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Introduction

The rescarch program carried out here at Brown with the
support of AROD has covered a wide range of interrelated problems,
all of which arc concerned with the dynamie mechanical response
of non-netallic colids (especially plastics) s well as notals
under conditions of rapid loading.

A list of the titles of the reporis issuced uncder Lhis
grant tegether with thelr relevant abstracts 1s appended herewith,
A 1list oi’ the papers which have uappcarcd In the opon literaturc
is also given togeither with the thesis titles ol succesinlul Ph.ii,
end M.S. cancdidatoer who have rocelived suppori from this orant.
These 1laets and austirrets give 2 summary of the details of Lhe
separale rescdreh prejeels whiich have been underiaken and U wiwy
be scen thel these fall into & nurber of headings, a Jir. of

vhieh 1 given telows

=

1) Impact of hard spheres on blocks and plates of polyiicrs an
of metuls.

A Tenslle shocek waves in rubber,

3) Viscoclustiic '‘cross over cffect?,

) Stress wave propagation in geclocleal materials,

5) Stress wave provzpgation in zine single crystelds,

6) Torslonzl oscillations of pre-stressed polymer and rubber
specimens,

7) Torsional split Popkinson bar apparatus.

8) Vave propogatlion In fiber reinforced ccuposites,

9) FRFlexurial waves setoup abt beouacaries belucen two rods,




——r

T T T T A7 TP S Y TS ST T e e

Brief summaries of significant findings in each of these fields

is given below.

Summaries of sirnificant findinms in the different flelds of study

1) Hertrien inmpacts

An cxztremely csimple experimental technique for studying the
response of solid specimens to large forces applicd for durations
of only a few tens of microsccends is to arrange for steel balls
to impinge on the flat surfaces of blocks of the material under
study and observe the vwaves sent out and the cencrpy discipated
during the impazct, The simplest theorcetical approach is to
consider the deformation to be similar to that found quaci-
statically and this gives a reasonably close approximation for
large clastic blecks. Vhen howcever the speeimen is dissipative
or is in thc form of a plaie, a more detziled analysis is called
for. The results of such experimental and theoretical studies
vith polymeric speclmens are deseribed in reports 1,2,3 (which
have since been publiched) while a comparison between the obsarvi-
tions and the resulis predicted by lincar viscoelacstlice theory ar
gi?cn in vreport no. 7 which has also now appeared in the open
literaturc. The corresponding problem for metallic specimens
is described in report no. 5 which has since been published in
the International Journal of Solids and Structures.

2) Shock Yaves in Ruhber

A novel phenomencn has been discovercd in the propagation of
incremental tencile pulses in strcetched rubber specimens. It hae

been shown that under these conditions tensile sheck fronts arc
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developed as a result of the nonlinear mechanical response of
the material. Similarly when a compressive pulse is propagated

along a stretched rubber specimen a shoek tail is develeoped.

These results are described in reports 14 and 19 which lave been
published in the open literature,

3) Viscoelastic 'oreos over'! cffect.

When a mechanical pulse recaches the boundary betwecn two
collincar elustic rods two pulscs arce gencrated, one 1s reflectced
back along the rod along which the inecident pulcce was travelling
and a csccond 'trancmitted'! pulse ls propagated along the sccond
rod. It is found urnder these conditlions that all three pulscs
have the same profiles but the reflected pulse will have
respectively the same sign or the oprnosite sien (l.e. comprescive
or tensile) depending on whetlier the acousntic impedance 22 of the
sccond rod 1s higher or lower than that of the Incident rod Zl.
Now if the seccnd rod is viscoclastic we may have Zl > 22 at low
frequencies ana Zl < 22 at high frequencice, Under these conditions
a unidirectional pulse is reflceted as a sigmoidal one, this
theoretically predicted bchavior was nancd the 'viscoclastic
cress—-over effect' and has been demonstrated experimentally with
rods of Polyvinyl Chloridc. The results arce described in report
no. 18 and have been published in the Jouvnai of the Acoustlcal
Soclcety.

