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UNIAXIALSTRAINTSSTINC OF SOILS IN A SPLIT HOPKINSONPRESSUNEBAR

C. U. Felice, E. S. Oaf fne~, ●nd J. A. Brown*

‘Tke mplit-Hopkinson pressure bar (SHPB) technique has b?en adapted to maawre the
dynamic ranponse of soil to impulse loa~s. T’1-IQexperiemntnl technique is relntivelv
?Imple ●nd can Invsstlnate moll response in re~imes bevonrl the cnpnbilitie~ of current
●quipwnt used for coil dynmmic laboratory investigation. Soils hav~ several chwl*-
teristics which must be oonaidered in desi~ninu 8 SHPB experiment ●nd evaluating the
data [e.g., 10U wave apeefln, nonlinear hysteretic behavior , ●nd low unoonfinefl comrmes-
aive strength otanpared to the applied loada). Inalcht has beer gained ns to bow t.h?~e
factors ●ffeot ●xpa!imental ●ccuracy and data reliability. I%e abilitv to replieate
experimental results has been established. Also, the stress.strmin reaponae waa found
to be governed bv th* initial gas porevitv of the apeci!een. No strain-rnte depen4*?~e
wan found ●t strains leaa than the initial 6a~ poroalty. To mwlel the raaponae o? dry
desert ●lluvtum, ● microphysical constitutive equation haa been devised.

INTRODUCTION

Over the laat 35 years the aplit-
Hopkinson pressure bar (SHPB) technique
has been used as ● tool for lnvestl~ating
the renponac or m~tnla, rocks, cernmics,
foams, ●nd other materials to short dura-
tion aaxpresnive impulse loads (e.g.,
Lindholm, 196U; Hodu* and Waal?y, 1969;
Christensen, Swnnson, and Brown, 19’/2).
Some of th- SHPFldevicas in use today oan
●pply atrosnes in exeess of 1,000 MPa vith
loading times on the o~dev of 0.05 ma
(Oaffnev ●nd Brown, lq8~). Until
rec~ntlv, the SHPB technique haa not been
readily ●ppliet to th~ field of rnoll
mechaniun (Felice, 1985). Ekoause OT the
abilitv to ●pply straases at rntes or
loading in excess of the capabilities of

ourrently used dynamic soil teatinq
spparatua, the ●daption or the SHPB taeh-
nlque to meanure the dynamic renponsw o?
soil seems ● natural exteneiono The
driving foroe for ohtainin~ 0011 ranponae
●t hi6her etress and strain-rate rm6i?4?s
has been the need to develab methodn for
@atimatin6 atructurol dam.mBeto military
ayatama in or on soil, However, infer.
●@tion on hiuh strain-rate deformation of
soils is aloo potentially useful in araae
suoh as mining, overburden removal, earth-
quake ●n6ineerinC,, containment of Rround
nuolear teata ●nd tha study or impmot and

wrploaive cratering phenomena.

In the pa-t three vaara, we hIv@ cnn-
durted over 200 ●yperimentg on soil s7eni-
mms with ● SHPB appmratus mt the Los
Alnmos N&tional Laboratory, These experi-
ments have provided a oonaid~rable
chmllenge ●nd ● ●ubntantial Ienrning pro-
cess. The use or soil ●n specimens in n
SHPB ●xperiment ia not ● trivial matt-r
because noila hrive very low wave nDe@d*
(=300 m/a) in comparison to the trafli-
tionml materials tnvted in the 3HPB (e,@,,
steel, %,000 m/a). SoilII cleo ●xhibit
nonlinear hysteretic behavior which will
oaune ● atreaa wavn to ●ttenust- as it
propigntes thro~h tho soil (Hendron nntl
Auld, 1968). Tn ●ddition, the r~lntivelv
low unoonrined oomprenaive ntren6th of
soil (e.g., f 0.1 MPa) oreat~s difficlJl-
ties in controlling boundary conditions.
Th. objectiv~ of this paper is to aharo
with the ocmwwnity mow of the paculinri-
tiea Or using soil ●n ● apecimmn material
in a SHPB ●xperiment ●nd the teohniquen UP
havo uned to overoome the difrioultiea.
Wa alao present ●nd ftisouan nom or our
●arly reaulte.
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Tlil! SPLIT-NOPKINSONPRESSURE DAR

In ~9~~, tkrtrmm HoDUmon fJev18ed m
❑ethod to experimentally stut!y the mecha-
nical Behevlor of solids in response to
ano?t duration impulse loafj~. In this
experiment Hopkinsofi ueecl ● long cvlindri-
oal steel bar to investigate the pressures
produced by the deton~tlon of ~n cotton
or t~e im!Dact of ● lead bullet. ~e
press~.es ware estimated by maawrln~ tha
m~@ntum traPPOd in ● time piece ●ttached
to the downstream end of the bar. ?or the
experiments. Horwlnson nssumed that the
14tress over the cross m*ctlon of the bar
was uniform (i.e., the stress stste was
one-dlmenslonnl) and the stress wave pro-
pagated down the bar without diapernion.

