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UNIAXIAL STRAIN TESTING OF SOILS IN A SPLIT HOPKINSON PRESSURE BAR

« .
C. W, Felice, E. S. Gaffney, and J. A. Brown

Air Force Weapons Lab, hirtland AFB, New Mexico, USA
*Los Alamos National Lab, Los Alamos, New Mexico, USA

Tr.» split-Hopkinson pressure bar (SHPB) technique has been adapted to measure the

dynamic rasponse of scil to impulme loars,

The experimantal technique is relativelv

simple and can investigate 80i]l response in regimes bevond the capabilities of current

equipment used for soil dvnamic laboratory investigationa.

Soils have several charar-

teriastics which sust be considered in designing a SHPB experiment and evaluatine the
data (e.g., low wave speedn, nonlinear hvateretic behavior, and low unconfined compres-

aive strength compared to the applied loads).
factors affect expeirimental accuracy and data reliability,

experimental results has heen eatablished.

Insight has bmer gained as to hov these
The ability to replicate

Also, the stresa-streain response was founs
to be governed by the initial gas porcsitv of the specimen,
wvas found at strains less than the {nitial gas porosity.

No strain-rate dependenne
To model the response o dry

desert alluvium, a microphysical constitutive aquation has been devised.

INTRODUCTION

Over the last 35 years the split-
Hopkinson pressure bar (SHPB) technique
has been used at 8 tool for investigating
the response of metals, rocka, ceramics,
foams, and other materials to short dura-
tion compressive impulse loada (e.g.,
Lindholm, 196U4; Hodge and Wasley, 1969;
Christensen, Swanson, and Brown, 1972),
Some of th» SHPR devices in use today oan
apply straesses in excess of 1,000 MPa with
loading times on the order of 0.05 ms
(Gaffnev and Brown, 1984), Until
recentlv, the SHPB technique has not been
readily applie? to the field of soll
mechanica (Felice, 1985). Because of the
ability to apply stresses at rates of
loading in excess of the capabilities of
ourrently used dynanic s0il testing
epparatus, the adaption of the SKPB tech-
nique to measure the dynamic reaponae of
8011 seems a natural extension. The
driving force for ohtaining s0il remponse
at higher stress and strain-rate ragimes
has been the need to develop methoda for
estimating structurel damage to military
systems in or on soil, However, infora
mation on high strain-rate deformation of
s0ils ir also potentislly useful in areas
such as mining, overburden removal, earth-
quake enginearing,, containment of ground
nuclear tests and the study of impact and

explosive cratering phenomena,

In the past three vears, we have onn-
dunied over 200 experiments on s0il sneni.
mens with a SHPB apparatus at the Los
Alamos National lLaboratory, These experi-
ments have provided a consideradle
challenge and a sudatantial learning pro-
cess. The use of s0il an specimens in A
SHPB experiment is not a trivial matter
because 30ils have very low wave apeedwe
(2300 m/8) in comparison to the tradi-
tional materiala tasted in the SHPB (e.p.,
steel, &,000 m/s), Soils also exhibit
nonlinear hysteretic behavior which will
cause a stress wava to attenuate as it
propagates through the soil (Hendron and
Auld, 1968), TIn addition, the relativelv
low unconfined compressive atrength of
soi)l (e.g., € 0.1 MPa) creatas difficul-
ties in ocontrolling boundary conditions,
The objective of this paper is to shere
with the community mome of the peculinri-
ties of using aolil am a speciman material
in a SHPB experiment and the techniques we
heve used to overcome the difficultias,

Ve alac preaent and disacuss some o” our
early results.



THE SPLIT~HOPKINSON PRESSURE BAR

In 1914, Bertram Hopkinson devised a
method to experimentally study the mecha-
nical dbehavior of solids in response to
short duration impulse loads. In this
experiger.t Hopkinsor. used a long cvlindri-
cal steel bar to investigate the presaures
produced by the detongtion of gun cotton
or the impact of a lead bullet. The
preasures were estimated by measuring the
momentum trapped in a time piece attached
to the downstream end of the bar, For the
experiments, Hoprinson assumed that the
stress over the cross section of the bar
was uniform (i.e., the stress state wvas
one~dimensional) and the streass wave pro-
pagated down the bar without disperaion.