Analogous effects have been studied for the measurement of
mechanlcal propertics by obrerving the reflceted pulses between
an elaskic rod and a specimen either In the form of a rod collincar

with the first rod or in a block. With block specimens it was




shown that 'cross-over' effects can be observed even when the :
material of the block obqys Heoke's Law. The results of these

investigations are described in reports nos. 10, 12, and 20, the ;
last report was the basis of a rccent bublication in the Journal %
of Lhe Acoustical Socieuvy A

) Stress wave »roparation in cloy, , 3

Many geological materials behave in a nonlinear tinc dependent
manner and some cxperiments have been carried out on the

r‘
propagation of longitudinal stress pulses along rods of clay. %

The results of this work is described in report no. 6 which was
published In Experimental lechanices,

5) Dynamic deformetion of zine sinrle crystals,

The deformztion of zinc single crystals by longltudinal
stress pulses was studicd, and it was shown that the stress-
strain curve 1s concave upuwards and that ylelaing begins at
about 2500 psi. The wvork is described in report no. 11 and an
acccunt was published in 'Nature'.

6) Torsional oscillations of prestressed polvmer and rubber

specimcns.,

The effecct of large longitudinal prestrain and torsional
deformations has provided an interesting ficld of study. This
vork is described in reports 8 and 16 which dealt with the
behavior of polycthylene and polyvinyl chloride respectively and
is being continued at present cn specimens of natural rubber

vwhere the ceffcets of crystallation show a marked effect.
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7) Torsional split Monkinson-Bar apparatus. .

The split lLopkinscon Bar invented by the Chief Investipgator
of this contract about twenty ycars «~o, has become onc of the
pfincipal experinental techniques for the study of rapid
longitudinal deformation. The extcnsioﬁ of this technique to
shear deformaticns by the use of torsionzl Instead of longitudinal
waves 1s described in report no. 9 which was the basis of paft
of the doctoral thesis of James Phillips.

8) Wave propacation in fiber-reinforced compesites,

The mechanical behavior of fiber-reinforced composites is
closely analogous to that in crystalline materials and the
propagation of stress waves in then shows a number of Interesting 5
featurcs scome of whicelh have not bcen observed In normal cerystallinc
solids. A study of the behavior of these materials Is given in
report no. 21 where the effects of geometrical dispersion of
waves in rods of these materials are described.

9) Flexural waves senerated at the boundarics between elastic

rods.,

When a longitudinul clastic wave 1s reflected at the boundary
between two non-collincar rods four waves are, in general,
generated, a longitudinal and a flexural wave are reflected back
along the first rod and a wave of cach type 1is transmitted to
the sccond. A theorctical study of the effects together with a
comparison with cxpcerimental obscrvations is given in reports
15 and 17. The results described in the first of these were
described in a paper published in the Journal of Applied Mechanics

while the results described in the sccond were published in a

i A e ) - __._____J




paper in the Internaticnal Journal of Solids and Structures,

? ' More recent work on this problem has Just been published in

E ' the Journal of the Acoustical Society of America. The response
éj of solids to such steep frontcd flexural waves has shown

g interesting new phenomena in the fracture of brittle solids.
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Publications on work sunported by this Grant ;
H.H. Calvit, Exveriments on rebound of steel balls from blocks
of polymer, Journal of lcchanjes and Physics of Solids 15,
141-150 (1967). 4
H.H. Calvit, HNumerical solution of the problem of impact of & §
rigid sphere onto a lineur viscoclastic hall-space and ;
compariscn with experiment, Int. J. Solids Structurcs, 1
Vol. 3, 951-966 (1967). :
J.W. Phillips and .H. Calvit, Impact of rigid sphere on a ?
viscoclastic plate, J. Appl. lech. 34, 873 (1967). P

L.R. Oliver, R.YW, Armstrong, R.J. Clifton and H. Kolsky, .
Clcavage of zine crystals incduced by siress waves, Nature E
216, 910 (1967).

Y.M. Tsail and H. Kolsky, Surface wave propasetion for linecar
viscoelastic solids, J. Mech. Phys. Solids, 1C, 99 (19068).

Y.M. Tsai, A note on surface waves procduced by Hertzian impact, 1
J. Mech. Phys. Solids 16, 133 (19G8). 3

Y.lM. Tsal, Stress waves produccd by imeact on the surface of a
plastic mcdium, J. Franiilin Institute 385, 204 (19€8).

H.H. Calvit, D, Rader and J. Melville, Stress wave proparation

in plasteline clay rods, Experimental Hechanles €, W18 (1563).

d. Kolsky, The production of tensile shock waves in stretched
natural rubber, Nature 224, 1301 (1969).