Davies (lOb?) conducted ●n extensive
atiJ!ly that •~rlressed these ●sa-umptions ●nd
the exDerlmen~al method. He slae improved
the experlmen:al method by designing ●

cmdenser urAt to ●lectrically meaaura the
‘“aant of the Dreaaure bar due to‘Jl!!plm.-

t-e ●DDlied atpeas wave. This eilowed ●

prec:sm mtrem-time ffurve to be conatruc-
ttd rtther than the onlv ●pproximate
reDN90ntStiOn tnat could be abtained fr~
Hopkl”.son”a method. With the abilltv to
meaalpe surface diaDlacem@nta ●ccurately.
b.::es was ●ble to investigate Hopkinson’a
asaunmtions experimentally. Using tne
●auatlon @overning the lmgitudinal vi@rt+-
tion of ●n infinitely lonp eiroular cylin-
der that was d@ve~@D?dIndependemtlv by
pochna!mner (1676) ●nd Cnre@ (lflf)~~, Davies
described the Dn@nomenonOf wave disDer-
aion ●nd established tne aacuracy of the
●xperimental renultn to be about 3 Dep-
~ent, Dpovlded that P1.f C 0.1, where n is
the radium of the ppeasure bar ●nd f IF
the wavelength of ●n individual freauancy
oomponent of the ●pDlled ●treaa wave.

Uith tne ●xperimental ●nd theoretical
foundations of the m?thod ●stsbllshed,
ROISKY (19~9] mo~ified thO SDDSIWtuS tO
permitdynamic material DroDertiea to be
determined by indirect measurements. b
placing ● 3Decimen be+ueen tuo Dreaaur?
bare fitted vith con4ens0r mlCrODhOnOll,
Kolaky developo!l relationahiDa wheraby the
average atr~aa, strain, and strain-rate in
tne ODOCiFWnoould be wmputed. This
●xperimental method la now known aa the
K@lakv method or the Spilt-HODltimaOn
Preeaupe bar mOthOd.

A dia~ram of thO ●xpvimantal ●pparatus
uDe!l in thla re~earoh la ●houn in Figur=
1. ~@ ●DDaratull IS ths property Of tha
Oeophymioa Oroup ●t Loa Alamoa National
Laboratory. The mmin otmDonenta of tha
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nvstam ●re the gaa gun, the r-action
frame. aml the inotdent ●nd tranmhittep
bara (additional oomponenta are noted in
Figure 1). The incitlent ●nd transmitter
bara are constructed of Vascomax 3~0 ~
maraging steel that hms been heat treated
to sustain a vield stress of ●PDror!imatelv
2 GPa. Each pressure bar la 60.? ~ In
diameter ●nd 1.22 m in length. The bars
ride in teflon bearings that allw
unrestricted motion in the horizmtal
plane.

fie ●polled atre~s wave 1S in-tiated by
the imDact Gf ● striker bar (which la pro-
pelled by thO gas gUn) on the inoident bar
(ace Figure 2). The striker bar la oon-
atructed of the same mterial ●nd haa ●

●lightly larger diaaeter (i.e., 60.5 vm~
than the preaawe IMra. The amplitude of
tne stress wave la proportional to the
velocitv ●t uhich the striker be? lmpacta
the incident bar, while the duration is a
function of its length. Hultiple impacts
by the striker bar on the !ncident bar are
prevented by venting the driving gaa ●t
the ●nd of the launch tuba.

The ●pDlied atreaa wave in th? bara is
❑onitored by realatance strain gauges
mountet on the radial aurfaoe of tha
pressure bara. fie strain ;au&ea ●re
●ounted in paira on OPPOSltO aldea of the
reapertive preaaure bara ●nd oonnected in
a half-bridge confieuratiom to nullify
bending atraine. The data recorded from
tne strain 6auge bridges ●~e filtared ●nd
preamplifier end thOn routed to a data
aoquiaition ayatem. The data mre read by
● microcomputer ●nd stored on ● flexible
disk for later prooeaaing on ● larger
maohine.

