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SOILS AS SAMPLES FOR THE SPLIT MOPKINSON BAR

£. S. Gaffney, J. A. Brown,and C. W, Felice*

Earth & Space Sciences Div., Los Alamos Netioasl Laboratory, Los Alamos, NM 87545
*U. S. Alr Fotce Institute o: Techaology

AESTHACT

Sofils frequently axhibit one or wmore of the
following characteristics vwhich comuplicats analyatls
of data frow gplit Hopkinson bar tests or make test
setup and ececutlon dif{ficult: lov wave speead, high
attenuation of acoustic energy, or {nefznifficant
structural strength. Low wave speed invelidetas
the 4ssuaption that the sample (s deformed
uniforely by the load at early tiwmes; but, uee of .

Laegtwnglan wave propagation enslysis pernits

derivation of useful {nfocmation froe the etandacd
suites of Jata. Use of geuges witiifa the sanple
would facilitate tials technique., Hi{gh sttenuation
tequires thin sseples, which restelats the streln
patis which cun be achirval., The wedkaess of non-
cohestive solls preseats 1if((lculties fn
prepatition, hsindling and contryl of bouadary
conditlons., Jne slaple solution {3 tu support the
sraple tn & rlgid aleave; this results tn a
unlaxial strala espuclaent 30 thet the results are
diractly compacribla tn shock wave Jdata,

INTROUDUCT LON

For tite past 35 yauics, the split Hopkinson bar
hes been usel to wessure the highestralnerate
sechanlcal behavivor of wuny saterials, Koleky“e
plonecring work fn 199 [1] tnvestigated alastoners
ond matils tn very thin discs. Later work trested
similar materials {n other shapes (e.g. {2]) and
extvadel) the wourk to othec wetals snd to caramics
and vocks (a.g., {3])). Some work has evea deen
repocted nn very low density fusns [4]. In recent
yeics, thers haa beon lnterest In the possibilliey
of applytug the epllit Hopklueon bar tu the detec-
sfination of the higa-straln-rate response of ecils,
The driving lorce for most of thie fntecest hae
been the naed to davelop predictive wethods for ee-
timeting sttuctural damage to aflitary eystems ln
or ou soll, MHowever, i{nforuation on the high
stralo cate daformation of solls Ls potentislly
veslul (n other techalcal areas such ae aining,
overburden rasoval, eavrthquake eungineering, cou-
te'‘nment of underground nuclear teets, and the
stuly of lepsct and exploeioun crateriag phenomens.

ta the past tvo years we have conductad over
150 tests of eoll specisens tn a spllit Hopkineon
bar at Los Alavoe Netionel Labocstory. Yhese te.ts
have previded ¢ gonsldevahle challenge aad o sub-
stantial learnlng process. The purpose of this
peper Lo o share wicth the coamunity evee of the

peculiscitlies of testing soflls with tiw Hopkinsaa
bar and the techaiques we heve used to evercoae of
the diff{culties. A more detailed discusstion of
the dynsaic behavior of a perticular soll Ls given
in a cospanion paper [5), but moet of the ecamples
here are taken from s Los Alemos ctepocrt describing
the dynsaic behavior of a dry desert slluviue [6]).

THE SPLIT HOPKINSON BAR

A typlcal artangement for the split Hopkinson
bar, or Kolsky apparatus, is shown schemrtically {n
Figure 1. The systen consists of two long
cylinirical bars: the tacldent ar fnput hir and the
trensmitter or output bir. For coepression test-
{ng, the cylindrical specimen {s placed betweun the
two bars and a compressive stress pulse {4
genervted at the and of the {ncident hat by fepact
ol the projesztile or striker bar. The anpllitude of
the {ncldent strees pulse Ls determlned by the (w-
pact velocity and the matecrial properties of the
projectile and the fncident bar, whila the dyration
of the pulse {9 dependent on the langth and aonulus
of the prujectile,

The stress pulses incident on end reflecte!
froe the (ncident bar/speclaen taterfece are
recorded with etraln gauges sountel at sowe pafat
along the {ncident bar snfflclently distant fcroe
elther end to prevaut overlap of wave tralns, The
otress lracen{tted through the specimen 1
aonitored by sinilarly mounted gauges on the tians-
aftter hat, A wmomentum-abdsording artangenment 4t
the end of the transalitter bar prevents multiple
teflections of the treansaitted stress wave. 1t le
Assuned thet the Sars veeain elastlic during the
paseage of the stress wave d0 that, axcept for the
dleperosive eflects discussed balovw, the straln
gouges accuretely reproduce the eppropriaty etreass
histocleae in the bars.