H. Kolsky, Recent experimental studies of the mechanical response
of inelastic solids to rapidly chanzing stresses, Ineclastic
Behavior of Solids, McGraw-ill, 19, (197C).

M.B., Molfett and H. Xolsky, An experimontal demonstration ol &
viscoelastic cross-over effect, paper reuad at 8lst meeting
of Acoustical Society of America, published in Abstract,

J. Acoust. Soc., Amcr. 50, 93 (1971)

J.P. Lee and H. Kolsky, The generation of stress pulses at the %
Junction of two noncoliinear rods, J. Appl. Mecns., (1972).

S. Boucher and H. Xolsky, Reflection of pulses at the interface
between an elastic rod and an clastic half-.space, J. Acous.
Soc., Vol. 52, No. 3, 884-898 (1972).

H. Kolsky, Somc rccent cxperirental investigations in stress-
i wave propagation and f{racture, Proc. Symposlium Stanford
Univ., Calif., 327 (1972).
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J.P. Lee, Elastic waves produced by longitudinal impact on a
system with symmetrically branched rolls, Int. J. Solids
Structures 8, 699 (1972).

M. B. Moffett, Experimental demonstration of a viscoclastic
cross-over effect, J. Acoust. Soc. Amer. 53, 1749 (1973).

D.Y. Hsieh and J.P. Leec, Euperimental study of pulse propagation
in curved elastic rods, J. Acoust. Soc. of America, Vol. 54
No. 4, 1052 (1973).
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Ph.D. theses of students suvported by this Grant.

Dennis Rader (1966) A Strecss Wave STudy of Brittle Fracture.

Yu-Min Tsai (1967) A Theoretical and Experimental Study of
Hertzian Fractures in Glass.

James Phillips (1969) Part I: Stress Pulses Produced by Brittle
Fracture of Rods.

Part IX: A Method for Deternining Matcricl
Propertices at hlehi Rates of Shearing Strain,

Amnon leer  (1969) Longitudinal Vave Preoparaticn in Rods with
Interfaces and Rods of llon-Uniform Cress-
Section.,

J. P. Walsh (1969) An Experimental Investipgation of the Dynamic
Tangent loauli of Polyethylcne.

James P. Lez (1971) The Production of Xlexural %Yaves in Bent Rods,
and the Fractures Produced by Them,

Master's theses of students sunnorted by this Groent.,

Sankar Chandra Duas (1906%) loncurcmoants of Lhe drnomice shear
modulus an. ¢nv\rnal friction of pre-strecsed

and pro-strained polyecthylene,

James Phillips (1967) Impact of rigld sphcre on a viscoclastic
plate.

L. R. Oliver (1967) Stress wave produced cleavare of zince
monocryqth" with cptical and Y-ray
investigations of assovciated deforactien,

Edmund J. Sullivaw, Jr. (19€9) Hirh strain-rate compression of
zine single crystuls,

Bernard J. Reilly, Jr. (1971) Dynonic tanrent moduli of polyvinyl
chloride subjeeted (o large otralnes.,

S. Boucher (1972) Refleetion of pulses at the interface
between an elastic rod and an clastic half-
spacc.

Peter J. Arsenaux, Jr. (1973) An experimental investipation of
stress waves in rods of a fiber-reinforeced

composite
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Tech. Report No. 1

Experiments on rebound of steel balls from blocks of polymoess

H.H. Calvit
Abstract. Expcriments are performied in which steel balls arc

impacted onto bloclks of polymer. The tine of contact and heignt

-

of recbound arc recorded as functions ¢f ball size, velccity of

impact and temperature of the snecimen. These resultis are

compared with results of similar tests as well as those of

A et e i e

different methods of dynamic testing.