Davies (10uf) conducted an extensive
study that pAcdressed these assumptions snd
the experimental method. He 3lsc improved
the experimen:a)l method hy designing a
condenser ur.t to electricallv measura the
418plazzxment of the pressure bar due to
tne applied stress wvave. This allowed a
precise stress-time gurve to be construc-
ted rather than the onlv approximate
representation that could be dbtained from
Hopki-.son's method. With the ability to
measire surface displacements accuratelv,
La-ies was able to investigate Hopkinson's
assumptions experimentally. Using the
equation governing the longitudinal vibra-
tion of an infinitely long circular cyline
der that was develcoped independentlv by
Pochnaumer (1876) and Chree (188Q), Davies
described the phenomenon of wave disper-
sion and established the accuracy of the
experimental reaults to be adbout 3 per-
went, provided that R/y € 0,1, wnhere R {s
the radius of the pressure bar and i i»
the wvavelength of an individual frequency
component of the applied stress wave.

With the experimental and theoretioal
foundations of the method established,
Kolsky (19u9) modified the apparatus to
permit dynamic material properties to be
determined by indirect measurements. Bv
placing a jpecimen bDe*ween two pressure
bars fitted with condenser microphones,
Kolsky developed relationships wheredy the
average streas, strain, and strajin-rate in
the specimen could be computed. This
experimenta) method ia novw known as the
Kolakv method or the spliteHopkinson
pressure bar method,

A diagram of the experimental spparatus
uped in this repearch is shown in Figurse
1, The spparatus is the propertyv of the
Qeophysics firoup at Los Alamos National
Laboratory. The main components of the

svstem are the gas gun, the reaction
frame, and the incident and transmitter
bars (additional components are noted in
Figure 1), The incident and transmitter
bars are constructed of Vascomax 350 CV™
maraging steel that has been heat treated
to sustain a vield stress of approrimatelv
2 GPa. Each pressure bar is 60.2 mm in
dianmeter and 1.22 ® in length. The bars
ride in teflon bearinges that allow
unrestricted motion in the horiiontal
plane.

The applied streas wave is in_tiated by
the impact of a striker bar (which is pro-
pelled by the gas gun) on the incident bar
(see Figure 2), The striker bar is con-
structed of the same material and has a
alightly larger diaseter (i.e., 60.5 mm)
than the pressure birs. The amplitude of
the stress wave is propor-ional to the
velocitv at which the striker bar impacts
the incident bar, while the duration is a
function of its length., Multiple impacts
by the striker bar on the incident bar are
prevented by venting the driving gas at
the end of the launch tube.

The applied stress wave in the dars is
monitored Dy resistance strain gauges
mounted on the radial surface of the
pressure bars. The strain giuges are
msounted in pairs on opposite sides of the
respective pressure bars and connected in
a half=bridge confizuration to nullify
bending strains. The dats recorded from
the strain gauge dbridges arce filtered and
preamplified &nd then routed to a data
acquisition system, The data are read by
a microcomputer and stored on a flexibdble
disk for later procesaing on a larger
machine.

The limitations of the SHPB experimen-
tal method are dependent on how well the
assumptions required to reduce the datg
are satisfied. These sssupptions are:

(1) there 18 a uniform distribution of
axial and radial stress over the lergth of
the specimen,

(2) the wave in the pressure bars pro-
pagates without dispersion,

(3) the stress state over the cross
sectional area of the pressure bar is
one-dimensicnal, and

(&) the interfaces betwesn the pregasurs
bars and the specimen are friotionless.

These are the banic anmumntiane made bv
Kolsky (19u49), PFelice (1985) lan



established that these sssumptions csn be
satisfied and/or corrected for when using
soil specimens.

