscoelastic materials
[70, 71]. However, direct methods are not suffitienmeasure the small variations
in the Poisson ratio with sufficient accuracy [7].

The results for both the complex Young’'s Modulusl &#visson’s ratio agree well
with the data reported up to 15 kHz by Mousavile{@®2] for a 20 mm diameter
PMMA bar (see Figure 4.8). However, the method thats followed here was
simpler than that described in reference [62], wleeteast square method was used
to minimise errors from measurements made usingdivain gauges and a boundary
condition. Although the method followed by Mousatial. [62] allows for wave
superposition, the bar that was used was 2 m lonttis study, the length of the bar
was approximately 1 m indicating that the techniguesented in this study is
suitable forin situ determination of viscoelastic properties for based in SHPB
tests. Furthermore, no experimental results ofldee angle of the Poisson ratio are
presented in [62]. Consequently, errors associattidthe direct method to calculate
the complex Poisson’s ratio are not shown. Alsoudéwi et al. [62] used impact
velocities up to 500 m/s. In this author’s opinisoch high impact speeds are likely

to produce plastic deformation at the impact s@faicthe pressure bar.

Assuming that the material is isotropic, the knalgle of any two material properties

is sufficient to estimate any of the remaining ctempmoduli. Hence, both the
complex Shear @ (w)) and complex Bulk K" (w)) moduli can be calculated by

using the following well-known equations:

E' (@)

\ E (w
S (=32, ()

, K (W)=3(1T*(w))

(4.19)

The accuracy with which the complex Shear and Bubiduli can be calculated

using Equation (4.19) depends on the accuracy witich both the complex
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Poisson’s ratio and Young's Modulus have been detexd. If the product of the
loss factors of the complex Poisson’s ratio andngxs Modulus is negligible when
compared to unity, an error of 1% in the real pafthe Poisson’s ratio and Young’s
Modulus will lead errors o£1.25% andt3% in the determination of the real parts of
the Shear and Bulk moduli respectively [73]. Figdr® shows that the product of
the loss angles of the complex Poisson’s ratio #odng's Modulus is small
compared to unity for frequencies up to 20 kHz. Té& and imaginary parts and
loss angles of both the complex Shear and Bulk hade presented in Figures 4.10
and 4.11 respectively.

The behaviour of both real and imaginary componemd loss angles of the
complex Shear and Bulk moduli should follow simiieends to those of the complex
Young’'s Modulus [69]. The real part of the compkeixear Modulus increases up to
4 kHz and then remains approximately constant wgpfwoximately 20 kHz (Figure
4.10 (a)). The largest value of the imaginary mdrthe complex Shear Modulus
occurs at the lowest frequency. The imaginary partains approximately constant
(Figure 4.10 (a)) for most of the frequency rangke Shear Modulus loss angle
starts at a value of 10.%ut reduces rapidly with frequency to approximat#i
(Figure 4.10 (b)). Note that the values obtainedth® complex Shear Modulus
agree well with those reported by Mousavi et aR][fbr the same material, but
obtained from a series of torsion tests (Figurg.4&8m Equation (4.19) it can be
concluded that the accuracy of the evaluation efBblk modulus is influenced to a
much larger degree by the accuracy of the complaigssBn’s ratio. This is the
reason for the fluctuations observed in Figure 44&fpecially for the loss angle of
complex Bulk Modulus. However, the magnitudes fog teal part are in line with
those obtained by Read et al. [73] using a diffetechnique.

4.6 Accuracy of the experimentally determined propagédbn coefficient for
the PMMA bars

The accuracy of the experimentally determined pgapan coefficient was verified

by performing two impact tests on both 20 mm and i diameter PMMA
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pressure bars. The 20mm diameter PMMA pressurevbaarimpacted with a 410
mm long PMMA projectile at an impact velocity of X/s, while the 40 mm
diameter bar was impacted with a 200 mm long ptibgeat an impact velocity of 17

m/s. In both cases the projectiles had a diamét20 onm.

During SHPB testing, the conditions of the specifbaninterfaces are calculated in
two stages. In the first stage the strain at thierface is calculated using the
experimentally determined propagation coefficieBguation 4.10). In order to

verify the accuracy at which the propagation ceedfits can be used for this stage,

the strain measurements at a poiptwere used to predict the strain in another point
(Xg) on the bars. The results shown in Figures 4.}2id 4.13 (a) for the 20 mm

and 40 mm diameter bars respectively reveal vegh lasiccuracy when comparing

the predicted and measured strains.

In the second stage the stresses at the specimentbidaces are calculated using
the one-dimensional theory. The accuracy of the afsEquation (4.7) has been
evaluated by calculating the forces at the freeddritie bars. It has been shown [56]
that for the conditions of a typical Spilt Hopkimstest the longitudinal stress, the
longitudinal strain and the axial displacement vaggligibly over the cross section
area and hence, the stress state can be assumelim@msional, indicating that
strain gauges can measure the axial strain withcerft accuracy. The aboves
been accepted by many researchers including B&3vfi]. The longitudinal strain
(and hence the force) should be zero at the nomadted end of the bar and the
maximum error of the method was defined as theracguto determine the zero
strain at the free end of the bar as indicated agoB [33, 74]Observing Figures
4.12 (b) and 4.13 (b), the absolute errors of treef predictions are calculated by
comparing the maximum error at the free end with ¥hlue at the impacted end.
The errors are estimated to be of the order of8&nd 1.9% for the 20 mm and 40
mm diameter bars respectively.
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4.7 Concluding remarks

The validity of Bacon’s technique [33] for determmig the propagation coefficient of
longitudinal waves in polymer rods has been vatifexperimentally. In order to

achieve large strains in the specimens during SHE®s, wave separation
techniques are required as the incident and reflestaves will tend to overlap at the
strain gauge stations. This is considered in thx clgapter where a fuller discussion

of the analysis required to generate Figures 4} 2arfd 4.13 (b) will be provided.
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Figure 4.1 Non-overlapping incident and reflected waves generated by impact

[33, 66].
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Figure 4.4 Frequency spectrum of (a) the first andb) the second strain gauge
from an impact test on the 20mm diameter PMMA bar sing a 95mm long
PMMA projectile.

78



Chapter 4: Determining the propagation coefficeemd the material properties of the

PMMA pressure bars

0.5 T T T T T 0.35
0.45r- B
0.3F
0.4 B
0.35 g 0.25¢
0.3H B
0.2+
9] 9]
2 0.25¢ 8 H
a a
0.15-
0.2F B
0.15 R 01
0.1F B
0.05-
0.05- B
0 I . . . 0 " . .
0 1 2 3 4 5 6 0 1 2 3 4 5
Frequency(kHz) Frequency(kHz)
(a) (b)

0.8

0.7+ bt

0.6 b

0.5+ bt

0.4+ bt

Power

0.3 B

0.2 bt

o

0 1 2 3 4 5 6
Frequency(kHz)
(c)

Figure 4.5 Frequency spectrum of (a) the first, (bjhe second and (c) the third
strain gauge used to calculate the distal end forcen Rohacell foam from a

direct impact test using a 35mm long projectile.

79



Chapter 4: Determining the propagation coefficemd the material properties of the
PMMA pressure bars

7 20
20mm Diameter PMMA bar 20mm Diameter PMMA bar
sl 40mm Diameter PMMA bar 18- 40mm Diameter PMMA bar
16
E 5/
S 14
) =)
= S 12t
R 4
= (<)
10
3 3r 5
> 0 8
x 8
K )
£ 2 6
Q
o
4
1k
\!
H 2r
Rozimimis
0 1 1 1 1 1 1 I I T 1 0 1 1 1 1 1 1 1 1 1 I
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Frequency (kHz) Frequency (kHz)
(a (b)

Figure 4.6 (a) Real (solid line) and imaginary (dds line) parts and (b) Loss
angle of the complex Young’'s Modulus versus frequey for the 20 mm and 40
mm diameter PMMA bars.

1 10
Real v*(w)
08r s Imaginary v*(c) 8r il
0.6 6 4

o 04r 4t i

g —_— =

4 f=2}

o 0.2f s 2t i

5

@ s

g [0 NSNS ™ e e P R s f T e _ 1 0 ]

a 2

3 0.2+ © >

= -uU. n -

£ g

I} -

O -0.4f -4t R
-0.6 6F i
-0.81 -8+ i

-1 1 1 1 1 1 1 1 1 1 1 -10 L 1 1 1 1 I I I I
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Frequency (kHz) Frequency (kHz)
(a (b)

Figure 4.7 (a) Real (solid line) and imaginary (dds line) parts and (b) Loss
angle of the complex Poisson’s ratio versus frequey for the 20 mm diameter
PMMA bar.

80



Chapter 4: Determining the propagation coefficeemd the material properties of the
PMMA pressure bars

PMMA 20 mm
70 : :
60+ Re
. i s
= 50 "i
S 40f
Lo30r
20F .
10 l Im -
0
21’4 L] ]
20 !"WEE'VW__'—F—— J
g 1.6 L i
—
"»:J 12 B -1
08 | -
ﬂ'i' - |ITI -1
0 l — — . — |
1 T T
05F, Re 1
| —
= Im
-0.5 1
'] i i
0 5 10 15
SikHz)

Figure 4.8 Complex Young’s modulus, Complex Shear odulus and Poisson’s

ratio of a 20mm diameter PMMA bar from reference [&].

81



Chapter 4: Determining the propagation coefficeemd the material properties of the

PMMA pressure bars

0.1

0.08

0.06

0.04

0.02

-0.02

-0.04

-0.06

-0.08 -

-0.1 L

Product of E (w) and v (w) loss factors
o

6

I I
8 10 12
Frequency (kHz)

14

16

18

20

Figure 4.9 Product of the loss factors of the comek Poisson’s ratio and the

complex Young’s Modulus for the 20mm diameter PMMADbar.

25r

=
&
T

Complex Shear Modulus (GPa)
=
T

o
n

Real G'(w)
Imaginary G*(u))

3

e B D

Frequency (kHz)

(a)

11

10

Loss angle(éG) (deg)

I
8 10 12 14 16 18 20

Frequency (kHz)

Figure 4.10 (a) Real (solid line) and imaginary (dsh line) parts and (b) Loss

angle of the complex Shear Modulus versus frequendgr the 20 mm diameter

PMMA bar.

82



Chapter 4: Determining the propagation coefficeemd the material properties of the

PMMA pressure bars

7r Real K'(0)
T Imaginary K*(w)

6l

§ s

e

B

S 4

o

o

=

x 3r

=3

@

3

= 2

£

i
1r ~

t . 3 oy we .i ”no S P ~’-."I

ol A A e Ll Lol VAR

0 2 4 6 8 10 12 14 16 18 20
Frequency (kHz)

(a)

15

10+ B
=)
(7}
S 5 B
~
)
Q
f=2)
[=
©
» 0
0
o
-

5F 4

10 I | I I I I I | I
0 2 4 6 8 10 12 14 16 18 20
Frequency (kHz)

Figure 4.11 (a) Real (solid line) and imaginary (dsh line) parts and (b) Loss

angle of the complex Bulk Modulus versus frequencjor the 20 mm diameter

PMMA bar.

3.5

Measured strain at x

Predicted strain at Xg

Measured strain at Xg

Strain

Time (s) -4

(a)

Force at free end
Force at impact end

Force (kN)

Time (s) -3

(b)

Figure 4.12 (a) Measured and predicted strain (b) 6rces calculated at the

impact and free end using an experimentally determied propagation

coefficient for the 20mm diameter PMMA bar.

83



Chapter 4: Determining the propagation coefficeemd the material properties of the

PMMA pressure bars

x10°
15+

Force at free end
Force at impact end

Measured strain at X ,

Predicted strain at Xg

Measured strain at Xg

15¢ 10r

Strain
=
Force (kN)

&
T

0.5F

0

. . . . , . | . . . . . . . . . |
2 4 6 8 10 12 14 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s) 4 Time (s) x10°

(a) (b)

Figure 4.13 (a) Measured and predicted strain (b) érces calculated at the
impact and free end using an experimentally determied propagation
coefficient for the 40mm diameter PMMA bar.

84



CHAPTER 5

Wave Separation Techniques

5.1 Introduction

In the conventional SHPB apparatus, the maximueirsthat can be achieved in the
specimens depends on the lengths of the strikerabdrpressure bars, since this
maximum strain depends on the length of the indiseave. Both the incident and
transmitter pressure bars have one strain gaugerstén order for the incident,
reflected and transmitted pulses to be captured. pidsition of the strain gauges is
chosen so that each of the three pulses is recosggdrately avoiding any
overlapping with their reflections. In the casetld elastic bars an optimal position
is regarded to be the midpoint of the input bare Téngth of the incident pulse is
twice the length of the projectile, hence the prbie length is limited to be less than
half of the incident bar length. In order to avsigberposition of the stress waves at

the strain gauges, there is a limitation on theopeof the incident/reflected pulse
(4t),i.e. At sl—, wherel is the length of the input bar. Hence, there maximum
C

displacement at the input bar/specimen interfacé emnsequently a maximum
specimen strain at a given strain rate [75]. It b@sn reported [75, 31] that in order
to determine the densification strain of metallicpolymer foams, specimen strains
beyond 80% may be required. This is not practiagh whe conventional SHPB set

up, unless very long pressure bars are employed.

In order to measure to larger strains without teedhfor impractically long bars,
wave separation is required. Both time-domain anefjuency-domain wave
separation are possible. The difficulties arisingnf frequency-domain separation
are associated with the limitations of the Fourieansform. In this chapter the

background theory of the Fourier Transforms are semeed and the
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problems involved with its application are discussthen, a review of the existing
wave separation techniques is given together vaghaidvantages and disadvantages
of each method. Finally, some numerical and expamial results of separated
waves are shown for the case of the PMMA pressarme b

5.2 Fourier Transforms

The dispersion and attenuation effects that argachexistic to stress waves in
pressure bars can be treated in the frequency dousang the Fourier Transforms
(FT) defined as:

F(w) = j f(t)e ™ dt. (5.1)

The inverse of the above function is

f(t)= iTE(w)e‘“dw. (5.2)
21T °,

Experimental data is usually obtained by the usedigfital electronics and
computers. The recorded signals have specified satiediscrete times only and
they are referred to as sampled-data signals. Téguéncy and time domain
expression for the sampled-data signals, are diyehe Discrete Fourier Transform

(DFT), which approximates closely the continuousrigr Transform [76]:

F(ndw) =Y f(aatyezmn N=0L..N-1 (5.3)

k=0

The inverse DFT is then

f(KAt):%NZ_llf(nAa))ezmm/N,Kzo’l"'N_l, (5.4)

n=0
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where N is the number of sampling points aitlis the time interval between two

successive points. The angular frequency incremd&at, is given by

Aw=2m\F = 27— | (5.5)
NAL

where Af is the frequency spacing.

The DFT evaluation of anN sampled signal requires the calculation Wf
products. The efficiency of the DFT can be improwgdadopting the Fast Fourier
Transform (FFT) algorithm, which reduces the corapah time for N samples to

the order ofNlog, N . It should be noted that the FFT algorithm is meffecient

when the number of the sampled dat)(is an integer of power of two [76, 77, 78,
79]. The resolution of the FFT depends on the feegy spacing and can be
increased by increasing eithBr or At (i.e. decreasing the frequency spacing) [78].

However, increasing ofit is likely to cause aliasing.

5.3 Aliasing

Aliasing occurs when the time sampling intervsl is too high (i.e. the sampling
rate is too low). As a result the frequency functad the signal will overlap on itself
and the higher frequency signal components wilrdggesented wrongly as lower
frequency components. In order to avoid aliasing #hannon sampling theorem

states that the time sampling interval must be:

At<—, (5.6)

where f, is the highest frequency component present isitdheal [76, 77, 78, 79].

In a typical SHPB or DI test the signals measur@eemegligible components above
approximately 10-15 kHz [33] as illustrated in Figsl 4.4, 4.5 and 6.3. All the
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experiments were performed with a time incremé&ntof 1 us, which correspond to
a Nyquist frequency of 500 kHz. Hence, errors dueliasing are unlikely to be

present.

5.4 Time-Domain Truncation

In SHPB tests the strain signals are recorded fonlg limited period of time. When

computing the FFT of these time definite non-pddodignals, errors will be

introduced since the FFT assumes that the sigmalperiodic. As a result, the
spectrum of the signal will spread at all frequesdorming a series of peaks, which
are called sidelobes. This spreading of the spectsuknown as spectrum leakage
[77, 78, 79, 76]. Errors due to leakage can beaedby increasing the frequency
resolution [79]. Mathematically direct truncatiofh the signal is equivalent to the
multiplication of the signal with a rectangular Wow [79]. Leakage can be reduced
if the measured signal is multiplied with a windéwction in the time domain so
that the signal approaches zero smoothly at theoérile recording time and by
forcing the signal to appear more periodic to tlairier transform. There exist a
number of window functions, including Hamming, Hargq and Keiser, which

reduce leakage errors. However, in the case ofrdyntesting exponential windows

are regarded to be more efficient [80].

5.5 Exponential Window

The problem of assumed periodicity associated wétforming an FFT on a non-
periodic time signal can be solved effectively hg use of an exponential window.
The multiplication of a time signal with an expotiahwindow forces the signal to
attenuate towards the end of the recorded timeha&mnde makes the signal appear

more periodic before application of the FFT. Intfdwe Fourier transform of the
product of a time signalf (t) with the exponential Windoweﬁ’”‘)) is actually
equivalent to the double-sided Laplace transfornf (i) as shown below (Equation
(5.7)) [79]. According to Equation (5.1) the Fourieansform of a time signaf (t)

multiplied by the exponential window is given as:
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F(w) = j f(ee™ di= j f() @t g, (5.7)

—00

where g is a real positive constant. Defining the complaxiable ass=0 +ia,

the definition of the double-sided Laplace transfaos

F(s) :T f(f) e dt. (5.8)

—00

The above equation is the Fourier transformf(;f)e(“") written as a function of the

complex variables. The inverse double-sided Laplace transform cso la¢ derived

using the inverse Fourier transform. From Equat{ét2) the inverse Fourier

transform of f(t)e"* is evaluated as
e 1T T
e f(1) _51_[0 Flf(he” | & do. (5.9)
Multiplying both sides of the above equation Wi&‘f"() gives
f) === [ FIf (0™ 6" . (5.10)
2,

Sinces=o0 +ia, thends=ida,and asew - +o, s - g +i», hence

1 O+ico

f(t) "o j F(s)€" ds. (5.11)

In the case of causal systems the single-sidedacaglansform is used and has the
same form of the double-sided (Equations (5.8) &ntll]) with the difference that
the limits are fromD to « in Equation (5.8) [79]. This makes no differencethe

integration asf (t) =0 forallt<0.
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A suggestion for the correct choice of the constaistgiven as4/ NAt [80]. There

is no restriction on the choice efas it's optimum value varies from case to case
[81]. However, two main errors should be kept tomi@imum. When a very small
value of the constarmtis chosen then this will result in insufficientattation of the
signal towards the end of the time record and e for residual) response will fold
over to the next time window. On the other handemthe value o is too large the
errors towards the end of the time window are nfaghiwhen computing the
inverse Laplase transform. Wilcox [81] suggested asle of thumb a value far
equal ta27r1/ NAt, which gives almost always satisfactory results/édisbe shown in
the following sections. It should be pointed ouwdttthe exponential window should
always start at timé=0 independent of thepretriggering time that has been used
[80].

5.6 Wave Separation Techniques

In order to increase the maximum measurable duraitioa SHPB test, wave
separation methods have been developed which amdynwategorised into two
groups: The two-point method and the one-point wakthThe two-point method
developed by Lundberg and Henchoz [82] separatesfdhward and backward
moving waves in the time domain using strain sigriedm two different locations
on the bar. Similarly, Yanagihara [83] independgptioposed the two-point method
using a similar numerical method as the one giwem.undberg and Henchoz [82]
to measure impact forces. The one-point methodqseg by Park and Zhou [84]
replaced the second strain measurement by theteamdf the zero strain at the free
end. However, the one-point method only extendsdbieduration by a factor of two
compared with the conventional SHPB duration [86jne dimensional wave
propagation in elastic bars was assumed for botitheSe methods, i.e. both

dispersion and attenuation effects were assumeaiee.

Zhao and Gary [75] proposed a new method for sépgravaves propagating in

opposite directions, which utilises the two-pointasurement technique. The
method takes into account both dispersion and wteam effects and can be applied
to both elastic and viscoelastic bars. With thehteque wave shifting is performed
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in the frequency domain and subsequently all thieutations regarding the
separation of waves at a strain gauge locatiomhare performed in the time domain.
The authors [75] used a pressure bar with two rstgguges cemented at two
different locations (e.g. SGX{ =d,) and SG3 k. =d,) in Figure 5.1), in order to

record the strain histories at these points. Bathirs measurements were divided

into equal time interval&t,., which is twice the time needed for waves to trdve

distance between the two gauges. The first meadnotdent wave from the first

strain gauge (SG2x; =d,), see Figure 5.1) is contained in the first tim&zival.
Then the magnitude of the first incident wave asiffon x. =d, (Figure 5.1) is

predicted by time shifting the measured strain frmomt x; = d, (Figure 5.1) using

a Fourier transform. Since the strain at everyssestion of the bar is equal to the
sum of the stains due to both incident and refteetaves, the reflected wave at

point X, =d, (Figure 5.1) can be calculated.

The above method leads to the evaluation of allesgropagating in both directions
for all the time intervals by means of an iteraprecess. This method allows tests to
be performed on a SHPB with increased observatioa.tin order to obtain more
accurate results, dispersion effects were takem @tount using the generalised
Pochhammer-Chree wave equation [26]. This technigag used for both elastic
and viscoelastic SHPB arrangements for the detetmim of the dynamic behaviour
of several materials including metallic tubes, podyic foams [75] and aluminium
honeycombs [31]. It was shown that the measuredtidar can be increased by a
factor of 100 compared with the conventional SHRB @ [75] due to repeated
loading of the specimen.

The method proposed above can be applied onleiffitt incident wave is fully
measured before the reflected wave has reachetirshestrain gauge. Hence, the
duration of the incident wave is limited. Thismggortant especially in cases where a
viscoelastic projectile is used, since as it hasnbeeported the duration of the
incident pulse is extended compared with the domaproduced when using an
elastic projectile [27]. Furthermore, the time mds Atgc are approximate, since

they are calculated without taking into accounpdrision effects.
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Zhao and Gary [75] first discussed the possibilify wave separation in the
frequency domain and stated the problems involvednnvadopting this approach.

The forward wave at positior, in the frequency domain is given by:

(w) - &, (w) e‘V(w)(XB—XA)

- _ &,
P@) == S _ gz

(5.12)

This equation cannot be defined when the denominataero, which occurs at
certain frequencies for both elastic and viscosldsdrs, as discussed in Section 2.7.
Also, errors are caused when the recorded strgirals do not attenuate completely
at the end of the test duration due to the finiteetlimits of the integration involved
when performing a Fourier transform [75, 74, 86]. 36 overcome this different
testing procedures [86, 87, 88, 89, 90] and diffeegproaches to solving Equation
(5.12) have been proposed [85, 74, 86].

Bacon extended the two-point method for separatwages for both elastic and
viscoelastic bars, where dispersion and attenuatifects are encountered [74]. The
proposed technique involved an iterative calcutatino the time domain when
Equation (5.12) was not defined or could not beduse. when the strain signals

were truncated. Details of this approach are pexvid Section 2.7.

The separation of waves in large diameter elastis twvas investigated by Zhao and
Lok [85]. Dispersion effects were taken into acdobg solving numerically the

Pochhammer-Chree frequency equation. For frequer{eie= w,) where Equation

(5.12) could not be defined, Equation (5.12) beco@re undefined fraction of type
0/0 and was calculated using L’'Hospital’s rule. kg these frequencies Equation
(5.12) was used directly to determine the forwamVimg wave. The problem is that
the application of L’Hospital’'s rule involves theetérmination of the spectral
derivatives of the measured strain signals andwtivée number. In particular, the
calculation of the wave number’s derivative was stdered rather complex as
pointed out by the authors [85]. Furthermore, itn@ clear if problems due to
truncation of the signals are overcome with thisthod. Also, the case of

viscoelastic pressure bars, where waves attenuatalisperse, was not examined.
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However, the method was validated both numericatiy experimentally for 75 mm
diameter steel SHPB.

A modified SHPB set-up was introduced by Meng amnd90] where an iterative
algorithm was performed in the time domain to safgathe overlapping waves using
measurements from two strain gauges. Based onatttetliat the dispersion and
attenuation effects become important only if thevevéravels over a considerable
length of the bar, two strain gauges having a smiglance between them were
placed near the bar/specimen interface. Therelbarth, effects could be disregarded.
A detailed finite element analysis revealed thatiaimum distance o1.5D (where

D is the bar diameter) ensures a uniform straine stat the cross-section of the
elastic bar. Hence, a reduction in the time sHithe waves was introduced and the
shape of the pulses was considered unchanged. ddueaay of the method was
confirmed using both numerical and experimentalngdas. However, an error
analysis needed to be employed in order to imptiogeaccuracy of the results. Also,
although the presented method has the advantagenahising the time shift and
the dispersion and attenuation effects in elasis,bfurther investigation is needed

before the technique can be employed for viscdel&1PB arrangements.