Tech. Report No. 2 }

XY

Numerical solution of the problem of imract of a ririd srthere

onto & lincar vlscoelastle halfl-zvree gnd conrarison uw'ih

experinent. i

e

H. H. Calvit

Abstract. The pair of coupled ncnlincar integro-differential

it vl sk i

equations which descrite the impact of & rigid sphere onto a
viscoelastic half-space are solved numerically. Using data
obtained from frece torsional vibration experiments, the rebound 1

of a stecl ball from a biock of pclymer is predicted for various b

temperatures., These results arc comparcd wilth rebecund experiments

.

performed on thce same material. The viscoelastic solution is

also compared with elastic solutlons and an approximate solution.

o
Al i Sl

Some conclusions are drawn on using the rebound mcthiod as a means

of dynamic testing. f
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Tech. Report No. 3

“he Jmnact Problen for & Rirdd Svhere ond

-

a Viscoolastle Plate

J. YV, Phillips end M, H, Calvit

Moctrocel -~ The inpact prodicm involving a »igld sphoere

and & large, thin, lincar viccoclastic plete is trecated theorcii-
cally &nd experimentally; it is found that while a precice sennvi-
tion of the two anclestic effcets involved is possible vhien (he
plate natericd propestics are kmueun a priozi, the reverse profe-

dure of using cxperincntally observed tines of conteet and cocl-

rieients of restitution in order to biedict ploate matlerial proper-

tics 35 not casily accomplinhcd,

B

3
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: ]

The Kumerical Solution of a Problem in the 3

Proparation of Plastic Waves of Combined Stress ]

i

D. L. Vitiello and R. J. Clifton 3

3

4

earlier vork :

Abstract ,--In / the sccond author consicered the problem of corbined 1.n;3- ;
tudinal and torsjonal plastic wave proparation in a thin-walled tube of a strain :
3

rate indcpendent material. The governing egvations werc written as a system of s
quasi-lirear, symmetric, hyperbolic, partial differential equations of first order ;
E

4

for which it was suggested that solutions, satisfying arbitrary initial aad o3

boundary conditions, could be obtained by using diflercnce equaticnc along
characteristics. In the present paper such a differeace schene is developed
based ou the difference method originated by Courant, Isaacson ard Rees.,

The accuracy of the diffcrence method ic studicd by comparing the
c¢ifference solution with the exact soluticn for a prchlem for which the latter
soluticn ie known. As an applicaticn of the diffcrence rmethod the soluticn is
obtained for the case of a tube of finite length, fixed at one end, and subjected
to step loading in normal stress and shear stress at the opposite end. Stress and

velocity profiles are presented as functions of hoth distance and time; regicns

of unloading arec located,
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Tech. Report No. §

Stress Vaves Producced by Imnact on the

Surface of a Plastic !Mediun

by
Y. M. Tsai

Abstract. Experiments were carricd out to observe the c¢ffect
that local plastic yleldinz has on the radial surface strain
waves produced by the impact of a hard sphere on the surface
of a steel block. At impact veclocitics slightly greater than
that required first to initiate local plastic yielding, the
effect was almost imperceptible close to the area of impact,
but becamec observable at distant points. At higher velocities
of impact, houtever, the experiicntal results clearly show the
prescnce of plastic yielding as a sudden change in the slope
of the strain waves for all distances of travel,

In the development of the theory the surface displacements
of an elastic half-space werc written as integrals over the
first derivative of an arbitrary vertical loading f(t) appliced
at a point on the frece surface. It is shown that at large
distances r away from the point of impact the amplitude of the
radial surface strain gencrated by f(t) is inversely proportional
to rl/a. However, the radial surface strains excited by finite
Jumps of f(0) and f'(0) are shown to decay as r'2 and r"l
respectively for large values of r. On the basis of the theory
developed here, the slope of the applied forcing function is

shown.to vary rapidly when local plastic ylelding has occurred.

.
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Tech. Report No. 6 i
Scme Vave Propagation Experiments In Placteline Clay Rods |
by
H. H. Calvit, D. Rader and J. lelville

Abstract., Compressional stress pulsecs have been propagaied in :

plasteline clay rods by detonating small charges of lcad azlde
on onc end. A capnacltance gauge at the other cnd has been used ;
to meacure particle displacement asscciated wlth the pulsces and ]
hence the particle velocity was cobtainced by diffcerentiation, f
) i

The stress shapes and amplitudes for the pulces were determined

SN

in scparate experiments using cowmposite clay-steel rods where

et 5

the stecl acted, in effect, as a pressure transducer. The 1

techniques employed permitted comparatively accurate deternina-
tion of some zspects of the dimamic behavior of clay. Ona the
basls of preliminary results the behavior of clay has been

compared to that of a linear viscoelastic colid with the

e il

tentative goal of studying the validity o a viscoelastic

gt i

constitutive model.