THEORY OF MEASUREMENT

Assuming that a one-dimensional stress
state exists during the propagation of the
applied stress wave, the particle velocity
of the wave is given as

vs o (@)

o

where v 15 the magnitude of the incident
stress wave, p» i3 the mass density of the
bar, and C, ia the rod wave apeed in the
bar, The proruct #C, 13 commonly referred
to as the chrnracteristic impedance, A
dlagram of the SHPB near the specimen is
shown in Figure 3.

If the characteristic impedance or
area of the specimen is less than that of
the pressur: bars, when the applied
compressive stress wave reaches interface
1, a portion of it will be reflected as a
tensile wave and that portion of the
streas wave which the specimen is able to
support is transmitted through the speci-
gen, When the portion of the stress vave
propagating through the specimen reaches
interface 2, the weve is once again par-
titioned, with a portion being reflected
back into the specimen and a portion being
transmitted into the transmitter bar. The
reflected wave at interface 2 is compres-
sive; hence, it will continue to traverse
the specimen, increasing in amplitude with
ench transit. The result is that the net
particle velocity of interface 1 (s
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and the net particle velocity of interface
2 1is
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By taking the di{fference of the interface
particle velocities, the rate at which the
specimen is strained can be computed as

PRV - (=vp) = vy

et T o — a—
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where 1 4s the initial length of the
specimen. The strain experienced by the
speciaen at any time t, can be computed bdbv
taking the integral of the strain-rate,
The stiress st each interface can be com-
puted in a similiar fashion such that

o) 5 (0g o(=0n)) A (6)
A2
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ard the average stress in the specimen
will be
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where Ay is the area of the pressure bar
and A> is the area of the apecimen, These
equations constitute the atandard proce-
dure for computing the average specimen
resoonse from the SHPB experimental data.

The magnitude of the waves in the above
sxpresaions are recorded by the strain
gauges that are located a distance from
the specimen-bar interfaces. For the
snalysis, the waves are shifted in time to
the respective specimen-dbar interface,
e.8., the transmitted wvave is shifted back
by ax/Co, where ax is the distance between
the strain gauge and the interface. As
the propagating wave 1s dispersive
(Davies, 1948) a phase correction must be
epplied to the waves in addition to
shifting them in time., Follansbee and
Frantz (1983) have developed a numerizal
procedure to account for wave dispersion
that can easily be incorporated into the
standard SHPB data reduction procedure.
This i{s socomplished be transforming the
recorded atress wa.e to the frequency
domain then introducing a variation of
phase velocity with wavelength based on an
approximation to the fundamental mode of
vibration of the dispersion equation and
then inverting back to a time domain.

¥With scil specimens, the conditions
assumed for the reduction of data from the
SHPB experiment may not be met. In par-
ticuler, the wave speeds in drv soll at
low stress levels may be very low, e.g.,
200 to 250 m/s. By constraining the
deformation to be nearly uniaxial s’rain,
a Lagrangiza analysis technique that was
developed lor shock wave experiments ocan
be sdopted. For this analyais the
squations of motion of the soll wure



written such that stress is expressed in
terms of velocity or stress and the tem-
poral snd spatial derivatives of the same.
Because the calculation of stress at the
incident bar-specimen interface involves
the subtraction of two large numbers it is
pore appropriate for analysis to use the
interface particle velocity. This method
was developed by Seaman (1974) specifi-
cally for the snalysis of uniaxial strain
waves which attenuate as they propagate.

The Lagrangian analysis assumes that the
velocity gauge does not affect the “low of
the stress wave through the soil., This
assumption i{s correct for interface 1
because the bar merely imporses a time-
dependent boundary condition on the wave
propagating into the soil. However, this
assumption is certainly incorrect for
interface 2 vhere the wave impinges on an
almost rigid bar, Fortunately, the free-
field Lagrangian velocitv (i.e., that
which would be observed by a massless
transcucer at the interface if the
transmitter bar were composed of the same
material as the specimen) can be estimated
from the reflection properties at the
interface,