Velocity measurements have been utilised by masgamhers when separating
waves in SHPB set-ups [86, 88]. The main advaniagthat the use of direct
velocity measurements minimises errors due to naigech are important when
using strain signals [75, 86, 89, 87]. Casem €88l proposed a method to separate
overlapping waves and could be applied to bothtielasd viscoelastic bars where
dispersion and attenuation effects are importargtrain gauge is employed together
with an electromagnetic velocity gauge to measwota the axial strain and velocity
at a single point. The forward and backward wavesevgeparated in the frequency
domain by solving a system of two simultaneous g#guos. It was suggested that by
this method unlimited test duration is achieved #mete is no restriction for the
position of the gauge stations. The accuracy of tdehnique was validated by
evaluating the stress at the impact and free erfda d9.1 mm diameter
polycarbonate bar from an impact test of the bah vain aluminium projectile.
Additionally, SHPB tests on foams at strain ratesjproximately 280 to 1200's

were performed. However, a more careful examinatibthis technique suggests
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that the signals have to attenuate completelydeerto avoid truncation errors. Also,
questions arise in whether the magnetic field ieduby the velocity gauges will
affect the operation of the strain gauges. Lasgtiytations exist when using velocity

gauges on magnetic materials.

A detailed work on the factors that influence tlewaacy of the separated strain
signals has been performed by Bussac et al. [8@]Ja$ suggested that when using
the two-point method in the frequency domain, thespnce of noise in the measured
strain signals, the imprecise knowledge of the #mplgain, the inaccurate
measurements of the strain gauge positions andint@&rect null strain, will
introduce errors when calculating forces and dsgieents at any cross-section of
the bar. Using the Maximum Likelihood Principle bhdhe forward and backward
waves were expressed as functions of the straimaligand the bar dispersion
relation. It was concluded that only a set-up cstigy of three strain gauges and two
velocity stations will be able to minimise any swrof errors. Although, this
solution is optimal regarding the elimination ofas, the mathematics involved are
rather complex as pointed out by other researd&s Furthermore, the fact that
each pressure bar in a SHPB set-up requires tanpkeinented with five different

measuring stations makes this technique rathemesxpe

5.7 Wave separation in the time and frequency domain

Consider a linear viscoelastic bar that is impaeteids left hand side (see Figure 5.
1). The resulting stress waves that are generatdte bar are recorded B stain
gauge stations as shown in Figure 5.1. Viscoelastmve propagation is
characterised by both attenuation and dispersiorCHapter 4, both effects were
taken into account by calculating the experimemtal’e propagation coefficient,

y(w) (Equation (2.5)). Recalling Equation (4.10), theufier transform (FT) of the

longitudinal strain at any cross sectian £(x, w),on the bar is

E(x,w) = P(w) e + N(w) & (5.13)
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Then the Fourier Transforms of the axial strainspasitions x,,Xg---X, With

X, < Xg <---< Xy as shown in Figure 5.1 can be expressed as fallows

O Oy
W >
N N

CDI
=
£
&
&

1
Z
—~

C:))J (5.14)

or &(w) = A(w) X(w), (5.15)

where the matrixA is defined as the coefficient matrix and is the matrix

containing the unknown forward and backward waves.

It is clear that the number of the measured strsimaild be greater than or equal to
two, in order to determine the forward and backwaaling waves at position, .
For the case where only two strain gauges are (esgdS.G.1land S.G.2(Figure

5.1)) the Fourier Transform of the forward wave ai, =0 can be found from

Equation (5.12) as:

ACEAC

~ &
Pa) === — e (5.16)

Since the longitudinal strain at any cross seatiorthe bar equals to the sum of the
forward and backward waves, the backward movingenawdetermined in the time

domain as:
N(t) =&, (t) - P(1). (5.17)

As already mentioned Equation (5.16) cannot benddfiwhen the denominator is
zero. This occurs when the wave propagation islequg(w) =¥ , Wheren is an

integer andd is the distance between the two strain gaugeghdncase of elastic
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bars, where the attenuation coefficient can bemsduto be zero, this occurs at

no(a)
2d

frequencies such thaf, = . Therefore, the limitation of using Equations

(5.12) or (5.16) is directly related to the positiof the strain gauges [74, 86, 88, 89,
87, 75,85 ]. In the case of viscoelastic bars, Egna(5.16) is defined at all
frequencies except at zero frequency Wh;z(@)=0. It should be noted that if the
strain signals do not contain any noise, then equencies where Equation (5.16)
cannot be calculated, the FT of the forward mowviaye (5(60)) can be determined
by continuity [87]. Unfortunately, in real testgah signals are always affected by
noise. Furthermore, for both elastic and viscogdsirs the wave separation in the
frequency domain cannot be performed if the straicordings do not attenuate

completely by the end of the test duration.

Errors due to the truncation of signals and proBleglated to critical frequencies
can be overcome, for both elastic and viscoeldsais, by performing the wave
separation in the frequency domain with the appboaof a suitable exponential
window and utilising more that two strain gaugetistes. From Equation (5.14) it
can be seen that this would lead to an over-detensystem of equations whose
solution can be evaluated using the least squaetsaah. The least squares method
provides some redundancy by utilising extra measargs taken at extra locations
S0 as to reduce any errors involved (e.g. noisd)remce improve the accuracy of
the identified forward and backward moving wavese Bpproximate solution ok
(Equation (5.15)) given by the least squares metiothe one that minimises the

error: |r|, =|le = AX|,. If the columns of the coefficient matriA are linearly

independent then the solutiol can be determined as:
X=Ae=[ A A" Ae, (5.18)

where A" is the pseudoinverse of the matdvand A™ is the hermitian i.e. complex

conjugate and transpose Af.
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By multiplying the time signals by an exponentiaindow, the propagation
coefficient (/(w)), has to be defined in the complex domain, j&v—ic). The

determination of y(w) was performed by use of an experimentally detegthin
transfer function, defined as the negative ratithefFFT of the backward to forward
wave from a single strain recording (see Equati3)). The application of an
exponential window to both forward and backward @gawill result in a transfer
function in the Laplace domain [80]. Hence, by gsine same exponential window
for y{w) as the one that is going to be used for the dénetion of the forward

moving wave, all components of Equation (5.15) defined as a function of
(w-ic). Therefore the linear independence of the malris guaranteed and the
approximate solution of th& can be defined by Equation (5.18). Even for theeca
of purely elastic materials the use of the expaaemtindow ensures some atrtificial
attenuation in all strain histories so that theamhemator of Equation (5.16) is non

Zero.

The use of the exponential window for wave sepamatvas first suggested by
Bussac et al. [86]. However, a theoretical propagatoefficient was used that was
determined using the generalised Pochhammer-Clopastien for viscoelastic bars
[26]. Although, Bussac et al. [86] argued that th®precise knowledge of the
dispersion relation will lead to significant errpegpproximations were made for the
bar’'s material properties when calculating the pgagtion coefficient. Furthermore,
despite the fact that the experimentally determipeapagation coefficient used
herein is valid for a lower frequency range (apprately up to 20 kHz) than the
one derived by Bussac et al. [86] it is determinader dynamic conditions that are

representative of the real SHPB tests.

Errors due to the truncation of signals and proBleglated to critical frequencies

( f,) can be overcome, for both elastic and visco@duirs, by performing the wave

separation in the time domain [74]. Bacon [74]oduiced an iterative algorithm,

which treats the whole spectrum of the forward mgwvave, P, (t) in the time

domain using Equation (5.19):
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= - — d a(a)d _ 2d ~2a(ap)d
P, (1) =¢&,(t) £B(t C(%)je +|3b(t C(%)je . (5.19)

One essential condition of the above iteration @sscis that both strain signals

g (t)and £,(t) are causal. This is true for all SHPB tests, simce strain
measurements can exist before the instant of thpadin(i.e. gA(t):eB (t) =0 for

t<0). Equation (5.19) is extremely computationally exgee since the calculation

has to be carried out at all times and for all filacy components. In contrast to the
method that was proposed by Zhao and Gary [75],att@ve process does not
depend on the duration of the incident loading @uldoreover, both the attenuation
and dispersion effects are taken into accountn#ig disadvantage is that it requires

extensive computation time, a fact that makesrti@thod impractical.

5.8 Wave Separation results

5.8.1 Numerical Example

The wave separation was first performed in the twwomain according to Equation
(5.19). In order to check the accuracy of the afgor, it was first applied to a

numerical example. A hypothetical elastic bar wesuaned whose length was 1 m
and had a constant phase velocity of 5000 m/s.dl$tance between the two strain
gauges was 0.25 m and it was assumed that thes sti@ges propagate without
changing their shapes (i.e. dispersion effects weggigible). Figure 5.2 (a) shows
the numerically generated strains at the firgf £ 0m) and second strain gauges
(Xg = 025m). The forward and backward waves which were obthifrom the

wave separation in the time domain (Equation 5.i®xhown in Figure 5.2 (b). The
black lines indicate the incident and reflected @smthat were used in order to
generate strain measurement at the first straiigegail should be noted that they
have been shifted upwards and downwards to makéghee more readable. The

good agreement between the forward and backwardingiowaves with the
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numerically generated incident and reflected wamdgates that the algorithm can

be used with confidence.

5.8.2 Experimental Example

In order to compare the accuracy of the wave sépara the time and frequency
domain, both methods were applied to two differerperiments. The 20 mm
diameter PMMA input pressure bar (Table 3.2) wapaated with a 410 mm long

projectile at an impact velocity of 10 m/s. Themth diameter PMMA pressure bar
(Table 3.2) was impacted with a 200 mm long prdgett an impact velocity of 17

m/s. For both cases the projectiles were made dfARMnd had a diameter of 20
mm. The separated waves that were obtained usinmg weparation in the time
(Equation (5.19)) and frequency (Equation (5.1&)yndins are illustrated in Figures
5.3 and 5.4 for the two PMMA bars. For clarity, ttesults obtained are shown in
Figures 5.3 and 5.4 together with only the stragasurements from the first strain

gauges on each bar.

Due to the fact that the first strain gauge is fpmsed close to the impact end (Table
3.2) the measurement taken at this station invdlvedull length of the first forward
moving wave. This can be used to verify the acguigicthe time and frequency
domain wave separation techniques for both PMMA blar Figures 5.3 and 5.4 the
black and blue lines (i.e. the measured and prdlistrains) are overlapping until
the first backward wave arrives. This is true fothbthe time and frequency domain
wave separation, thus verifying the accuracy ofhbtchniques. However, the
frequency domain wave separation appears more aecas time increases. The
predictions are smoother and follow the expectetfepa for waves that should
attenuate with time. The background oscillationshie predictions are fewer and of
lower amplitude for the frequency domain wave safi@an. Bacon [74] suggested
that the wave separation executed in the time donvauld overcome the problems
arising due signal truncation. Nevertheless, sitiee propagation coefficient is
frequency dependent, Equation (5.19) is carriedaugvery frequency in the signal.
Therefore, in order to determine the forward movimgve an FFT of Equation

(5.19) still has to be performed and hence problentis signal truncation still exist.
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To obtain the results in Figures 5.3 (a) and 5} 4a exponential window was
applied with a value o equal to272/ NAt to minimise these errors. In addition,
the computation time that is required so as toguerfthe wave separation in the
time domain is much longer than the one neededherwave separation in the
frequency domain. The frequency domain method éseflore preferable both in

terms of accuracy and in terms of efficiency.

The accuracy of the wave separation method inrégguency domain was checked
by evaluating the forces and the particle velosiaethe free and impact ends of the
20 mm and 40 mm diameter PMMA pressure bars. Treefand the velocity at any

pointx are given by the following equations:

E (@)= L2 (5 () €19 + () & (5.20
y(w)
V (w) =y‘_“;)(ﬁ>(w) 19~ N(a) 69, (5.21)

where F(w) and V(w) are the Fourier Transforms of the force and thetige

velocity respectivelyy is the density of the bar material aldis the diameter of the
pressure bar. It should be pointed out that theesarponential window that was
applied for the wave separation in the frequenayaa was used for the evaluation
of both the force and particle velocity. The useéhid window is implied in all future

frequency domain calculations.

The magnitudes of the forces and particle velaeitieboth ends of the bars (Figures
5.5 and 5.6) were calculated using the forwardlzaukward waves plotted in Figure

5.3 (b) and 5.4 (b). For each bar, the force affridae end is close to zero, while the
velocity at the free end is almost double thathat impact end. This validates the
accuracy of the wave separation in the frequencyaiio as described previously.

From the forces plotted in Figures 5.5(a) and 5,Gfe absolute errors are of the
order of 3.9% and 1.9% for the 20 mm and 40 mm dtanbars respectively.
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The accuracy of both the propagation coefficiertt tre wave separation technique
in the frequency domain was validated for botha2@ilenm diameter PMMA pressure
bars (i.e. incident and transmitter bar) with apact test. The two bars were placed
in contact having no specimen between them andbtices and displacements were
calculated at the interface, from the strain mesments taken from both bars. The
bars were impacted with a 410 mm long projectilarmimpact velocity of 14 m/s.
From Figure 5.7 it can be observed that the caledléorces and displacements are
in excellent agreement for both contact faces efptessure bars. This demonstrates
the ability of the method to calculate forces argplcements at the interfaces of a

specimen in the case of a SHPB test.

5.9 Conclusion

Wave separation techniques were presented whiclheapplied to either elastic or
viscoelastic pressure bars. The majority of thesethods utilise two strain
measurements and the wave separation is performetthel time or frequency
domain. Performing the wave separation in the feegy domain using two strain
signals involves difficulties associated with tration of the signals and critical
frequencies. On the other hand, the main disadgaraéthe wave separation in the
time domain is the fact that it requires long cotagional times. A method that is
computationally efficient and avoids problems agsed with truncation of the
measured signals and critical frequencies is the aofs more than two strain
measurements and the application of a suitablere@l window. The method

was applied successfully to both 20 mm and 40 nramdter PMMA pressure bars.
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S.G.N-1 S.G.N

S.G.1 S.G.2 S.G.3
[ b | | | | |
Xa =0 X =d1 Xc =d2 X :dN-l X :dN

Figure 5.1 Pressure bar implemented with N strain guges (S.G.).
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Figure 5.2 (a) Numerical strains at x and xg (b) Forward and backward

moving waves obtained from wave separation in theirhe domain at position

Xa=0.
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Figure 5.3 Waves separated in (a) time and (b) fresency domain for the case of

the 20 mm diameter PMMA Pressure Bars.
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Figure 5.4 Waves separated in (a) time and (b) fresency domain for the case of

the 40 mm diameter PMMA Pressure Bars.
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Figure 5.5 (a) Forces and (b) Particle velocitiesatculated at the impact and free
ends using the wave separation in the frequency dam for the 20 mm
diameter PMMA bar.
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Figure 5.6 (a) Forces and (b) Particle velocitiesatculated at the impact and free
ends using the wave separation in the frequency dam for the 40 mm
diameter PMMA bar.
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Figure 5.7 Contact (a) Displacements and (b) Forcesalculated from strain
measurements for the incident and transmitter 20mmdiameter PMMA

pressure bars.
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CHAPTER 6

Wave Propagation in Magnesium Alloy Pressure Bars

6.1 Introduction

Lower impedance elastic pressure bars such asidimaand Magnesium alloys are
often employed in SHPB arrangements [15, 16, 17, Whaves propagating in
elastic media disperse due to the lateral motiothénbars. Furthermore, as will be
shown in the following sections, a very small amtooindamping can be observed.
The accuracy of the stress-strain curve that iginbtl from a SHPB test is improved
by considering these effects.

In this chapter the method and results from thdilfcation” of the Magnesium
pressure bars will be presented and validated.hE&urtore, results of the wave
separation in the frequency and time domains awewvshfor the case of the

Magnesium pressure bars.

6.2 Accuracy of the strain gauge stations

The first step for the “calibration” of the Magnesi pressure bars involves a check
of the accuracy of the strain gauges and the miegsunits such as the amplifiers
that were later used in SHPB tests. This first itwation” was performed by
compressing both bars at a crosshead rate of 0.fmmnusing an INSTRON
machine (model 4507) and taking recordings of te&l lagainst the output voltage
from all strain gauge stations. In order to avomny averloading of the bars, the

buckling load @;) was determined to be 6.2 kN using Equation (6.1).

_ TTEl

P= (6.1)
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4
where | is the second moment of area of the bar defined as% and| and

d are the length and the diameter of the pressurerbapectively.

The output voltage \(,,,) from the strain gauges is directly proportional the

applied force, i.e.

Vv, = C[Force, (6.2)

where C is a constant. This constant was determined filwangtadient of the plots
of the load against the output voltage. The resalitsined from four tests on both

input and output pressure bars are shown in Talile 6

Rearranging Equation (3.1) one can obtain the &inalyconstantC as:

c= Vo - SCY (6.3)
Force 2AE

From Equation (6.3) the analytical value of the stantC was calculated to be
0.143744 VIKN. Comparing this value with the averaglues of the constad

obtained from the static calibration (Table 6.1¢ thaximum difference is of the
order of 0.24% which suggests the experimental emlare of good accuracy.
Experimentally derived values were used to confrerh voltage readings to axial

strains.

6.3 Dispersion correction for the Magnesium Pressure &s

One of the assumptions often made when analysirgBS¢tata is that stress waves
propagating in elastic cylindrical bars obey the aimmensional stress wave theory.
However, as discussed in Chapter 4, during impesistthe generated waves often
contain high frequency components for which the el@vgth is of the order of the

bar’'s diameter. In these cases geometric dispessionld be taken into account.
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Pochhammer [91] and Chree [92] were the first teettp a dispersion relationship

for the propagation of waves in cylindrical barkeo referred to us as Pochhammer-
Chree equation. Numerical solutions of the Pochharvihree equation have been
presented by various authors including Bancrofi,[89#0 presented numerical data
for the first mode of vibration for different valsi®f Poisson’s ratio. In 1948 Davies
[58] evaluated results for higher modes of vibmatising a Poisson’s ratio of 0.29.

Using the numerical results of the Pochhammer-Clemgeation appropriate phase
shifts can be applied to frequency componentsehtkasured strain signals in order
to correct for dispersion [56, 94, 95, 96]. Howewbese methods give satisfactory

results only for small amounts of dispersion [95},. 4

In this study the dispersion effects were taker iatcount by determining an
experimental propagation coefficient following tb@me procedure as in the case of
the PMMA pressure bars (see Section 4.3.1). Thehadefor determining the
experimental propagation coefficient requires that overlapping of the waves
occurs at the position where the strain measuresreet taken. For this reason the
input Magnesium pressure bar was impacted usingiragun with a 50 mm long
projectile made out of the same material. Strairmsneements were taken from a
strain gauge positioned approximately in the middfl¢he pressure bar (position C
(Table 3.2)). In total six tests were performedgtact velocities varying from 10 to
18 m/s. Figure 6.1 shows the attenuation and phelseity derived from all the tests

together with an overall average.

In the case of elastic bars the attenuation coeffids expected it be zero or to have
a very small value. From Figure 6.1 (a) it can bseoved that the value of the
attenuation coefficient is very close to zero u@@dkHz. It is worth noticing that the

value of the attenuation coefficient in the cas¢hef PMMA pressure bars was 0.74
and 0.8 at 20 kHz for the 20mm and 40mm diametes kespectively (see Figure

4.1 (a)). The phase velocity shows a small depearyden frequency. It is almost

constant up to 10 kHz and then slightly increagesou30 kHz (Figure 6.1(b)). The

technique followed in this study although not optim can be characterised as
satisfactory for the case of the SHPB, as will heven in Section 6.4.
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In order to examine the frequency range where Fradiertia effects become
important and hence, the one-dimensional theomotisvalid, the wavelength was
calculated (Equation (4.18)) and compared withdiaeneter of the bar. Again as in
the case of the PMMA pressure bars, the wavelesgthcontinuous monotonically
decreasing function with frequency and approachésity as frequency tends to
zero. From Figure 6.2 it was found that the wavgtlerof the longitudinal waves is
497 mm (21.6D) at 10 kHz, 251 mm (10.91D) at 20 lddd 166 mm (7.21D) at 30
kHz. Hence, it can be concluded that the elementhgory is accurate for
frequencies up to between 20 to 30 kHz. FiguresB@vs the frequency spectrum of
the four strain signals on the incident bar fromimpact test with a 50mm long

projectile. It can be observed that almost no enexrgletected above 20 kHz.

In contrast to the PMMA pressure bars, the progemif the Magnesium bars do not
depend on frequency. This was validated by caliyahe Young's Modulus using
Equation (4.7). From Figure 6.4 it can be seen tihatcalculated value of the real
part of the Young’'s Modulus is almost constant @me calculated value of the
imaginary part is approximately zero throughoutwhmle frequency range up to 30
kHz. Furthermore, the real part of the Young's Moduhas a value of
approximately 44 GPa, which agrees well with thei@aiven by the manufacturer
(Table 3.1).

It has been demonstrated experimentally that thenadtion coefficient is
approximately zero, that the phase velocity is apipnately constant and that the
elastic modulus is real and approximately frequemmependent. This is to be
expected for small diameter elastic bars. Nonesiselthe experimentally derived
propagation coefficient is employed for all testshwMagnesium bars, rather than
simple wave shifting using a single phase veloatyd no attenuation. The
experimentally determined propagation coefficieliaveed slight changes in pulse
shapes to be approximated in a way that is notilpesby employing a simple
analytical propagation coefficient. This may be doi¢he fact that real bars are not
“ideal” (i.e. have zero curvature etc.). The adagetof the experimentally derived
propagation coefficient is illustrated for exampieFigure 6.6 (b), where the small
changes in wave shape are well predicted usingettperimental propagation

coefficient.
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6.4 Accuracy of the experimentally determined propagabn coefficient for

the Magnesium bars

The accuracy of the experimentally determined pgapan coefficient was verified
by performing an impact test on a Magnesium pressar. The pressure bar was
impacted with a 250 mm long projectile at an impeelocity of 7.6 m/s. The
projectile was made out of the same material aptéssure bar and had a diameter
of 20 mm. As already mentioned in Section 4.3 du&iHPB testing the conditions
of the specimen/bar interfaces are calculated m gtages. In order to validate the
accuracy with which the propagation coefficient b@nused for stage one, the strain

measurement at a poirj, was used to predict the strain at another poig) on the

bars. When comparing the predicted and measurathst(Figure 6.5(a)) it can be
seen that the experimentally determined propagatamfficient can be used with

accuracy so as to reconstruct a strain pulse apaimy on the pressure bar.

In the second stage the stresses at the specimenibidaces are calculated using
the one-dimensional theory. The accuracy of thehotktwas evaluated by
calculating the forces at the free and impact erfidse bar. Observing Figure 6.5 (b)

the absolute error involved is of the order of 4% .

6.5 Examples of wave separation in the time and frequeey domain for the

Magnesium Pressure Bars

As was the case with the PMMA bars (see Sectio)) 818 separation of the waves
was performed in the time domain (Equation (5.E8)) in the frequency domain
(Equation (5.18)) with the use of a suitable exmbia¢ window. The input
Magnesium pressure bar was impacted with a 250 omg projectile of the same
material at an impact velocity of 15 m/s. The tatamber of the sampling points
was N=2° and 2? for the wave separation in the time and frequedoynain

respectively, while the sampling rate wets1 us for both cases.

Figure 6.6 (a) shows the forward and backward wateposition C (Table 3.2)
while Figure 6.6 (b) shows the separated wavessitipn B (Table 3.2). This is due
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to the fact that three strain measurements wer inserder to separate the waves in
the frequency domain, while only two for the caé¢éhe wave separation in the time

domain.

Due to the fact that the damping is low in the aafselastic pressure bars, any errors
associated with noise when separating the wavéd&inore severe than in the case
of the viscoelastic bars. This is the reason wleyshparated waves shown in Figure
6.6 contain more oscillations than the ones showrFigures 5.3 and 5.4. A
comparison between Figures 6.6 (a) and (b) revbalsthe waves separated in the
frequency domain are less oscillatory than the aegmrated in the time domain.
Hence, it can be concluded that, as was the casthdoPMMA pressure bars, the
wave separation in the frequency domain is prefeyaince it gives more accurate

results and also it requires less computationas.tim

The accuracy of the wave separation in the frequetmnain was validated by
evaluating the forces and the velocities at the &ed impacted ends of the pressure
bar, using Equations (5.20) and (5.21) respecti{Elgure 6.7). Note that for all
calculations an exponential window was used withialue of o to be equal to
2n/ NAt .

From Figure 6.7 it can be seen that the forceafrée end is close to zero. Also, as
expected the value of the velocity at the free dud to the incident and reflected
waves is almost double that at the impact end dubke incident wave. From Figure
6.7 (a) the absolute error involved is calculatete of the order of 3.2% .Hence, the
separation of the waves in the frequency domair whe use of an exponential

window is regarded as accurate for the case of Esigm pressure bars.