The limitation of the SHPB ●xDerimen-
tal method ●re deDendent on how well tne
●aaumptiona required to reduce thm dnr~
●re satiafied. Yheae ●aaumptlona are:

(1) there is ● uniform distrit!.ticm Of
axial end radial atreaa over the lmgth of
tne aDecimen.

(2) the ueve in the pressure bars DFO-

pagatea without diaperaion,

(3) tne ●traaa ●tete over the oroaa
seotional ●rea of tho p~aauw! bar la
one-dimenairnal, ●nd

(~) the Interfateu between the pr?asur?
bara end the eDeoimen are friotionleaa.

Thaae ●re the banic ●mmumn?lw~ mwl@ W
Koleky (1959). ?elioe (1985) ham



eatabliahed that these●wnmptlens aan be
●8tiafied 8nd/or oorrected Tor when umlng
soil apeci9ena.

THSORYOF !!ZKPJR-T

Assuming that ● one-dimensional stress
state exists durin~ the propagation of the
applied stress wave, the particle velocity
of the w8ve %s given ●s

(1)

where v 1s the magnitude of the incident
stress wave, P it! the msss density of the
bar, and Co is the rod wave speed in the
btr. The Ppofl~ct No is commonly referred
to ●s the chwacteristic imedanoe. A
diagram of the !NPB near the apeclmen la
shown in Fi&ure 3.

If the characteristic impedance or
area of the specimen is less than that of
the pressur! bars, when the spplied
compressive stress wave reaches interface
1, a portion of it will be reflected ●a ●

tensile wave ●nd thnt portion or the
stress wave which the ep@cimen is ●ble to
support is transmitted through the apeei-
men. Uhen the portion of the stress wave
propa~atinR throu6h the npecimen reaches
interface 2, thm wsve is once ●gain par-
titioned, with a portion belnl! reflected
back into the specimen and ● portion beinu
trannmltted into the transmitter bar. The
reflected wave mt interface 2 1s ccmPrea-
slve; hence, it will continue to treverse
the specimen, increasing in amplitude with
●nch traneit. The result is that the net
particle velocity of interfaoe 1 la

VI = Vi-(-vr)
or

. VI . ●1 . !-VP)
.—

MO

and the net Dartiole velocity
2 la

(2)

(3)

of interfaoo

V? ti ●l - (--r) 1 Vt (II)

?Co

By tsking the difference of the interraoe
ptrticlo velooitieo, the rate ●t whish the
specimen iB strained can ba ccxnputerl as

;mvl - (-vr) - Vt
-———

1 (5)

1

I

(8)

#hare 1 1s the initial length of the
~peclmen. The etrain ●xperienced by the
Dpecimen ●t ●ny time t, Qan be oaputed bv
Luking the integral of the retrain-rate.
rhe atreas ●t ●ach lntertaoa oan be cm-
puted in ● aimiliw faahion such that

CI s (-i +(-@r))AI (6)

AZ

●2 = wt Al (7)

A2

S?,d the average atreaa in the specimen
will be

‘avg =~1 +C2) Al,

2A2

uhere &l is the ●rea of the pressure ba-
tnd A? ia the ●rea of the specimen. Ffles*
equations constitute the standard proce-
dure for computir,g the avernue sPecimen
resoonse from the SHPB experimental data.

The memitude of the waves in the above
exp~essions are reoorded by the strain
gauges that ●?e located ● distance from
the Bp~cimen-bar interface. Fcr the
analysis, the waves are shifted in time to
the respective epeaimen-bar interface,
e.g., the transmitted wave la shifted brick
by AXICO, whera AX la the distance betveen
the strain gauge ●nd the interface. As
the propagating wave 18 dispersive
(Davies, 1948) a phase oorrecticn must be
epplied to the waves in ●ddition to
shifting them in tine. ?ollansbee and
Frantz (1983) have developed ● numeri:al
procedure to ●ocount for wave dispersion
that can easily be incorporated into the
atandwd SHPB data reduotion proceduw.
This is accomplished be transfcf’Mimg the
recorded stress webe to the frequency
domain then introducing a vhrlatlon Of
phase velocity with wavolongth based cn an
approximation to tha fundamental mode of
vibrR?.~on of the diapernion equatinn ●nd
then inverting back to ● time domain.

