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ABSTRACT

The results of compressive high strain-rate
experimeants oc coapacted sand are presented.
Experiments werTe conducted on & 60.3 mm split
Hopkinson pressure bdar (SiHPB). The experiaments
shoved that the assumptions necessary for a valid
SHPD experiment are satisf.ed when using compacted
sand ssaples constrained to a nearly uniuxisl
strain state. Results show that *he ssmple stress-
strain respoose is governed principaslly by the
initiel sample gas porosity, sad that so strain-
rate dependence {3 exhibited at sample strains less
than the {nitial gas porosity. Several stress-
strain curves sre presected for ssaples prepered at
sevaral combinations of moisture content and den-
sity with applied stresses and strain rates up to

520 MPa and 4000 sec”), respectively.

INTROOUCTION

This paper presents the resultes of »
labora tory investigation finto the high strain-rate
behavior of compactad soil using the split
Hopkinson preasure bar (SHPB) technique {1]. This
vork has been performed using & 60.3 ma SHPD which
{s located at the Los Alamos Netiomal Laboratory,
Los Alasos, New Mexico [2;.

For the experimental program, samples ware
statically compacted {nto thick-walled counfining
cyliaders at lengths of 6.33 em and 12.7 am. The
thickewalled coafining cylinder providei a means of
containing the sample and producing a condition of
acarly uniaxial strain duriag the experimeat. The
compaction mo’ (ture and density combinstions ranged
fron driet than to wetter than optimus comnditions
9 deterained by the Harvard compaction test. The
.pplied stresses and strain rates ranged froa

140 MPa to 520 MPa and 1000 sec™! to 4000 sec”!,
tespectively.

CONFINING SYSTEM

To schieve a nearly uniaxiel strain eaviron-
sent tor the experiments, the soil samples were
compactsd fnto thick-walled bdeariag-bdrouse
oylindacrs. The dimensions of these cylimderves were
60.)) en ingside diameter, 101 mm outside diameter,
and 44.3 am {n length. These coufining oylimders
strvad two purposes; firet, to countais the seoll
semple iteelf, and second, to camcel the effects of

tadial i3ertis, forcing the ssaple to experience a
state of searly waisxisl strain. Thus, sasple dis-
tortion or barrelliag was prevented by the
elininstion of friction at the specimen/bar
interfaces,

When the coofiniang cylinder coataining the
sample was placed 1o the t .re, spproximately 19 am
of the cylinder overlapped the bets oo each end.
To detaraine if the coafining cylinder was trans-
ferring any stress to the tramsmitter bar, & tast
vas conductad with the bars seperated a distance of
3.0 ua (s distance greatear than the anticipated
displacement of the incident ber) snd the coafiaing
cylinder placed over the sir gap between the bdars.
1f the confining cylinder did trensfer stress to
the transsitter bar a sigasl would de vecurded at
the transaitter bar straia gage; if mot, the strain
gage tecord would be flat. The results {ndicated
that the confining cylinder did aot trannfer any
messvrable stress to the transmittar bar.

SANPLE PREPARATION

The cleayey ssad (8C, Uanified S04l
Classification Systesm) was obtafned 1o bulk quan-
tities frou the McCormick Ranch test site located
on Kirtland Afir Porce Base (KAPB), New Mexico. 1In
order that the soll be as free of organic uatarisl
as possible, the surfece vegetation was vesoved and
the samples were taken at & dapth of 1 to 2 meters.
After arriving at the University of Utah soills
labotatory, the material was slaked to achieve a
uniforms mixtuce as well ss to break spart large
clumpi of soll.