As a last validation for both the propagation coefht and the wave separation
technique in the frequency domain, an impact tex performed on both pressure
bars (i.e. incident and transmitter bar). Both baese placed in contact having no
specimen between them. The forces and displacenvesnts calculated for each
interface, from the strain measurements taken flwsth bars. The bars were
impacted with a 250 mm long projectile at an impeelocity of 11 m/s. From

Figure 6.8 it can be observed that the calculabedes and displacements are very
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close for both contact faces of the pressure Bdms. demonstrates the ability of the
method to calculate forces and displacements ainteefaces of a specimen in the

case of a SHPB test where Magnesium bars are estploy

6.6 Conclusion

A propagation coefficient was determined for theecaf the Magnesium pressure
bars following the method described in Chapter e &ccuracy of the method was
evaluated experimentally. Furthermore, wave sejparavas performed in both the
frequency and time domains. Frequency domain waparstion is preferred due to
better accuracy and efficiency. It was demonstréttatigood accuracy is achievable
via wave separation in the frequency domain withuke of an exponential window
and more than two strain measurements. The methoelgarded to give accurate
results and so can be used with confidence intlhé/sis of the SHPB data utilising

Magnesium pressure bars.
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Magnesium Incident Pressure Bar
Constant C (V/kN) Average C (V/kN)
Strain gauge Test 1 Test 2 Test 3 Test 4
A 0.1434 0.1435 0.1433 0.1434 0.1434
B 0.1435 0.1436 0.1437 0.1437 0.143675
C 0.1433 0.1434 0.1434 0.1435 0.1434
D 0.1435 0.1435 0.1436 0.1437 0.143575
Magnesium Transmitter Pressure Bar
Constant C (V/kN Average C (V/KN)
Strain gauge Test 1 Test 2 Test 3 Test 4
0.1434 0.1436 0.1435 0.1434 0.143475
B 0.1435 0.1436 0.1437 0.1436 0.1436
0.1435 0.1436 0.1435 0.1437 0.143575

Table 6.1 Values of the constant C (V/kN) as obtagd from the static

calibration of the incident and transmitter Magnesum pressure bars.
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CHAPTER 7

An Investigation of Balsa Wood under Quasi-static ad

Dynamic Conditions

7.1 Introduction

The structure of many man made cellular materglgery similar to the structure of
some natural porous composites, which originatenfether the plant or animal

kingdoms. Further advances and improvements irethesterials are possible by
investigating the structure and response of thegeral systems in an attempt to
mimic their designs [97]. Wood belongs to thoseursdtcomposites and is one of the
most ancient and commonly used materials as anggnabsorber in many

applications including packaging or in aircraftjpsland vehicle designs due to its
low cost and good strength to weight ratio. Theppries of wood such as strength,

toughness, and density vary from one type of waodrwther.

In an impact event an ideal energy absorber shioalg the ability to dissipate as
much energy as possible under an optimum safedsgiicement level and also to
have a high strength to weight ratio. Balsa wooldriggs to one of lightest types of
woods with a density varying form 40 to 320 kgnand possesses excellent
mechanical properties [97, 98, 99, 100]. Howevsrjraevery wood its properties
depend on various factors such as the age of #& the moisture content, the
temperature and the strain rate [101]. In this trafhe quasi-static and dynamic
compression behaviour of balsa wood is investigatdsing two different SHPB
arrangements, i.e. one consisting of Magnesium amather of PMMA pressure
bars, and by performing Direct Impact (DI) testingsa 40 mm diameter PMMA
pressure bar.
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Conditions

7.2 Failure mechanisms of balsa wood under quasi-stati@and dynamic

compression loading

Balsa wood is one of the lightest types of woodilalske and its properties as an
energy absorber are comparable to these of aX@diged hexagonal honeycombs
[98]. Easterling et al. [102] was among the firdhovexamined the deformation
modes involved when compressing balsa wood quaseally along the three

principal directions. Vural and Ravichandran [900]Lhave investigated thoroughly
the quasi-static and dynamic compression respofisealsa wood in the axial

direction covering a wide range of density and haentified the possible failure

mechanisms. The dynamic tests were carried ougusisteel SHPB set-up with a
quartz crystal embedded in the transmitter bar rdeo to increase the bar’s
sensitivity. Reid and Peng [103] investigated tlypasnic response of five different
types of wood, including balsa wood, by firing speens at a steel Hopkinson
pressure bar load cell at impact velocities up gpreximately 300 m/s. A shock

model was proposed which was based upon a ratpendent, rigid, perfectly-

plastic, locking (r-p-p-I) idealisation of the quaatic stress-strain properties of the
woods. This model proved less successful for tbegathe grain specimens at lower
velocities and the need for further investigatioaswhighlighted. However, no

distinction was made between the two transversziilims, i.e. tangential and radial
directions. More recently Da Silva and Kyriakid®@8] performed a comprehensive
investigation on the microstructure and the defaimnamodes of balsa wood by
performing a series of quasi-static uniaxial corapien tests covering a variety of

densities for the three principal directions.

Balsa wood is a highly anisotropic porous matesihbse main cells (tracheids) are
very similar in shape to that of honeycombs, imsmpatic hexagonal [97, 98, 99,
100, 102]. These cells are distributed uniformlythe grain cross-section and have
an aspect ratio (length to diameter) of approxitgaté:1 [97, 100, 99, 102].
Radially arranged group of rays separate each mbdhke tracheids where the cells
are smaller and have different cross section shage.channels run parallel to the
axis of the tree throughout the entire structurg, [B00, 99, 98, 102], (see Figure
7.1).
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As in every type of wood there exist three printgees (Figure 7.2) [98, 102, 101]:
* Longitudinal or axial (along-the-grain or end-grdiy
» Radial (across the grain, along the rays and teassvto the growth of the
rings,R);
* Tangential (across the grain, transverse to the aaygl along the growth of

the rings,T).

Despite the fact that the mechanical propertiescamsities differ for different types
of wood, the density and properties of the celllwaaterial are regarded to be
approximately the same for all types of woods [1D21]. All woods are made of
crystalline cellulose embedded in a matrix of arhors homocellulose and lignin
whose density is approximately 1500 Kgfa01, 97, 98]. The lay up of the cellulose
fibres is rather complicated and is responsiblesdme degree for the anisotropy
present in wood. However, the cell orientation play more important role for
wood’s anisotropy [101]. Due to the anisotropy afda wood its properties depend
on the direction of loading. The compressive sttlemg the longitudinal direction is
much higher than the strength in either transvemsetion, while the difference in

strength between the radial and tangential dirastie relatively small.

As in most cellular materials both quasi-static a@ydamic stress-strain curves of
balsa wood follow the same trend. For small stréiiesresponse of the material is
linear elastic. Permanent deformation (crushingjtstat a stress termed @reishing
stress(o, ) with the corresponding strain termed tbeishing strain(&,,), i.e.
“crushing is used here to abbreviate “initiation of crugiiinAt the crushing stress,
initiation of the inelastic deformation occurs withthe cells of the material. When
wood is compressed in the longitudiné) direction a drop in stress then occurs
(strain softening) and the deformation continuedemran approximately constant

stress known as the plateau strass ) (Figure 7.3 (a)). In the case of the radR)l (

and tangentialT) loaded wood specimens deformation progressesrumngenooth
rising plateau stress (strain hardening) (Figur8s(@) and 7.3 (c)). For the radially
compressed wood sometimes a small drop in stregbsierved before the plateau

region. The densification or locking straia,() is associated with compression of the
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cell wall material. This occurs at large strainsd as denoted on the stress-strain

curve by a sharp increase in the stress.

As already mentioned balsa wood is an anisotropaterial indicating that its
properties depend on the direction of loading. €hdifferences indicate a number of
possible deformation mechanisms that initiate wibaisa wood is compressed in its
three principal axes. The collapse mechanisms wedowhen balsa wood is loaded
axially are more complex than the ones presenthé dther two directions. In
addition, even if a specimen is compressed aloagdme axis different deformation
modes exist, which depend on density. Vural andidRandran [99, 100] reported
that when balsa wood is compressed along the graainly elastic or plastic
buckling of the cell walls occurs for the lower diéy specimens. On the other hand
for the case of higher density specimens failurmitsated by either or both of the
plastic collapse of the end caps and the formaktiok bands [99, 100, 102]. Kink
bands are responsible for the presence of a Iatgess drop after the linear-elastic
region for the case of higher density balsa wodae Treation of these bands is
attributed to the increase of fibre misalignmenrajmty in the longitudinal-tangential
(LT) direction due to the existence of ray cells pextetg radially the structure [97,
99, 100, 101, 102].

In the case of balsa wood that is compressed mmereithe tangential or radial
directions, failure occurs due to plastic bendingcell walls (similar to the

compression of laterally loaded tubes) and defaomats uniform only for the

tangentially compressed specimens. The fact tlegpldstic collapse of the cell walls
is not uniform for the radially compressed specismenresponsible for the possible
presence of the small drop in stress after thehangsstress. The rays in this
direction of loading act as reinforcement [98, 10&pr this reason the radially
compressed balsa wood specimens are stronger tmantahgential. In both

transverse directions the crushing stress is ptigmad to square of the relative
density (Equation (7.1)) [101, 102]:

2
0% =1.407 =clo—ys(%j , (7.1)

S
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where p, and p, are the densities of the specimen and the cell malerial
respectively, their ratio defines the relative dgnép, ), C, is a constant and, is

the yield stress of wood cell wall, having a vahfe350 MPa as given by Cave
[104].

When balsa wood is compressed axially, the cellsnatle compressed rather than
bent as in the case of the transversely loadedirspes, indicating that higher
magnitude forces are required to initiate faildfer the end-grain balsa wood, when
failure is initiated by the plastic collapse of tked-caps the crushing stress is
directly proportional to the relative density [1AD2]:

gt =Ca,, (&j, (7.2)
0

S
whereC, is again a constant.
Vural and Ravichandran [99, 100] suggested differelationships for predicting the
crushing stress according to the failure mode we@! For the case where failure is

initiated by plastic buckling or kink band formatiof the cells the crushing stress is

given by Equations (7.3) and (7.4) respectively, [B30]:

5/3
0, =C,0, (&j ; (7.3)
Ps

2
- 055, |

oL =— /57 (7.4)
1+%
Yy

where C, is a constant and is equal to 2 according to Vamal Ravichandran [100],
G, is the shear modulus of the cell wall equal to @R, y, is the yield strain of

balsa wood in longitudinal shear equal to 0.023 &)d is the initial fibre
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misalignment angle having an average value’oTBe above values are provided by
Vural and Ravichandran [100].

Densification of any cellular material occurs asteain where the cell walls crush
together and compression of the cell wall matets&lf begins [101]. This indicates

that the densification strain would be equal toghsosity of the material i.d— p, ,

but in fact densification occurs at lower valuesiéin given by [99, 105]:

g, =1-C, 2o (7.5)
Ps

or

£, =C.(1-2). (7.6)

S

Maiti et al. [105] proposed a value of 2 for thenstant C, in Equation (7.5),

suggesting that densification occurs when the iveatlensity of wood reaches a
value of 0.5. This value agreed well with the expental data for balsa wood
presented by Reid and Peng [103]. However, VurdlRavichandran [99] reported
that Equation (7.5) did not compare well with thekperimental data and they

suggested the use of Equation (7.6) with a valué.oéqual to 0.87 for the along the

grain balsa.

Tan et al. [106] performed dynamic tests on aluommialloy foam at high impact
velocities and gave a more consistent definition doth the locking strain and
plateau stress. The densification strain was défexe the global maximum of the

energy absorbing efficiency;() when plotted against strain, where the efficieiscy

defined as

n(sa):;fac(s)ds. (7.7)

Lo.(¢)]..., 3
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The plateau stress can be obtained, after the iogugtress, crushing strain and

locking strain have been identified, as follows:

1 %
Ty = jo—c(g)dg. (7.8)
d

cr g,

7.3 Quasi-Static tests on Balsa wood

7.3.1 Specimens

Cylindrical balsa wood specimens were cut fromtdarks of balsa wood along all
three directions for the quasi-static tests. Speonsthat were free from any visible
defects and rough ends were chosen for testingr Rritesting, their density was
calculated, by weighing the specimens using a lpiggtision weighing machine
(accuracy = 0.001g) and measuring their dimensibpsthe use of a vernier
(accuracy £ 0.01 mm). All the specimens had a diamaf approximately 45 mm
and lengths varying between 10 to 45 mm (see Tablke§.6). Particular attention
was paid to measure their moisture content usimgiature meter, since it can affect
both the density and the properties of balsa wd@l/]} It was found that the
moisture content of all specimens was less thanv¥igh is a typical value for dry
woods. It should be noted that all the above measents as well as the testing of
the specimens were conducted under conditionsyadsgaheric pressure and ambient

temperature.

7.3.2 Experiments

All cylindrical specimens were compressed along acrdss the grain, in both radial
and tangential directions, at a constant crosstspmed of 4 mm/min using an
INSTRON machine (model 4507). Some specimens wamnstained laterally while

others were not. The unconstrained specimens wargmessed between two flat
parallel platens to eliminate any shear forces han 9pecimens [100]. In order to
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investigate the behaviour of balsa wood under uaiaxompression, lateral
constraint was applied by the use of a hollow stgkhder, 45.15 mm in diameter.
Small air bleeds in the hollow cylinder allowed #&ir escape. For these tests a
loading rod was used to compress the specimen rwithe constraining barrel.
Special care was taken to ensure the end faceedb#ding rod was parallel to the
lower platen. Due to the fact that the strength atabtic modulus of the steel
cylinder is much greater than that of balsa woobe, stresses within the cylinder

remain elastic throughout the duration of the test.

7.3.3 Quasi-static compression of balsa wood results

Load-displacement curves were obtained for evesy tehich were then converted
to stress-strain curves by defining the stresti@doiad divided by the original cross-
sectional area and the strain as the change inthlediyided by the original

undeformed length of the specimen. In all casesdibplacement recordings were
corrected to eliminate the machine compliance. 3tness-strain curves that were

obtained for every case are shown in the Figu#s &B.

At this point it is necessary to clarify the waythhe key material properties have
been extracted from the stress-strain curves addairom both the quasi-static and
dynamic experiments. For cases with an initial peta&ss, the crushing stress,()

is defined as the first peak just after the endhef elastic region and the crushing
strain (£, ) is the corresponding strain value at this peak. dases with no peak

stress, the crushing stress is denoted by the ¢ftéine plateau region of the stress-

strain curve. The densification straig,() and plateau stresr(;) are specified by

the use of Equations (7.7) and (7.8) respectively.

Figures 7.8 (a) and (b) show the experimentally thiedretically determined values

(using Equations (7.4) and (7.9)-(7.12) definedrabf the crushing stresses against
density for all the along and across the grain ispecs compressed quasi-statically.
Overall, Figure 7.8 (a) indicates that the constraias little effect. This is

particularly clear for along the grain specimenthvdensities of approximately 125
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kgm®. This is in agreement with the findings of VuradaRavichandran [100]. The
physical explanation is that the local buckles dbrequire large lateral expansion of
the specimen [100].

The effect of the lateral constraint has not besgorted previously for radially or
tangentially compressed balsa wood. Figure 7.8ll(lstrates that the constraint has
little effect on the crushing stress of the radsmld tangential specimens. The
constraint then affects the crushing stress ofheeialong (discussed above) nor
across the grain compression of balsa wood. Itapgsed that the reason is the same
for any direction i.e. the plastic compressiontod tells takes place in the loading
direction without the need of gross expansion ie fferpendicular to loading
direction.

Furthermore, the difference in lengths does noecafthe crushing stress values
although it affects the crushing strain. It is entpd that the onset of crushing occurs
at larger strains for the shorter specimens. Thishe result of the nonuniform
deformation in a cellular material. Crushing isamsated with displacements and
rotations at the scale of the cells. Where fewscate present these displacements
will be interpreted as larger strains for shortcspens. The fact that the difference
in length does not affect the stress values betadfthe crushing strain values can be

verified by comparing for example:

» for the along the grain test 1 & 4658m, 0. = 126 MPa, £, = 0032

1 ~cer

with test6 (, = 1026mm, o, = 128 MPa, ¢, = 0124 (see Figure 7.4);

» for the radial test 19I(= 288%m, o, = 1.8 MPa, £, = 0016 with test

1 ™~er

23 (I, = 134 mm, g, = 186 MPa, £, = 0. 0455 (see Figure 7.6) ;
« for the tangential test 28 (= 4538 m, o, = 15 MPa, £, = 0069 with

1 cr

test 39 (, = 1266mm, g, = 157MPa, £, = 0097 (see Figure 7.7).

The experimental data for the crushing stressesfitted into Equations (7.1), (7.2)

and (7.3) in order to obtain the average valuesttier constantS,, C, and C,

respectively, without making any distinction on #enfinement that was used and

the specimens geometry. The following equationewbétained:
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2
oR = 0.2744%(&) ; (7.9)
S
2
o' = 0.23737YS(&j ; (7.10)
S
o = 0.40757YS(&j : (7.11)
Ps
5/3
ot = 2.23@{&j . (7.12)
S

Equation (7.1) has been used by Reid and Peng HiiBJGibson and Ashby [101]
using a value ofC, equal to 0.2 and 0.14 for the radially and tanigét
compressed specimens respectively. It was sugg¢std 103] that the wood
specimens compressed in the radial direction afetihes stronger that the ones
compressed in the tangential direction. Equation8) (@d (7.10) indicate that the
radially compressed specimens are approximatelg6liimes stronger than the
tangential. The above differences can be attribtdebe fact that Equation (7.1) has
been used in [101] in order to cover a wide rarfgeamds. For the case of the along
the grain specimens Vural and Ravichandran [100p@sed a value of, equal to
0.5 which was derived analytically by considerihg tompression of the end cap.
On the other hand, Gibson and Ashby used an erapwratue of 0.35 for the same

collapse mechanisms. The value Gf, obtained here is between the values
suggested in [100] and [101]. Lastly, the valueQf agrees well with the value
given by Vural and Ravichandran (wheZg = ) [200].

The general trend observed in Figures 7.8 (a) ahds(that for balsa wood when
compressed in any of the three principal directithescrushing stress increases with
density. This is in accordance to the findings i, [200, 101, 102, 103]. Also, the

along the grain samples are stronger than bothati@l and tangential specimens
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due to the elongated shape of the cells in thiscton. Initiation of failure requires
the cell walls to be compressed rather than beint e case of the across the grain
specimens (see Section7.2) [101, 102]. Furthermture, fact that the radial
specimens are stronger than the tangential idatéd to the existence of rays that

act as reinforcement in this direction [101, 98].

Figure 7.8 (a) indicates that for specimens hawimtgnsity between 95 to 105 kgm
failure is initiated due to plastic buckling of theell walls, i.e. according to
Equations (7.3) and (7.12). This was verified byrdlwand Ravichandran [100] for
low density balsa wood. For the highest densitycispens tested, the values of the
crushing stress are well approximated by all ofdigus (7.4), (7.11) and (7.12). It
should be noted that Equations (7.11) and (7.X&yesponding to end cap collapse
and plastic buckling of the cell walls respectivelyave been fitted to the
experimental obtained data. Only Equation (7.18p¥es the trend for all the density
range considered herein. This agrees with the rfggliof Vural and Ravichandran
[100], who reported that plastic buckling was thmmihant mechanism to initiate
failure for up to densities of approximately 17@@0 kgn?® . It is worth mentioning
that the values shown in Figure 7.8 (a) agree witll the values obtained by Vural
and Ravichandran [100] for same density rangedastthis study.

Observing Figure 7.8 (b) it can be said that fa thdially compressed specimens,
Equation (7.9) can be used to obtain the valugheotrushing stress for the density
range shown. On the other hand, Equation (7.10Jigeefairly well the crushing
stress for the specimens loaded in the tangeniiattbn. However, it is worth
noticing that the tangential specimens cover alemdénsity range compared to the
radial specimens and this may be the reason fobétier agreement of Equation
(7.10) with the experimental data.

The experimental data obtained for the densificasitvain with the use of Equation

(7.7) was fitted into Equations (7.5) and (7.6) ahd following values for the

constantsC, and C,were evaluated for the along and across the gedsab
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g =1-3.125% . (7.13)
Ps
e-=0.8201- . (7.14)
S
gr=1-3.192% . (7.15)
Ps
£ =1-3.32 . (7.16)
P
2T =0.64(1-22), (7.17)

Ps

It is worth mentioning that for the along the grapecimens the value obtained here

for the constantC, is very close to the one used by Vural and Ravidhen [99]

(i.e. compare 0.82 in Equation (7.14) with 0.87réf [99]). However, Vural and
Ravichandran [100, 99] extracted their experimentues of the densification
strain directly from the stress strain curves bfynileg the densification strain as the
strain at the local minimum before the stress startrise steeply. Despite the fact
that this can be regarded adequate for the cadeeatlong the grain specimens, for
the across the grain specimens it is not possibtdtain accurately the densification
strain in such a manner due to the shape of teessstrain curve (Figure 7.3). This
indicates the importance for the use of Equatiory)(in order to define the

densification strain accurately.

The experimental values of the densification straimd those obtained from
Equations (7.13)-(7.17) are illustrated in Figur®. The values of the densification
strain vary between 0.72 to 0.8 and 0.53 to 0.57%He along and across the grain
balsa respectively for the density range showniguré 7.9. Observing Figure 7.9 it
can be concluded that the predictions of Equatio)((i.e. that leads to Equations
(7.14) and (7.17)) are closer to the general trexidbe experimental densification

strains for the along and across the grain batggeaally for the radially compressed
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specimens. Also, as was the case for the crushkiregs, the values of the
densification strain are again independent of tbhefioement used, which is in
agreement with Vural and Ravichandran [100]. kxpected for the higher density
wood to densify at lower strains, as the porostel is lower. Due to the fact that
the tested specimens cover a small range of demisisyunderlying trend cannot be

observed too clearly in Figure 7.9.

Figure 7.10 illustrates the plateau stress obtairsialg Equation (7.8) for the along
and across the grain balsa wood samples. Thelsw®l represent the best linear fits
to the data obtained. As was the case for the mrgsitress, the plateau stress tends
to increase with increasing density. This is attiéol to the fact that for denser wood
the ratio of the cell wall material to cell diameteill be higher contributing to its

strengthening [99].

It is worth mentioning that for the across the griaalsa wood there is no published
data showing values of neither the densificatioailstnor the plateau stress. On the
other hand, for the along the grain balsa the pegaented in Figure 7.10 (a) agrees
well with the findings of Vural and Ravichandrar@]9Again, the constraint has

negligible effect on the experimental results.

A constant stress in the plateau region is constler be ideal for energy absorbing
purposes [101]. The ratio of the crushing stregddteau stress is therefore equal to
one for an ideal energy absorbing cellular matefiials ratio has been used, e.g. in
ref. [100], as a measure of the deviation of thaeme from an ideal energy

absorber. For both along and across the grairnabsecimens the ratio of the
crushing to plateau stresses is plotted in Figutd.7This ratio for the along the

grain balsa is closer to one indicating that itspgirrties are closer to those of an ideal
energy absorber. In general, for along the grampdas the ratio is greater than one
due to the initial stress drop at the onset of ings For the across the grain
specimens the ratio is always less than one dubeio monotonically increasing

stress strain curves.
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7.4 SHPB tests on Balsa Wood

As already mentioned, balsa wood belongs to orteeofightest types of wood. The
limitations when testing soft materials with SHPBaagements that consist of high
mechanical impedance pressure bars have been sksctisoroughly in Chapter 2
(see Section 2.2). Dynamic testing of balsa wood warformed utilising two

different SHPB arrangements, one consisting of Magm Alloy pressure bars and
another consisting of PMMA pressure bars. Both arpental set-ups have been

described in Chapter 3.

7.4.1 Specimens

For the SHPB tests cylindrical specimens were wunfbig blocks of balsa wood
along the three principal directions paying extrecaee to ensure good specimen
surface quality. Prior to testing their moisturentemt and relative dimensions were
measured accurately as in the case of the qudri-ttats (see Section 7.3.1). The
moisture content was found again to be less thanTi¥é details of the specimens
used for both SHPB and DI tests are shown in AppeAdTables A.1-A.7).

In the case of balsa wood, no lubrication couldused between the pressure
bars/specimens interfaces so as to reduce anipffrieffects. This is due to the fact
that balsa wood is a porous material, and any afldeblsubstance at the end faces
would be absorbed resulting in a change of its meiclal behaviour. Hence, in
order to minimise any friction effects, (which wdulesult in the violation of the
assumption of the uniaxial stress state in theispatas well as in an enhancement
of the flow stress (see Section 2.4)) the end fatedl the specimens were polished.
Friction effects would be more severe in the cdgbeshorter specimens. However,
all the samples for both quasi-static and SHPBsthatd similar surface conditions
and friction effects (if any) would be the same fal experiments. Hence, a
comparison between the quasi-static and dynamipepties of balsa wood should
reveal with accuracy any possible strain rate &fec
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As already mentioned (see Section 2.4) the dianddténe specimens tested in a
SHPB arrangement should in general have a diaméggoproximately 80% of the
bar diameter so that the maximum desirable straithé sample can be achieved
without its diameter expanding beyond the bar’svaiter [4]. Furthermore, the
tested sample must be large enough to represetutkegroperties of the material.
As a rule of thumb, it has been proposed that pleeisen size should be at least ten
times the representative microstructure unit s#de For the tests performed in this
study the balsa wood specimens had lengths off 3 éfitmm and 8 mm. Their
diameters were 16 mm and 19 mm for tests carrigdusing the PMMA and
Magnesium SHPB set-ups respectively. The averaljelieeneter and length of the
tracheids are approximately 451 and 650um respectively [98, 100]. It is obvious
that the shorter along the grain specimens do awé la representative number of
cells in the loading direction. However, the defation mechanisms within the
specimens (e.g. micro-buckling) have length scalegshe order of the lateral
dimensions [55]. This is comparable to out-of-pldmm@eycombs, wherein the fold
lengths are similar to in-plane dimensions rati@ntthe out-of-plane cell length,
which is the specimen length in this case. Therattaristic lengths of the
specimensare therefore associated with the lateral dimengibrthe cells. In
addition, the difference in dimensions of the spextis for the quasi-static tests did

not affect the values of neither the crushing herglateau stress.