The eplit Hopkinson bac apparatus operated by
the Geophyesice Group at Los Alemos Natlonal
Laboratory coraisties of facident and transmlitter
bars ae descrided sdove supported by & massive
teaction frewe and {ncludes saveral other featucrems,
The bars are AO0.) ae dfameter, 1.22 @ long,
Vascomax )30 maragling steal heat treated to a yleld
strese of about 2 GPa (300 kel). Teflon bushlngs
Ln the crose weadbsrs of the reaction freee support
the bars at about half seter tatarvals., Por
coatrol of speclaen pore pressure, sach bar (o
provided with a 3,2 wn dleseter axial hole ventad
radlally adout 0.) @ from the aspeclaen end, Vhen
aot required, the come-shaped openinge of these



holes at the apecimen ealds of the bars are plugged
with aatzhing cones of the same steel. Stress
wives in the hars are monitored by straln gauge
psirr mountad 0.61 m froe the specleaen ende. The
palrs are used {n a half-bridge configuration to
null bending stralns.

The incldent stress pulse {s genevated by fw-
pact of & projectile frow & small gan gun.
Projectiles ate availsble to ganerate pulses with
noalinsl duvrations of 50, 100, and 200 us.
Projectila velucity {3 messured just prior to la-
pact by three pairs of diode lasers and
photoletectors wounte! (n the muzzle ot the gun.

A statlc pre-load of up to 200 MPa (30 ksl)
cen be applied by a hydrauliz vam located gt the
dounstreas end of the transaitter bacr. FPlnally, s
woueitin-trapplaz steel slug {3 attached to the
taer 3{ the rae by a breskawvay bolt and slloved to
€ly off fato & rag-f{lled basket,

Traansient signels froe the two continuously-
povered strela gauge bridges are f{ltered aand
presaplified, thean routel to the data acqulsition
and coatrul ares (n the adjeceat rove. The sigral
conditinafing amplif{ers also have a proviston for
svit:hing to & calibration ef{gnal which verilles
the ovecall gatn of the data ecquisition eystea.
Fuctier aaplificatlion (s provided as required prior
tr 112t eal recordlag of the signals,
bantwilth® of the signel recordlug system {s 1 MHz,
to peaveat alisstng of the dizital cecords.

The data ats rucorded by CAMNAC (LELE-S83)
bass§ wavaloro Jigitizers, The (ncldent and trane-
itter Vet recortds ara cecorded on separate
chantels wity H-bit resvlutian. At the ysual tate
of V.9 as per polat, & total of 5 ms of dstas are
tecotded per haanel, and s tiafng atgnal derivad
frue the projectile velocity measuring system i3
used to position the usaful data approprlately
with’'n this wvindov. The data ace automatically
tedsd by & seall slcrocomputer and store! on
flacihle disx for later processing on & larger
tachine,

In the atandac| analysle of Hopkineon bar data
{Yi. the stress at the {ncldent bar/ssmple fnter-
face {9 caloulatal as

nt-t(lOR),

whers B (s Young“s sodulus foc the ber, 1 {9 the
Litldent atraln ant R {c the caflected otraln; the
atress at the saapla/cransaltter dac inteclace Lo

o‘-E(T) .

whera T Lo the trunsa{tted otraln; and the straln
tate Ln the epecleen (a glven by

Q-CO(I-R-T)II",
vhece Coz-t/o. P 18 the denslty of the bar, and 1

19 the taltial sanpla length. 1In order to get
stress-streln pathe for the deformation, the strees
le calculatel a8 the avevrage of the strees at the
tvo Luterleces and the etrain {e the tise Ltntegral
af the ste¢aln rete.