The majority of samples wers prepared sear the
optimum mofsture content (13,3X) end dry deasity
(1.87 g/cc) as detarsined by the Harvard minfature
compaction test (sse Plgure 1). To achiave as
vaifora coaditicns among ssmples as possible, the
sofl was u.xed {a batohes of enough material to
prepare o ainiaum of five experisental ssaples.
Before the additien of water, the eoil was paseed
through o No. & sieve (4.73 me opening). The sotll
was thea cerefully weighed and pleced ia a large
flat pan, The correct amount of selsture #es added
by using & epray hettle so that an even distridu-
tion ceuld be obtafned. The sasple material wae
then aixed theroughly. after wixing, & desp cover
vas placed over the seil fer & peried of 20 atnutes
to allow the soll-vater sinture te stablilise.
Polleviag the stadilifsation pecried, the
sample was sgaln mined te ensvure that am even mix-
ture was obtained.
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The isdivideal experisental sasples were then
prepared by vemoviag the appropriate soil mass froa
the bdatch aix to yield a given voluse when
compacted. The sasples were statically compacted
in the confiniag cylisders by weing a hydraslic
press with spacer riags to control the sample
leagth (and hence, density). Two sample lengths
vere uwoed: 12.7 mm and 6.33 ma. Bech semple was
then sealed in a plastic bag to reduce any molsture
loss that might occur prior to the actual
experiment. The same procedure was followed for
sasples prepared on the wet and dzy side of optisuva
conditions.

EXPERIMENTAL PROGRAM

The information reportad hete represents the
tesults of twenty-six experiments. In most cases,
8 ninisun of two experisents were couducted at each
coabination of moisture content and density, im or-
der that deta teplication could be obtained. Due
to the nsture of the specific Hopkimson bar ap-
partalus used, the sesting strains could mot de
controlled with great accuvracy, hence the
pre-experiment sanple leagth differed from sample
to ssaple affecting the adility to schieve axact
expecissnt replication. 1In sddition, there existed
a friction force between the launch tube and the
striker bar such that it wes 4ifficult to schieve
duplicate impact velocities. The applied stresses
(t.¢., the anplitudes of the lacident waves in the
bar) vanged from 240 NPa to 3520 MPa. At the
conpletion of the experiment, the sample wae
tenoved froa the confining cylinder snd o
post-sxperinent molisture content detetmined.

EXPERIMNENTAL ASSUMPTICNS

1o snalysing the strain gage data recorded o
the SHPD experiment, several assumptiocas need to be
addressed. These are:

1) That there exists a uniforas distribution
of axial stress over the length of the sc ~lej

2) Thet there exiets a uniforam distribution
of vadial stress over the length of the specimen;

3) That the interfaces between the bars and
the samples ate frictionlaess.

Assumptions two and three will be addressed first,
followed by assuaption one.

A nesrly uaiaxial strain state {s forced upon
the semple by the fect that it is contained ian &
thick-walied confining cylinder. As the nominal
fneide diametar of the confiaing cylinder (s the
sam as the diaseter of the bar, the sticese applied
to the sample will be comstant across the sasple
dlamater (provided that the stress is cometant over
the dissster of the bar) (2). This coafiguration
will aleo coastrain the sample such that there will
be no appreciabdle veiisl straian.

As briefly mentiened earlier, this coafiguta-
tion will prevent sample distortica or darreling
during the o periment. 1Iu the traditioual SHPD ex-
periment a ssmple with s dismetar slightly less
than thet of the dars Ls placed betwesn thea. This
fs to allew the sample to expend radially durting
the anpecimant while not exceeding the diameter of
the ber. As ostrese 1s applied to the sample,
tadisl shear fervees are crested betwaen the dere
and the saaple. These have ceamonly been refarred

to &8 "end effects” or “"friction ef‘ects.” A
result of these end effects is that the sample
tends to be clamped st the specimen/bar ifnterfaces
(3]1. This preveats the sasple fros expanding
eniforaly; heace, barreliag of the sanmple 12
obrarved. By prepariag the ssmple at the same
dismeter as that of the bars sad coafining it so
that so tedial expansion is allowed, these "end
affects” are eliminated.

