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PREFACE

This report was grepared by the Department of Energetic Systems,
Southwest Research Institute, San Antonio, Texas, under Contract No. F0O8635-
84-K-0153 for Veadquarters, Air force Engireering and Services Center,
Enginearing and Services Laboratory (AFESC/RDC), Tyndall AFB, florida.

This report summarizes the resuits of work to investigate the
feasibility of testing soil specimens in a split-Hopkinson pressure bar.
The work was initiated in April 1984 and completed in ebruary 1986.
Mr. P, T. Nash served as project officer for Southwest Research Institute and
Or. P. Y. Thompson served as the project officer for AFESC/RD, Dr. C. A. Ross
of Ross Ingineering Associatior [nc., served as a consultant for this
investigaticn.

This report has been reviewed by the Public Affairs Office (PA) and
is releasable to the National Technical Information Service (NTIS). At NTIS,
it will be available to the general public, including foreign nationals.

rt has been reviewed an apgroved for publication.
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. BOYER COT®wAl, USAF
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SECTION |
INTROOUCTION

A. OBJECTIVE

The major objective of the research effort was to determine the
feasibility of soil testing in a split-Hopkinson pressure (SHPB) and evaluate
the data to determine their applicability to modification of existing predictive
techniques for pressure waves in soils. In addition, a cursory examination of

- the "tota: reflection® phenomenon was to be undertaken.

8. BACKGRUUND
1. Pressure Waves in Soils

Pressure waves generated by underground explosions of a known weight
propagate radially from the explosive source and generaliy the peak pressure
magnitude P, particle velocity v, arrival time ty pulse length t,and rise
time t. are measured using a soil gauge statiored at some distance R. If the
soil gauge is positioned so that the measuring face is normal to a radial line
from the source to the gauge, and the gauge is free to move with the sotl
particles, then the pressure pulse is called a free-field pressure. When the
gauge is rotated so tha: the measuring face is parallel to a radial line from
the source to the gauge, and the gauge is free to move with the wave, the
pressure pulse is called a side-on pressure. If the gauge is embedded in a
rather massive or rigid structure which does not move relative to the particle
motion, then the pressure is called a reflected pressure. Usually, the term,
ref lected pressure, is reserved for the pressure when measured normal to the
wave particle motion; however, reflected pressures at other than normal
incidence are also called reflected pressSures to distinguish them from the
free-field pressures which are always measured normal to the particle motion,

In elementary wave mechanics, the pressures or siresses associated
with pressure wave motion are given names relative tao an interface betwezn twd
media. If a pressure wave is traveling in Medium 1 and impinges on an
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interface separating Medium 1 and Medium 2, the various waves are denoted as
the incident wave, the refiected wave, and the transmitted or diffracted

wave, The incident wave traveling in Medium 1, is comparable to the free-
field wave discussed above. When the incident wave impinges on the interface,
4 a wave(s) is reflected and propagates back into Medium 1 and transmitted or
diffracted waves propagate into Medium 2. The transmitted wave is then
comparable to the soil reflected wave described above. Usually, the wave
reflected back into the scil from a rigid structure is not measured. The

. mechanics of wave motion will be discussed later, but a soil-reflected

;2 pressuire measurad on a relatively rigid body will be assumed to be the same as
K the transmitted or refracted pressure propagated in that body.

»

Pressures measured in soil show very large scatter in the data. An
exampie of such scatter is given in Reference 1 in terms of a standard
deviation of 0.875 for the natural log (base e) of pressure. This means that

"‘

2: the scatter or standard deviation for a given pressure would be from 2.4 times
}j that pressure at the upper limit to 0.42 times that pressure for a lower limit
‘j or an approximate variation in pressure of approximately * 70 percent. This
:? scatter is given for pressures ranging from approximately 10,000 psi to a few
N psi. Data reported by the National Defense Research Committee (NDRC)

?‘ (Reference 2) show a scatter of approximately + 25 percent for pressures

d ranging from 500 - 5 psi. Peak particle velocity varies approximately +50

" percent for a combination of several sets of data given in Reference 3.