tn the above exprereions, all the streln
pulses ate oshifted Ln tlee to colacide with the
trengit tiae to ot frow the canter of the saaple.
Piopsgation of rod waves (s digpersive [7,8], o0 we

The anilog .

aust correct the messure! straln historles for dis-
persion in addition to shifting ther (n tlae, A
method has been discribed by Pollansbee ani Franz
{9) which {s very essy to lmplesent in & nuaerticael
deta reduction code. They have approximstad the
dtspersion releation for maragiag stcel, which (3
derived in terws of Bessel functilons, as a
polynoatal:

c(3)
‘EL «0.5764+ - 2"”" = —-
o zz.(i)"ﬂz.a(;)’+z.77(x)%o.9z(‘:) Lsy)

where v {8 the radius of the har and A s the
vavelength. 1In our standari dets rveductinn, we
make this correction by transforaing the weasure!
pulses to the frequency domsin, applying the
desired phase shift, and fnverting the trensfica.
This procedure also removes the hizh frequenciss (a
the dets which are wostly digitising nolse.

SOILS AS SAMPLES

Soils frasquently sxhibit one oc a@oce
properties that meke them d4ifficult matacleals for
Hopkinson bar testing. They oftea have so little
strength that eveo putting thew fato the bars {s
aot trivial. Scils with substantisl fraction of
slr-filled vold volume have very los wave speed.
and very hligh reates of attenuation; thesc
properties limit the sasple thickaess aud/or coan-
plicate the data analysis. And, of course, the
usual difftrulties of getting samples that a.«
characteriatic of {n sltu behavior to the
laboratocy apply to Hopkinson bar tests as tn ost
uther laboratory tests of soll samples.

cept for verv cohesiva, clayey solls or
soll hat ate very well-{ndurated, (t {9 usualty
aecs .oaty to provide cradlal support to a eotl
sanple meraly to keep it {n position for the test.
The nust obvious cholce of aupport {s one that (s
as coapllant as poseidle in hopes that the lack of
tedtial couflnement of the stendari Hopkineon bar
test could be veproduced. However, when one con-
siders even the flimstest of sleeves they stilt
provide & radtal restraint theat would be sig-
aiflceant ralet{/e to the strength of most solls.
The opposite extreee of a very stif( redial suppoct
Ls aasy to lapleaent and has the added sdvantage of
providing e strala path that can be easily dupll-
catead at both higher aad lowver streln rates--
uniaciel etraln. This etraln path also facilitates
data anclysis, ae we shail see below. A thirl al-
tecnative Lo to provide sowe intareedlate dagree of
con{‘nuent; howeve-, {n thet case Lt would be
necessaty to deteralne the redial etraln and etress
historlens o0 that the overall straln path and
atrass hietory L9 kaown.

Por esolls with several petcent nr sore of alr-
filled poroelty, Lt can be shown that radial etraln
te negligible when a thick-wallad eetal slenze (e
vead to con’lne the speclmen., Plgure 1 shous the
sanple holder cocfiguration we have used st lLos
Alemos. The holder (s & cyliader of bronse oc
steel with an anfel hole just elightly larger then
the dismeter ol the bar. The saaple v coapected
({nto a dlec of the desired thickaess at the center
of the holde:, and then the holder Lo sllipped over
ose bact asd the other bar Ls moved latn the free



end. Tests vwith no saaple have shown thst the
sleeve cavries substuntially less than 0.1 percent
of the pulse during dyaamic loading. The radiel
expaasion, Ar, of & tube of modulus E, Pofsson”s
tatio 0.3, Ltneide diametac r, outside diameter R
and tadial strees P is given dy

ar _ ® (0.7-1.3R%/c?)

r B (1-a¥Yr?)
For our seaple sleeves, this foreule glves a radfial

streln of 1.6x10 l/pa. This wili sctually be an
overestimats because the [(aternsl load is not ap-
plied over the entire length of the cylinde:. The
extraee case occurs vhen the soil has no shear
steeagth so thet the cadial strees ¥ 1is equal to
the acial strees agsasured by the bdars. For our
typical solls, a=ial stralns of 10 perceat or more
ere sttalned at only & fev tens of MPs 80 that the
railal strala {s less thsn J.1 percent of the axial
streln, Iun some of the expecieents described by
Pelice et al. [,], stresses ware hundreds of MPa
and tadisl ttralns may have been as high as 1 fev
perceat of axisl,