Consider the experiment in pressure=-
particle velocity space as illustrated in
Figure 4. 1If the impedance of the wave
reflected back into the specimen at the
transmitted interface is equal to that of
the wave incident on the interface (n =
in Figure U), the ratio of the free-field
.agrangian particle velocity, up, to the
measured particle velocity, uy, can be
computed from the geometric relations

up My Dy 1 (9}
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where p is the densitv an< D is the wave

apesd, the subscripta b and s refer tc the

bar and soil, reapectively. As a check,

the pres~ures are related by
Py ps Dy 1 (10)
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If the impedance of the reflected wave 1i»
n times that of the incident wave, the
ratics ¢'e
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The velocity of the loading wave at the
transpitter bar interface and that of the
reflected wave can be obtained directly
from experimental data. Occassionally,
the second arrival at the transmitter bar
apecimen interface can be detected,

As long as the deformation of the noil
apecimen is smooth and the waves are
compressive, tne Lagrangian analysis tech-
nique can be applied. However, if the
deformation of the specimen is not smooth,
the reflection coefficient will not be
constant and the free-field Lagrangian
wvaveforms cannot be inferred. This would
be the case if a specimen had & sharply
defined yield point or Af all the air
voids in the specimen were closed, As the
yield point is exceeded the re”lection
coefficient would decrease dramatically.
At the point of zero air voids the reflec-
tion coefficient would increese. Alsn if
the incident wave has a rarefaction phase
this would likely have a substantialy
higher impedance than the compression
which would occur upon its reflection from
the transmitter bar. The result would bdbe
a very complicated geometric cunfiguration
in the pressure-particle velocity plane.

SOIL SPECIMENS

The s0ils used in this researcn were
sampled from two locations: the CARES-Dry
site, located on the Luke Air Force Base,
near Yuma. Arizona, and the McCormick
Ranch test site located on Kirtland Alr
Force Base, New Mexico. The initial spe-
cimen parameters and a particle size
diatribution for these soils are shown in
Tadble | and Figure 5, respmctivelv, The
compaction moisture and density combina-
tions for specimens prepared from the
McCormick Ranch soil ranged from drv of
optimu: to wet of optimum conditions as
Jeteruined by the Harvard miniature com-
paction procedure i.e., a moisture content
of 13.3 percent and a dry density of 1,87
gn/co. The majority of experiments were
performed with specimens drepared at or
near optimum conditions. In most cases, @
sininun of two experiments were conducted
at each combination of specimen moisture
onntent and density. The length of the
specimens were either 12,7 mm or 6.3%5 mm.
The specimens prepared from the Yuma anil
all had moisture contents of 3.5 percent
and wet densities of 1,77 gw/0e. the spe-
cimen lengths were 13 == and 25 ma.



To schieve s nearly uniaxial strain
environment for the experiments, the soil
speciven was prepared by static compaction
in a thic%-waliled confining cylinder, The
material for the confining cvlinder was
either bearing bronze or steel with an
axial hole slightly larger than the
diameter of the pressure bars (see Pigure
6). The confining cylinder served two
purposes; first, to contain the soil ape-
cimen itself, and second, to confine the
specimen to a state of nearly uniaxial
strain, aveiding the effects of radial
inertia. The confinement also prevented
specitten distortion or bdbarrelling during
the experiment. This prevented friction
forces rom influencing the experimental
results. As the ends confining the
eylinder overlapped the pressure bars,
tests wvere carried out to determine if the
cylinder was transferring any siress to
the transmitter bar. The results showed
that the confining cylinder carried less
than 0,V percent of the applied siress
during the dynamic loading.

To verify that a nearly uniaxial strain
state was being achieved, calculations
were performed comparing the radiai strain
experienced by the confining cylinder and
the vaximum longitudinal strain of the
specimen. The radial strain was estimated
by computing the radial lJeflection of the
confining cylinder using thicke-walled
cylinder theory assuming the internal
pressure wa: the maximum averzge stress
sustained by the specimen. The computed
radisl strain of the confining cylinder
for all experiments did not exceed one
percent, For the dry specimens the radial
strain was less than 0.1 percent of the
longitudinal strain, and for the wec spe-
cimens the radial strain was less than six
percent of the longitudinal. Hence, the
specimens were constrained to a state of
nearly uniaxial atrain during the :xperi-
ment .