7.4.2 Experiments

For both Magnesium and PMMA SHPB arrangements @er@xental propagation
coefficient had been determined in order to tak® iaccount dispersion and
attenuation effects (see Chapter 4 and 6). Furthernihe waves that were used to
calculate the properties of balsa wood were sepaiatthe frequency domain by the
use of a suitable chosen exponential window (seaptéh 5). The average stress,
strain and strain rate of the specimens were cledlusing the following equations:

~ - (4)2 5 =y (w)x N W)X T W)X 7 —J\w) x) .
o) = o ap (R (@)™ N (@) "+ P(o) 89"+ (e) &),
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(7.18)
E’(a)) = y(;))lmo (I5T (a)) g@x _ Nr (w) gnex _ ~||:,(w) &l 4 ~N(w) }éw)x) ;
(7.19)
g’(a)) = y(;i);)]o (I5T (a)) e}’(w)x _ Nr (w) e—y(w)x _ ~||:,(w) éy(w)x + ~N(w) }éw)x) |
(7.20)

where p, A are the density and cross-sectional area of tegspre barse is the
angular frequencyy(a)) is the wave propagation coefficierlt,, A are the initial
length and cross-sectional area of the specimeis, the distance between the strain
gauge and the specimen/bar interface #Pdv), N(w) are the forward and
backward waves respectively at the reference sgaige. Note that the subscripts
| andT refer to the incident and transmitter pressurs baspectively (i.el5I (a))
P.(w) are the forward waves in the incident and trartemipressure bars

respectively).

In the case where stress equilibrium has been\aathi@ithin the specimen the stress

is given by:
&(w)= —pe ﬁ(é (w) &' + N, () é"(“’)x). (7.21)
V(@) A,

The use of Equation (7.21) will lead to a smootieess-strain curve than the one
obtained using Equation (7.18), due to the fact tha high frequency components
of the incident loading wave will be damped as thags through the specimen. This
is important in the case of the Magnesium SHPBgesithe damping in the bar
material is low (Section 6.3) and the stress wakiage more high frequency
oscillations than is the case for the PMMA pressheies. In particular, when the
incident and reflected waves are added togetheakmulate the stress/force at the

incident bar/specimen interface or when they aeslus Equation (7.18), they lead
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to an oscillating stress curve and little inforroatis available about the response of
the specimen. This is more pronounced in the csbeoweaker specimens (e.qg.
tangential balsa wood shown in Figure 7.13). Herlce, use of Equation (7.21)
especially in the case of the Magnesium SHPB isepable. However, Equation
(7.21) is valid only when stress equilibrium hasmachieved within the specimen.
In order to define the thickness of the specimerrehEquation (7.21) leads to
accurate results, the forces at both faces of theximien were calculated and
compared for different lengths, for both PMMA anadwesium SHPB set ups.

Note that in Figures (7.12) - (7.15) the blue aed lines indicate the forces at the
incident bar/specimen (front face) and transmitbar/specimen (back face)
interfaces respectively. Figures (7.12) illustratesscalculated forces at both faces of
an along the grain balsa wood specimen obtainedguai Magnesium SHPB
arrangement. The strength of the along the gralsabis higher than that of the
across the grain, as was shown in the quasi-s&digts. There are no exact rules
that can be applied to quantify the validity of gmsumption of stress equilibrium.
As a general rule, the forces at the front facthefsample exhibit larger fluctuations
than those at the rear face. It is argued in J4h& stress equilibrium is achieved if
the force at the front face oscillates about tHeevaf the force at the rear face. In
Figures 7.12 (a) and 7.12(b) it can be seen thatfdhce pulses follow similar
patterns, with the front face force oscillating abthe value of the rear face force. It
is possible therefore to have some confidence énrdsults obtained from tests
shown in Figures 7.12 (a) and 7.12 (b). However,the force pulses shown in
Figures 7.12 (c) and 7.13, the differences betvieeriront face and back face forces
are considered to be too great to have any cordelem the data obtained. For
crushing forces of approximately 2 to 3 kN and slesmf 6 mm in length the
Magnesium bar set up is sufficient. In other worlthl® Magnesium pressure bars

were suitable only for along the grain specimerth @wimaximum length of 6 mm.

Front and back face force pulses obtained fronPiR®MA bar set up are shown in
Figures 7.14 and 7.15. Excellent agreement betweetwo forces was achieved for
certain tests, e.g. Figures 7.14 (a) and 7.14A®b)was the case for the Magnesium

bar arrangement, the agreement is better for shegpecimens (up to 6 mm) and
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higher crushing stresses. Nonetheless, good agrneenss still achieved for the
longest tangential samples as can be seen in Figafe Figures 7.14 and 7.15
illustrate that accurate data could be obtainedgugie PMMA SHPB set up for all
the directions and lengths of balsa specimens. ihdisates the superiority of the

use of viscoleastic pressure bars for testingraaterials to large strains.

As already mentioned, before calculating the ststis8n curves of all balsa wood
specimens using Equations (7.19) and (7.21), theesvrom both the Magnesium
and PMMA incident and transmitter pressure barsevesparated. Figure 7.16 (a)
and 7.17 (a) show the measured strain histories ffee third strain gauge on the
input bar and the first strain gauge from the outpar from the Magnesium and
PMMA SHPB arrangements respectively (see Table Bl@)e that for clarity only
two strain histories for each SHPB set up are shiomFigure 7.16 (a) and 7.17 (a),
although the wave separation was performed usihghalstrain gauges listed in
Table 3.2. For both cases wave superposition isrgbd although the strain gauge
in the incident bar was placed approximately in thieldle of each bar. For the
experiment conducted using the Magnesium SHPBsé&tailength of the projectile
was 450 mm and was not sufficient to cause deasific during the propagation of
the first pulse. However, the second pulse reloatiedspecimen from a strain of
approximately 0.5 up to densification at a strai®.@ (Figure 7.16 (b)). The tested
specimen was loaded at a nearly constant stragnofa2800 & and 2200 $ during
the first and second pulses respectively (see Eigut6 (c)). The plateau stress was
observed to be nearly constant at 8.5 MPa (Figuré (b)). The unloading and the
reloading of the along the grain specimen showhigure 7.16 (b) follow slightly
different paths. There is little experimental detahis area, however the unloading
and reloading of the crushed balsa is not a sinfipkar elastic case. Similar
observations were made on polymeric foams in [A5{low chart and the Matlab
program that was used to produce the stress-stuaue shown in Figure 7.16 (b) are
provided in Appendix B. For the case of the expenirusing the PMMA SHPB set
up, after wave separation the stress-strain cuhavs in Figure 7.17 (b) was
produced. Densification occurred at a strain o8@md the plateau stress value was
calculated to be 14 MPa. The average strain rageaparoximate 2250’s Strain

rates are never truly constant for tests carried wsing the PMMA SHPB
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arrangement. This is due to the shape of the intideave that reaches the
incident/specimen interface. Wave dispersion l¢adsnger rise times in the pulse
seen at this interface. As this incident pulse @& from an ideal “rectangular”
waveform, constant strain rates are not possibleither of the stress-strain curves

plotted in Figures 7.16 (b) and 7.17 (b) could bedpced without wave separation.

7.4.3 Results

Typical stress-strain curves from the compressidnbalsa wood using the
Magnesium and PMMA SHPB arrangements are shownigarés 7.18 and 7.19
respectively. It should be noted that not all speris were compressed to
densification. The along the grain, radial and &antial samples were compressed
over a range of strain rates. The along the graecimens were compressed
covering a strain rate range of 874-3428 svhile the radial and tangential
specimens were compressed under 1127-451@nsl 1670-3802 srespectively.
The strain rates were calculated as the averagm state obtained using Equation
(7.20).

In the case of honeycombs compressed in the |atigal (out-of-plane) direction,
end effects in the specimen (due to machining etm)result in the loss of the initial
peak (just before strain softening) in the streéssss curve, resulting in a
monotonous stress-strain curve [99], similar ta fioa across the grain. The same
implies for the along the grain balsa wood. Thepshaf the stress-strain curves for
the end-grain balsa wood samples (see Figure hdd 49 (a)) verifies the fact that
end effects were negligible.

Figure 7.20 shows the experimental values of tlhishing stress as obtained from
the SHPB and quasi-static tests along with theigtieds of Equations (7.4) ,

(7.22)-(7.25), (7.9), (7.10) and (7.12). It hasmeaeported in ref. [99] that the
loading rate is not expected to influence the de&dion modes for balsa wood.
Hence, the experimental values of the crushingsstigere fitted into Equations

(7.1), (7.2) and (7.3) and the following expressiarere obtained:
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OF oo = 0.471867Y{%j ; (7.22)
S
2
Tl om = O.338877Y3(%j ; (7.23)
S
O om = 0.505177Y5(%J : (7.24)
S
5/3
O oren = 2.59197Y5(%j . (7.25)
S

It should be mentioned that the above expressiansiat take into account the
variation of the strain rate over which the SHP&geavere performed. Hence, it will
be assumed that they are valid within a certaigeaof strain rates, i.e. Equation
(7.22) is valid for a strain rate range of 1127-@51, Equation (7.23) for 1670-3802
s and Equations (7.24) and (7.25) are valid for airstrate range of 874-3428.s

Inspection of Figure 7.20 (a) suggests that pldsiickling (Equation (7.25)) is the
dominant mechanism for initiation of failure foretldynamically loaded specimens
in the longitudinal direction, as was the casetf® quasi-static tests. The highest
density specimens crushed at lower stresses tloae firedicted by Equation (7.25).
This may indicate a change in the deformation mamekink band formation
(Equation (7.4)) or plastic collapse of end capsu@ign (7.24)). All the test data in
Figure 7.20 reveal an increase in the initial dyraonushing stress when compared
to the quasi-static values. This is shown if one paras the magnitudes of the
constants from Equations (7.9-7.12) with Equation22-7.25) respectively. From
this comparison it can be said that for the aldreggrain specimens the value of the
crushing stress increases by approximately 16%. Tugease is less than that
suggested by Vural and Ravichandran [99] of betvsed30%. However, the good
agreement between the peak forces measured frdrar especimen/pressure bar

interfaces (see for example Figure 7.14) givesidente in the data presented in
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Figure 7.20. To the author's knowledge these fot@se not been checked to any

previous SHPB studies of balsa wood.

The crushing stresses for dynamically loaded rasjilcimens are notably larger
than those for quasi-static loading (Figure 7.20. Gomparing Equations (7.22) and
(7.9) the increase is 72%. However, a large spregutesent in the data of Figure
7.20 (b), possibly due to the presence of rayshia tlirection. In the tangential
direction the dynamic increase of the crushingsstie 43% (Figure 7.20 (c)). The
general trend observed for all the dynamically coeaped balsa wood specimens is

that the crushing stress increases with density.

In order to minimise the variation of density armberve the effects of the strain-rate
individually, the crushing stresses were normaliggdthe relative density (see
Equations (7.1) and (7.3) for across and alongythe respectively). In Figure 7.21
the normalised stresses are plotted against stedn The mean quasi-static and
dynamic normalised crushing stresses and a straighbest fit to the SHPB data
are also shown in each of Figure 7.21 (a)-(c). $h¥’B mean and the straight line
best fit in Figure 7.21 (a) are almost identicdlisTindicates that although the strain
rate causes an increase in the crushing stresffén is constant for strain rates
between 870 5to 3400 &. In other words, the crushing stress remains eonsts
the strain rate increases form 87bts 3400 &. Figure 7.21 (b) suggests that the
radial crushing stress increases with strain ddtavever, as previously mentioned
the spread in the data is very large so no conaustiatements can be made about
the trend. Figure 7.21 (c) indicates that the tatige crushing stress is
approximately constant over strain rates betwed® ¥ to 3800 &. In summary,
the crushing stress appears to be unaffected byallne of the strain rate, as shown
in Figure 7.21, although there is possibly a strate dependency for the radial
direction.

As the strain rate is a function of the impact eélpof the striker bar and the length
of the specimen, a check was carried out to enbiatethe impact velocity was not
incorrectly interpreted as a strain-rate effecte flormalised crushing stresses for all
the three directions are plotted against impaatargf in Figure 7.22. A straight line
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best fit is shown in each of Figure 7.22 (a)-(€he results indicate strongly that the

crushing stress is not a function of the impacooy.

The plateau stresses for the three principal dowestwere plotted against density in
Figure 7.23. A best fit straight line is fitted tbe experimental data for each
direction and for both quasi-static and SHPB logdicenarios. The results of Vural
and Ravichandran [99] suggested no increase ipl#teau stress with strain rate for
along the grain balsa. This was attributed to tb@uction in the inertia effect

associated with the progressive deformation ratiaer the initiation the deformation

mechanism. The results presented herein indicat@ease for the SHPB tests.
Surprisingly, the radial and tangential SHPB tesidicate greater percentage
increases in the plateau stress than seen indhg #ie grain direction (Figure 7.23).

As in the case of the crushing stress, the platgrass increases with density.

The effect of the density was minimized by adoptthg same normalisation
procedure as that followed for the crushing strés® normalised plateau stresses
were plotted against strain rate and impact vefoait Figures 7.24 and 7.25
respectively. The increase in the plateau stress egdculated by comparing the
means of the quasi-static and SHPB data shownguarés$ 7.24 and 7.25. In the
along the grain direction this increase is 11% &nthe radial and tangential, 38%
and 39% respectively. Note that in Figure 7.24tlj@) SHPB mean and the best fit
straight line are almost identical, suggesting thatplateau stress does not increase
within the strain rate shown. The same appliegHertangential specimens (Figure
7.24 (c)). Although, the best fit straight line tbee radial SHPB test data suggests an
increase with strain rate, the amount of scattéhéndata points may be the cause of
this apparent increase (Figure 7.24 (b)). Figu@s 7llustrates that the impact
velocity has negligible effect on the plateau stres

The ratio of the crushing stress to plateau sigepotted for all the quasi-static and
SHPB tests against density in Figure 7.26. The nulyndoading of balsa appears to
have very little effect on this stress ratio. Fréigures 7.26 (a) and (c) dynamic

loading clearly has negligible effect in both aloagd tangential directions. From
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Figure 7.26 (b) there maybe a slight effect inrddial direction, although the data is

inconclusive.

The strain rate effects on the densification stvagéme examined as well. Fitting the
experimental SHPB data for the densification stiato Equations (7.5) and (7.6)
the following relationships were obtained for baitong and across the grain

specimens:
g . =1-2.662% (7.26)
d(SHPB . : .
Ps
e =083y, (7.27)
d (SHPB . , .
S
&R on=1-3542% (7.28)
d(SHPB . ) .
Ps
e =0.6201-) (7.29)
d (SHPB . ’ .
S
g =1-3102% - (7.30)
d(SHPB . : .
Ps
£ . =0641-"0) (7.31)
d (SHPB . : -
Ps

Equations (7.26)-(7.31) were plotted with the diaten the SHPB tests in Figure
7.27. In the same figure the densification stréiom the quasi-static tests are shown
along with the corresponding equations for eackectiion. As in the case of the
quasi-static tests, Equation (7.6) produced thefiider the SHPB data. The general
trend as described from Equation (7.6) is thatdémesification strain will decrease

with density for both quasi-static and SHPB resulise constaniC, in Equation

(7.6) is found to be 0.83 for the SHPB along thairgrNote that the quasi-static
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value was 0.82. Given the spread in the test daeetis negligible difference
between the quasi-static and dynamically loadedisgns. This is at odds with the

findings by Vural and Ravichandran [99] who suggdstalues for the constal;

as 0.87 and 0.75 for the quasi-static and SHPBtsesspectively. This represented
a reduction in the densification strain of 14% tlustrain-rate effect. Strain-rate also
produces negligible effect on densification stréom both radial and tangential
directions (Figures 7.27 (b) and (c)).

7.5 Direct Impact Tests

7.5.1 Experiments

The Direct Impact tests were performed using a 40 drmeter PMMA pressure
bar (see Chapter 3). Attenuation and dispersioactffwere taken into account as
was discussed in Chapter 4. A description of ttetstéhat were carried out to

measure the proximal and distal end forces wasgiv&ection 3.4.

7.5.2 Specimens

For the Direct impact tests cylindrical specimeresavcut from big blocks of balsa
wood along the three principal directions. Theardeter was approximately 23.12
mm and their lengths varied between 6 to 65 mminAbie case of the quasi-static
and SHPB specimens, their moisture content wasume$o be less than 7%.

7.5.3 Results

Typical distal end forces for along the grain Ddtteare shown in Figures 7.28 (a)
and (b). After an initial peak the forces tendededuce steadily. For some tests the
force held steady for a short period, e.g. Figug8 {b) wherein after an initial peak
the force remains approximately constant at abdkN 7or a short period. Typical
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proximal end force pulses are shown in Figure {d8and (d). The shape of the

force pulses was similar for both proximal and alignd measurements. Note that

the sharp rise in the force 24x10™ seconds for Figure 7.28 (d) is associated with

full densification of the specimen.

Figures 7.29 (a) and (b) show typical distal enadtdgoulses for the radial DI tests.
The force pulse in Figure 7.29 (a) is similar tguasi-static load deflection curve
and shows that compression to densification hasroed. The difference to a quasi-
static curve is the initial peak in the force pulbggure 7.29 (b) illustrates a load
pulse for a specimen that has not been fully cdisA&er an initial peak, the force
drops to a minimum before rising again and stayiagstant for a short period of

time.

The proximal force pulses for the DI tests on rhadra tangential specimens were
difficult to interpret. Representative readings shewn in Figures 7.29 (c) and (d).
On impact of the specimen with the Hopkinson presgar, an instantaneous rise to
a peak load was expected. Instead, the force isedetn a series of steps at lower
loads than expected. The specimens exhibited globekling patterns rather than
uniform crushing in the loading direction. Consetflie the proximal end forces for

radial and tangential DI tests do not represergting stresses in the specimens.

The initial peak in the distal load pulses for @otine grain DI tests has been
converted to stress and normalised by the relatvesity (see Equations (7.3)) and is
plotted against impact velocity in Figure 7.30 (&he initial peaks show a lot of

scatter but no increase with increasing impact aiglo The mean value of these
peaks lies between the mean crushing stressesusi-gtatic and SHPB tests. The
mean of the peak DI stresses is closer in valuthéoquasi-static mean than the
SHPB mean.

The normalised initial peak stresses from along ghen proximal DI tests are

plotted in Figure 7.30 (b). The mean value ofithigal peaks is slightly lower than

the mean value of the SHPB crushing stress. Tisen® iapparent increase in peak
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stress with impact velocity. Compaction waves areaonsidered to have a notable

effect and are discussed later in this chapter.

The initial peak normalised distal end stress fo tadial specimens is plotted
against impact velocity in Figure 7.30 (c). Foriahdpecimens, the mean of the
initial peaks is greater than the mean crushingsstfor the SHPB specimens. The
proximal stresses plotted in Figure 7.30 (d) atealy the maximum stresses before
densification rather than the initial peaks. Dué¢h® unexpected deformation of the

specimens, little can be said of these results.

7.6 Discussion

The effect of the strain-rate on the propertiebafa compressed in the longitudinal
direction is somewhat confusing. The SHPB dataloh@ the grain balsa wood
presented by Vural and Ravichandran [99] suggeat the crushing stress is
approximately doubled, the plateau stress is uctsieand the densification strain is
reduced by 14% when compared with their correspanduasi-static values. The
SHPB results presented herein indicate that stat® produces an increase in the
crushing stress of 16%, an increase in the plastess of 11% and negligible
change in the densification strain when comparetth Wie analogous quasi-static
properties. These increases in the crushing andaulastress levels are similar to the
level of 15% by Zhao et al. [108, 109] for alumimiuhoneycombs. Zhao et al. [108,
109] proposed that such increases are relatecetmitro-inertia effect in successive
folding mechanisms. Although the results reporteceHdiffer to those reported by
Vural and Ravichandran [99], it is possible to havefidence in the new data for a
number of reasons. First, there was very closeeaggat between the forces on both
specimen faces, indicating that inertia and waveced within the specimen were
insignificant (see Section 2.4). Second, specindndifferent lengths were tested
and consistent results were obtained in terms wshing stress and plateau stress,
indicating that friction effects were not importaisee Section 2.4). Third, initial
peak stresses were observed for all along the g@@cimens, indicating that the

specimens were not strongly influenced by specierah effects. In contrast, Vural
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and Ravichandran [99] did not show any data toioon$tress uniformity within the

specimen and only tested one specimen size (leridgmm).

The SHPB crushing and plateau stresses of alongrtie balsa are greater than the
quasi-static values. However, these stresses dwargtwith strain rate over the
strain rate that the experiments were performedbeéveen 874-3426's This is
indicated in Figures 7.21 (a) and illustrated igUfe 7.16, where a change in strain
rate (Figure 7.16 (c)) is not associated with englean stress (Figure 7.16 (b)).

For the radial and tangential directions there igreater percentage increase in
crushing and plateau stresses associated withHIRBSesults than in the case for
the along the grain direction. However, the actnagnitude of the increase in stress
is smaller in these directions. Note that the cptxef strain and strain rate being
applied to a cellular material are average terms.ehlity large localised bending
will occur in some regions while other regions remeelatively undeformed. Two
specimens with different lengths may have similaralised deformation rates if
subjected to the same loading wave in the SHPRigseNevertheless, the average
strains and strain rates associated with the sge@mwould be very different. For
this reason, a direct relationship between the ar@chl properties and strain rate is
not to be expected. Note that there is also nctimgk between the impact velocity

of the SHPB tests and the mechanical propertiggi(€i7.22).

It is well known that compaction waves can be pmesaduring the dynamic

compression of wood and other cellular materiadg, 1ef. [103]. Above a certain
critical impact velocity, these compaction wavesuiein a quadratic relationship
between distal end stresses and impact velocitysidd trend is evident in the test
data reported in this chapter, e.g. see Figure(d)3hd (d). Compaction waves are
shown to be of much greater importance for simiémts carried out on Rohacell

foam and so will be discussed more fully in thetreapter.

7.7 Conclusions

The high level of agreement between the forces umedsat both specimen/bar

interfaces and the good agreement in displacenpeatcted at the ends of each bar
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(see Figures 5.7 and 6.8) suggests that the resbtwned from the dynamic
compression of balsa wood in all three directioresaccurate. In general there was
an increase of the SHPB stress values as compatiedhs quasi-static data. The
percentage increase was greater for the acrosgrétme balsa wood. On the other
hand, no apparent increase was observed with siageastrain rate. It is more
difficult to provide general conclusions from thétBsts. The average values for the
crushing stresses for along the grain specimeng Wwetween the corresponding
SHPB and quasi-static values. Across the grainatiezage crushing stress values
are greater than either the SHPB or quasi-staticegaln general, the results of the

DI tests showed no increase in stress levels mitact velocity.
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Test Number | Mass (gr) | Length (mm) Density (kgri)
1 9.172 46.53 124
2 9.468 47.22 126.13
3 3.961 20.23 123.92
4 3.962 20.19 123.49
5 2.054 10.54 122.69
6 2.031 10.26 124.8
8 6.787 45.37 94.66
9 5.473 27.08 128.56
10 5.151 26.06 125.47
11 2.010 12.39 102.87

Table 7.1 Masses, lengths and densities of the aipthe grain specimens from
the unconstrained quasi-static tests.

Test Number | Mass (gr) | Length (mm) Density (kgri)
12 9.131 46.92 122.42
13 8.679 46.54 117.46
14 3.980 20.25 123.47
15 3.984 20.40 122.90
16 1.972 10.31 120.48
18 7.151 44.26 102.54
19 6.937 43.91 99.82
20 4.881 24.28 128.79
21 1.847 11.66 100.11
22 1.850 11.50 102.05

Table 7.2 Masses, lengths and densities of the aipthe grain specimens from

the constrained quasi-static tests.
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Test Number | Mass (gr) | Length (mm) Density (kgri)
15 14.264 45.02 199.57
16 13.639 45.35 187.10
19 10.474 28.82 226.09
20 9.296 29.04 202.08
23 4.840 13.40 225.50
24 4.615 15.77 183.59
25 3.686 12.71 182.26

Table 7.3 Masses, lengths and densities of the ratlispecimens from the

unconstrained quasi-static tests.

Test Number | Mass (gr) | Length (mm) Density (kgri)
17 13.477 45.16 187.81
21 10.741 28.98 233.25
22 11.020 29.02 237.39
26 4.294 12.70 211.46
27 5.151 12.70 253.89

Table 7.4 Masses, lengths and densities of the ratlispecimens from the

constrained quasi-static tests.