With soil specimens, the conditions
maaumed for the reduotlon of data from the
SHPB ●xper~mant uy not be ●et. In par-
ticular, tha wave epeede in drv DOII at
low atrees levels may be very low, e.g.,
200 to 250 mla, By oonatr~inina the
defamation to be nearly uniaxial a*,rain,
a Lagtan~i&fi anhlysia teohnique that was
develcped for shook wave ●xperiments oan
be ●dopted. ?or thla analyais the
●quationa of ●otion of the soil mre
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Witten such thmt stress is exp?eased in
terms or velocity or stress and the tem-
poral ●nd spatial derivative of the amme.
Because the Calculation of stress ●t the
incident bar-apeciman interface involves
the nubtractlon of two large numbers it is
more ap9roprlate for ●nalysla to uue the
interface particle velocity. This method
was develope6 by Seaman (1974) specifi-
cally fOr the analysis of uniaxial ntraln
wevee which ●ttenuate ●s they propmgate.

The Legrangian analysie assumes that the
velocity gauge does not affect the ?low or
the stress wave through the soil. This
assumption is correct tor Inttertace 1
becauae the bar merely impos8a a time-
dependent boundary condition on the nve
propagating into the soil. However, tbia
●ssumption la certainlv incorrect for
interface 2 where the wave impinges on w
●lmost rigid her, Fortunately, the free-
field Lagrangian Velocitv (i.e., that
which would be observed by ● massless
transtiucer ●t the interfaoe if the
transmitter bar were ccmposed M the same
material ●s the apeclmen) can be estimated
from the reflection properties at the
inter~ace.

Consider the ●xperiment in pres~ure-
particle velocity apace as illustrated in
FiRure b. If the impedance of the wave
reflected back into the ageclmen ●t the
transmltte4 interface ie &ual to that of
the wake incident on the intertace (n s 1
in Figure U), the ratio of the frae-~leld
>agrangian particle velocity, UL, to the
measured particle velocity, ~. oan be
computed from the geometric relations

UL PbDb 1 (9)
~ x ——+ -
% 2Pa Da 2

where P la the dennitv ●n~ D la the Weve
speed, the ●ubaarlpt? b and a refer tG the
bar and soil, re*p@ctivelv. Aa ● oheck,
thf! pres.?uree ●re related by

PL pa Da 1 (10)
.- 8— +-
Pm Z?b Db 2

If the lmvedanoa of the reflected wave ie
n times that of the incident weve, the
ratlea # ‘e

LIL ~b !)b n (11)
..— +.

h (n+l)?a Da n+1

PL ?IPa Da 1
—s —+—
Pm (n*l)Pb ~j n+l

(12)

The veloclty of the loadk.ng weve ●t the
transmitter bar interfaoe ●nd that of the
reflected weve can be obtained directly
from experimental data. Oocasslonallv,
the second nrrlval ●t the transmitter bar
specimen interface can be detected.

As long as the deformation of the noil
apeclmen la !aoooth ●nd the wmves ●re
compressive, the Legrangian analysis tech-
nique can be applled. However, if the
deformation of the apecinen is not mooth,
the reflection coefficient will not be
oonatant ●nd the free-~iald Legrangian
waveforms oannot be Inferred. This would
be the oa~e if ● specimen had ● sharply
defined yield point or if ●ll the alr
volda in the specimen wore closed. As the
yield point 1.8 exceeded the reelection
coefficient would decreaae dramatlcallv.
At the point of zero ●l? voids the reflec-
tion ooefficlent would increase. AISP if
ttie incident wave hoe ● rarefactlon phaae
thla would likely have ● aubstantialy
higher impedance than the oompreaeion
whloh would oocur upon its reflection from
the tranemltter bar. The result would be
a very oompllcated geometric c~nfiguratlon
In the pressure-particle velocity plane.