; i
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Tech. Report No. 7

Surfacc \lave Trovapration for

— s

Lincar Viscoclastic Solids

by
Y. M. Tsai and H. Kolsky

Abstract. Fxperiments have been carried out to observe the
surface waves produced on large blocls of polycthylene and
polymethylmethacrylate (p.m.m.) when specinrens of these
materials have been subjected to surface imparts of steel
balls or when srall lcad azide charges have been detonated
on the frce surfaces. It has been shown that if Poisson's
ratio, v, 1s taken tc be a reul censtant the shapes of
surface waves can be calculated if the shane of the initial
disturbance and the viscoelastic proporties of the medium
are known. It has further been shown that Lhe complex nature
of v results in only second order cff'ects for the materials
used. it has censequently been found cossible to forecast

the shape of surface waves produced by the impact of steel

" balls. The agrecnent with experimentally observed shapes

was found to be excellent for the p.m.m. specimen., The
theoretical predictions were less accurate for the poly-
ethylene specimen, but the predictions here agreed reasontdly
well with the experiments. It was not found poscsible tc pre-
dict the surfacc waves produccd by thé explosive charges

chiefly becausce of uncertalnty c¢f the shape of the initial

disturbance. The experimental results did, houwcver, show



g

two distinct groups of waves, one travelling with the di-

latational velocity and the other with a velocity cloce to

that ol the shear vclocity. At short distarces of travel

"these two groups overlapred.

Y

e

T T R T AR i T I T YT VI i




17

Tech. Report No. 8

An Dxperiiantal Tnveciication 27 the Dyvnonide
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Tansent lloduli ol Polvethvlone

by Jances P. Yaualch
Abstroct,

The rescarch prescented in Lthic report is on the study of ]
the behavior of the dynanmic tangent moduli of polyveihylene urder
lappe gupsi-static doformetions. This inwolve i Boih the aelemaina-
1
tion of Lhe complex chear meduwlus GF and the corploy "oumes nodue ]
k.
lus E# es ¢ funeticn of loenpitudinel nd Lorcicnal strains, j
E
Tubular specirons were subjecled o lonitudlnal straing ;
of up to 1507 or torsionul sirains of vy te 308 by wpliing cea-
stant loads and allewing the sannle to crecp. AL verious levels
) 1
. ; : . . I PO e 1
of thoese statie silrains, &s the saaple is underyuing eredp, snoll 4

oscil]atofy gUBgtns Eve Supcpieaxed@ ean Clig SpeteiiErn tingelEh @
coil and magnoy eystem, These cuall dynaowie stirains may be in-
posed in cithor z lateral, loapitudine?, or itorsionsl mode depend-
ing ¢n the modull being Inveetigated., From (hie ¢ocay curve of

the vibrationc or the reoonunt freeeoncy and heli-breadih o the
frequency-arplitude curve, the velur of the roe..vintl storape and
loss modul? arce obtalined.

Upon removal of the statie load, the specinen will start

tc recover and the mocdull cen be determined durlng the recovery

cycle. In addition, the varliatlon of the diffcrent modulil under

stress relexation were also oblulned for botn fixed torsional and

longitudinul strains.

Both the shear wodulus G¥ and Younss modulus EY were ob- ]

tained in this manner, the Youngs medulus being deternined from

s e

cither longitudinal or lateral vibrations «f the speeimen, and

E Lhe sheap modulus by raional vibrations.
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~ Tech., Report No. 9

A Method for Determining Material Properties
at High Rates of Shcaring Strain
by
J. V. Phillips

Abstract ’

The details of an cexperimental progrem suitable for de-

termnining the mechanical propertiec of certain materizlis at high
rates of shearing strain are civen. The majJor contributicn of
this work is a description of a successful ncthod for prccucing
sharp torsional pulces in the main loadinpg rod of a torsicnal
split-llopkinson b&r, by means of the simultancous cetonation of
two cxplosive charges at the ends of long "pre-load" bLars in
contact with the main lcading rod. The mothod could be vsed for
the study of the lincar viscoclastic propertics cf materials 1ike
high polymcrs, and could also be employed in the stuly of the nou-

lincar behavior of materials at high rates of shearing sivrain,

e e et o aediai Sl o e X
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Tech. Report No. 190 13