An smalytic method for determining when stress
sniformity 1s achieved in an SHPD sample was
developed by Davies and Hunter [4] based on energy
considerations and use of the Taylor-von Karman
theory for the plastically deforming sample. This
expression is wricten as follows:

dg '2".12
z-‘. > —F_

vhere do/de 1is the ’ilopo of the stress-strain
curve, o, is the density of the specimen, | is the

length of the specimen, snd T is the time required
for the stress to equilibrate in the sample.
Pigure 2 shows results froa a typical experiment.
Using the above expression with the stress-strain
curve (Fig. 2a) «nd the appropriste sanple length
and density, T is computed to be 66 microseconds.
Prom Pig. 2b, it can de determined that after about
63 microseconds the stresses at the two {aterfaces
are indeed approximstely equal, Tbhe stress dif-
ference across the interfaces as & fuaction tise {3
shown {n PFig. 2c. If axial ineartis forces are abd-
sent, this stress difference should be zero. It
can be seen thet after about 65 microseconds the
stress dilference is very small.

EXPERIMENTAL RESULTS

Pigures 3 and 4 show typical stress-strain
curves fou sanple lengths of 12.7 ma and 6.3% ma,
respestively, over & range of applied stresses.
The experimental conditions are given in Table 1.
In both figures, the iaitial portivas of the curves
are slightly coscave towerd the stress axis. The
everage ostrees experienced by the specimen in-
oressed with {aoreasing applied strase {ndependent
of the sample length. The stress-strain response
ves very elmilar for applied stresees up to 400 MPa
vith some {acresse in stiffuese observed at higher
applied stresses. For all applied stress levels,
the samples began to stiffen at otraine ap-
proximately squal to the gas poroeity. For both
sample leagths end st all applied stresses, the
strain at peak stress experienced by the sample ex-
ceeded the gas porosity of the material. This
discrepancy will be addreseed in the nixt section.

To obsstve hovw molsture conteat variations af-
fect the stress-strais response of the soll,
sanples vere prepared at the following uominel
solstuve cootents; 7 paraeat, 1J percent and
13 percent (esee Pigure | for relationship to the
Nazverd cempaction curve), Pigures 3 and ¢ show
the aoffect of meisture eontant on strass-strain
Tesponse lor sample lengths of 11.7 ma at an ap-
plied atraes of 400 MPa, and ¢.3% mm at an applied
stress of 130 MPa, vespectively. FProa Pigure 3,
there (s o clear tadication that the average stress
oxperienced by the sewples incressed with



TABLE 1
Summaty of experimental conditions.
Ixpectiment Sasple WVatsr Gas Vet Applied
Wusber langth coateat porosity demsity stress
. X X /ald) (ups
‘.“ L * L]

113 6.45 12.1 7.7 2.09 385
114 6.5 12.1 9.2 2.05 386
113 6.45 11.4 10.6 2.04 398
116 6.37 11.2 8.1 2.10 24)
18 %) 6.3% 10.7 8.5 2.10 268
118 6.43 10.6 10.3 2.07 264
119 6.45 10.4 9.9 2.08 266
131 13,13 12.4 9.6 2.04 387
132 12.69 12.5 6.9 2.10 375
133 12.91  12.4 8.0 2.07 368
13 12.%9 12.4 5.8 2.12 399
133 13.07 7.0 23.4 1.84 k1.}]
136 12.29 15.1 S.2 2.08 397
138 3.96 13.0 4.9 2.13 231
13% 6.09 7.0 17.7 1.98 249
145 12.63 11.8 6.2 2.13 269
146 12.67 11.9 6.3 2.13 523
147 6.3 11.9 6.6 2.12 2y
148 6.31 14.4 7.4 2.04 249
162 6.29 13.0 4.4 2.14 519
163 6.31 12.9 4.8 2.13 322
164 12.98 12.9 7.5 2.07 507
163 12.89 11.7 1.1 2.0° 234
166 6.26 14.0 4.4 2.12 261
167 6.22 14.0 4.1 2.12 26

incressing mofsture content {Table 1). Also the
samples becanme eotiffer with {ncreasing moisture
content, and the strain st peak stiess experienced
by the sample decreased with increasing soisture
content. As with the other stress-strain cutves
shown, there is a marked brcak in slope sear the
ges porosity. This clange {s slope s not observed
for the dty sample (experiment 133). The strain
experienced by the sample at pask stress decressed
vith {ncreasing vater coatenx. The 6.33 mm sasples
also became stifter with lacreasing mofisture coo-
tent with a change in slope near tne gas poroeity
(Figure 6). Howevaer, this chauge in slope is lese
abrupt than obsecrved {n the thicker sasples. As
with the 12.7 ma sample, the 6.33 mm samples ex-
perienced decrescing strain at peuk otresa with
increasing moistute coatent.