- Ground-induced particle velocities from a nuclear or simulated nuclear

;é explosion, as given in Reference 4, show variation as much as 2.5-5.0 orders
o of magnitude. Various particle velocity and seismic velocity predictive

;Q equations were examined in keference 5. Comparisons of the various

f? predictions show that variations as high as factors of 10-50 may exist between
2% one equation and another. It is with the large scatter and variations of

;§ these parameters in mind that the experimental research, associated with soil
!{ samples in a split-Hopkinson pressure bar (SHPB), was initiated.

Vg A split-Hopkinson pressure bar (SHPB), described in some detail in
N Appendix, A has been used traditionally to examine strain rate effects on

ks properties of solid materials. Referring to Figure 1, a short impactor or

f striker bar of velocity v is impacted against a longer incident bar which

k 2
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results in a stress wave propagating in opposite directions in each bar. The
length of the striker bar determines the length of the pressure pulse and the
impact velocity determines the peak pressure magnitude. The pressure pulse
impinges on a specimen sandwiched between the incident bar and the transmitter
bar. At the specimen, a part of the pulse is transmitted into the transmitter
bar and part of the pulse is reflected back into the incident bar. The
transmitted pulse is proportional to the stress in the specimen and the time
integral of the reflected pulse is proportioral to the strain in the

specimen. Nermally the pulse strain signatures are measured at equal
distances from the specimen which make them coincident in time, and may be
displayed as a dynamic stress-strain curve. If the dynamic stress-strain
curve is the prime objective of the tests described above, the specimen length
must be short enough so that many reflections occur within the specimen wh:le
it is being loaded by the incident pulse. These multiple reflections will
insure that the specimen is under a uniform stress condition over the langth
of the specimen.

The research study reported here used a variation of the above
decribed SHPB and a combination of specimen length and striker bar length to
insure that only a single pulse may be recorded during the pulse traverse of
the specimen. 1In this case, a known pulse length and shape could be used to
study effects of changes in soil particle size, moisture content, confining
pressure, and density. Furthermore, the diameter of the bar was made large
enough to accommodate a typical piezoelectric pressure gauge for comparison
with data from SHPB measurements. The final SHPB design described later could
be used to obtain stress-strain curves of soil samples, similar to those
reported in Reference 6; however, this was not the objective of this study.
This study is restricted to the study of long soil specimens with short
pressure pulses passing through them.

2. Compressional Wave at Critical Incidence

A short discussion of elementdary wave mecharics is given in Appendix
B. Stated simply, the basic physical phenomena are that when either
compressional or distortional waves traveling in Medium 1 impinges on an
interface between that Medium and Medium 2, generally distortional waves and




compressional waves are both reflected into Medium 1 and refracted into Medium
2. The relative peak magnitudes, propagation directions and energy content of
the roflected and refracted waves are dependent on the incident angle at the
interface and the density and wave speed of the two media. When either wave
speed of Medium 1 is less than the corresponding wave speed of Medium 2, a
¢ritical incidence angle exists for thac type of wave. This critical
incidence angie is evidenced by a refracted angle of 90 degrees, and, since
the refracted angle cannot physically Le greater than 90 degrees, then
complete refraction or transmissior does not occur and the phenomenon is
termed "total reflection." The use of this phenowenon is in the study of
seismic layering and is described in many texts such as Reference 7.

In tve study of pressure waves traveling in soil which impinge on
buried structures ore discovers that the ratio of wave speedc of many soils to
that of concrete material is approximately Q.1 or J.2. This means that the
critica’ incidence angle then may be as low as 10 to 20 degrees for a
soil/concrete interface. Then for a very close-in underground explosion
against a concrete wall total retlection may exist for the majcr portion of
the wall. The major concern here is what portion of the energy of the
pressure wav> is transmitted to the yvefracting medium. This required closer
examination of the total reflection phenomenon relative to compressional
precsure waves impinging on nonnormal interracec.

C. SCOPE/APPROACH

The research effort discussed in this report s broken into two parts,
(1) pressure waves in soiis and, (2) compressional waves at critical
incidence. Part 1, pressure waves in soils, was the majcr part of the
research ana was totally experimental. Part 2 comprised only about 15 percent
of the total recsearch effort and was analytical in nature. In the report the
two parts are discusted in separate sections or subsections.