SOIL SPECINENS

The soils ueed in this raaearch were
sampled from tuo locationa: the CARES-Drv
site, located on the Luke Air Foroe Bmse,
near Yuma. Arizona, ●nd the klcCormiok
Ranch teat elte looated on Klrtland Alr
?orce Baee, New Mexico. The initial, ap@-
ciimen parameter and ● particle size
dlatribution for theee aolla are shown in
Table 1 and FiRure 5, raepnotivelv. The
compaction moisture ●nd daneity oombina-
tiona for apecimena prepared from the
HcCormiok Ranch soil ranged from drv of
optiuom to wet of optimm oonditlona ●a
detendined by the Harvard ❑iniature oom-
pactlon procedure i.e., a moisture oontent
of 13.3 peruent ●nd a dry dameity of 1.87
gm/oo. The majority of oxperlmente were
performed with apecimana Dropared at or
no~r optimum oonditiona. In moat oaaen, a
●inimum of two ●xperimenta woro oonducted
at ●aoh ombinatlon of epaolman ●olatura
aontont ●nd density. The length of the
●pecimana wer* ●ither 12.7 m or 6.35 wm.
Tho specimens prepared frcei the Y~a aoll
all had moiaturo oontonta of 3.5 peroont
●nd wet denaitlas of 1.77 gmloo. tha OPF-
aiman lengths war. 13 M and 25 E.



To ●chieve ● nearly uniaxial mtr~ln
environment tor the experinent8, the sell
specimen vas prepared by etatic c~paction
In ● thick-wailed eontining cylinder. The
material fer the confining cvllnder was
either bearing bronze or steel vith ●n
●xial hole slightly larger than the
diameter of the pressure bars (ace Figure
6). The confining cylinder served tve
purposes; Tlrst, to ocmtain the aoll ape-
clmen itself, and second, to confine ttie
apeclmen te ● atate of nearly uniaxial
strain, aVCldln8 the effects of radial
inertia. The confinement ●lao prevented
apeciman distortion or barrelllng during
the experiment. This prevented frictien
forces hxa influencing the experimental
results. As the ends confining the
cylinder overlapped the preaaure bara,
tests vere carried out to determine if the
cylinder was transferring any Wxess to
the transmitter bar. The results showed
that the contlning cylinder carried lesm
than 0.1 percent of the ●pplied a?reas
during the dynamic loading.

To verify that ● nearly uniaxinl retrain
rotate was being achieved, calculations
vere perfomed compsring the radial strain
experienced by the oonfining cylinder ●nd
the Maximum longitudinal strain of the
specimen. The radial strain was estimated
by oomputing the radial .leflection of the
cdnfinin~ cylinder ueing thick-walled
cylinder theory ●s~uming the internal
pres~ure vat the maximum awrage stress
sustained by the specimen. ‘The computed
radial strain of the confining cylinder
for ●ll experiments did not exceed one
percent. ?er the dry mDecimena the radial
atraln was less than 0.1 percent of the
lmgitudinal strain, ●nd ~or the wec spe-
cimens the radial strain was lese than six
percent or the longitudinal. Hence, the
mpecimen8 were constrained to ● et%te of
naarly unlaxial atrain during the Experi-
ment.

ExPERIMENTAL RE?WLTS

Figure ‘? ●howa the stress-atratn reapunee
Ter P 12.7 m specimen cT McCormick Ranch
Doll to ●n ●pplied strea!! oT 400 MPa. The
I+eaponse ie reprementatlve f’or the mpeci -
●sn len~the ●nd ●pplied etresaes used in
this research.

The stress-atraln aurve ocn be divided
into three reginna whioh describe the
overall specimen respanne (ace Figure 7).
Tho firet region, O to A, 18 vhere {nortia
offecta ●ot to oppose the equilibratlen oT
stroao. The ●stent of this reeion oan be

estimated by the criterion of Davies ●nd
Hunter (1963) as vail ●a experimentally
(Pelice, 1965). At A the specimen im
considered to be in quaal-aquilibri~ and
the deformation nearly hoaogeneeus. Since
the mtandard data reduction technique
●asumes that stress equilibration in the
npecimen la ●chieved, the results in this
region are not to be considered reliable.
To obtain data in this region a vmve pro-
pagation ●nalyaia ie required; hence the
~ustiTication for introducing the
iagrangian ●nalyaia technique.

Region A tc B is characterized hy par-
ticle rearrangement into ● denser packin.q
and closing oT the ●ir voids. The strain
at B ia ●pproximately equal to the initial
gas porosity oT the apeclmen (i.e., the
volume oT gaa oontained in the apeciuen
divided by the total volume oT the
specimen). Hence, ●t B the specimen in in
● nearly saturated condition. At this
peint the ccxnpressive resistance oT the
vater becomes ●ppreciable and the mpecimen
will bacme strongly remletant to addi-
tional detonation (i.e., in region B to
c).