There Lo & difference in the response of the dry
saaple for the two sasple leagths. The 12.7 mm
sample, which had ¢ gas porosity of 23.4 pexoent,
experienced very little build up of strecs at the
saxinum strain of 16 perceat, Por the (.35 mnm
sasple, which had a gas porosoity of 17,7 petceat,
the accumulated strain approached that vslue with o
substantielly higher build up of steess.
Therefore, it appears that stiffening begins at
straine slightly less thea the infitisl ges
porosity.

Another major fnterest of this ressavceh was
whethar or not a sufficient degree of enperisental
replication could be achieved, [Pigure 7
demorstrates the success of this effort. There Lo
virtually so obsetvable difference betwesn the four
experiments ia this figure, excapt that san semple

(experivent 117) i1eceived an impact stress somavhat
higher than the other three.

Te detecming the strain-tats sensitivity of the
compacted soil, stress-streia Tates curves wers com-
structed at censtant strain levels. Such & plot {s
showa in Pigure 8 for ¢.33 mm sasples compacted to
sofisture and density conditicns nsar eptiown. The
dashied linss show the stress-strain rate trsjec-
toxies averaged for each of two sets of experiments
conducted st the same applied stress. The solid
lines cosasct points of constant straia butween the
twn sets. From Pigure §, it can bs seen that there
is 80 strain-rate depondence &t strains less than
the infitisl gas porosity. This is in accord with
the fisdingo of Gaffaey et al. (2] that strain-rate
dependsnce effects oo loading occurred $a dry al-

luviva oaly at straia rates above 3000 secl,

DISCUSSION

Ia most cases, the strains experienced by the
sasmples exceeled the fnitial gas porosity. Several
phenomens may work together to account for this
obsarved discrepancy: 1) Water compression,
1) Radial expansion of the coafining cyliader,
3) Water loss, and 4) Sofl loss. The firet thres
have the potestial to be examined quentitatively,
while the last can-be looked at qualitatively, at
beat. Addressing the potential strainm coatribdution
of ws above factors fiséividuslly and then sussing
t' 't comtributions would seem & matural approach
¢ .he prodblea. However, the experimsntal environ-
mssut complicates this approsch. At the {ncident
bex/tsmple taterface the initisl compressive stress
vave is reflected as a tensile wave due to the
lower impudence of the sample relative to the bar.
This tensile wave travels bdack down the bar toward
the and at vhich f{apacc occurred, As the {mpact
ead of the bdar s aow & free end, the tensile wvave
1is reflected as & compressive wave travelling once
again towvard the seample, and hence, reloading the
sample. Becauss of this multiple impact situation,
there 18 uo way to deisrsine the contribdbution from
water loss and joil loes during the period of the
firet applied pulee alone (about 150 us).

Because a sample mc‘sture was deterained before
and after eash axperiment, & measure of the amount
o’ moisture loss {* availadla. The average mois-
tute loss for all the experiments was 11.0 percent.,
Also, £t can bo adrarved that some soil mase i
lost frem the coafliaing cyliader during the
experiment. However, there s 20 way of measuring
how awch 18 lost oc the distridution of the loss
(4t the luse occurs duriag the period of the first
applied pulse or later in the experisent). 1t Le
aleo certain tat the pere water does somupress and
the coafining cylinder does experieuce redial
expaasion.

BSecause of the wacertaiaty (u the evaluation of
the otrain centribution froa the abdove-mentioned
facters iadividually, & gress strain adjustasnt has
been made even though it is poseible to caleulata
the effect of water cempression and cylinder
expension. This 4as accomplished by plottiang the
difterence bdetween the strafa ot saximuam average
stress and the faitial gae peresity agatast the
average force (sesputed as¢ the saximua average
stress sultiplied by the area of the sample). A



simple linear regression line was thea fit to the
data for samples prepared near optimue water con-
tent (Pigure 9). Using the regression line and the
average force experieanced by the sample, & sys-
tesatic strain correction was thea coaputed for
asch experissnt. The stralm correction was then
added to the sample gas porosity to yield an acco-
untable ssmple strain which could ve compared to
tls straln expericnced by the sample at the asximum
avevage stress. The Jiscrepsncy betweea the acco-
untable strain and the strain at meximum stress {s
then used as a seasure of the success of the cor-
rec:lon (Table 2).