Test Number | Mass (gr) | Length (mm) Density (kgri)
28 14.724 45.39 205.05
29 14.380 45.44 198.80
32 8.716 28.18 195.25
33 8.787 28.04 196.86
36 4.054 12.50 191.48
37 3.831 12.55 194.78

Table 7.5 Masses, lengths and densities of the tamgial specimens from the

unconstrained quasi-static tests.
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Test Number | Mass (gr) | Length (mm) Density (kgri)
30 13.931 45.35 193.92
31 14.851 45.03 207.09
34 8.821 28.20 197.55
35 9.085 28.38 200.74
38 3.983 12.47 201.37
39 4.063 12.66 205.15
40 5.689 17.63 204.71

Table 7.6 Masses, lengths and densities of the tamgial specimens from the

constrained quasi-static tests.
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Sap Channels

Earlywood
Latewood

Tangential

Radial

Figure 7.2 Schema showing the three principal dirdions of balsa wood [98].
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Figure 7.3 Stress-strain curves from quasi-staticrad SHPB tests for the (a) L,
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Figure 7.12 Forces at the incident/specimen and tmasmitter/specimen interfaces
from SHPB tests on along the grain balsa wood sp@&eens with thickness (a) 3

mm, (b) 6 mm and (c) 8 mm using Magnesium pressutgars.
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Figure 7.13 Forces at the incident/specimen and tnamitter/specimen interfaces
from SHPB tests on tangential balsa wood specimength thickness (a) 3 mm

and (b) 6 mm using Magnesium pressure bars.
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Figure 7.14 Forces at the incident/specimen and tngmitter/specimen interfaces

from SHPB tests on along the grain balsa wood speeens with thickness (a) 3

mm, (b) 6 mm and (c) 8 mm using PMMA pressure bars.
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Figure 7.15 Forces at the incident/specimen and tmasmitter/specimen interfaces
from SHPB tests on tangential specimens with thiclkess (a) 3 mm, (b) 6 mm

and (c) 8 mm using PMMA pressure bars.
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pressure bars and (b) Stress-strain curve and (c)ti@in rate from a SHPB test

on along the grain balsa (length = 3 mm, density ©5 kgm®) using the

Magnesium pressure bars.
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Figure 7.18 Typical stress-strain curves from SHPBests on along the grain
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CHAPTER 8

Rohacell Foam

8.1 Introduction

Rohacell is a low density closed-cell polymethaamgde rigid foam and is used as a
core material in sandwich panels, which are oftéhsed in aircraft and marine
constructions [110]. Although susceptible to changehumidity, it is sufficiently
robust to be used as a support structure materia.§. silicon strip detectors in the
Phenix Multiplicity Vertex Detector [111]. Its singth value is regarded to be one
of the highest in its density range.

The damage resulting from low velocity impacts andwich panels with Rohacell
foam cores has been investigated by various rdsearancluding [112, 113].
Furthermore, Li et al. [110] have examined experntaky the mechanical behaviour
and the deformation mechanisms of Rohacell foamewundniaxial tension,
compression, pure shear and hydrostatic pressuneelhgis under a state of multi-

axial stress and presented a shear/compressianefadliationship.

However, the dynamic behaviour of Rohacell foami@sbeen investigated. In this
chapter the quasi-static and dynamic mechanicglepties of Rohacell-51WF and
110WF are investigated experimentally. The dynachiaracterisation was carried
out by performing SHPB and DI tests utilising PMNdfessure bars.
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8.2 Specimen Description

In this study two types of Rohacell foam were exsedii.e. Rohacell-51WF and
Rohacell-110WF, which represent two different deesi(see Table 8.1). Rohacell
foam, supplied by Roehm GmbH, is a closed-cell peithacrylimide (PMI) rigid
foam with tetrakaidecahedral cells [114]. AccordimgAnderson and Lakes [115]
the average cell size for the Rohacell-51WF andWAGare 0.67 and 0.5 mm
respectively. The mechanical properties of bothesywmf foam given by the
manufacturer [116] are shown in Table 8.1, while groperties of the cell wall
material according to Chen et al. [114, 117], Meital. [105] and Gibson and Ashby
[101] are shown in Table 8.2. It is worth mentianithat the properties of the cell
wall material given in [114, 117] differ to the anthat are provided in [101, 105].
This will affect the results of Equations (8.1),3B(8.5), as described later. In this
study the values given by [114, 117] have been,usddss otherwise stated.

For the Quasi-static tests 15 mm cube specimens wsed. For the SHPB tests,
cylindrical specimens with an average diameter ®frim and lengths of 3 mm, 6
mm and 8 mm were used. For the DI tests, the aytiablspecimens had an average
diameter of 23.12 mm and lengths of between 100tan&. Prior to testing, their
relative dimensions and their masses were measutadan accuracy of £ 0.001g
and £ 0.01 mm respectively. In order to investight mechanical properties in all
directions, specimens were cut from the foam pandlthen compressed along their
three principal directions, namely the x and y-<chiens (which are the in-plane
directions) and z-direction representing the ouplahe direction (Figure 8.1). It
should be noted that the base of the foam pargénser than its core as shown in
Figure 8.1. For this reason specimens that werepoessed quasi-statically were cut

in all directions with and without the denser pErthe panel.
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8.3 Quasi-static experiments

All specimens were compressed along the in-plamecart-of-plane directions at a

constant crosshead speed of 3 mm/min (i.e. atirstee of 33x10° s?) using an
INSTRON 4507 machine. Each sample was placed batweetwo platens, which

were in perfect alignment in order to avoid anyasterces on the specimens.

8.4 Size effects

The ratio of the specimen size to that of the ayer@ell diameter can influence the
mechanical properties of cellular solids, termedzé'seffects”. A number of
experimental studies have confirmed this [118, 1), 121]. Brezny and Green
[118] measured the Young’'s Modulus, the bendingghmess as well as the
compressive and bending strength (using a threet f@nding experiment) of a
brittle reticulated vitreous carbon open-cell foarhey concluded that, for constant
specimen size, both the Young’s Modulus and benttinghness are independent of
the cell size while the compressive and bendingngth decrease when the cell size
Is increased. Bastawros et al. [119] investigateel tompressive properties of
closed-cell Alporas foams by varying the area @& $ipecimen under compression
while keeping the height of the samples constamtak found that both the Young’s
modulus and compressive strength remain constdntvdren at-least four cells are
present at the shortest dimension of the specishrdrews et al. [120] performed
uniaxial compressive tests on both closed-cell Adpand open-cell Duocel foams.
For the closed-cell foams different sizes of squaoss sectional specimens having a
height twice the length of the square were used)ewlfor the open-cell foams
variable sizes of cylindrical specimens with a heitp diameter ratio of two were
tested. It was observed that the Young’s modulashed a stable value for both
foams when at least six cells were present in tloetest dimension, and a constant
value for the compressive strength was achievednwihee and eight cells are
present for the closed and open-cell foams respdyti These observations were
justified by a recent study on cylindrical closesll@luminium foams [121] where it

was concluded that the properties obtained trydyagent the macroscopic properties
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of the examined foam only when the length to therage cell diameter ratio is
greater than six. The observed size effects inlsspatimens can be attributed to the
increase in the number of incomplete cells at thenbaries that will carry no load
relative to the size of the specimen. This causda@ease of the load that should be
carried by the remaining cells resulting in a dasesof the net properties of the

material.

According to Anderson and Lakes [115] the averadlesize for the Rohacell-51WF
and 110WF are 0.67 and 0.5 mm respectively. Thissgan average number of cells
in any direction of 22 for the Rohacell-51WF andf80the Rohacell-110WF quasi-
static samples. For the DI tests the smallest sathpk was tested had a thickness of
10 mm, which means that approximately 15 and 20s cale present for the
Rohacell-51WF and 110WF specimens respectively.refoee, the compressive
properties obtained from these tests are not infled by any size effects and are
representative of the net properties of the foamtl@ other hand, for the case of the
SHPB tests the smallest tested specimen had ahlehg@ mm, corresponding to an
average number of 4.5 and 6 cells for Rohacell-5BMF110WF respectively. It is
clear that for Rohacell-51WF the specimens of thidze do not contain the
representative number of cells in the loading dioec On the other hand for
Rohacell-110WF six cells are regarded to be juSicgent to avoid any size effects.

Any possible size effects for the SHPB tests aseutised in section 8.7.2.

8.5 Quasi-static results

Load-displacement curves were obtained for ea¢hwdsch were then converted to
nominal stress and engineering strain. In all cseslisplacement recordings were
corrected to eliminate the machine compliance. f@seilts that were obtained for
each case are shown in Figures 8.2 and 8.3. Thendions of each specimen are
listed in Tables 8.3 and 8.4.

Compression of Rohacell foam results in a typicdtgyn in the stress-strain curve
where three distinct regions can be observed. &irkiw strain values, the material

deforms elastically. Next, cell wall collapsengiated and is often associated with a
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peak stress (see Figures 8.2, 8.3). Note thaighmst always the case. Individual
specimens will contain cells with a statistical imdon in strength so that where
weak cells are present, the collapse may initiatBese cells without a notable peak
in the stress-strain curve. Then the plateau refptows, where the compressive
stress remains almost constant while the straire@ses. During this stage gross
deformation of the cells can be associated withklng and breaking of the cell

walls, rotation of plastic hinges or by a combiaatof these [110]. Finally, further

compression results in a sharp increase in stndgsh corresponds to the interaction

between cell walls in cells that have already bmmmpressed to densification [101].

For both the quasi-static and the SHPB tests, rilghing stressd, ), plateau stress
(o,) and densification straing() were determined from the experimental stress-

strain records in the same way as for the balsalvgpecimens (see Section 7.3.3).

The existence of the denser material at the batleecfoam panel (Figure 8.1) may
affect the properties of the specimens. In ordenvestigate the effect of this denser
region, two specimens with and two specimens withlo& denser part of the foam
were compressed along the x, y and z-directiorgu(Es 8.2 and 8.3). Note that the
black lines correspond to the specimens that cosdathe denser part.

Observing Figures 8.2 and 8.3 it can be seen tetpattern of the compressive
stress-strain curves for the specimens contaifiaglenser part is similar to that of
the specimens that do not. As expected, the sampthshe denser region have a
higher overall specimen density (see Tables 8.3&#y which contributes to the
difference in the stress levels for each case. Atlse denser specimens have an
earlier onset of densification. Inspection of Fegr8.2 and 8.3 reveals that the
existence of the denser region in any specimerlittiaseffect on the overall shape
of the stress-strain relationship. Furthermore,higé level of consistency from one

specimen to another is clear.
Observing the shape of the stress-strain curvegi(€s$ 8.2 and 8.3) it can be seen
that the stress is almost constant in the plategiom. This implies that individual

cells deform following a strain-softening charaidte, which results in an overall
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constant plateau region [110]. This is due to #w that the deformation pattern of a
foam specimen is an average of the deformationach ecell. In other words the
deformation is localised and is initiated at thealesst regions and then progresses to
the remaining cells. Hence, the strain and theinstede can be regarded to be
discontinuous within the specimen. However, thelltegy macroscopic stress-strain

curve will follow the same pattern for all specirsen

Li and Mines [122] and Li et al. [116] conductedaxies of quasi-static compressive
tests along the three principal directions of RefigglWF and reported that the
examined material is orthogonal isotropic. Figesand 8.3 illustrate that the out-
of-plane (z-direction) properties are differenttte in-plane (x and y-directions)
properties, where x and y have similar propertied are the strongest directions.
The results shown in Figures 8.2 and 8.3 reveakatgr anisotropy for the case of
the Rohacell-51WF specimens. Taking the mean platgass as an example, there
is a reduction for specimens crushed in the oyttafie direction of 21.7% and 7.2%
for the 51WF and 110WF foams respectively. As etgukcthe anisotropy is more
pronounced for lower density foams [101, 110]. Swwshsotropy is generally
attributed to the existence of elongated cellsiinee the in-plane direction or the

out-of plane direction [101].

A simple way to describe the mechanical propemiesellular materials is to use
dimensional arguments that produce predictive égumtwhich depend on the
relative density and the cell wall properties af tham [101]. In general, this type of
modelling does not take into account the morpholofjthe cells and assumes that
the thickness of the cell edges is uniform and that cells within the foam are
regular and repeated, which is not true in reahfaructures. In order to obtain a
more accurate representation of the cellular nadteproperties, models that
incorporate the unit cell geometry [123] should draployed. This involves the
analysis of a repeating unit cell with a more coplstructure such as a
tetrakaidecahedral using the finite element metAde focus of the study reported
here is the measurement of dynamic mechanical pgrepeand the relationship
between the global quasi-static and dynamic progeedf the foams. As such, an in-
depth study of the effect of cellular structure nas been carried out. The scaling

law that relates the “plastic collapse stress’hi relative density that was proposed
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by Gibson and Ashby [101] is used due to its sioigli The “plastic collapse
stress” defined by Gibson and Ashby in [101] ismted here the crushing stress

(o) and defined as the stress at the point of ifoiabf permanent deformation.
According to Gibson and Ashby [101] this crushit@ss ) of closed-cell plastic

foam is related to the yield stress of the basernzty :

as —
&20(40&)3/2+C'I(1—¢)&+ poa patm, (81)

ys s s ys

where o is the yield stress of the base materigl,is the fraction of the solid
material in the cell edgeg, and p, are the densities of the specimen and the cell
wall material respectivelyC and C™ are constantsp, is the initial pressure of the

fluid within the cells of the foam ang_, . (equal to 0.1 MPa) is the atmospheric

atm
pressure. Assuming that the gas pressure insideell®eis equal to the atmospheric
pressure then the last term of Equation (8.1) caelibenated. Any contributions to

the strength of the material due to gas pressareaestigated in Section 8.6.

The first part of Equation (8.1) corresponds to threnfation of plastic hinges in the
bent cell edges (plastic bending of edges) anddoend part to the yielding of the
stretched cell faces (plastic stretching of catef. By fitting experimental data for
open cell foams (wherg =1) Gibson and Ashby [101] obtained a value of 0.3 fo
the constanC. At this point it is worth mentioning that two wu&ls of the constant
C’ appear in two different editions of the Gibson asthby book [101, 124]. In the
second edition in 1997 [101] faf = ,@C is equal to 1 while in the first paperback

of the same edition (with corrections) published @99 [124],C" was corrected to
0.44 as obtained by the finite element analysisetfakaidecahedral cells. In the
current literature Equation (8.1) has been usdabih forms (e.g. foiC™ equal to 1

in [106] and 0.44 in [125]) leading to confusingsuls regarding the additional
contribution of the plastic stretching of the daltes to the strength of the closed cell

foams.
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Observing the shape of the stress-strain curvebdtir Rohacell-51WF and 110WF
(see Figures 8.2 and 8.3) it can be said that taenmal behaviour is very close to
perfectly plastic in the plateau region. Hence, data of the plateau stress can be
fitted into Equation (8.1). Figures 8.4 and 8.tistrates the normalised quasi-static
experimental values of the crushing and plateaassés respectively for both
Rohacell-51WF and 110WF along with the predictioas Equation (8.1)
forC" = 044. The value of the yield strength of the base nlteised in Figures
8.4-8.6 is the one given in refs. [117, 114], sabl& 8.2.

From Figures 8.4(a) and 8.5(a) it can be seenftinahe Rohacell-51WF specimens
the data of the normalised crushing and plateagsstvalues for the x and y-
directions is close t@ = 0.5-0.6 and for the z-direction is closega 0.7. On the
other hand, the normalised crushing and plateasstralues of the Rohacell-110WF
specimens lie betweeg= 0 to 0.2 andg = 0.1 to 0.3 respectively (Figures 8.4(b)
and 8.5(b)). For the case of the Rohacell-51WFalh@ve observation implies that
apart from plastic bending of the cell edges, pastretching of the cell faces
contributes to the strength of the foam. Howeveralae of ¢ = 0 implies that most
of the material within the foam is concentrated tbhe cell faces, which cannot
correspond to real foams as some material mustyalWwe present in the cell edges.
Nevertheless, from both Figures 8.4 and 8.5 theesamnclusion can be made that
plastic stretching of cell faces contributes to #teength of the foam. This is in
agreement with the findings of Chen et al. [11¥]s lworth mentioning that Chest

al. [117] used Equation (8.1) witG = dnd determined average valuespagqual

to 0.73 and 0.58 for Rohacell-51WF and 110WF spensnrespectively. Any
discrepancies between the valuesgofdetermined from Figures 8.4 and 8.5 and
those quoted by Chen et al. [117] can be attribtaethe fact that Cheet al. [117]
did not make any distinction between the directiohlading and as well due to the
different values of the consta@’ that have been used. If a value of 120 MPa is
used for the strength of the base material (sedéeT&R), then the values of for
Rohacell-51WF would lie between 0.7 and 0.8 fohbhmdrmalised stresses. For the

Rohacell-110WF, using the normalised crushing datepu stress data to predit
according to Equation (8.1) would lead values betwg= 0.3 to 0.5 andy = 0.4 to

0.5 respectively. There is uncertainty in both tise of Equation (8.1) and the yield
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stress of the solid material. However, one genepatlusion that can be drawn is
that the cell wall faces contribute significantlp the strength of the foam.

Furthermore, the contribution of these faces isigrefor the higher density foam.

Another method for modelling the mechanical prapertof foams involves the
analysis of a repeating unit cell using the findiement method. This method
produces results that predict a dependence ofrthgegies on the unit cell geometry
[123, 126]. The results produced by Simone and @ibd126] for a

tetrakaidecahedral foam of relative density lesantl®.2 provide a relationship

between the relative density, the cell face thiskrnend edge length:

2
&=1.185|t-— 0.462%) , (8.2)
Ps

where | is the length of the edge artdis the thickness of the cell face of the

tetrakaidecahedral unit cell and bot#indt are assumed uniform.

Finite element analysis of the tetrakaidecahedtlgave the following equation for
the crushing stress [123, 126]:

as
&=o.33%)2+ o.44%. (8.3)

ys

It was suggested that for the case of low relatigrsities, the axial yielding of the
faces dominates and Equation (8.3) could be appateidnas [123,126]:

as
Ia = 044’ (8.4)
ays Ps

Chen and Lakes [114] proposed a micromechanics Imbdsed again on a
tetrakaidecahedral unit cell and the following egsion was obtained (note that
Equation (8.5) has been corrected by Li et al. [t10]
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gs
9o = 0a542)? +0189318% . (8.5)
ys s s

Figure 8.6 shows the predictions of Equations (§8)%) and (8.5) along with the
experimental quasi-static data obtained from botthdell-51WF and 110WF
specimens. For both the normalised crushing antkaqlastresses, Equation (8.5)
predicts well the data of the Rohacell-51WF foamisTik in agreement with the
results presented by Li et al. [110]. On the othand, it underestimates the stress
values of the Rohacell-110WF specimens. It caoliserved (Figure 8.6) that the
predictions of Equation (8.4) are close to the expemtal values of the 110WF
foam. This is in agreement with the conclusion thas made earlier regarding the
predictions of Equation (8.1), i.e. that yieldingtb& cell wall faces dominates the
foam strength. However, the predictions of Equati@s), (8.3), (8.4) and (8.5) are
inconclusive. This can be attributed to the idediliss that were made for the
models used (e.g. uniform thickness of the celllsyalModelling of the foam
material properties is beyond the scope of thigdystiHowever, it has been
demonstrated that further research is requiredrderoto predict the mechanical

properties of Rohacell foam.

8.6 Gas contribution to the strength properties of Rohaell foam

During compression of closed cell foams the ait thanclosed within the cells is

compressed too. As a result the contribution ofcbrapressed air to the strength of
the closed cell foam should be taken into accolim is more important in the case
of dynamic compression where the air has littleetitn escape. Gibson and Ashby
[101] assumed an ideal gas in the cells and cadkxlilthe elevation in stresSo

under isothermal compression as:

Ao = Pam€ a1 =2V ,) (8.6)

[1—5;, (1- 2/0)—%3} |
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where v, is the Poisson’s ratio of the foam, which accogdito [117] is

approximately 0.3 for Rohacell foam. From experitakrobservations during
compression of Rohacell foam there was negligiateral deformation. Hence, the

Poisson’s ratio in the plateau region can be asdumbe zero [110].
The elevation in stress assuming adiabatic comipregsgiven as [14]:

Y

1-Po

Ao =p,. Ps ~1], (8.7)
1-&,(1-2,) - 70

where y is the ratio of specific heat capacities equdl.tbfor air.

The results that were obtained from both Equati@6) and (8.7) by taking the
mean average values for the relative densitiesdamsification strains for all the
three directions for Rohacell-51WF and 110WF abeltted in Table 8.5.

For Rohacell-51WF for all directions the estimatagrage stress elevation due to
compression of the entrapped gas in the cells asgumothermal or adiabatic
compression is 0.19 MPa and 0.35 MPa respectivay.the case of the Rohacell-
110WEF for all the directions the average stresgagiien is 0.2 MPa and 0.36 MPa
assuming isothermal and adiabatic compression cggply. It can be argued that
the contribution of the entrapped air to the elevabf stress cannot be regarded as
negligible, especially for the case of Rohacell-31\Wowever, such an effect would
result in an increasing stress with stain, whicinisontrast to the results obtained
for both Rohacell-51WF (see Figures 8.2 and 8.bdl) HLOWF (see Figures 8.3 and
8.12). In fact the stress is reducing with strainthe SHPB tests of Rohacell-110WF
(Figure 8.12). Following the work of Deshpande a&fdck [14] and Zhao et al.
[109], who performed tests on aluminium foams ammhdycombs, it can be
suggested that the contribution of the entrappetbahe strengthening of the foam
is highly unlikely as this should result in diffetestress-strain characteristic. A
different approach for checking the contributiontbé entrapped air in the cells

would be experimentally as was performed in reb].[Bouix et al. [66] investigated
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the gas contribution to the strengthening of expdmablypropylene foams (EPP) by
performing SHPB tests in a water tank and usingy lsgeed photography. It was
concluded that gas contribution is more pronounaiedigher strain rates and for

larger size specimens.

The shape of the stress-strain curves obtaine®dtacell-51WF (Figures 8.2 and
8.11) and 110WF (Figures 8.3 and 8.12) suggesttiigastress elevation due to the
compression of the entrapped air in the cells I&kely. On the other hand, the stress
elevation calculated assuming isothermal (Equaf®f)) and adiabatic (Equation
(8.7)) compression suggest otherwise. Hence, itbeanoncluded that it is possible
that the entrapped air could result in the stresgtig of Rohacell foam but that this
cannot be evaluated with certainty. Further ingadion is required into this matter

which is however beyond the scope of this study.

From the investigation performed hitherto, it candeduced that plastic bending of
the edges, stretching of the cell faces and thepoession of the entrapped air within
the cells are all likely to contribute to the sgdnof Rohacell foam. A normalisation
to the properties of Rohacell-51WF and 110WF foarsimg the yield stress and
density of the base material (Equation (8.1)), itheo to minimise any variations as
was performed for the case of balsa wood (see €h&ptwould be challenging.

Hence, the data presented in this chapter when aangpthe dynamic to the quasi-

static values is not normalised.

8.7 SHPB tests on Rohacell foam

8.7.1 Experiments

SHPB tests were carried out in both Rohacell-51\Wé& #10WF foam specimens
utilising a 20 mm diameter PMMA SHPB set-up andsr long PMMA projectile,
which have been described in Chapter 3. The deaihiise specimens used for both
SHPB and DI tests are shown in Appendix A (Table8-A.25). Attenuation and
dispersion effects were taken into account as wpkmed in Chapter 4. The wave
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separation was performed in the frequency domaith the use of a suitable
exponential window as was discussed in detail iagfdér 5. The equations used to
evaluate the stress, strain and strain rate foh ¢asted specimen are given in
Section 7.4.2. In order to minimise any frictioneffects, lubrication (Vaseline
petroleum jelly) was used in both incident bar/ csmen and transmitter

bar/specimen interfaces.

In order to calculate the stress in the specimeh thie use of Equation (7.21), the
assumption of stress equilibrium within the specimmeshould be checked first.
Figures 8.7 and 8.8 illustrate the forces at tlogdent bar/specimen interface (front
face, shown with blue line) and transmitter bartépen interface (back face, shown
with red line) for Rohacell-51WF and 110WF respest, for specimens
compressed along the weakest direction (i.e. ztiine) having lengths of 3 mm, 6
mm and 8 mm. The strength of Rohacell-110WF is tgrethan the strength of
Rohacell-51WF, as was shown from the quasi-stapements. It has already been
mentioned in Section 7.4.2 that as a general twss equilibrium is achieved if the
force at the front face oscillates about the vaitiehe force at the rear face [4, 8].
For the case of Rohacell-110WF for the three theskes shown in Figure 8.8, the
force at the incident bar/ specimen is very clasehe force from the transmitter
bar/specimen interface. From Figure 8.7 it can lmeeoved that both forces obtained
from the front and rear faces of the specimen kgecand follow similar patterns.
The above observations give confidence to the teguesented in this study from
the SHPB tests of Rohacell-51WF and 110WF foam ismats. It is worth
mentioning that the forces shown in Figure 8.7 haegy low magnitudes of the
order of approximately 0.17 kN. It is therefore imspible to be compare the results
with data obtained if one used a Magnesium SHP&hgement, as was the case for

compression of across the grain balsa wood.