EXPERIMENTAL RESULTS

Figure 7 shows the stress-strain response
for # 12.7 mm specimen of McCormick Ranch
201X to an applied stress of W00 MPa, The
response is representative for the speci-
sen lenpths and applied stresses used in
this research.

The stress-atrain ocurve cen be divided
into three regions which describdbe the
overall specimen responae (see Figure 7).,
The first region, O to A, i3 where 4inertias
effects aot to oppose the equilibration of
stress. The extent of this region can be

estimated by the criterion of Davies and
Hunter (1963) as well as experimentally
(FPelice, 1985). At A the specimen is
considered to be in Qquasi-equilidrium and
the deformation nearly homogeneous. Since
the standard data reduction technique
assumes that stress equilibration in the
specimen is achjieved, the results in this
region are not to be conaidered reliable,
To obtain data in this region a wave pro-
pagation analysis is required; hence the
Justification for introducing the
Lagrangian analysis technique.

Region A to B is characterized by par-
ticle rearrangement into a denser packing
and closing of the air voids. The strain
at B is spproximately equal to the initial
gas porosity of the specimen (i.e., the
volume of gas contained in the specinen
divided by the total volume of the
specimen). Hence, at B the specimen iz in
8 nearly saturated condition. At this
point the compressive resistance of the
water becomes appreciable and the apecimen
will become strongly resistant to addi-
tional deformation (i.e., in region B to
c).

An objective of this research was to
show that the experimental results
obtained with the SHPB technique cculd be
replicated., Figure 8 shows the results of
replicate experiments conducted at the
nominal spplied stress of 250 MPa and a
specimen length of 6.35 mm. The applied
stress is given in parentheses next to the
experiment identification number, These
results show that experimental replication
can be achieved as the slopes of the
stress-strain ourves, the peak stress, and
the strair at peak stress are directly
comparable,

Figures 9 and 10 show the typical
streas-strain response for the nominal
specimen lengths of 6.35 mro and 12.7 um,
respectively, to a renge of applied
stresses. It ocan be observed that the
average stresa experienced by the specimen
increased w.th increasing applied strers
independent of the specimen length., For
both specimen lengthas, the stress-strein
response is very similar for applied
stress up to 400 MPa, with sume increase
in stiffness observed at tie higher
stresseu. For all applied stress levelw,
the specimens began to stiffen at stra..:s
approximetely equal to the initial gas
porosity. For hoth jpecimen lengths and
at all applied stresses, the strain at
peak stress expurienced by the specimen
exceeded the initiai gas porosity of the
specimen,



Figure 11 compares the stress-strain
response of Specimens to the same applied
stress but with different specimen
lengths. It is observed that the strain
experienced by the shorter speocimen
exceeded that of the longer specimen,
Also the longer specimen showed greater
stiffness at a lower strain than the
shorter specimen. This apparent discre-
pancy in response hetween the two specimen
lengths results frew greater initial gas
porosity of the shorter specimen.

To observe how moisture content
variations affect stress-strain response,
specimens were prepared at the nominal
moisture contents of 7, 13, and 15 per-
cent, The experimental results are shown
in Figures 12 and 13, These f'gures show
that the average stress experienced by the
specimen increased while the strain at
peak stress decreased with incressing
moisture content. As with the cther
stress-strain curves shown, there is a
marked break ir, slope near a strain equal
to the initia) gas porosity, This change
1n slope is not observed for the 12.7 mm
specimen with the lowest moisture content
(experiment 135); however, the maximum
strain (approximately 16 percent) did not
approach the initial gas filled porosity
of 23.U percent.