Experimental Technique for Determining Some Dynamic

Properties of Viscoelastic lMaterials

by Amnon lleer
Abstract

In this report, an experimental techniquec is described,
by which some basic properties of viscoelastic materlals such as
phase velocity, loss factor and stress relaxat on function could
be derived. The techniqgue is based on the propagation and reflec-
tion of longitudinal stress pulses in a system cf two bars, cne
of vhich is elastic with known properties, and the other visco-
elastic with properties to be determined. It is shown thLat the
unknown properties of the viscoelastic bar may be determined from
the shapes of the incident and reflected stress pulses which
travel in the elastic bar. It turns out, howcver,that the only
material property which may be derived with reasonable accuracy
is the phase velocity for "he baslc frequency of the pulses
propagating along the bars. All the other matcrial pronertics
proved to be extremely sensitive to small experimental errers

and hence no reliable values for them could be derived.
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High Strain-Rate Compresslon of Zinc Single Cristals

by

Edmund J. Sullivan, Jr.

CIE T

Abstract

Stress-strain data are presented for zinc single
erystals compressed along the [0001) direction at strain rates
of approximately 1 x 2G° see it to 16 x BO° see . (Ehel tests
were ruil at room temperature and at the temperature of liguid ]
nitrogen; however, very little difference in the stress-sirain
Lchavior was observed cver this temperature range. The stiress- !
strain curves show that yielding begins below 2500 psi and that
the stress-strain curve is concaeve upward to & stress level cf

LG,CN0 psi, which is the maximum stress obtained in these tests.

The primary deformation mechanisms are twinning in the {103i2)

‘virning mode and slip on the {1122} <1123> slip system.
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Propagation of longitudinal stress waves in elastic and linearly

viscoelastic bars of variable cross-section

by Amnon Meer

Abstract. The propagation of longitudinal stress waves in elastle

e e r e dgaadn

{ and linearly viscoelastic bars of slowly varylng cross-section,

is treated by an elementary theory. Exact solutlons based on

b i el L a0

this theory are presented f'or cones and exponentlally variable

5 4

cross-sections. An approximate sclutlon which ig¢ valla In

Bl e

oo

certain reglons of the bar is derived for a general bar of slowly

varying cross-section. According to this solutlion, the ampllitude

of the displacenment wave is iaversely proportional {c¢ the square
root of the local cross-secticnal area of the bar. (In visco-
elastic bars, the amplitudé is also dzcayling exporientially due
to the internal friction in the bar.)

The effcet of radial inertia on the propagation of longi-
tudinal stress waves in elastic cones is also discussed in this
report. It 1s found that the phase velocity of the waves 1s
dependent on the'wavolcngth and the loca) radius of the cone.,

This phase veloclity is represented by an expression which 1c
similar to that derived by Royleipgh for the case ¢f a cylindricel

bar of uniform cross-section.

4

3 Another problem which 1s trezted in this report is the
reflection of strecs waves at the interface beilween Lwo elastice
or viscoelastic cones attached cnd ¢to end, It is found that

durirg reflecticn, changes in pulse shapes occur, both in the

elastic and the vicscoeclastic cases,
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i#ecent Experimental Studies of the Mechanical Response

of Inelastic Solids to Rapldly Changing Stresses

H. Kolsky
Brown University
Providence, Rhode Island

T
R
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The role of experiment in elucidating the dynamic
cechanical behavior of inelastic solids 1s dlscussed wiin ;
,1rticular emphasis on the type of results which can be obtained
‘ren wave propagation experiments. Recent experimental results

itained by the author and his co-workers are reviewved uas is work

vv otner investigators in the field. Viscoelastic waves, plastic

t:ven and sheck waves are considered and in particular a recent
- b

v3ervation by the author of the generaticn of tensile shock waves

-0 stiretchad rubber is described., The fracture behavior
T brittle plastics under stress-wave loading, a.ud some recent
“ork by Phillips on stress waves produced by tensile fractures are

tentioned,

Tech. Report No. 14
The Production of Tensile Shcck Waves In Stretched Natural i
Rubber by H. Kolsky.