8.7.2 Results

The stress-strain curves from the SHPB tests ona&dh51WF and 110WF
specimens were calculated with the use of Equatiod®) and (7.21). Typical strain

measurements from the second strain gauge onclteemmt bar and first strain gauge
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on the transmitter bar from the PMMA SHPB arrangeinage illustrated in Figures
8.9 (a) and 8.10 (a). For details of the positibthe strain gauges see Table 3.2. A
flow chart and the Matlab program that was usegdrtmluce the stress-strain curve
shown in Figure 8.9 (b) are provided in AppendixVBave superposition occurs in
both Figures 8.9 (a) and 8.10 (a), especially lier tase of the strain measurements
from the incident bar. It is obvious that wave sapan is essential, so as to obtain
an accurate stress-strain curve. The wave separat&s performed using all the
strain gauge stations mentioned in Table 3.2, afghdor clarity reasons only two
strain measurements are shown in Figures 8.9 (hBd® (a). In Figure 8.9 it can be
seen that the first loading wave was not sufficieng to achieve densification and
the second pulse reloaded the specimen from anstfiapproximately 0.6 to
densification, which occurred at a strain of apprately 0.7 (Figure 8.9 (b)). The
tested specimen was loaded at an average straimfd273 ¢ and 955 $ during
the first and second pulses respectively (Figuf (8)). The plateau stress was
1.0125 MPa. Although, it is not clear from Figure@ §b), a small amount of
unloading occurred at a strain of about 0.6 and¢leading did not follow the same
path. Such unloading and reloading is more evideRigures 8.12 (a) and (c). This
also occurred in the case of the SHPB tests omabalsod specimens (see for
example Figure 7.16 (b)). Figure 8.10 (b) showssthess-strain curve obtained after
the wave separation for a SHPB test on a Rohat@WF specimen compressed in
the y direction. Densification occurred at a strair0.6 and the plateau stress was
evaluated to be 2.63 MPa. The average strain rate 2296 3. The strain rates
shown in both Figures 8.9 (c) and 8.10 (c) arecipstrain rates obtained from all
the tests performed on Rohacell foam. It can beemiesl that these rates are
approximately constant. It has already been meetiom section 7.4.2 that
dispersion in PMMA bars leads to longer rise timesthe pulse seen at the
incident/specimen interface and the strain ratd naélver be perfectly constant.
Furthermore, the shape of the strain rate curvaffiescted by the deformation

characteristics of the tested specimen.

Typical SHPB stress-strain curves from the compoessf Rohacell-51WF and
110WF along the three directions are shown in legu8.11 and 8.12 respectively.
The SHPB tests were performed at a range of sted@s. The tests on Rohacell-

51WF compressed along the x- direction coveredngeaf strain rates of 1273-
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4284 & and compression in the y and z-directions coveredrain rate range of

1248-5874 $ and 1060-4413 s respectively. For the case of SHPB tests on
Rohacell-110WF along the x, y and z-directions gtrain rates covered were 983-
4620 §, 1038-4516 3§ and 972-3945 5 respectively. The strain rates were

calculated as average strain rates with the uggoétion (7.20).

The shortest specimens tested for Rohacell-51WEanoan average of 4.5 cells in
the loading direction and this could result in ardase of the measured properties of
the material due to size effects (see Section &4)an example of possible size
effects Figure 8.11 (c) shows typical stress-straimves obtained from three
different specimen sizes (z-direction). It can bersthat they follow similar patterns.
As a further example, Figures 8.13 (a) and (b) stimicrushing and plateau stresses
along with their mean values from the SHPB testsresg the thickness of the tested
specimens for Rohacell-51 WF (x-direction). It daobserved that for the shorter
specimens, both the crushing and plateau stresgvalre slightly lower than those
of the thicker specimens. The mean crushing soédise 3 mm long specimens is
approximately 9% lower than the mean crushing stoéshe thicker specimens. The
mean plateau stress of the 3 mm long specimerpi®@amately 8% lower than the
mean plateau stress of the thicker specimens. Tinene be a size effect on the
results, however for specimens with the same tles&rhere is typically a scatter of
10% to 20% in both crushing and plateau stress.vBhiation of the mean stresses
of different thicknesses lies within the experinanscatter of each thickness.
Standard deviations of the data are also shownigar& 8.13 (a) and (b). The
majority of the data points lie within the rangetbé standard deviation. Therefore,
it is believed that size effects have little inthee on the results of Rohacell-51WF
specimens and the properties obtained from the StdBB represent truly the net

properties of the tested foam.

For Rohacell-110WF the shape of the stress-straimecobtained from the SHPB
tests (Figure 8.12) is somewhat different to the obtained from the quasi-static
tests (Figure 8.3). In general, after the initiahk stress the stress-strain curve from
the SHPB tests (Figure 8.12) has a negative sloplee “plateau region”, while the
stress-strain curve from the quasi-static tests dmalmost constant plateau region

(Figure 8.3). This difference in shape betweendbasi-static and dynamic stress-
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strain curves has been noticed previously by Ouetlal. [127] who performed tests
on rigid polyurethane (PU) foams and by Song efl&8] who performed tests on
polymethylene diisocyanate (PMDI)-based rigid poffhane foams. In both the
studies by Ouellet et al. [127] and Song et al8[1iR is clear that the change in
shape of the stress-strain curve is more pronoufaredenser foams and for higher
strain rates. Ouellet et al. [127] attributed tlegative slope of the stress-strain curve
to the ejection of some material during the SHP&steFor tests reported herein,
there was also some evidence of ejected materraigithe dynamic tests. Song et
al. [128] attributed the negative slope of the sdrstrain curve to a change in
deformation mode from the quasi-static to dynarastsd. Daphalapurkar et al. [129]
performed tomography on Rohacell foam. Althoughgdreele of their foam was not
specified, it had a relative density of 0.3, i.eiaim greater than the relative density of

the samples tested herein. The tomography duriegqtiasi-static compression

illustrated that progressive crushing involved theation of45° shear bands in the
weakest zones [129]. Clearly such shear bands are difficult to promote in the
type of short specimens used for SHPB testings ltunclear at present whether
ejection of the material or changes in the defoiomatode causes the difference in
shape between the quasi-static and SHPB stress-streves for Rohacell-110WF.
Further investigations are required to clarify thasons for this difference.

The shortest specimens used in SHPB tests for RHAOWF contain an average
of 6 cells in the loading direction and this is astpd as adequate to avoid any
possible size effects [120, 121] (see Section &ifures 8.14 (a) and (b) show the
crushing and plateau stresses along with their nvadues from the SHPB tests
against the thickness of the tested specimens &traéell-110 WF (x-direction).
From Figure 8.14 (a) it can be observed that tieregligible effect of the size of
the specimen on the crushing stress. On the otlsd, it can be observed that for
the shorter specimens, the plateau stress valeeslightly lower than those of the
thicker specimens. The mean plateau stress of th@n8 long specimens is
approximately 16% lower than the mean plateau stoésthe thicker specimens.
There may be a size effect on the results. Howésespecimens with the same
thickness there is a scatter of up to 28% in platteess. The variation of the mean

plateau stresses of different thicknesses liesinvitie experimental scatter and the
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majority of the results lie within the range of thiandard deviations. Hence, if the

size effect is present it is weak for the Rohat&DWF foam specimens.

Figure 8.15 shows the experimental values of thsling stress against strain rate
obtained from the dynamic compression of RohacBWb foam along x, y and z-
directions. It should be noted that a linear bedirte, the standard deviation and the
mean of the SHPB data as well as the quasi-staanrare plotted in each of Figures
8.15-8.20. For all three directions it can be obsérthat there is no apparent
increase of the crushing stress with increasingrstrate (Figure 8.15 (a)-(c)). The
linear curve fits to the test SHPB data have negatlopes for x and y- directions
and a positive slope for the z-direction. In gahefor x, y and z-directions the
SHPB test data shows an increase in the initialadya crushing stress when
compared with the quasi-static values. This ineeeas evaluated by comparing the
means of the quasi-static and SHPB crushing ssedsavn in Figure 8.15. In the X
and y-directions this increase is 2.3% and 7% sy and in the z-direction it is
18%. Given the scatter in the SHPB data, dynamitaecement of the crushing
stress of Rohacell-51WF appears to be negligiblethe x- and y-directions.
However, the quasi-static mean is below the bowfidse standard deviation of the
SHPB data in the z-direction, suggesting that tifteaacement of the crushing stress
in this direction is real.

The crushing stresses against strain rate for RUREEOWF foam are plotted in

Figure 8.16. Similar observations can be made mRébacell-51WF specimens, i.e.
the crushing stress appears unaffected with incrgadrain rate for the x, y and z-
directions. For the x and y-directions in particutae best fit line is very close to the
SHPB mean value indicating clearly that there isnuease of the crushing stress
with increasing strain rate. For the z-directior thest fit line has a positive slope,
but this could be due to experimental scatter. Gomg the SHPB with the means
of the quasi-static crushing stresses, an enhamterh&%, 3% and 11% is revealed

for x, y and z-directions respectively.

The plateau stresses for all three directions Bustrated against strain rate for
Rohacell-51WF in Figure 8.17. It can be observed there is no apparent increase

of the plateau stress with increasing strain rateafi directions (Figure 8.17(a)-(c)).
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In fact the best fit lines are very close to the PBHmeans indicating an

approximately constant plateau over the strain natge shown in Figures 8.17 (a)-
(c). The mean SHPB values are 6% and 1% lesshbajuasi-static means for x and
y-directions respectively, while for the z-directeothe mean of the SHPB data is 5%

higher.

For the Rohacell-110WF specimens the plateau steesds are lower than the
guasi-static plateau values (Figure 8.18). Thisxigsected as a decrease of the stress
with strain in the “plateau region” was observedha SHPB stress-strain curves, as
discussed previously in this section. This decréasiee plateau stress obtained from
the SHPB tests was estimated to be 17%, 9% and fbi%, y and z-directions
respectively.

The strain rate effect on the densification strams examined as well for both
Rohacell-51WF and 110WF foams (Figures 8.19 and®)8.Zhe general trend
indicated by the best fit lines is that the depaiion strain remains approximately
constant for the strain rate ranges shown in Fegg8r&9 and 8.20. When comparing
the SHPB with the quasi-static mean values an as&rén densification strain values
is present for all directions for both foams. Hoe Rohacell-51WF this increase is
4%, 10% and 11% for x, y and z-directions respetfi(Figure 8.19). For the
Rohacell-51WF this enhancement is 8%, 13% and 14@«.,fy and z-directions
respectively (Figure 8.20).

8.8 Dl tests on Rohacell foam

8.8.1 Experiments

Distal end and proximal end forces were measuredjwes40 mm diameter PMMA
pressure bar. Attenuation and dispersion effecth@fPMMA bar were taken into
account as discussed in Chapter 4. A descriptiagheoDI tests that were carried out

is given in Section 3.4.
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8.8.2 Specimens

Rohacell-51WF and 110WF cylindrical specimens bkaly and z-directions were
used for the DI tests. Their diameter was approteige3.12 mm and their lengths

varied from 10 mm to 80 mm.

8.8.3 Results

Figures 8.21, 8.22 and 8.23 show typical distal prakimal end forces for the x, y
and z-directions respectively for Rohacell-51WFlavtrigure 8.24, 8.25 and 8.26
show again typical distal and proximal end forcesthe x, y and z-directions of
Rohacell-110WF.

For proximal end forces the shape of the forceqautsbtained from the DI tests is
similar to the shape of the SHPB stress-stain cufivggures 8.11 and 8.12) for both
Rohacell-51WF and 110WF in all directions (part @)Figures 8.21-8.26). The

proximal end forces of Rohacell-51WF in x, y andiections have an initial peak

after a sharp increase of the load that is followg@n approximately constant load.
Then the force increases sharply due to full corpa®f the specimen during the

test (Figures 8.21 (b), 8.22 (b) and 8.23 (b)). therRohacell-110WF foam samples
the force increases sharply to an initial peaktaed reduces in the “plateau region”
(Figures 8.24 (b), 8.25 (b) and 8.26 (b)) as o@uirm the SHPB tests in all

directions (see Figure 8.12).

For distal end forces for both foams in all diren8 the load increases more
gradually to an initial peak, followed by an almasnstant plateau region until full
densification of the tested specimens, where thd lacreases sharply (part (a) of
Figures 8.21-8.26). For the majority of the teststhe early stages of the load

history the load increased in a series of stepmaar levels than the crushing stress.

The initial peak loads are defined as the first mann in the load pulses, defined as
crushing stress in Figures 8.27-8.32. The averagssscorresponds to the mean

stress calculated from the “plateau region” follogvithe initial peak and before
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densification. The initial peak and average forftesn both distal and proximal ends
were converted to stress and were plotted agamsadt velocities for all directions

for both foams in Figures 8.27-8.32. The mean \&alfethe crushing and plateau
(timed averaged) stresses from the quasi-stati®B&hd DI data are also shown in
each of Figure 8.27-8.32.

The distal end stresses (both crushing and averdg@phacell-51WF foam in all

directions appear to remain fairly constant witbr@asing impact velocity (parts (a)
and (c) of Figures 8.27-8.29). Although there may @ slight reduction of the

crushing and time-averaged stresses with impadcitgl (see e.g. Figure 8.29 (a)
and (c)) the data is inconclusive. The mean vabidsoth the crushing and average
stresses at the distal end are greater than ditieequasi-static or SHPB mean
values. Note that for consistency reasons with iptsvcomparisons the DI mean
values are compared with the quasi-static valuesas estimated that the crushing
stress increases by 27%, 50% and 39% in the xdyzatrections respectively and
the average stress increases by 28%, 44% and 40%édax, y and z-directions

respectively.

The proximal end stresses show a different tremat. &l three directions of
Rohacell-51WF it is evident that the proximal endsbing stress increases with
impact velocity as the impact velocity increasesnirapproximately 20 m/s to
approximately 70 m/s (see part (b) of Figures &28B). The time-averaged
proximal end stresses, however, remain very consiar the range of the impact
velocities tested (see part (d) of Figure 8.27-B.E®r all three directions the mean
of the timed-averaged proximal end stress is sintiblathe mean of the timed-
average distal end stress as can be seen by comppmaits (c) and (d) of Figures
8.27-8.29. Again the mean values of the timed-ayextastress are higher than both
the means of the quasi-static and SHPB plateasssise The average stress increases

by 23%, 22% and 39% for the x, y and z-directia@spectively.

The results of the DI tests on Rohacell-110WF fegracimens are summarised in
Figures 8.30-8.32. The overall trends in the datasamilar to those derived for the
Rohacell-51WF foam. For all directions the mearugalof both the crushing and

time-averaged distal end stresses are greaterbbénthe quasi-static and SHPB
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means (see parts (a) and (c) of Figures 8.30-8'@&). distal end mean crushing
stress is 15% higher in all directions and the m@@aed-average stress is 16.5%,
32% and 16% higher for the x, y and z-directiorspeetively when compared with
the corresponding quasi-static mean stresses.réhdst of the variation of the distal
end stresses with increasing impact velocity areendifficult to specify. For the y
and z-directions there may at first be an incredidbe distal stresses up to velocities
of 60 m/s, followed by a reduction in distal stessss the impact velocity increases
further to 90 m/s (parts (a) and (c) of Figuresl&Bd 8.32). This trend is not seen in
the x-directiion (Figure 8.30 (a) and (c)) but thajority of the data are for impact

velocities below 70 m/s for this direction.

The proximal end crushing stresses increase wigfaatnvelocity for all directions of
Rohacell-110WF (see part (b) of Figures 8.30-8.BR)wever the timed-averaged
proximal stresses remain fairly constant and atlaintevels to the distal end forces
(see parts (c) and (d) of Figures 8.30-8.32). Aghan mean of the time-averaged
stresses are higher than both the quasi-statiSaliRB means. It was estimated that
the mean time-average stress increases by 22%,at6%d4% for the x, y and z-

directions respectively.

It is interesting to note that for the Rohacell-\MP specimens the force-time traces
from the DI tests (see part (b) in Figures 8.2468db not exhibit the same level of
reduction in stress in the “plateau region” as wated for the SHPB tests (Figure
8.12). This is illustrated by comparing the meahshe timed-average stresses,
which were above the corresponding quasi-staticnsiéa contrast to the SHPB

mean values (parts (c) of Figures 8.30-8.32).

8.9 Discussion

The SHPB tests on Rohacell foam produced resulis tlan be treated with
confidence. This is supported by the fact thatdarquilibrium was considered to be
satisfactory for all tests (Figures 8.7 and 8.8§idiionally, the strain rate was
approximately constant during each test so thatiaestia effects present in axial

compression could be neglected (Figures 8.9 (c) &mhf (c)) (see Section 2.4).
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Hence all the data presented herein are believedfliect accurately the effects of
strain rate. Furthermore, the crushing and plastaass values and the densification
strain remain approximately constant with incregstrain rate for both foams and
in all directions (Figures 8.15-8.20). Similar ctusions have been made for rigid
polyurethane foams [127]. Given the scatter in $itPB data for both Rohacell-
51WF and 110WF foams the enhancement in the crgstiess appears negligible
in the x and y-directiions (parts (a) and (b) ojes 8.15 and 8.16). Nevertheless
an increase of 18% and 11% was found in the ziilmedor both foams when
comparing the SHPB and quasi-static means of thsharg stress (part (c) of
Figures 8.15 and 8.16). For Rohacell-51WF the platstress mean values are
approximately equal to the mean quasi-static platteess. On the other hand, for
the Rohacell-110WF the mean plateau stress ighassthe quasi-static mean due to
the decrease of the stress with strain in the éplatregion” in the SHPB stress-strain
curves. This is attributed to the ejection of thatenal during the dynamic
compression of the foam [127] and to the changh®f collapse mechanism of the
cell structure for higher density foams under dyitamompression [128]. The
dynamic mean densification strain is greater thenquasi-static densification strain

for both foams, which may be the result of mategjattion.

During quasi-static and low speed compression o¢lalar material, regions with
weak cells will tend to collapse first. Howeverr 0l testing with increasing impact
speeds, the deformation is governed by stress wawveds less random in nature.
Finite element (FE) studies of honeycomb matera@mpressed in the in-plane
direction have highlighted the different deformatipatterns that are dominant at
different impact velocities (e.g. [130, 131]). Withcreasing impact velocity the
deformation of cells becomes localised at the catiga front. This has been noted
in both FE models [131] and experimental studie32]1 Reid and Peng [103]
predicted the stress at the compaction wave ushageandependent rigid-perfectly-
plastic-locking (r-p-p-I) idealisation of the cdim material stress-strain
characteristics. Using this material model Reid &whg [103] proposed that the
compaction wave compression will be dominant beyanckrtain “critical impact

velocity” (V,, ), defined as:
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Ve =, /—2035“ : (8.8)

where o, is the crushing stresss, is the densification strain ang, is the

specimen’s density.

Furthermore, the stress at the front of the compacivave @ ) was predicted

according to the “shock wave” theory as:

2
g =0, +%, (8.9)
d

whereV is the change in velocity across the compactioveivant.

For distal end tests reported here, the force nmeddwy the Hopkinson bar load cell
is that at the interface between the distal enthefspecimen and the load cell. The
force at this end is the result of the reflectidnan elastic precursor wave at the
specimen/load cell boundary. Because elastic waresdispersive in cellular
materials, the measured force (and specimen stieggases gradually as seen in
parts (a) of Figures 8.21-8.26. As the impact vgjomcreases, stresses in the
compaction wave will increase according to Equati8r®). However, the elastic
precursor should be unaffected by increasing vBloéior this reason distal end
forces are expected to remain fairly constant gpiaximately equal to the crushing

stress as the impact velocity increases.

Taking the material properties of the SHPB tegts, the elastic moduliE,) given
in [133] as 77.4 MPa and 181.9 MPa for Rohacell-518vd 110WF respectively,
the impact velocitied/, that should produce plastic compression on impant e

predicted using:

o, = p,cVy =V,\/0,.E,: (8.10)
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where c, is the elastic wave speed of the foam. The predichpact velocities for

plastic compression in the x-direction are thefapproximately 16 m/s and 27 m/s
for Rohacell-51WF and 110WF respectively. For Ddtali end tests at velocities

greater thanV,, an elastic precursor could be reflected at thstabliend as a

compaction wave, giving an increase in the cruskingss for Rohacell-51WF and

110WF foam specimens of approximately 2% and 4%e@s/ely.

However, the mean crushing and timed-averagedssse®r Rohacell-51WF in all
three directions are substantially higher thatdcbeesponding SHPB mean values
(see parts (a) and (c) of Figures 8.27-8.29). $uggests that there is some strength
enhancement in the Rohacell-51WF foam during impaating that cannot be
attributed directly to the strain rate. Rather, éidancement is inertial in origin and
is associated with wave effects in the materialerehmay be a change in
deformation mode during impact loading and the flaat strength enhancements are
seen in the time-averaged mean stress values ssdbas this impact deformation
mode is not restricted to a small number of cefier the Rohacell-110WF the mean
values of the crushing and time-averaged strefgealistal end are also greater than
the equivalent quasi-static and SHPB means. Tharne@ment in crushing stress is

less than the enhancement in the timed-averagessstr

For proximal end tests, both elastic and compaatiaves will be initiated on impact
with the load cell, which measures the force asdgediwith the compaction wave.
The stress at the interface is expected to risa taximum on impact (see e.g.
Figure 8.24 (b)) and to be predicted by Equatior®)(8The “shock theory”

predictions of Equation (8.9) are plotted alongwitie experimental data in part (b)
of Figures 8.27-8.32. “Shock theory A” in part @)Figures 8.27-8.32 refers to the
predictions of Equation (8.9) using the SHPB mearshing stresses and SHPB
mean densification strains, while for “Shock theBtythe mean values of the distal

end crushing stress were used &gy in Equation (8.9).

Overall, in some cases (e.g. part (b) of Figur@¥ 8and 8.30) the use of the distal
end mean crushing stress values in Equation (8v@s doetter predictions for the

proximal end stress measurements than the use KB crushing stresses. This
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supports the proposal of the inertial enhancementushing stresses for specimens
subjected to impact loading. However, for e.g. leslocity impacts of Rohacell-
110WF in the y-direction (Figure 8.31 (b)) the SHPBoperties give a better
prediction for the proximal end crushing stres3éss highlights the need to perform
both SHPB and distal end DI tests so as to askessynamic properties of cellular
materials. Unfortunately, it is not obvious whiasts provide the relevant data for

the prediction of the stresses within a compaciane.

Applying the SHPB data to Equation (8.8), the predn of the “critical impact
velocity” (V,,) at which a “steady shock” [103] can be generasedpproximately

154 m/s and 210 m/s for Rohacell-51WF and 110Wpe&s/ely. However, FE

analysis [131] and experimental data [55] suggists Equation (8.8) overestimates
the impact velocity required to cause deformati@mdas associated with compaction
waves. As Equation (8.9) is derived from conseoratbf mass and momentum it

should be applicable when compaction waves areptes

8.10 Conclusions

The quasi-static and dynamic properties of Rohd&®RWF and 110WF foams for all

three directions were investigated. The dynamiparse of Rohacell foam was

examined by performing SHPB and DI tests utilighigMA pressure bars. From the
quasi-static stress-strain curves it was revealet both Rohacell foams are
orthogonal isotropic, with the z-direction being tiveakest direction (Figures 8.2
and 8.3). Rohacell-110WF had a crushing stresbaiita76% higher than Rohacell-

51WF. Different ways to predict the quasi-staticesses for both foams were
investigated (Equations (8.1), (8.3)-(8.5)), bueéithpredictions were regarded as
unsatisfactory. A general conclusion that couldlt@vn from this investigation was

that plastic bending of the cell edges, stretcluihthe cell faces and compression of
the entrapped air within the cells can contribateéhe strength of Rohacell-51WF

and 110WF foams.

Possible size effects on the results obtainedigndhapter were also examined. For

the quasi-static and DI tests the length of theispens was regarded as sufficient to
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avoid any size effects. For the shortest specimesesl in the SHPB tests it was

found that size effects would have little influencehe results.