An ob.lective oT this research was to
ahov that the experimental results
ebtained with the SHPB technique cc,uld be
replicated. Figure 8 mhowa the results of
replicate experiments conducted ●t the
ncnninal ●pplied atreaa of 250 MPa and a
specimen length er 6.35 m. The applied
stress ia Riven in parentheses next to the
experimmt identification number. mew
reaulta show that experimental replication
can be mchieved ●a the elopes ef the
atrema-strain eurvea, the peak strass, and
the atrai?, ●t peak atrema ●re directly
comparable,

Figures 9 ●nd 10 show the typical
atreas-strain reapunae for the nominal
apecitien lengths oT 6.35 m ●nd 12.7 WI,
respectively, to a range oT ●pplied
atreaaea. It oan be observed thnt the
●verage btresa experienced by the specimen
increatmd w’.th inoraasinu applied stress
independent oT the apeoimen length, For
both apeoime~ langtha, the Mreaa-strain
reaponae la vary similar Tor applied
atreae up to 400 P!Pa, with a?ae lncreaee
in etiTTnesa observed ●t t:~e higher
atreaaeu. For all appli*d ●treaa Iev@ls,
tha apeciwna began to atiTTan ●t atral,;s
●pproxlmrtoly equal te the initial #aa
porosity. For both zpeoimen lmgtha and
at ●ll applied atreaoee, the strain ●t
peak straaa ●xpe,rianced by th~ ●pacimen
●xceeded the initial gae porosity of the
speciman.
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Figure 11 compares the atrems-strain
response of specimens to the same applied
stress but with different apecinen
lengths. It 1s observed that the strain
experienced by the shorter specimen
exceeded that of the longer mpecimen.
Also the longer specimen showed greater
stiffnese ●t a lower strain than the
shorter apeclmen. This appnrent dlacre-
pancy In respofise between the two specimen
lengths results Trcti greater initial gns
porosity of the shorter specimen.

‘SOobe.erve hou moisture content
variations affect stress-strain response,
apecimena were prepared at the nominal
aolature contents of 7, 13, and 15 per-
cent. The experimental results are shown
in Figures 12 and 13. These ~“$ures show
that the everage stress experienced by the
specimen increased while the strain at
peak stress decreased with increasing
moisture content. As with the ether
stress-strain ourvea shown, there ia a
marked break ir, slope near a strain qual
to the Initial gas porosity. This change
lH SIOpe 1s nOt observed for the 12.7 m
specimen with the ltrwest moisture content
(experiment 135); however, the maximum
strain (approximately 16 percent) did not
approach the initial gas filled porositv
of 23.U percent.

F’.gur~ 14 Illustrates the application of
the Lagrangian analyais toct,nique to SHPB
data. The variation in the amplitudes of
the incident wavee. Old not excted ~ 2 per-
cent. Two experiments were conducted tith
a nominal specimen length of 25 mm and two
with nominnl specimen lengths of approxi-
mately 13 rmn. The data from experiments
21, 23, ●nd 24 show that the reflections
frcm the transmitter bar interface travel
●t ●bout 1.6 times faster (i.e.,
LaRrangian wave s~med) than the incident
wave through the specimen. Hence, the
reflection coefficient la 1.6. To perform
the analyaia, the Incident bar interFaoe
velonity was e8tabliehed as the first
gnuge, the tPansmltter bar specimen inter-
face velocity of the 13 manspecimen ●s the
second gauge, nnd the transmitter bar’ ape-
oimen interface velocitv of the 25 am ape-
oimen 8s the third gauge position. The
results or the Lagrangian analynis ror the
●xperiments oonducted on the Yuma soil ●ra
shown in Figures 15 and 16.

DIMXISS1ON

In cwwdlmennional oompresaion the general
●kreaa-atraln response ●xhibited by soil
10 S-ehaped. For mall ●treas ohanges,

Yieldin8 1s observed with the strese-
atrain curve concave to the atrairr
●xis. For large stress changes, the beha-
vior la characterized by atif~enlnR with
the stress-strain response reversing cur-
vature (i.e., concave to the atresa axis).
?he general specimen atreae-strain
reaponae observed in this meearch 1s con-
aiatent with the above description and
similar to that found by other investiga-
tors who performed experiments on 81milar
soils, but at lower rates or loading
(e.g., Jackson, 1966; Calhoun ●nd Krart,
1966).