Figure 14 {llustrates the application of
the Lagrangian analysis technique to SHPB
data, The variation in the amplitudes of
the incident waves did not exceed + 2 per-
cent. Two experiments were conducted with
a nominal specimen length of 25 mm and two
with nominal specimen lengths of approuxi-
mately 13 mm. The data from experiments
21, 23, and 24 show that the reflections
from the transmitter bar interface travel
at about 1,6 times faster (i.e.,
Lagrangian wave spaed) than the incident
wave through the specimen. Hence, the
reflection coefficient is 1.6. To perform
the analysis, the incident bar interface
velonity wan established as the first
gauge, the transmitter bar aspecimen inter-
face velocity nf the 13 mm specimen as the
second gauge, mand the transmitter bar spe-
oimen interface velocity of the 25 mm spe-
cimen as the third gauge position. The
results of the Lagrangian snalyais for the
experiments conducted on the Yuma acil are
shown in Figures 15 and 16,

DISCUSSION

In one=dimenaional compression the general
suvress-strain response exhibited by soil
is S-shaped. For small stress changes,

yielding is observed with the stress-
strain curve concave to the strain

axis. For large streas changes, the dbeha-
vior is characterized by stiffening with
the stress-strain response reversing cur-
vature (i.e., concave to the stress axis).
The general specimen stress-strain
response observed in this research is con-
sistent with the above desacription and
similar to that found by other investiga-~
tors who performed experiments on similar
scils, but at lower rates of loading
(e.g., Jackson, 1968; Calhoun and Kraft,
1966).

In nearly all the experiments conduc-
ted, the strain at peak stress was greater
than the initial gas porosity of the spe-
cimen, In one-dimensional confined
compression it is anticipated that as a
soll specimen strains the pore air will be
compressed until the specimen becomes
saturated, at which time the compressive
resistance of the pore water will approach
that of the soil skeleton. Therefore peak
strains greatly in excess of the initial
gas porosity of the specimen are unlikely,
However, we have obaerved peak strains as
great as a factor of two greater than the
specimen in'tial gas porosity. There are
several factors which have been identified
that can account for this discrepancy:

(1) loss of soil and moisture, (2)
compression of the pore water, and (3)
radial expansion of the confining
cylinder. The strain contribution for
each of these factors has been analyzed
and innorporated into a strain correction
that has been used to account for the
observed discrepancy (Felice, 1985),

At strains less than the initial) gas
porosity the compressibility of the speci-
mens is nearly constant (see Figures 9 and
10 and Table 1), At strains in excess of
the initial gas porosity, the compressi-
bility of the specimens is again nearly
constant, but with a value greater than
the initial compressibility, For example,
in Figure 10 the tangent modulus for
experiment 134 at four percent strain is
0.2 GPa whereas at 11 percent it is 1.5
GPa, which is approximately that of water
(2 GPa). As the soil strains approach the
initial gas porositv and exceed it, the
response changes from being governed by
the 30i)l mass to being controlled dy the
pore water. A sirmilar response has been
observed for MoCormick Ranch soil sub-
Jected to high hydrostatic compression
(Mazanti and Holland, 1970), The obser-
vation that the initial gas porosity of
the specimen is a governing parameter in



s0ll respcnse is consistent in all the
experiments oconducte?.

To determine the strzin-rate sen-
sitivity, stress-strain-rate curves at
constynt strains were constructed for each
nowinal specimen length. The data were
taken from experiments conducted at the
nominal spplied stresses of 250 and 400
MPa. The results are presented in Figures
17 and 18 for the 6.35 mr and the 12.7 mn
long specimens ccmpacted at moisture and
density combinations near optimum, respec-
tively. The dashed lines are the average
stress-strain-rate trajectories for a
given applied stress. The solid lines
connect points of constant strain between
the stress-strain-rate trajectories.