No abstract avajiocble
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+eflection and Transmission of Elastic Stress VWaves at the

3 Junction of Two Semi-infinite Rods which are at an Angle to

Each Other

J. P Lee and H. Kolsky

2 Lnir B e et e il it

shstract

F | When a longitudinal stress pulse impinges on the interface

T T
e S AR AT <l el N e W

of two semi-infinite rods which are jelned at an angle to each

other, 1t will, in general, produce four separate waves, nauely, 1
longitudinal and flexural waves in both rods. In this paper

Yourier technlques are empioyed to predlct these transmitted end

reflected wave shapes at different angles of intersection,
Timoshenko theory and cne-dimensional bar theory are used to
deseribe the lateral and longitudinal vibrations of the beanms.
an experimental investigation of the phenormena was carried out,
;I : atd the experimental results from this were compared with the

‘ rumerical theorctical predictions. It was found that for
lonpitudinal waves the agreement was remarkably good. Except

in very small reglons, the predicted shapes of the flexurzl

waves were also found to appreximate very closely to the experi-

L - L

nental observations. It was found that a critical angle of

R

Py

of the trancmitted flexural wave was found to bec very inzensitive

*2 the angle of intersection of the two bars.
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Dynamic Tangent Moduli of Polyvinyl Chloride
Subjected to Large Strains

Bernard J. Reilly, Jr.
Abstract

The data presented in this report describe the changes in
the linear dynamic viscoelastic properties of polyvinyl
chloride when it has becen subjected to large one-dimensicnal
strains. Dvnamic tests werc carried out on specimens which
had undergone large quasistatic deformations in conditions of
roth creep and relaxation. At various times during the tests,
small oscillatory deformations were superimposed on the large
deformations. By measuring the resonant frequencies and decay
curves, the values of the complex shear modulus G* ana complex
Young's modulus E* were determincd.

The large axial deformatioms were produced by a machine made
specifically for these tests. The small oscillatory deformatiors
were produced by a coil-magnet system arranged so that either
lateral or torsional vibrations could be set up. The dz2tection
and measurcement of the vibrations was also carried out by a
coil-magnct system. An oscilloscope was cmplioyed to display the
detected signals.  The resonant frequency could ke found and a
decay-curve picture could be recorded from the oscilloscore
traces.

The shear modulus was determined by aata from the torsional
vibrations, while the Young's moduius was extractcd from data

with lateral vibrations.
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Elastlic Waves Produced by Longitudinal
Impact on a System with Symmetrically Branched Rods
by
James P, Lee
Division of Applied lMathematics

Brown University
Providence, R.I.

Abstract

The problen of the propagation of a longitudinal elastic
wave which 1is travelling along a thin uniform rod at the end of
which a branched, symmetrically arranged system of rods is Joinea

is trecated analytically. The symmetry conditicn greatly simplifies

the analysis and enables the problem to be treated as a two-
Imensional cne. The theory uscd for the oropegation of
longitudinal waves along the rods 1s the simple one-dimensional
one while flexural wave propagation 1s treated by the Timoshenko
thecry. The numerical results obtained with this analysis are

found to agreec well with experimental observatlons.
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Experimental Demonstration of a "Viscoelastic Crossover"
Phenomenon. The Reflection of Stress Pulses at the DBoundary
Between Nearly-Elastic and Lossy Viscoelastic Medla whose

Impedances are Matched. By Mark B. Moffett

Abstract

An experiment has been conducted which demonstrates a
viscoelastic "crossover" effect origlinally described theoretically
by Kolsky and Lee. They discussed the pulse snapes to be ecxpected
vhen an incident de stress pulse of known shape 1s reflected from
the interface between two viscoelastic sollds, both of which are
described by a constant - tan é model, i.e., the loss angle of
the complex mcdulus of each material is assumesd to be independent
of frequency. (71.:1s model i1s approximately valld for many
polymers at temperatures removed from thelr glass-rubber transi-
tions, 1.e. either when they arc in the glassy state or in the
rubbery state.) If the loss angles for the two materials are
differcnt, there exists a frequency at which the magnitudes of
their characteristic impedances, /ETET (p being the density and
E being the complex modulus), are equal. This 1s termed the
erossover frequency. When the incident medium 1is less lossy
than the reflecting medium, one expects the reflected pulses to:
1) have the same shape and sign if the fundamcntal pulse
frequency 1/2(t2-t1)(where ty-ty 15 the pulse duration) is much
larger than the crossover frequency, 2) have the same shape but
Opposite sign if 1/2(t2-t1) is much smuller than the crossover

frequency, or 3) undergo significant changes in pulse shape if
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1/2(t2-t1) is in the neighborhood of the crossover frequency.