The assumption of “stress equilibrium” was regarttetde valid for the SHPB tests
on Rohacell foam (see Figures 8.7 and 8.8). Intiuaidian approximately constant
strain rate was achieved during each test (Fig8u@¢c) and 8.10 (c)). Therefore, the
results obtained from the SHPB tests in all threections for both foams were
regarded as valid. For the Rohacell-51WF, the slafpthe SHPB stress-strain
curves (Figure 8.11) was similar to that for quatatic compression (Figure 8.2). On
the other hand, for the Rohacell-110WF the SHP&sststrain curve had a negative
slope in the “plateau region” (Figure 8.12), whiie quasi-static stress-strain curves
had an almost constant plateau region (Figure 8B)s was attributed to the
ejection of the material during the SHPB testingd ao the change of the
deformation mode from quasi-static to dynamic teBts both foams the crushing
stress, the plateau stress and the densificatram semain approximately constant
with increasing strain rate (Figures 8.15-8.20).aWlcomparing the mean values of
the crushing stresses for the SHPB tests with tizsiestatic mean values negligible
increase was observed in the x and y-directiondédin foams (parts (a) and (b) of
Figures 8.15 and 8.16). A noticeable increase wasmwed only in the z-direction of
Rohacell-51WF and 110WF (part (c) of Figures 8.h8 8.16). For the Rohacell-
51WF specimens the mean SHPB plateau stress waglose to the mean of the
quasi-static plateau stress value for all diredti¢figure 8.17). On the other hand,
for the Rohacell-110WF a decrease of the SHPB mé&sterau stress was observed
when compared with the quasi-static mean in aledions (Figure 8.18). The
densification strain was found to be slightly hightban the quasi-static mean

densification strain for both foams and in all dtrens (Figures 8.19 and 8.20).
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Properties Rohacell-51WF Rohacell-110WF
Density (kgm®) 52 110
Compressive Strength (MPa) 0.8 3.6

Tensile Strength (MPa) 1.6 3.7

Shear Strength (MPa) 0.8 2.4

Shear Modulus (MPa) 24 70

Elongation at break (%) 3 3

Table 8.1 Mechanical properties of Rohacell-51WF ahRohacell-110WF foam

as supplied by the manufacturer [116].

Properties PMI [114, 117] | PMI [105,101]
Compressive Young’'s Modulus (MPa) | 5200 3600
: : 120 [101],
Compressive Yield stress (MPa) 90
360 [105]
Density (kgni®) 1200 1200

Table 8.2 Mechanical properties of polymethacrylimile (PMI) [114, 117, 101,

105]
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Specimen | Mass (gr) | Area(mrM) | Height (mm) | Density (kgni®)
x1 0.233 251.5035 15.67 59.1212
X2 0.230 246.4884 15.61 59.7762
x4 0.233 262.523 15.68 56.6034
x5 0.235 260.9064 15.62 57.6636
yl 0.238 240.2451 16.64 59.5346
y2 0.234 240.7122 16.44 59.1311
v4 0.232 241.1745 16.74 57.4647
y5 0.231 241.645 16.63 57.4833
z1 0.192 219.3972 15.12 57.8786
z2 0.190 219.1761 15.20 57.0318
z3 0.191 220.704 15.10 57.3121
z4 0.188 216.7613 15.13 57.3241

Table 8.3 Masses, dimensions and densities of theHhacell-51WF specimens

from the quasi-static tests.
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Specimen | Mass (gr) | Area(mrM) | Height (mm) | Density (kgni®)
x1 0.534 257.9227 15.80 131.0372
X2 0.522 250.114 15.91 131.1784
x4 0.474 256.6368 16.18 114.1513
x5 0.457 249.3225 15.94 114.9917
yl 0.540 252.4896 16.33 130.9677
y2 0.548 254.88 16.45 130.7010
y3 0.483 249.6384 15.86 121.9923
y4 0.504 256.9465 16.35 119.9693
z1 0.512 250.272 15.86 128.9895
z2 0.457 248.5262 15.63 117.6481
z3 0.450 248.2158 15.70 115.4738
z4 0.468 236.315 15.52 127.6036

Table 8.4 Masses, dimensions and densities of tRehacell-110WF specimens

from the quasi-static tests.

Rohacell-51WF x-direction y-direction z-direction
Equation (8.6) (MPa) 0.2118 0.2007 0.1590
Equation (8.7) (MPa) 0.3913 0.3671 0.2790
Rohacell-110WF x-direction y-direction z-direction
Equation (8.6) (MPa) 0.2128 0.1905 0.1889
Equation (8.7) (MPa) 0.3936 0.3450 0.3417

Table 8.5 Results of Equations (8.6) and (8.7) fdRohacell-51WF and 110WF

foam.
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Figure 8.1 Rohacell foam panel.
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Figure 8.7 Forces at the incident/specimen and tramitter/specimen interfaces
from SHPB tests on Rohacell-51WF z direction speciems with thickness (a)
3mm, (b) 6 mm and (c) 8 mm using PMMA pressure bars
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x direction, (b) y direction and (c) z direction usng PMMA pressure bars.
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Figure 8.12 Typical stress-strain curves from a SHP test on Rohacell-110WF

(a) x direction, (b) y direction and (c) z directio using PMMA pressure bars.
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Figure 8.27 (a) Crushing, (c) average stresses agstiimpact velocity from distal

ends and (b) crushing, (d) average stresses againshpact velocity from

proximal ends from DI tests on Rohacell-51WF x diretion.
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Figure 8.31 (a) Crushing, (c) average stresses agstiimpact velocity from distal
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Concluding Remarks and Further Research

9.1 Conclusions

The limitations of traditional SHPB arrangements festing of low density, soft
materials were discussed (Section 2.2). One ofirthia difficulties is that it becomes
impossible to check for stress uniformity in thee@men. The use of elastic low
impedance bars is attractive due to the simpleyaizainvolved in the processing of
the bar strain histories. However, there existdaascof materials (e.g. across the
grain balsa wood, Rohacell foam) wherein the useistoelastic (e.g. PMMA)
pressure bars is regarded as essential to perfddABStests. For example
Magnesium bars proved suitable for checking foatdsoth specimen/bar interfaces
for along the grain balsa specimens with a maxintemgth of 6 mm. On the other
hand, the PMMA bars allowed stress equilibrium ® ¢hecked for all three
directions of balsa wood and for specimens of lesngtarying between 3 mm to 8
mm. This indicates the superiority of the use atwieastic pressure bars for testing

soft materials to large strains.

A literature review was carried out on previoushteques that have been used to
overcome the difficulties involved when testingtsohterials. The method presented
by Bacon [33] was adopted in this study as it wegarded as rather advantageous
over the other techniques, due to the fact thiatstmple from a mathematical point
of view and easy to implement. Accurate resultsewarhieved when the method
was applied to impact tests that involved the dsgszoelastic or elastic bars. Also,
a discussion on the validity of the assumption wéss uniformity within the
specimen in SHPB tests was presented (Section 2t4yas concluded that stress

equilibrium within the specimen should never beuassd for soft materials and
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should always be checked during SHPB testing, évesing the proposed optimal

lengths presented in Section 2.4.

An experimentally determined propagation coefficias evaluated from a series of
impact tests using axial strain measurements acgptd Equation (4.13) for two
different diameter PMMA bars (20 mm and 40 mm) &mdMagnesium pressure
bars. The experimentally determined propagatioffficeent is representative of both
the dispersion and attenuation and can be usedsiride waves at any point of the
bar. The Elastic Modulus of both PMMA bars and Megjom bars was evaluated
using the elementary theory (Equation (4.7)). Alifjo, the method is based on the
one-dimensional theory it was proven to be accui@atéhe impact tests performed
in this study. For the case of the PMMA bars it wascluded that the elementary
theory is accurate for frequencies up to betweeto b kHz and 6 to 8 kHz for the
20 mm and 40 mm diameter bars respectively. ForMiagnesium bars it was
concluded that the elementary theory is accuraté&déguencies up to between 20 to
30 kHz. It should be noted that for the impactdgmsrformed in this study no energy

was detected above these frequencies (see Figdret 3 and 6.3).

For the case of the 20 mm diameter PMMA pressurg disect measurements of
both axial and lateral strains on an impacted PMid@ led to the determination of
complex Poisson’s ratio. Furthermore, the compléea® and Bulk moduli were
determined. It was found that Poisson’s ratio drm& dcomplex Shear and Young's
moduli agreed well with the data reported by Mousatval. [62] for the same
material and the same diameter bar. It is worthtroeimg that the method adopted
herein utilised bars with shorter lengths than 2he long bars used in ref. [62].
Also, the method adopted herein to determine theaSmodulus was simpler than

the method of Mousavi et al. [62], since no torgests were carried out.

Wave separation techniques were also discussaddér to measure to large strains
without the need for impractically long bars, waseparation is essential (see for
example Figure 7.16). Both time-domain and freqyedmmain wave separation are

possible. A review of the existing wave separatezhniques was presented together

with the advantages and disadvantages of each theiBection 5.6). It was
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concluded that the method that is computationatficient and avoids problems

associated with truncation of the measured sigaadscritical frequencies is the use
of more than two strain measurements and the aiglic of a suitable exponential
window. The method was applied successfully to thmm and 40 mm diameter
PMMA pressure bars as well as to the Magnesiunspresbars. Both the accuracy
of the wave separation method and the accuracyhefpropagation coefficients

adopted in this study for analysing data obtaineinf SHPB and DI tests were
verified experimentally (see Figures 5.6, 5.7 ai&).6

The quasi-static and dynamic compressive propemieswo types of cellular
materials were investigated, i.e. balsa wood andaRell foam. The quasi-static and
dynamic compressive properties of balsa wood wevestigated along its three
principal directions. From the quasi-static compi@s of balsa wood it was revealed
that the along the grain direction is the strongi@siction due to the elongated shape
of the cells in this direction. The other two ditens had similar properties with the
radial balsa wood being stronger than the tandedtia to the presence of rays in
this direction that act as reinforcement. Quadisstasts were performed with and
without lateral constraint. It was observed that kateral constraint had negligible
affect on the results obtained for all directioR&ggy(re 7.8). It is proposed that the
reason is the same for any direction, i.e. thetigla®mpression of the cells takes
place in the loading direction without the need gross expansion in the
perpendicular to loading direction. It is worth rtiening that the effect of the lateral
constraint has not been reported previously foratgdor tangentially compressed
balsa wood. Furthermore, the general trend obsenvEdjures 7.8 (a) and (b) is that
when balsa wood is compressed in any of the thiieeipal directions, the crushing
stress increases with density. Different relatigpsh corresponding to different
failure modes, were used to predict the crushimgsstof the along the grain
specimens. It was found that the plastic buckliadufe mode prediction gave the
best fit to experimental data. Furthermore, thesgatatic densification strain and

plateau stress values were evaluated for all dinest

SHPB tests were performed on balsa samples ovangerof strain rates utilising
both PMMA and Magnesium pressure bars. Prior tdyaimey the SHPB test data,
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the assumption of stress equilibrium was checkedvé\éeparation was performed
for all tests. As was the case for the quasi-stasits, both the crushing and plateau
stresses increased for increasing density samptasall directions, the crushing
stress, the plateau stress and the densificatram afid not vary with increasing
strain rates for the SHPB tests. For the alonggthen balsa wood it was found that
the plastic buckling deformation mechanism agairvegdhe best fit to the
experimental crushing stresses. The SHPB testalean enhancement in both the
crushing stress and the plateau stress when codhpatie their quasi-static values
for all directions. This enhancement was greatepencentage for the across the
grain balsa, although the actual magnitude of tiveease in stress was greatest for
the along the grain direction. The crushing stidsthe along, radial and tangential
specimens increased by 16%, 72% and 43% respsactivéhe increase in the
plateau stress for the along the grain directiors 4% and in the radial and
tangential directions, the increase was 38% and &3¥ectively. On the other hand,
there was negligible difference in terms of the gifiecation strains between the
quasi-static and SHPB results for all directionss worth pointing out that there is

currently no published data for SHPB tests of exthe grain balsa.

DI tests were performed on along and across then gralsa wood in order to
measure distal and proximal end forces. In shoelshdted that the proximal force
pulses for the DI tests on radial and tangentiatspens were difficult to interpret.
The force increased in a series of steps at lowadd than expected and the
specimens exhibited global buckling patterns rathean uniform crushing in the
loading direction. For the along the grain balsa ithitial peak stresses of the distal
and proximal ends showed no increase with incrgagmpact velocity. Similar
conclusions were made for the radial specimens. gaotion waves were not
considered to have a notable effect on crushingss#is over the range of impact
velocities used in this study.

Two types of Rohacell foam were examined i.e. Relt&dWF and Rohacell-
110WF, which represent two different densities. Tdeasi-static and dynamic
compression behaviour was investigated for botredypf foam along the three

principal directions, namely the x and y-directigndich are the in-plane directions)
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and z-direction representing the out-of-plane dioec (Figure 8.1). No previous

studies of the dynamic behaviour of Rohacell foaawehbeen reported in the open
literature. The dynamic response of Rohacell foaas wxamined by performing

SHPB and DI tests utilising PMMA pressure bars.

From the quasi-static experiments it was revealet both density foams are
orthogonal isotropic with the in-plane-directiorsving similar properties and being
the strongest directions (Figures 8.2 and 8.3). Gheshing stress of Rohacell-
110WF was about 76% greater than Rohacell-51WF qllasi-static crushing stress
values of both foams were predicted using diffeliations based on simplified
cell geometries (Equations (8.1), (8.3)-(8.5)), their predictions were regarded as
unsatisfactory. One general conclusion that coeldifawn from the test data is that
the plastic bending of the edges, stretching ofc#lefaces and the compression of
the entrapped air within the cells are all likety ¢ontribute to the strength of

Rohacell foam

Possible size effects on the compressive propesfibsth foams were examined. It
was found the results obtained from the quasiestatd DI tests were not influenced
by size effects and were representative of therogerties of the foam. For the case
of the shortest specimens used in the SHPB tésigs concluded that size effects

had little influence on the results.

The assumption of stress equilibrium within the capens was checked for all
SHPB tests and was regarded to be valid (see Edlieand 8.8). In addition, an
approximately constant strain rate was achievethgwach test (Figures 8.9 (c) and
8.10 (c)). The above observations gave confidenche results presented for the
SHPB tests of Rohacell-51WF and 110WF foam specmiens worth mentioning

that the forces shown in Figure 8.7 had very lowgnitades of the order of

approximately 0.17 MPa. It is therefore impossioleeompare the results with data
obtained if one used a Magnesium SHPB arrangenmestwas the case for

compression of across the grain balsa wood.
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For the Rofacell-51WF the SHPB stress-strain cuffgure 8.11) were similar to
those obtained form the quasi-static tests (Figgi). On the other hand, for
Rohacell-110WF the stress-strain curve obtaineoh filoee SHPB tests (Figure 8.12)
had a negative slope in the “plateau region”, wkile stress-strain curve from the
quasi-static tests had an almost constant platsgian (Figure 8.3). This negative
slope for the SHPB “plateau region” could be atitéal to ejection of the material or
changes in the deformation mode during the dynamoimpression of Rohacell-
110WF.

For all three directions of Rohacell-51WF and 110WWwas observed that there is
no variation of the crushing stress, the plateesstnor the densification strain with
increasing strain rate (Figures 8.15-8.20). Whangmaring the SHPB mean crushing
stresses with the quasi-static mean values it apgdhat for the x and y-directions
there was negligible increase (parts (a) and (biriglires 8.15 and 8.16), while a
noticeable increase of the order of 18% and 11%okasrved in the z-direction for
Rohacell-51WF and 110WF respectively (parts (dyigtires 8.15 and 8.16). For the
Rohacell-51WF specimens the mean SHPB plateais str@s very close to the mean
of the quasi-static plateau stress values foriedictons (Figure 8.17). On the other
hand, for the Rohacell-110WF a decrease of the SHieBn plateau stress was
observed when compared with the quasi-static meanll idirections (Figure 8.18).
This decrease in the plateau stress was estimatsel 17%, 9% and 11% for the X, y
and z-directions respectively. When comparing th#PB with the quasi-static
values, an increase in densification strain isgme$or all directions for both foams
(Figures 8.19 and 8.20).

For proximal end forces, the shape of the forcesgmibbtained from the DI tests is
similar to the shape of the SHPB stress-stain cufivggures 8.11 and 8.12) for both
Rohacell-51WF and 110WF in all directions (part @)Figures 8.21-8.26). For

distal end forces for both foams and in all direcs, the load increases more
gradually to an initial peak, followed by an almasnstant plateau region until full

densification of the tested specimens, where thd lacreases sharply (part (a) of
Figures 8.21-8.26).
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The distal end stresses (both crushing and averdgephacell-51WF foam in all
directions appeared to remain fairly constant wiitreasing impact velocity (parts
(a) and (c) of Figures 8.27-8.29). The mean vabfd®oth the crushing and average
stresses at the distal end were greater than ditleequasi-static or SHPB mean
values. It was estimated that the crushing stres®ases by 27%, 50% and 39% in
the x, y and z directions respectively and the ayerstress increases by 28%, 44%
and 40% for the x, y and z-directions respectivelgen compared with the
corresponding quasi-static mean values. The prdxiemal stresses showed a
different trend, with the crushing stress for &lfele directions of Rohacell-51WF
increasing with impact velocity (see part (b) ofjliies 8.27-8.29). On the other
hand, the time-averaged proximal end stresses nexhaionstant over the range of
the impact velocities tested (see part (d) of FegRiI27-8.29). For all three directions
the mean of the timed-averaged proximal end stness close to the mean of the
timed-average distal end stress as can be seewrbgacing parts (c) and (d) of
Figures 8.27-8.29. Again the mean values of thediaveraged stresses are higher
than both the means of the quasi-static and SHRi&guh stresses. The average stress

increases by 23%, 22% and 39% for the X, y andextibns respectively.

The overall trends in the data obtained for theté3ts of Rohacell-110WF were
similar to those derived for the Rohacell-51WF fodfor all directions the mean
values of both the crushing and time-averaged Idestd stresses were greater than
both the quasi-static and SHPB means (see par@nth)c) of Figures 8.30-8.32).
The distal end mean crushing stress is 15% highellidirections and the mean
timed-average stress is 16.5%, 32% and 16% higirethe x, y and z-directions
respectively when compared with the correspondimgsigstatic mean stresses. The
proximal end crushing stresses increase with impalzcity for all directions of
Rohacell-110WF (see part (b) of Figures 8.30-8.B®)wever the timed-averaged
proximal stresses remain fairly constant and atlairtevels to the distal end stresses
(see parts (c) and (d) of Figures 8.30-8.32). Adhan mean of the time-averaged
stresses were higher than both the quasi-staticSkiflB means. It was estimated
that the mean time-average stress increases by Z2%oand 14% for the x, y and z-
directions respectively. It is interesting to ndteat for the Rohacell-110WF

specimens the force-time traces from the DI teste part (b) in Figures 8.24-8.26)
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do not exhibit the same level of reduction in d"rasthe “plateau region” as was
noted for the SHPB tests (Figure 8.12). This issiilated by comparing the means of
the timed-average stresses, which were above thiesponding quasi-static means
in contrast to the SHPB mean values (parts (c)guirés 8.30-8.32).

During quasi-static and low speed compression oélalar material, regions with

weak cells will tend to collapse first. Howeverry 0l testing with increasing impact

speeds, the deformation is governed by stress waveds less random in nature.
With increasing impact velocity the deformation agfils becomes localised at the
compaction front. Overall, in some cases (e.g. figrof Figures 8.27 and 8.30) the
use of the distal end mean crushing stress valudsquation (8.9) gives better
predictions for the proximal end stress measuresndrdn the use of the SHPB
crushing stresses. This supports the proposaleointirtial enhancement of crushing
stresses for specimens subjected to impact loatiogiever, for e.g. low velocity

impacts of Rohacell-110WF in the y-direction (Fig@&.31 (b)) the SHPB properties
give a better prediction for the proximal end cinghstresses. This highlights the
need to perform both SHPB and distal end DI testas to assess the dynamic
properties of cellular materials. Unfortunatelyisitnot obvious which tests provide

the relevant data for the prediction of the stresgiéhin a compaction wave.

9.2 Further research

The experimental method presented in this study negarded as accurate so the
data obtained from both SHPB and DI tests are ptedewith confidence. However,
there are numerous aspects of the dynamic mechamnagzerties of balsa wood and
Rohacell foam that would benefit from further intigations, in particular:

* It was noticed that the proximal force pulses tog DI tests on radial and
tangential specimens were difficult to interpretirtRer experimental work
needs to be carried out so to measure distal aoxinpal end forces for

across the grain balsa wood.
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e It was demonstrated that further research is redum order to predict the
mechanical properties of Rohacell foam and furtheestigation is required
to quantify the contribution in the strengthenirfgRmhacell foam due to the
compression of the entrapped air within the celfs.addition, further
investigations are required to clarify the reastmsthe difference in shape

between the quasi-static and SHPB stress-strairestdor Rohacell-110WF.
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Appendix A

APPENDIX A

Details of the Balsa Wood and Rohacell Foam Specime

from the Impact Tests

Specimen | Specimen | Specimen | Projectile | Impact Strain rate (s%)
Mass (gr) | Length Density Length Velocity
(mm) (kgm) (mm) (ms™)
0.096 3.07 165.29 500 14.03 2129.25
0.184 5.91 158.99 500 16.2 1492.45
0.180 5.94 155.34 500 16.55 1733.96
0.178 5.91 153.22 500 21.24 2398.113
0.191 5.92 164.137 500 17.39 1654.99
0.181 5.84 155.50 500 20.69 2356.13
0.088 3.16 138.50 500 14.3 2123.49
0.088 3.09 141.11 500 13.63 1982.45
0.084 3.14 133.48 500 13.79 2134.81
0.087 3.11 137.24 500 13.186 1827.26
0.091 3.11 144.27 500 12.56 1561.6
0.088 3.20 135.75 250 14.63 1412.2
0.087 3.16 1354 450 10.98 1044
0.093 3.19 142.84 450 15.48 2030.4
0.173 5.91 143.6 450 13.63 873.618
0.163 5.96 135.85 250 17.75 1305.4
0.185 7.51 121.3 250 19.48 1469.7
0.092 3.16 143.9 450 11.22 2438, 1283.3
0.184 7.84 116.29 250 1666| oS 12000
932.7
0.138 4.73 101.4 450 13.76 20081, 14669,
912.63
0.114 4.19 94.56 450 15.6 2787.2, 2158.3
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3425.7, 2791.7,

0.194 7.14 95.029 250 19.52
2143.4
2739.9, 2144.1,
0.102 3.65 98.355 250 13.26
1514.1
2193.4,1764.8,
0.143 5.26 94.88 250 15.6
1313.5
932.363, 733.025,
0.148 5.92 87.25 250 13.6
516.0756
0.085 3.23 130.39 450 7.9 1720.4, 912.84
0.083 3.18 129.167 450 9.6 2216.8, 1312.5

D

Table A. 1 Details of the along the grain balsa wabSHPB tests.

Specimen | Specimen | Specimen | Projectile | Impact Strain rate (s%)
Mass (gr) | Length Density Length Velocity
(mm) (kgm™) (mm) (ms?)

0.136 3.19 201.83 500 13.11 3256.5
0.109 3.05 175.33 500 12.12 3201.42
0.306 6.15 242.9 500 11.32 1433.2
0.313 6.06 247.822 500 12.06 1644.34
0.225 6.02 183.57 500 16 2351.038
0.226 6.22 185.78 500 10.35 1403.87
0.451 8.41 267.05 500 11.88 1127.17
0.367 8.12 213.96 500 11.5 1246.98
0.300 8.11 182.84 500 24.24 2748.113
0.131 3.15 201.176 250 18.75 4510.4
0.117 3.16 177.26 450 10 2472.4
0.101 3.10 157.28 450 13.44 3499.7
0.143 3.11 222.8 450 12.43 2916.3

Table A. 2 Details of the radial balsa wood SHPB $is.
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Specimen | Specimen | Specimen | Projectile | Impact Strain rate (s%)
Mass (gr) | Length Density Length Velocity
(mm) (kgm) (mm) (ms™)

0.149 3.05 251.066 500 11.21 2764.34
0.140 3.10 237.77 500 13.11 3303.5
0.146 3.10 247.04 500 11.6 2986.32
0.269 6.22 2254 500 21.05 3039.9
0.261 6.25 210.81 500 15.5 2238.68
0.293 6.17 226.45 500 15 2174.62
0.305 6.25 236.46 500 20.87 2902.64
0.283 6.24 225.26 500 14.72 2102.264
0.254 7.69 164.27 500 13.63 1670.566
0.327 8.12 201.55 500 17.5 1932.93
0.368 8.22 224.34 500 20.86 2261.038
0.283 8.32 168.75 500 21.8 2677.55
0.331 8.61 192.64 500 18.18 1886.7
0.157 3.17 242.07 250 16.2 3802.4
0.159 3.13 256.17 450 13.3 3126.9
0.145 3.12 241.9 450 13.5 3263.2
0.147 3.14 228.535 450 14.46 3552.8
0.151 3.11 239.4 450 9.2 2379.1, 1979.8
0.282 6.28 223.61 250 13.04 1700.3, 1573.6

1442.4 1270.8

Table A. 3 Details of the tangential balsa wood SHtests.
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Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm)

0.447 6.14 174.16 65.085 35.18 34.3
4.055 65.08 149.70 65.085 35.18 54.94
0.456 6.17 177.11 65.085 35.18 40.8
0.723 11.17 155.25 65.085 35.18 39.4
0.785 13.14 142.92 65.085 35.18 43
1.296 22.28 138.56 65.085 35.18 53
1.259 22.25 136.43 65.085 35.18 49.36
1.410 25.19 133.33 65.085 35.18 59.2
1.363 25.33 128.73 65.085 35.18 72.7
2.303 35.17 155.84 65.085 35.18 12
1.959 35.07 135.30 65.085 35.18 20
2,817 40.14 169.20 65.085 35.18 30
4.703 65.20 173.92 65.085 35.18 33
0.421 6.11 164.409 23.798 38.06 107.816
0.784 13.17 141.80 23.798 38.06 113.9
0.726 11.39 154.77 23.798 38.06 109.09
2.334 40.14 138.9834 23.798 38.06 117.073

Table A. 4 Details of the along the grain balsa wabdistal end DI tests.
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Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm™)

0.431 6.22 165.77 65.085 35.18 35.6
1.255 22.09 136.27 65.085 35.18 57.7
0.447 6.15 174.33 65.085 35.18 40.8
0.736 11.09 158.5 65.085 35.18 57.34
0.910 13.09 166.02 65.085 35.18 64.1
1.392 25.41 130.83 65.085 35.18 74.4
2.223 35.18 151.7 65.085 35.18 87.08
2.345 40.31 139.65 65.085 35.18 87.9
4,751 65.18 175.44 65.085 35.18 96.2
0.479 6.12 186.65 65.085 35.18 22.64
0.778 13.18 140.5 23.798 38.06 65.75
2.327 35.12 157.69 65.085 35.18 46.15
4.573 65.1 168.48 65.085 35.18 54.54

Table A. 5 Details of the along the grain balsa wabproximal end DI tests.

Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity

Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)

(mm) (kgm™)

1.568 25.10 151.4 23.798 38.06 111.67
1.769 25.24 170.615 23.798 38.06 86.145
3.023 45.12 161.68 23.798 38.06 123.08
3.746 55.08 165.85 23.798 38.06 126.316
1.811 25.94 174.84 65.085 35.18 58.53
0.982 17.16 140.53 65.085 35.18 29.63
1.815 27.11 166.08 65.085 35.18 44.44
2.587 38.96 168.65 65.085 35.18 18.18

Table A. 6 Details of the radial balsa wood distaénd DI tests.
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Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm™)
2.007 25.17 192.08 65.085 35.18 54
1.010 15.13 172.93 65.085 35.18 37.5
1.556 25.63 152.42 65.085 35.18 52.17
2.265 40.35 140.369 65.085 35.18 70.5
1.976 25.06 195.52 65.085 35.18 64.86
3.828 55.03 166.125 65.085 35.18 67.6
1.546 25.13 146.92 65.085 35.18 81.36
3.184 45.12 170.29 65.085 35.18 81.36
3.855 55.01 170.74 65.085 35.18 990.5

Table A. 7 Details of the radial balsa wood proximiend DI tests.

Specimen | Specimen | Specimen | Projectile | Impact Strain rate (s%)
Mass (gr) | Length Density Length Velocity
(mm) (kgm™) (mm) (ms?)

0.035 3.64 48.06 410 13.63 3377.74
0.036 3.19 56.409 410 14.16 4040
0.036 3.4 53.2 410 16.107 4283.9
0.071 6.14 57.8 410 16.1 2526
0.073 6.27 59.08 410 18.113 2669.8
0.073 6.14 59.35 410 18.9 2870.75
0.094 8.15 56.37 410 22.02 2496.22
0.096 8.07 60.443 410 29.6 3273.113
0.037 3.15 59.60 500 9.4 2972
0.071 6.16 58.27 500 9.09 1486
0.094 8.16 59.133 500 10.4 1273

Table A. 8 Details of the x-direction Rohacell-51WFEHPB tests.
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Specimen | Specimen | Specimen | Projectile | Impact Strain rate (s%)
Mass (gr) | Length Density Length Velocity
(mm) (kgm™) (mm) (ms?)

0.037 3.21 57.399 410 15 4222.64
0.036 3.14 58.4748 410 17.6 5047.17
0.034 3.11 54.306 410 20.7 5873.6
0.076 6.39 58.932 410 20.52 2883.2
0.074 6.15 59.25 410 15 2233.113
0.075 6.15 60.276 410 24.24 3730.85
0.093 8.09 56.537 410 21.05 2396.32
0.094 8.03 57.643 410 17.14 1980.66
0.099 8.09 60.334 410 28.6 3267.26
0.076 6.18 60.10 500 8.98 1544.7
0.034 3.20 52 500 9.5 3088.5
0.098 8.04 60.32 500 9.9 1248, 960

Table A. 9 Details of the y-direction Rohacell-51WFSHPB tests.
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Specimen | Specimen | Specimen’s| Projectile’s | Impact Strain rate (s%)
Mass (gr) | Length Density Length Velocity
(mm) (kgm™) (mm) (ms?)

0.037 3.45 52.61 410 15 3927.7
0.037 3.31 55.25 410 16.107 4413.2
0.038 3.43 54.015 410 16 4230.18
0.074 6.66 54.92 410 18.18 2560.75
0.072 6.27 57.113 410 14.55 2135
0.102 8.09 61.55 410 17.7 2011.6
0.099 8.13 59.44 410 22.5 2527.17
0.094 8,23 56.44 410 30 3292.07
0.040 3.48 56.042 500 9.125 2661.5
0.071 6.42 55 500 7.633 1154.11, 870.1
0.095 8.21 57.34 500 8.5 1060.7, 852.34

Table A. 10 Details of the z-direction Rohacell-51\W SHPB tests.
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)

Specimen | Specimen | Specimen | Projectile | Impact Strain rate (s%)
Mass (gr) | Length Density Length Velocity
(mm) (kgm) (mm) (ms™)

0.080 3.12 125.17 410 14.4 3663.20
0.080 3.12 125.016 410 17.26 4620.4
0.080 3.15 124.44 410 17.5 4486
0.161 6.19 126.97 410 14.73 1969.8, 542.4
0.160 6.18 127.16 410 15.5 2071.8
0.156 6.04 126.55 410 26.66 3825.1
0.191 8.18 114.7 410 16 1659.9, 1018
0.192 8.27 114.04 410 20.7 2164.6, 1029.¢
0.194 8.31 113.67 410 28.6 3034
0.081 3.15 125.99 500 8 2221.7
0.156 6.06 125.98 500 9.61 1298.1
0.193 8.36 113.39 500 9.8 1026.2
0.214 8.18 128.83 500 9.17 983.1928

Table A. 11 Details of the x-direction Rohacell-1MYF SHPB tests.
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Specimen | Specimen | Specimen | Projectile | Impact Strain rate (s%)
Mass (gr) | Length Density Length Velocity
(mm) (kgm™) (mm) (ms?)

0.079 3.13 124.28 410 14.5 3801.8
0.077 3.21 118.27 410 15.2 3921.3
0.079 3.12 126.34 410 16.6 4516
0.157 6.17 126.55 410 16.9 2328.8
0.157 6.22 124.76 410 26.08 3673.7
0.213 8.57 124.097 410 16.32 1597, 955
0.212 8.32 125.63 410 20.86 2171.6
0.209 8.27 124.74 410 29.3 3118
0.078 3.16 122 500 7.8 2296
0.158 6.19 125.8 500 7.9 1085
0.213 8.26 126.98 500 11.11 1179.9, 671.45
0.213 8.21 126.61 500 9.5 1038.2, 559.8

Table A. 12 Details of the y-direction Rohacell-1MYF SHPB tests.
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Specimen | Specimen | Specimen | Projectile | Impact Strain rate (s%)
Mass (gr) | Length Density Length Velocity
(mm) (kgm™) (mm) (ms?)

0.079 3.19 120.31 410 12.6 3220.9
0.082 3.2 127.70 410 15.09 3945.2
0.147 6.17 117.019 410 16.55 2320
0.145 6.20 114.17 410 18.45 2608.2
0.149 6.16 118.66 410 25.26 3606.4
0.194 8.04 117.64 410 15.5 1646.5
0.199 7.97 121.14 410 30 3360.1
0.083 3.18 126.78 500 7.7 1955
0.077 3.16 120.15 500 8.16 2279.2
0.148 6.14 118.95 500 9.95 1470.3, 606.7
0.150 6.15 119.8 500 9.8 1383.7, 653.95
0.212 8.07 127.18 500 12.6 1404.2, 688.84
0.218 8 131.7 500 8.8 971.97, 378.063

Table A. 13 Details of the z-direction Rohacell-1MYF SHPB tests.

Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm™)
0.499 21.10 56.283 65.085 35.18 38
0.971 40.68 56.85 65.085 35.18 73.6
0.993 40.38 58.67 65.085 35.18 57.3
1.883 75.53 59.127 23.798 38.06 117
1.865 75.59 58.516 23.798 38.06 77
1.785 75.93 55.99 65.085 35.18 80
1.843 75.75 58.255 65.085 35.18 63

Table A. 14 Detalils of the x-direction Rohacell-51\W distal end DI tests.

256



Appendix A

Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density mass (gr) | length (mm) | (ms?)
(mm) (kgm™)
0.468 20.05 56.92 65.085 35.18 28.9
0.447 19.97 54.68 65.085 35.18 30
0.466 20.08 56.79 65.085 35.18 26.66
0.902 39.43 56.43 65.085 35.18 35.29
0.943 40.03 57.45 65.085 35.18 36.93
1.137 49.96 56.036 65.085 35.18 44.4
1.154 50.13 56.78 65.085 35.18 39.3
1.321 57.20 56.72 65.085 35.18 51.06
1.731 75.18 56.197 65.085 35.18 42.86
1.726 74.81 57.209 65.085 35.18 60.78
1.788 74.56 58.53 65.085 35.18 73.85
Table A. 15 Details of the x-direction Rohacell-51\W proximal end DI tests.
Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm)
0.523 21.38 58.57 65.085 35.18 32.43
0.957 40.44 56.52 65.085 35.18 42.105
0.951 40.37 55.96 65.085 35.18 43.63
1.001 40.47 58.713 23.798 38.06 80
1.870 75.31 58.79 23.798 38.06 85.72
1.869 75.57 58.91 65.085 35.18 77

Table A. 16 Details of the y-direction Rohacell-51W distal end DI tests.
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Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm™)
0.452 20.12 54.735 65.085 35.18 23.4
0.455 20.08 54.97 65.085 35.18 30.77
0.446 19.89 54.35 65.085 35.18 25.9
0.926 39.95 56.47 65.085 35.18 21.3
0.910 39.99 55.15 65.085 35.18 26.35
0.914 40.08 56.25 65.085 35.18 50
1.133 50.08 55.66 65.085 35.18 45.28
1.116 49.82 54.72 65.085 35.18 38.4
1.117 49.92 54.95 65.085 35.18 53.33
1.690 74.94 55.235 65.085 35.18 53.33
1.711 74.91 55.6 65.085 35.18 60
1.686 75.08 55.93 65.085 35.18 28.75
1.646 75.10 54.44 65.085 35.18 70.58
Table A. 17 Details of the y-direction Rohacell-51\W proximal end DI tests.
Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm™)
0.615 25.14 57.45 65.085 35.18 36.9
0.609 25.15 57.48 65.085 35.18 38.7
1.232 51.09 57.34 65.085 35.18 47.06
1.244 51.06 57.534 65.085 35.18 42.10
1.968 80.66 58.217 65.085 35.18 63.16
1.982 80.70 58.45 65.085 35.18 61.53

Table A. 18 Details of the z-direction Rohacell-51W distal end DI tests.
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Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm™)
0.572 25.07 55.64 65.085 35.18 32.87
0.586 25.15 56.92 65.085 35.18 25.8
0.891 40.05 55.76 65.085 35.18 44.4
0.890 39.94 55.35 65.085 35.18 41.73
1.123 49.87 56.036 65.085 35.18 50
1.127 49.95 56.847 65.085 35.18 58.5
1.797 79.98 55.52 65.085 35.18 60
1.825 80.05 55.55 65.085 35.18 61.54
1.243 51.31 57.8 65.085 35.18 60.33

Table A. 19 Details of the z-direction Rohacell-51\W proximal end DI tests.
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Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm)

0.525 10.86 115.15 65.085 35.18 31.33
0.529 10.98 114.96 65.085 35.18 50
0.456 10.61 102.63 65.085 35.18 33.33
0.518 10.59 116.51 65.085 35.18 36.36
0.930 20.65 107.37 65.085 35.18 66.9
0.942 20.81 108.57 23.798 38.06 57.3
1.037 20.91 117.823 65.085 35.18 54
2.047 41.23 118.26 65.085 35.18 64.86
2.052 41.14 119.22 65.085 35.18 62.33
2.054 41.45 118.24 65.085 35.18 71.65
2.790 61.07 109.10 65.085 35.18 64
2.795 61.27 108.66 65.085 35.18 30.2
3.059 61.07 120.038 65.085 35.18 64
3.726 75.20 118.22 65.085 35.18 68.6
3.872 76.87 119.77 23.798 38.06 123.07

Table A. 20 Details of the x-direction Rohacell-1MYF distal end DI tests.
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Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm)

2.780 60.82 109.06 23.798 38.06 126.44
2.784 60.51 109.97 65.085 35.18 67.87
1.886 41.12 109.63 65.085 35.18 75.66
3.811 75.47 120.49 65.085 35.18 75.57
2.108 40.42 129.54 65.085 35.18 55.81
1.564 30.5 127.15 23.798 38.06 51.064
0.513 10.16 122.37 65.085 35.18 34.033
0.513 10.07 123.559 65.085 35.18 38.95
0.955 20.20 120.18 65.085 35.18 46.15
0.947 20.23 118.15 65.085 35.18 42.54
1.907 39.83 120.84 65.085 35.18 45.25
1.833 40.24 111.18 65.085 35.18 61.95
3.034 60.02 122.625 65.085 35.18 21.6
2.955 59.87 119.94 65.085 35.18 68.6
3.464 75.08 112.01 65.085 35.18 80.26

Table A. 21 Details of the x-direction Rohacell-1MYF proximal end DI tests.
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Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm™)
0.560 10.76 124.183 65.085 35.18 44.44
1.055 19.96 126.33 65.085 35.18 63.16
1.055 21.79 116.028 65.085 35.18 54.62
1.119 21.28 125.03 65.085 35.18 49.63
2.013 41.38 115.88 65.085 35.18 59.98
2.163 40.48 126.95 65.085 35.18 62.33
3.268 60.64 127.814 65.085 35.18 69.56
3.718 76.17 116.77 65.085 35.18 92.307
4.026 75.28 127.16 65.085 35.18 85.71

Table A. 22 Details of the y-direction Rohacell-1MYF distal end DI tests.

Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm™)
0.495 10.14 120.08 65.085 35.18 29.63
0.497 10.31 118.07 65.085 35.18 30.32
0.954 20.22 115.26 65.085 35.18 43.63
1.003 20.03 123.63 65.085 35.18 26.087
1.004 20.04 123.25 65.085 35.18 39.67
1.884 40.49 114.87 65.085 35.18 56.47
1.877 40.77 113.49 65.085 35.18 52.174
2.841 60.27 114.49 65.085 35.18 73.84
3.791 75.20 123.15 65.085 35.18 78.9
3.530 75.31 115.3 65.085 35.18 84.7

Table A. 23 Details of the y-direction Rohacell-1MYF proximal end DI tests.
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Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm™)
0.501 10.32 115.137 65.085 35.18 37.5
0.508 10.76 112.166 65.085 35.18 35.8
0.484 10.04 114.73 65.085 35.18 34.3
1.061 20.74 121.54 65.085 35.18 41.38
1.063 20.64 123.33 65.085 35.18 52.17
1.977 40.43 116.175 65.085 35.18 55.814
1.985 40.70 115.07 65.085 35.18 68.57
2.872 59.88 113.85 65.085 35.18 45.28
2.872 60.58 112.93 65.085 35.18 80
3.708 75.97 118.124 65.085 35.18 82.76

Table A. 24 Details of the z-direction Rohacell-1MYF distal end DI tests.

Specimen | Specimen | Specimen | Projectile | Projectile Impact Velocity
Mass (gr) | Length Density Mass (gr) | Length (mm) | (ms?)
(mm) (kgm™)
0.474 10.18 114.044 65.085 35.18 33.2
0.514 10.23 121.56 65.085 35.18 29.27
0.894 20.19 107.7 65.085 35.18 46.15
0.956 20.14 116.26 65.085 35.18 46.15
0.992 20.31 119.526 65.085 35.18 42.1
1.975 40.12 119.62 65.085 35.18 61.4
1.983 40.02 119.88 65.085 35.18 63.16
2.801 60.05 114.44 65.085 35.18 70.59
2.770 60.06 113.86 65.085 35.18 54.54
3.485 75.03 114.263 65.085 35.18 80.27

Table A. 25 Details of the z-direction Rohacell-1M'F proximal end DI tests.
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APPENDIX B

Flow Chart and Matlab Programs Describing the

Procedure to Produce Stress-Strain Curves for SHPBests.

£x(t) £g(t) &y ()

e*  (Exponential window)

A
£, (@) = P(w)e ™ + N(w)e! ™
£y () = P(w)e™ @ + N(w)e" ™

(Equations (5.14) and (5.15))

£\ () = P(@)e" ™ + N(w)e! ™

A

Obtain the forward I@(w)) and backward @(w)) moving waves in both

incident and transmitter pressure bars using tlstlsquares method
(Equation (5.18))

A
Check stress equilibrium within the specimen by parimg the forces ¢

both faces of the tested sample. If the force at fiont face of the
specimen oscillates about the value of the forcthatrear face then the

stress can be evaluated using Equation (7.RL):
~ _—,0602 Alg )x N s V(@)x
o(w)= 2P () + N (w) €

|

The average strain and strain rate of the specitaenbe obtained using
Equations (7.19) and (7.20) respectively:

() = 5 (@ _ | A _ B ) a9 4 T ) x
&(w)= @ (P () ¢ = N () €9 - B(e) &+ N(w) &)
£(w)= y(;)‘"mo (B (@) € - Ny (@) 9" - P(w) &9"+ N(w) &)

Figure B. 1 Flow Chart describing the procedure toproduce stress-strain

curves for SHPB tests.
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Matlab program used to calculate the stress-staime from a SHPB test on along

the grain balsa wood using the Magnesium SHPBséshown in Figure 7.16):

%%%%%%%%Forward and backward moving waves for both incident
and transmitter Magnesium pressure bars
load Plc.dat
load Nilc.dat
load P3a.dat
load N3a.dat
N=2713;
ei=P1c;
er=N1c;
et=P3a;
etr=N3a;
%%%%%%%%Propagation coefficient defined in complex domain
load alpha.dat
load kappa.dat
N=2713; %Number of sampling
points
gammal=alpha+i.*kappa;
gammaZ2=fliplr(conj(gammal(2:N/2)));
gamma8=[gammal,gamma2];
%%%%%%%% Time and frequency vectors%%6%%%%%%
dt=1e-6;
t=0:dt:N*dt-dft;
T=dt*N;
df=1/T,
f=0:df:1/(2*dt);
wl1=2*pi*f;
w2=fliplr(-w1(2:N/2));
w=[wl,w2];
n=2*pi/(N*dt);
hl=exp(-n*t);
h2=exp(n*t);
18/6%0%%0

%%%%

%%%%%%%Dimensions of specimen and bars%%%%
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rho=1770; %density of bar material

d1=0.60986; %distance of the incident strain gauge from
interface

d2=0.3277,; %distance of the transmitter strain gauge from
interface

Ab=4.1547563e-4; %area of the bar
As=2.8772245e-4; %area of the specimen
thickness=4.19e-3; %specimen's length
%%%%%%%%Shift the waves at the interfaces%%%%%
inter_eil=fft(ei.*h1).*(exp(-d1.*gammas));
inter_erl1=fft(er.*h1).*(exp(d1.*gammas));
inter_et1=fft(et.*h1).*(exp(d2.*gammay));
inter_etr1=fft(etr.*h1).*(exp(-d2.*gammas));

inter_ei=real(ifft(inter_eil).*h2);
inter_er=real(ifft(inter_er1).*h2);
inter_et=real(ifft(inter_et1).*h2);
inter_etr=real(ifft(inter_etrl).*h2);

figure

hold on

plot(inter_ei)

plot(inter_er)

plot(inter_et, ‘black' )
plot(inter_etr, ‘black’ )

plot(ei, ™)

ploter, ' )

plot(et, ™)
%%%%%%%%% Stress% %% %% % %% %%
stressT1=(Ab/As).*((-rho.*(w-
i*n).~2)./(gamma8.”2)).*(inter_etl+inter_etrl) ;
stressT2=ifft(stressT1).*h2;
stressT=real(stressT2);
stressT=stressT/1e6;

figure

hold on

plot(t,stressT)
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xlabel(  Time (s)' )
ylabel( ‘Nominal Stress' )

%%%%Velocity%%%%%%%%
v=((-1.*(w-i*n))./gamma8).*(inter_etl-inter_etrl-
inter_eil+inter_erl);

v1=ifft(v).*h2;

velo=real(v1);

figure

hold on

plot(t,velo)

xlabel(  'Time (s)' )
ylabel(  'Velocity' )

%%%%%0Displacement%%%%%%%
displacementl1=-(inter_etl-inter_etrl-
inter_eil+inter_erl)./(gammas);
displacementl2=ifft(displacementl1).*h2;
displacementl=real(displacementl2);

%%%%% Strain%%%%%%%

strain=displacementl./thickness;
%%%Plot of the stress-strain curve
figure

plot(strain,stressT)

xlabel(  'Strain' )

ylabel( 'Stress (MPa)' )
%%%%%%Strain rate%%%%%%

strainrate=velo./thickness;

figure

plot(t,strainrate)
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xlabel(  Time (s)' )
ylabel( 'Strain rate (s"-"1)'

figure
plot(strain,strainrate)
xlabel( ‘'Strain® )
ylabel( 'Strain rate (s"-"1)'

Matlab program used to calculate the stress-stcamnve from a SHPB test on
Rohacell-51WF (x-direction) using the PMMA SHPB gpt(shown in Figure 8.9):

%%%%%%%%Forward and backward moving waves for both
and transmitter PMMA pressure bars

load Plc.dat
load Nilc.dat
load P3a.dat
load N3a.dat
N=2713;
ei=Plc;
er=N1c;
et=P3a;
etr=N3a;

%%%%%%%%Propagation coefficient defined in complex

load alpha.dat
load kappa.dat

N=2713; %Number of sampling points

gammal=alpha+i.*kappa;

gammaZ2=fliplr(conj(gammal(2:N/2)));
gamma8=[gammal,gamma2];
%%%%%%%% Time and frequency vectors%%6%%%%%%

dt=1e-6;
t=0:dt:N*dt-dft;

incident

domain
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T=dt*N;

df=1/T,
f=0:df:1/(2*dt);
wl1=2*pi*f;
w2=fliplr(-w1(2:N/2));
w=[wl,w2];
n=2*pi/(N*dt);
hl=exp(-n*t);
h2=exp(n*t);

18/6%0%%0
%%%%
%%%%%%%Dimensions of specimen and bars%%%%
rho=1190; %density of bar material
d1=0.85238; %distance of the incident strain gauge from
interface
d2=0.32403; %distance of the transmiteer strain gauge from
interface

Ab=3.1416e-4; %area of the bar

As=1.97808e-4; %area of the specimen
thickness=8.16e-3; %specimen's length
%%%%%%%%Shift the waves at the interfaces%%%%%
inter_eil=fft(ei.*h1).*(exp(-d1.*gammas));
inter_erl1=fft(er.*h1).*(exp(d1l.*gammas));
inter_et1=fft(et.*h1).*(exp(d2.*gammas));
inter_etr1=fft(etr.*h1).*(exp(-d2.*gammas));

inter_ei=real(ifft(inter_eil).*h2); %incident strain at
interface
inter_er=real(ifft(inter_erl).*h2); %reflected strain at
interface
inter_et=real(ifft(inter_et1).*h2); %trasmitted strain at
interface

inter_etr=real(ifft(inter_etr1).*h2);

figure
hold on
plot(inter_ei)
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plot(inter_er)

plot(inter_et, ‘black’ )
plot(inter_etr, ‘black’ )
plot(ei, ™)

plotter, 't )

plot(et, ™)

%%%%%%%% % Stress%%%%%% %% %%
stressT1=(Ab/As).*((-rho.*(w-
i*n).~2)./(gammag8.”2)).*(inter_etl+inter_etrl) ;
stressT2=ifft(stressT1).*h2;
stressT=real(stressT2);
stressT=stressT/1e6;

figure

hold on

plot(stressT)

xlabel(  Time (s)' )

ylabel( ‘'Stress’ )
%%%%\Velocity%%%%%%%%
v=((-1.*(w-i*n))./gamma8).*(inter_etl1-inter_etrl-
inter_eil+inter_erl);

v1=ifft(v).*h2;

velo=real(vl);

figure

hold on

plot(t,velo)

xlabel(  Time (s)' )

ylabel(  "Velocity' )
%%%%Displacement%%%%%%%%
displacementl1l=-(inter_etl-inter_etrl-
inter_eil+inter_erl)./(gamma3);
displacementl2=ifft(displacementl1).*h2;
displacementl=real(displacement|2);

%%%%% Strain%%%%%%%
strain=displacementl./thickness;
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%%%Plot of the stress-strain curve

figure

plot(strain,stressT)

xlabel( ‘'Strain® )
ylabel( 'Stress (MPa)' )

%%%%%%Strain rate%%%%%

strainrate=velo./thickness;

figure

plot(t,strainrate)

xlabel(  'Time (s)' )
ylabel(  'Strain rate' )

figure
plot(strain,strainrate)
xlabel( 'Strain® )
ylabel(  'Strain rate (s"-"1)'
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