The louw wvave speed and high attenuation {n dry
solls leid to another ssaple constraint--that the
sample de thin. decause we are deforming the solls
ton unlaxial straln we 40 aot have to worcry about
friction effects at the anis of the hars or radlal
fnert{s as were congiiered In detsi{l by Davies and
Hunter [2). The lov wave speed limits saaple
length fn two ways. First, thick samples will
never rfesch equilibriun because of the lov wave
speed; the MHopkinson bar test will then be a wave
prupegition expeciment rather then a homogencous
deformation expeciment. Fortunataly, for unfaxtial
strela we can still derive useful {nfocmation froe
such « tust (eea beluw). The second, and fre-
quently wsore limlting, result of !ow wave spced is
that the aaplitude of the stress wave delivered to
the {ncldent bar/sempla Ltnteclace will be very low.
Lf the aaplitude of the lacldent wave {n the har Ls
Po .04 the lapedence of the bac and soll are pbbb

an! p’“‘, cegpectively, the etrees of the flcor

wave theough the soll will be approximstely

-2 ; .
(4 2&09’0./950”. For our dcy alluviua (6], we ‘ind

P-o.ono. Subsequent rallactions between the bars

fncrecse the saplitude, but veary seny reflections
would be needad before P approached even halfl of

Py

The high atteauation rate of dry evils also
1imits us to thin samples. The stress {ncldent to
the sample, vwhich (s already low, wiil decay se (¢t
propagates thiough the sample. Thue the stress ot
the enaple/transaltter bar tnterface vwill be very
Lot and eubject tu measuteeent errorse.
Furthermore, the vacriabtility of all thease
peoperties aakes ft d{fCicult to eet measurewent
levels 40 a8 to precisely measure transaltter bar
slgnals,

DATA ANALYSLS POR SOILS

With soils s epectaens, the condf{tions es-
suaed for the ceduction of Jats froe the {(desl
split Hopuingon bhar expecieaent may aot be met., In
patticular, the wave speeds in dry eolls at lov

strees levels (which msy still be larze eaough teo
achieve considerable pore collaps~) may be very
low; values of about 200 to 250 mu/s are coamc... As
sentioned above, the deformation {3 very agearly
unisxisl {f the sample {3 confined fn a wmassive
sleeve, 80 we can edopt & data snslysis technizue
originally developed for shock wave expariaeents
whic’s also produce unisxial-strain losding. 1a
Lthat case, the gquations of eotlon of the soll can
be cast into s fore whereln the stress ls exprasseld
in terms of the velocity snd the tespotral and spa-
tial derivatives of veloclty. Sesmsn [lul has
developed a method which uses Lagrasnglian measute-
sents of stress or veloclity to estlmats the
tesporal end spatial derivativen of the weasur-d
quantity. This sethod, celled Lagranglan analysis,
fe particulerly developed for snalysis of vnlaxial
strain waves which sttenuvate os they propsgate.
Because the calculation of the stress at the incld-
ent interface of the saaple involves sudtraction of
two large numbers, better accuracy cen be obtained
by analysing the velocity at both sides of the
sanple than could be obtained with stress data.
The velocity cslculated {n the standard enalysis
for the {ncident intarface {s Lagrangian, but thet
for the other taterface {s defintltely not.
Nevertheless, we can estimate the Lagraangian wave
aaplitudes from the measured ones {f we can detac-
si{ne the ra{lection properties at this {ntecface.
Consi{der the experieent in pressure-particle
velocity space a8 Lllustrated in Figure 3. 1f the
{mpedence of the wave reflected back {nto the
sample at the transaitted intacrface ls equal to
Lthat of the wave {ncident on that lntecface, the
catio of the Lagranglan pertizle veloclty, e to

the measuted particle velocity, Uy can be calcu-
lated from the geometric relations: (“L/"‘) -
(prbllp.D‘Hl/z. where p ls densfity, U {3 wave

speed, and subsctipts b and & refer to the bart and
the soll, ctespectively, Aes a check, we can slso
uote that the pressures ace trelated by (PL/PJ) -