In the experiment, dc stress pulses of length t2-~t1 * 130 usec
were reflected from the interface between two rods of different
viscoelastic materials. The incident medium was a low-loss
material (polystyrene) and the reflecting medium was a lossy
material (unplasticized polyvinyl chloride). By varying the
temperature of the system from 21°C tco 55°C, the reflected pulse
shape changed its character in thc expected manner from a positive
pulse with a tilt to a negative pulse witn a tilt which becane
flatter at the highest temperatures. Comparison of the experi-
mental pulse shapes with those computed on the basls of a
constant tan 6 for the reflecting imedium and zero tan 6 for the
incident medium suggested that the crossover f{requency varied
from about 300 Hz to about 100 kHz and that tan § varled fron
about 0.05 to about 0.03 as the temperature changed from 21°C
to 55°C. These results, while in rough agreement.with measurec-
ments of the complex modulus of the PVC using a resonant
technique, await confirmation by more refined measurements of

the properties of both materials.
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Some Recent Experimental Investigations in Stress-wave

Propagation and Fracture

Abstract ]
1

This paper describes preliminary results of three distinct g
experimental programs at present being carried out by the author i

and his colleagues at Brown University. These are: i
(a) Rubber is found to have a stress-strain curve which is

concave upwards for tensile strains, i.e., the tangent modulus

o g i

increases with increasing strain and also the attenuation becomes 3

small at high strains. As a result of this, tensile pulses of
reasonably large amplitudes are found to develop shock fronts

when they are propagated along rubber filaments which are already
subjected to large tensile pre-strains. Experiments illustrating
this effect are described, and a discussion of the conditions for
such shock-wave formation is given.

(b) When a fracture occurs in a brittle solid, there is a sudden
local change in stress and a compressive stress pulse is propagated

away from the crack. Experiments are described concerning the

generation of such pulses for Hertzian fractures, simple tensile
fractures, and flexural fractures. The theorctically predicted
pulse shapes are compared with those observed experimentally.

(c) When a longitudinal stress éulse is reflected at normal
incidence at the boundary betwecen two solids of differcent
propértics, two pulscs are, in general, produced. A reflected

pPulsc is sent back, and a transmitted pulse is propagated in the




gttt S ok

Ak oo

s s i o S g i e e LS sl P e

Lieg 3 <oy Padlr a0l

ol h gt S hd

g i iong]

second medium. When one or both of the solids are viscoelastic,
both the transmitted and reflected pulses have shapes which differ
from that of the incident pulse. In particular, if the values of
the acoustic impedances cross at some frequency w, called the

cross-over frequency, dc pulses of duration comparable with l/w

S s Kl B 58 8 2l B 2

are reflected as s-shaped ones. Experiments which show this

phenomenon are described.
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Reflection of Pulses at the Interface Between an Elastic Rod

: and an Elastic Half-Space

Serge Boucher

Abstract

1
1
1

The problem of the reflection of elastic stress pulses
at the interface between a rod and a half-space is treated

theoretically and experimentally. The axis of the rod is taken

et ot e s

to be perpendicular to the free surface of the half-space and
its flat end to be in frictionless contact with this surface.
From the Fourier analysis of the incident and reflected

pulses in the rod, the dynamic coefficient of reflection is

computed. It 1s found that the accuracy with which the dynamic
properties of the material of the half-space can be computed is

limited by the precision with which the values cf the Fourier

A PR

components of the pulse are known.
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An experimental investigation of stress waves in rods of a fiber-

reinforced composite by Peter J. Arsenaux, Jr.

Abstract }

f The propagation of pulses in square bars of glass-epoxy %
riber reinforced material was observed experimentally. The
fiber orientation was varled from parallel to perpendicular to

the bar's axis. Phase velocities were compared witih those ]

el o,

predicted from taking an effective Young's modulus for the

P T

bar. Geometric dispersion was considcred by examining

t sinusoidal vibratlons of composite rods of circular cross- §

Ldan coo vt ol F

~

section. Dispersion curves were predicted based on 2 lateral

S M

inertia correctlion and me2sured using a resonance method. The
E ' experimental results are not very extensive but neverthelece

sufficient for qualitative cenclusions te be advancecd. Oxnving

8a .,

were taikan {rcm cscilloscope records ol lree

]
[&]

measurensnt

oscillations of the round corpesite rods. Agaln the results

are not az complete as one would like, but some conclusicns

3 can te draun.
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