TABLE 2
Accountable strain for wvasple at optinum coaditions

Test Gas $train Strain at
No. porosity correction Sum peak stress Balance

X (x) x) X) X)

Ili L L . . ‘l

ny 7.7 7.67 15.%7 17.40 2.03
116 9.2 7.61 16.81 19.60 2.7
13 10.6 8.07 18.67 18.03 -0.64
116 8.1 4.9 13.08 14.24 1.16
1nr 8.3 6.34 15,04 14.%0 «0.54
118 10.3 3.18  15.48 14.06 -1.42
119 9.9 4.93 14.83 14.07 «0.76
131 9.¢ 6.10 15.70 12.68 -3.02
132 6.9 6.43 13.33 10.67 -2.66
133 8.0 5.32 1.3 12.32 -1.00
134 5.8 6.57 12.%7 12.22 =0.13
138 4.9 5.7% 10.63 11.80 .18
143 6.2 3.0 9.71 10.12 0.41
we 6.3 9.41 15.71 13.30 -1.4}
1647 6.6 4.78  11.38 12.99 1.61
162 4.4 .74 14.14 20.60 6.46
163 4.8 12.32 17.32 15.27 «2.0%
166 7.3 9.18 16.78 12.43 -4.33
165 7.1 .70 9.70 9.27 =0.4)

After making the straln ad justment, experi-
meat 162 {s the only experimeant that has a
significaat discrepancy rematining. The stress-
strain curve for that experiment (Pigere 10)
suggests that & grester asount of soll and water
extruesion say have occurred i{n that experimsent than
{n the other axperiments., At about 270 MPa, the
sauple begins to accumulate straian with very emall
changes in sttees. Similar behavior {as aot
observed to this extaat in any other seample, snd we
balieve thet {t can be sttributed to excessive ex-
trusion of soil and «cter during the course of the
expetiagnt,

It was observed fa Figure 8 that as the ac-
cuaulatad sample strain aspprosched and exceeded the
Ltoltial ges porosity e dependence on strain-rate
seamed to develop. However, this appareat Lehavior
should be viewed with sone caution for two ressons.
Ficet, the constant stralu cucrves used to ehow thise
appatent strala-rate dependence are only vough
averages daveloped from & fev dats polnts., Second,
the factors ldeatitled to account for the dis-
crepacy batwveea the strein at meximum stress and
the (nitiel gas porosity cannot be quantified with
the necesssty sccutacy to determine their effect on
the sppareat strain-rate dependence.

CONCLUSLONS

PFros the results of this experimental study
conductsd on compacted sand samples at strain rates

up to 4000 sec™!, ve draw the following

conclusions.

a) The assumptions necesssry for a valid SHPB
experisent cen be satisfied for compacted sand
samples constrained to a nearly unjaxisl strein
stats.

b) Experimental rej.lcation can be achieved
1f sufficient care {s taken in sasmple preparation
and generation of the incident stress wvave.

¢) The stress-s*rain tesponse of the soll
studied {s governed principally by the ianitial gas
porosity of the sample.

d) Compacted clayey sand samples appear to be
faseasitive to strain vrate (at least up to 4000

uc'l) 80 long as the strain experienced {s less
than the {aitial gas porosity. At strains in ex-
cass of that value, there 1ls an apparent stratin-
rate dependence; howvever, caution {s recommended
until further axperisental coanfirmation of this ag-
parent behavior can be obtained.
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Flgure 8. Stress-straln crate plot for 6.)3 mm
samples cospacted to nesr optimum condlitloas.
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Figure 9. Linear regression fit to data for all

samples compacted to near optimum conditions used

in the systematic strain adjustment discussed in
text.
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Figure 10. Stress-stralr response for experiment
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