SECTION 1!
SPLIT-HOPKINSON PRESSURE BAR DESIGN
A, INTRODUCTION
1. General Considerations

As mention2d in Section [-A.2, the SHPB would be designed so as to
accommodate a long soil sample relative to a striker bar length. The other
main consideration is that the bar material be of as high a yield strength as
possible with a low characteristic impedance (product of material wave speed
and densityi. Rod materials are iimited which are readily available in
lengths required to accommodate the long soil samp'e and its inherent low wave
propagation speed. Proper lengths of special materials which might prove
useful require special orders and long lead times for delivery. The basic
materials of reasonatle availability were steel and aluminum. The
characteristic impedance of aluminum is approximately 60 percent of that of
steel. However, the highest compressive strength of aluminum material is only
about 27 percent of that of available high-strength steel. The advantage of
using steel over aluminum is alsoc present in bar stiffness and hardness. For
these and the other reasons discussed, cteel was selected as a bar material.

The final decision on bar stock for the SPHB design was determined
by availability. The proper lengths of 2-inch diameter sta‘nless steel PH 13-
8 Mo rods were located and purchased from Advanced Alloys, Inc., 128 Adams,
Hauppauge, N.Y., 11787. Heat treatment, straightening, material
certification, and shipping cf the bars were handled by Advance Alloys, Inc.
A1l bars for the Southwest Research Institute (SwRI) SHPB system were
fabricated from the PH 13-8 Mo stainless steel rods.

2. Gas Gun Launcher

Several SHPB systems are designed using a larg2 cam and torsional
bar to launch the striker bar against the incident bar. Probably, the safest
and most reliable is a simple compressed air or gas gun with a quick-acting




pressure relief piston. The design chosen here is based on a gas gun system
discussed in Reference 8 and is showr schematically in Figure 2. One
disadvantage is that the projectile must be muzzle-loaded, but this is
accomplished easily, using a flexible rod. Venting of the barrel was
incorporated to prevent multiple impacts of the striker bar.

The principles of operation of the system are:

The striker bar is positioned in the barrel.

b. The cylinder containing the inner piston is pressurized to
approximately one-third the desired operating pressure. This
positions the inner piston against the front face of the
pressure chamber and seals the pressure chamber against leakage
into the barrel.

c. The pressure chamber is adjusted to the desired pressure.

d. The pressure in the inmer cylinder is dumped by the pneumatic
valve, the inner pistun moves rearward, and the gas pressure
enters the barrel and exerts against the end of striker bar.

The gas qun system was designed te launch long striker bars,
therefore requiring reasonably high pressures, and, if required, may be used
as a stand-alone, high.velocity, gas gun. A design load of 2000 psi (13.8
MPa) and a material yield stress of 30,000 psi (705.9 MPa) were used in the
design of the outer cylinder and flanges of the SwRI gas gi'~ launcher. This
design meets the specifications required by the ASME Boi'er and Pressure
Vessel Code (Reference 9).

Arn estimate of velocity and incident bar stress may be calculated
using a reversib’e adiabatic expansion of the gas in tne przssure chamber into
the gun barrel. This ~ctimate assumes frictionless sliding of the striker bar
and that the work done in expan.ing the gas is converted to xirctic eneragy of
the striker bar. Using the above assumptions, the velocity of a 2-inch
diameter steel striker bar dviven by nitrogen is given by

p { r v .
w.u | RSPl vy f—ee 0811}
: Cep pe 'V _+ v (1)

Ysb




TRV

*43YDUNRT UNY SBY 30 DLIBWSYIS

‘2 9unbiy

T 11 - T m.r
N L
N\
- / VIS ROIAN SMI¥ 0.
\ .\
Wi 0isid \\\.\\ 77, A
- —— AN
b

Y3 gu

1

777 \\\\\\\\N@W

- FIMNII 10—~

e Y

N

e e e e e e

i et T B Lt i A i s it W i

PRI

AR TR A




<
]

Ak
? where striker bar velocity, in/sec,

n sb

%’ Ppc = gauge pressure of pressure chamber, psi,
st = length of striker bar, in,
Vpc = volume of pressure chamber, ins,
vb = effective barrel volume, in3.

From Appendix A, the incident stress resulting from an impact of a steel
striker bar against a steel bar of same diameter is given as

; op = 72.2 ugy (2)
R
A
:g where o = peak stress in incident bar, psi
- v, = striker bar velocity, in/sec.