The degree to which the material is
strain-rate dependent can be determined
directly from the slope of the constant
strain curves connecting the stress-
strain-rate trajectories. If the slope is
zero, it can be concluded that the
material response is independent of
strain-rate, 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
of the specimen., This indicates that
material response is not dependent on
strain-rate for strains less than the ini-
tial gas~-filled porosity. Figure 19 com-
pares the stress-strain path for the SHPB
experiments with quasi-static uniaxial
strain tests for the Yuma aoil. These
curves are virtually indistinguishable,
supporting the conclusion that for strain-
rates up to 5,000 s=' and strains less
than the initial gas porosity of the spe-
cizen, material response is independent of
strain-rate, From Figure 15 the strain-
rates computed using the Lagrangian analy-
sis are 1,800 to 5,000 s-', about twice as
great as those determined from the stan-
dard analysis, This is because the defor-
mation is not distributed uniformly
through the specimen during the wave pro-
pagation portion of the experiment (which
is represented by the initial loading).

The loading behavior of the Yuma soil
has been represented bv s one-dimensional
model that treats the soil as a collection
of cells (Gaffney, 1985), A typical cell
aonaists of two rigid half cudes of a sand
grain, on a side, separated by s void
and a pillar of a Bingham materisl of
dimension

"
/x.(-x/sc (13)

where ¢, and ¢ are the volume fractions
of olay and sand, respectivelv.
Considering the strength, “viscous®™ flow,
and horizontal and vertical inertia of the
deforming clay pillar, along with the
inertia of the sané, the stress-strain
relation for the cell can be written as
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where ps and p. are the densitlies of the
sand and clay, respectively, anrd oo is the
strength and u the ®viscosity" of the
Bingham material.

Although the formulation involves seven
parameters (og, u, #s: $cs Por P Af ),
only oo and u cannot be determined {rom
standard laboratory test data. The value
of py 48 the grain densitv of the sand.
The value of p, can be calculated from the
grain density of the silt and clay frac-
tion plus the water content., Values for

¢c, &nd ¢4 can be obtained from a par-
ticle size analysis. For the Yuma soil,
¢s and ¢, are 0.57 and 0.15, respectivelv,
and the mean size of the sand fraction 1is
0.5 mm. The sand is predominantlv quartz
and feldspar, hence py was taken as 2,650
kg/m3. We estimated p, to be 2,400 kg/m3.

The low strain portion of the statinr
behavior is most sensitive to the distri-
bution of ¢, and oy. A beta-distribution
for ¢. has been assumed

Plgc) = B(1.5, 2.25) / ¢ \0-5
(hn) ‘

1</ ¢ >1.25 (15
o

where B is the beta function, With a
yield stress of 10 MPa we get a static
stress-strain curve as shown in Figure 20,
With us 103Pa + 3, the model fits both the
SHPB and quasi-static data very well,

In simulating the dehavior of the Yuma
80il, oo snd u have been selected to fit
the data, There is an extensive amount of
literature on the rheology of clav-water
mixtures. For most mixtures, the strength
and "viscositv" uged here would be high,
but these properties are sensitive to the
solids: water ratio at high solids



concentration (Norton, Johnson, and
Lawrence, 1944), No data have been loca-
ted for mixtures as dry as ours. However,
extrapolation from four times our water
contents yields values on the order of
those 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 inertia) effects and direct strain-rate
effects in soil.

CONCLUSION

This paper presents the results of an
experimental program conducted with soil
specimens subjected to high stresses and
strain-rates using the split-Hopkinson
pressure bar apparatus. Experimental
results, presented in terms of stress-
strain response, show the adility to
achieve experimental replication and soil
response to a range of applied stresses
and strain-rates at different compaction
conditions, The results presented show
that the material is strain-rate insen-
sitive at strains less than the initial
gas porosity of the specimen. A micro-
sechanical model has deen devised to
assist in the understanding of the soil
response,

We have demonstrated that the split-
Hopkinson pressure bar technique is a 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 can now be
provided in th2 laboratory that more clo-
sely reflect those in the field. Hence,
the need to extrapclate laboratory data 1is
reduced. This will lead to a decrease in
the time required to evaluate the adequacy
of a model to a par:icular problem as well
as better models because the material pro-
perties can be evaluated from data that
more closely duplicate field conditions.
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