(o.D./zobnb)+x/z.

pedence of the raflected weve 13 n times that nof
the lacident wave (as LllLstrated, for exemple, by
the dashed linees {a Figute 3), ve find thsti the
ratios are ("L/“n) - (%Db/(nﬂ)p.b.)hl(nﬂ) and

(p /p,) = (ap,D /latllp D )+1/(n¢l;. Tt Lo ueually

possible to determine the velocley of the fics:'.
loading vave end the flret reflection from the
Hopkinson bar deta} we have occeosfonslly detected
the second arcf{val st the transsitter bar.

The techofique outlined fa the preceding
pactagraph will work well ae long as the crush curve
of the soll {s felirly swooth and the two waves arte
both coapressive. However, La two situations of
fatereet the proredure will breaak dowa, Firvret, {f
the crush curve of the soll {s aot sewooth, the
cetlection coefficlant will not he nearly constant,
sud a elaple aultiplicative factor will aot
represeant the true vatiability of the Lagreagian
wave fora. Thle sight occur {f the eoi]l has & very
shacply defined yleld polat ur '€ all of the gas-
filled poroslity Le crushed out. 1a the formet case
the teflaction coafficlent may decresse dramati-
cally as the yleld potat {s exceeded, vher-as ia

I{, on the cther hand, the l(w-



the other case {t may {acrease sharply. Second, (f
the {nctdent wave has a rarefaction phasze, this
will likely have e substantially higher {apedence
thsn the coepression shich would occur upoun {ts
ceflection from th. transaltter bar. The result
would be & very coaplicated geometric configuration
{n the pressure-partizle veloctity plane. Although
a schese cosparable to the one describded abdove
could piobably be developed, this has not been done
to date. Consequently, we preseant data bdelow only
tor the Lnit{al loading portion of the experiment.

To fllustrete this method, consider the data
fros four experiments on & very dry (about 3 per-
cent water by dry weight) desert alluviua from Luke
Alr Force Bese, AZ, shown {n Pigure 4. The lacid-
ent wave asplitudes are sll within 2 perceat of the
sa3: value;, two of the experieents usel & sample 23
we thick (12 sand 24) and the other two useld a 13 em
sanple. [he data taken frow exparieents 21, 2) and
4 show thet reflections frow the transaftter bar
interfece travael sbout (.6 times faster (Lagranglan
vwavs speed) than the wave {ncfdent on that dar
through the savple s0 we have used nel.6 {n our
dets reduction. There are two ways {n which the
datr frow the (our experiments could be grouped for
Lagringian analysis; we could efther anslyse each
experisaent sepatrately or we could analyse both ex-
pecinents with the sawe projectile ss a unte, Ve
nsvy sdoptel the latter approach, using the L(nctd-
ent fnterface veloclty ss the filrst gauge, the
trensaftted {nteclece velocity frow the 1} wm
sanple as the second gauge snd the trainsmitted
velocity {rom the compsnion 25 wm experisent ss the
thiri guuge. The anplituie of the second trans-
aftted velocity record was scaled up or down by the
raant eceggaty to breling the {ncident sigaal ot
the second experisent into colacidence with that of
the first,

The tesults of the Legrangiun anslyeis of the
{nftlal loading portions only of the (our expect-
seints are ghown {n Figures 5 and 6. As can be seen
froe Flgure %, (he otreln rates actually ex-

perience{ atr= LRI0O to 5000 sec !, about twice as
ctest ay thuse deterslned frow the etandacd
anslysis. Thia (3 becsuse the deformation (s not
distrinutel uniforaly througk the ssapla durfayg the
wive propagation portion of the experieent (which
{« reprasente) by the (nftial loading). The dif-
{erences batveen the loading pathe for the two
¢cpeclments (Flgure 6) are probabdly not
atgntficant.