In nearly ●ll the experiments oonduc-
ted, the atraln at peak stress was tsraater
than the initial gas poroalty of the spe-
cimen. In one-dimensional oonfined
corapreaalon it is anticipated that as a
soil specimen atraina the pore air will be
compressed until the epecimen becomes
saturated, et which time the oompreaslv~
resistance of the Pore water will ●pproach
that of the soil skeleton. Therefore peak
strains greatly in exceb~ or the initial
gas porosity or the specimen ●re unlikely.
However, we have observed peak mtraina as
great ●s a factor of two greater than the
apeclmen in!tial gas porosity. There ere
several ~actora which have been identified
Lhat can account for this discrepancy:
(1) loss of soil ●nd moieture, (2)
caaprension of the pore water, ●nd (3)
radial expansion of the Oonrlning
cylinder. The etrain contribution ror
each or these factors haa been ●nalyzed
●nd infiorporated into a strain oorrectlon
that has been used to account for the
observed discrepancy (Felice, 1985).

At strains lese than the initial gas
porosity the compressibility of the speci-
mens la nearly oonatant (age Figures 9 and
10 ●nd Table 1). At atrain8 in excess or
the initial gas Porosity, the cwpressi-
bility of the specimens ia again nearlv
oonatant, but with ● value greater than
the initial compressibility. For example,
in Figure 10 the tangent modulus ror
●xperiment 134 ●t rour pereent atrain la
0.2 GPa whereaa at 11 peroent it la 1.5
OPa, which is ●pproxlmatalv that or water
(2 OPa). Aa the soil strains ●pproach the
initial gas Voroaltv ●nd exaeed it, the
re8ponee Qhangee from being governed bv
the soil maas to being controlled by the
pore water. A airnllar reaponae haa been
observed fOr NMomick Ranoh coil ●ub-
Jeo?ed to high hydrostatic oompreaeion
(Mazanti ●nd Holland, 1970), ‘fhe obser-
v~tion that the initial gas poroeitv of
the speoiwn la ● Rovarning parameter in



sell respcnse 1s ccmaistent in s1l the
●xporlmentm Oonduotbl.

‘To determine the streln-rate sen-
altivityv .etress-strmin-rate curves at
constant strains were constructed for each
nominal specimen length. The data were
taken f?om experiments oonducted at the
nominal applied atresaes of 250 and 400
HPa. The resulte are presented in Figures
17 ●nd 18 for the 6.35 m and the 12.7 =
long specimens ccmpacted at moisture and

density combinations near optimum, respec-
tively. The dashed lines ●re the average
stress-strain-rate trajectories for a
given applied stress. The solid Iinss
connect points of constant strain between
the stress-strain-rate trajectories.

The degree to which the material ia
strain-rate dependent can be determined
directly frcm the slope o? the constant
strain curves connecting the stres3-
strain-rate trajectories. If the slope is
zero, it can be concluded that the
material response is independent of
strain-pate. In Figures 17 and 18 the
stress which produced a given strain did
not increase with increased strain-rate at
strains less than the initial gas porosity
ol’ the specimen. This indicates that
material response is not dependent on
etrain-rate for strains less than She ini-
tial ges-filled porosity. Figure 19 com-
pares the stress-strain path Tor the SHPB
experimcntr with qua~i-static dnlaxial
strain tests for the Yuma soil. These
curves are virtually indistinguishable,
supporting the conclusizm that for etrain-
rates up to 5,000 S1 and streine leas
than the initial gaa porosity of the spe-
ci%en, material. reeponse is independent of
strain-rate, From Figure 15 the atrain-
rates oomputed using the Lagrangian WMIV-
aia are 1,800 to 5,000 e-’, about twice aa
great as those detenained from the stan-
dard analysis. This ie because the defor-
mation ie not distributed uniformlv
through the specimen during the wave pro-
pagation portion of the experiment (which
la represented by the initial loading).

The loading behavior of the Yuma coil
has been represented bv a one-dimensional
model t?~t treata the soil as a ooll~ction
of oella (Oaffney, 1985)0 A typioal oell
oonaiats of two rigid half oubea of a sand
grain, don ● etde, separated by a void
and a pillar of a !3inCham material of
dimension

(13)

where *C and +~ sre the volume fractione
Of olay ●nd sand, reapectivelv.
Considering the strength, “viscnu~a flow,
●nd horizontal and vertical inertia of the
deforming clay pillar, along with the
inertia of the sanb, the stress-strain
~elation for the cell can be written as

● s ~ 2+CW0 3p+c3+112i ~e3~2i2
—+ +— +
l-~-r u(l-+~-c)c 2(1-+s-.)5

[

PC*C3 PS Pt+c 1 (14)
42 +—+ — “,”

U(l-*-C)Q +~ &

where PS and Pc are the densities of the
aand and clay, respectively, a~d co is the
strength and p the ‘vlacoaitya of the
Blngham material.