Flgure 7 compares the etress-stralin paths for
the Hopkinson bar experlseats with those {row ges
gun ecperiments anj a quasietetic untexial strain
teest on the same msteavrial. The etrala cates for
the gae gun tests are {n the caange >f 10,000 ue“
to 30,000 sec”! ! o 3000

ut:'l for the Hopkineon bar. There Ls apparently a

coneiderable effect on the loading modulus vhen the

ae compared with 180U sec”

siraln cata {e (ncressed from 35L00 uc'l to 10,000
sec™! The gas gun data wer: for coatinuous coam-
prevs s>n ovet sevetsal alcroeecoads, not for

discontinuoye ehork waves; the gas gun strese-
strela paths sre, therefore, true loadlag paths aad
not just Raylefgh lines connecting soee fnitlal and
{losl states. The stress-straia path for loading

s/

in the quasistatic test (&-Snlo-loec°l. 2.8 percent

water) is (ndistingulsheble from those of tne
Hopkinson bar lieding over almost all of the range
of the deta and cofncide with the unlosding data
froe the gas gua tests. We conclude, therefore,
that the onset of stralu-rate effects (s rather
sudden, affecting the losding path (but not the
straln at peak stress) for straln rates above 5000

occ-l. Ve also note that the dysemic wnlosding
path Ls constiderably less etiff than the quasis-
tatic unloading {ndicating that the etrala-rat.
effect {6 also present on unloading for strain

tates a8 low as 2000 uc-l. Our present inability
to reduce data for the unlosding portion of the
Hopkinson bar test preveants us frow locating mor=
precisely the lover lisit strafa rate for which
strain-rate effects ate f{aportant on unloading.

ALTERNATIVE MEASURENENTS

In addition to the ebove techniques which we
have used to obdtain valid data [roe Hopkinsoa ber
experieeats la solls, thete are several other tech-
nf{ques which sight be applied, dut have aot yet
been (to our kaowledge). These {nclude lLagrangian
measutewents with{n the sample, use of stress
gaupes at the {nterfaces between the bars and tae
Jample, and alternstlive wethods of support.

We hsava conducted o few expecinents with
atreaes gauges eabedded in a Hopkinson bac specleen.
These expeciments have included carbon folls (n a
thick stark of electrolytic grade w’‘ca (wuscovite)
aad etraln gauges potted {ato « cylinder of
polysecic @matarieal. Both types of experiaent
ylelded good data, but, sae of thls writing,
analysis of these experiwents (s not complete.
Furthecwore, neither of these types of gsuges could
be used {n soil with our current massive contain-
sent aethod.

Quarte etress gauges have been veed betwenrn
the speciaen and the bar to seasure directly the
strees at the sample/Lar tatecfaces In Hopkineon
bar tests of fosn materials [4). These foaas
present problems of low wave speed and hagh ac-
tenustion compatable to those eacountered {n dry
eofls but do aot heve the eadded cosplication ol
lack of shaoar streng’h. As with the truly
Lagrangian messuraments of the preceding paragraph,
1t would be very difficult to combine this approach
with the ssotive cuntalinaent.

Vays csn certalnly be found to provide suffl-
clent radial support to keep the seample in place
for the dyasmic loud without resorting to wsesive
contalament. Ae mentioned f{n a previous section,
confioement per se does not fnvelidate the
Nopkineon dar teet. 1€ the radlel strees and
strain can be measyred, {t would be possible to
derive stress-otrain relations for etrain paths in-
termediate betveen unfaxial streee and uniaxtal
strain. Such informstion would be very valusble in
deciviag coaetitutive wodels for general deforms-
tion pathe. There are sevaral possible ways to
approach thie problem, aud we are pursulng sowe of
then, Relaxation of our current asesive contain-
msent conditions will sloso faclilitete the use



of lagrangiar gauges vhich we have shown {n the
previous section will pevait the use of very power-
ful analytic tools.
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Flgure 4. Intevlece velocity historles for four’
Hopkinson bar tests of dry desert alluviua [6].

flgure 3. Strafa-rete histories derived frow date

in Figure 4.
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Figure 6. Stress-strain paths derived for foitial

loeding of desert alluviue in Hopkinson bar.
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Plgure 7. Stress-strain paths for seversl typees of
uniexiel strain deformatlion of dry CARES alluvlium:
deshed = gas gun, solld = Hopkinson bar, cheln
dash » quasietetic.