Although the formulation involves seven
parameters (uo, p, +s, +c, PCf %~d)l
only O. and ~ cannot be determined ~rom
standard laboratory test data. The value
of p~ 18 the grain densitv of the sand.
The value of PC can be calculated from the
grain density of the silt and clav frac-
tion plds the water content. vnlues for
~ #c, and +, can be obtained frcan a par-
ticle size analvsis. For the Yma soil,
+, and *C are 0.57 and 0.15, rcspectivelv,
and the mean size of the sand fraction in
0.5 zza. The aand 18 predom$nantlv quartz
and feldspar, hence p~ was taken as ?,650
kg/m3. Ue estimated Pc to be 2,400 kglm3.

The low strain portion of the static
behavior is most sensitive to the distri-
bution Of *C and -.. A beta-distribution
Tor $C has been aseumed

P(+c) = B(l.5, 2.25) *C 0“5

(–)l-h “

1- +C 1.25

(–)

(15)

l-ta

where B is the beta function. With a
yield stress of 10 MPa we get a atatio
stress-strain curve as shown in Figure i!O.
With g= 10~Pa s a, the model ~its both the
SHPB ●nd quasi-static data very well.

In simulating the behavior of the Yum~
0011, @o●nd # have been selected to fit
the data. There in ●n extensive amount of
literature on the rheology of elav-watw
mixtures. For moat mixtures, the strength
●nd ‘vidoositvw wed here would be high,
but these propertied are aensltive to the
solids: water ratio at hiRh aolide

7



concentration (Norton, Johnson, and
Laurence, ~94h). No data have been loca-
ted for mixtures as drY as OUFS. Hcwev~r,
extrapolation from four times our water
contents yields values on the order of
thoss used.

The soil model requires further develop-
ment before it can be considered to be
predictive. Nevertheless, It does permit
some evaluation of the relative importance
of inertial effects and direct strain-rate
effects in soil.

CONCLUSION

This paper preeente the results of en
experimental program conducted with soil
specimens aub~ected to hiuh stresses and
strain-rates using the split-Hopkinson
pressure bar apparatus. Experimental
results, presented in terms of stre~s-
atrain response, show the ability to
achieve experimental replication and soil
response to a ranue of aPplied stre~se~
and strain-rates at different compaction
conditions. The results presented show
that the material 1s strain-rate insen-
sitive at strains leas than the initial
gas porosity of the specimen. A micro-
aechanxcal model has been devised to
asaist in the understanding of the soil
response.

We have demonstrated that the split-
Hopkinson pressure bar technique la e tool
that can be used to examine the dynamic
response of soil In regimes beyond the
capabilities of current devices. This
will assist in the understanding of soil
behavior in that environments oan now be
provided in the laboratory that more clo-
sely reflect those in the field. Hence,
the need to extrapolate laboratory data i?J
reduced. Thla will lead to a decrease in
the time required to evaluate the adequacy
of a model to a par’:icular problem as well
aa better models because the material Pro-

perties can be evaluated from data that
more closely duplicate field conditions.
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Table 1
Initial Specimen Parameters
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Figure 4. Pressure-particle velocity

plot of split Hopkinson bar
experiment showing rel.ation.s
used in converting trans-
mitter bar data to free-field
Lagrangian equivalent.
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Figure 5. Particla size distributions
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Figure 6. Confining cylinder vi.h

specimen positioned between
the pressure bars.
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●xperim’.nt 13?.
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Ficure 8, Replleate txperimento for
6,35 Q cp@ctm@ns
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motely 250 MPa.
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Figure 9. Streaa-strain responoe for
6.35 mm mpecimens to ● range

of ●pplied ● treaaea.
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Figure 10. Streoa-strain re~monse for

12.7 m ●pecfmens to ● range
of ~pplied atreaaea,

Fi8ura 11. Comparison of stroDs-strain
rasponm bs.sd on speciman
lan8th to ●n ●ppli~d otracc
of ●pprexhately 250 ?@a.
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Figure 12. Comparison of stress-strain
response for 6,35 mm speci-
mene baaed on moisture con-
tent (w) to an applied -tress
of ●pproximately 25o NFa.
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Figure 13. Comparison of ●treas-ntrain
response for 12.7 mm●peci.-
mena baaed on moimture
content (w) to ●n ●pplied
●treas of ●pproximately
400 ma.
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