A combination of Equations (1) and (2) results in an estimate of the incident
bar stress in terms of volumes and pressures of the gas gun system. Metric
equivalents are omitted for the units of measure because the numerical
constant of each equation is related to the units given for each term. A
sketch of the final design showing the basic dimensions is given in Figures 3
and 4.

3. Ffinal Design of SwRI SHPB System

After one decides the SHPB bar material and diameter, the final bar
length and support system are dictated by strain gauge placement and specimen
location. For conventional SHPB operation, the length of the incident and
transmitter bars must be approximately 10 inches greater than twice the length

of the striker bar to avoid problems of overlapping cf the incident and
refliected strain signals in the incident bar and transmitter bar. Elongation
of the transmittad pulse in soil samples is caused by the dispersive nature of




“42YOUNe Uny S¥YH 404 UGLS3Q RUL4 ;0 YIS E a4nbiy

1 0 ﬁ .»:.. ) $3°y K'Y avIaL 341d #1-2/1
s
b i _ ! e b
956" NI | | ! i
L " - - : T“B ! 339 1] | H § S8 .
e ‘ - .
IB Wtk W FEL = ]
74 4 ,mu¢ -
ST SHI¥ 0. MLIR Al4 nem @y . 059 _.
2 Prio3 STon 9 WI0IS W VIO e vyl M 9 : v ;
‘0 9LE°¢E
dvi 3 11180 02-4/1 y dvi ¥ TIIWI WH/T AN
TT T L Ll L N :
s 529" — o
¢

%

=N

a.z J
:3-..!.8. dlsa.s.!m-&k\
94 S'T] WD ST TS ATWERS 21

L R N
il SR EN .

\!\t’ta&\.i‘i{. «....«.,.. w&a Al b .r.. . ¥ i s-n._.,\r.u\ - _f ,J "’ n:

o




- 43YDUNRT uny sey Joy Buiqunid 30 UIIYS

- Yo

*§ dunbl 4

JATVA

X
1S4 005
NSS4
Y3GNITAI

LET )

N340 WAL ¥/1
IATVA diN0

a SSUd WINH
I 211un3Nd

1S4 00%

FNSS N4

WIS
(Eu )

JATYA TRLLED
HLIN
VIOAYISN OL

11

iy

N e e
-‘. 'rﬂ

[ )

-

e,

-
=

. e
£

P TS

‘v a'e -"_‘t

+

-

L
]

aw

-
L

* .
e

A ;:__a.‘;-,‘._-.:_,x:,s

WORRRLY,

- * oy

.',,\-\5;_ ,\.'. '-j\.‘ .

.
Smy .

\

R



i the soil material, and, for the SwRI SHPB, these bars were made relatively
b long. The finai dimensions of the bars are given in Table i. A sketch of the
final overall design is given 1n Fiqure 5.

TABLE 1., MAJOR BAR DIMENSIONS FOR SWRI SHPB SYSTEM

r Bar Length

X Incident 12.0 ft, (144.0 in), (3.66 m)

x Transmitter 11.0 ft, (132.0 in), (3.35 m)
Throw-of f 5.0 ft, (60 in), (1.52 m)

p Striker (three lengths) 4.0 in (10.16 cm)

8.0 in (20.32 cm)
16.0 in (40.64 cm)

A1l bar diameters 2.6 in (5.08 cm), PH 13-8 Mo stainless

B. SOUTHWEST RESEARCH INSTITUTE SPLIT-HOPKINSON PRESSURE BAR (SwRI SHPB)
1. Overall SwRI SHPB System

Based on the material availability for bar material, the SwRI SHPB
final design placed the bar lengths of Table 1 on a foundation and set of
supports as shown in Figure 5. The support system on the deep [-beam consists
of journa' bearings spaced about 3 feet (0.92 meters) apart with the center-
1ine of the bars 7.5 inches (19,05 cm) above the top of the deep I-beam. This
s gives a bar height of approximately 4 feet from the floor,
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2. Soil Specimen Holder

Ideally the soil specimen should be held in a container whose
stiffness would prevent only lateral motion. This results in a plane strain
condition when axial loads are applied. For the soil specimen holder, a 12-
inch {30.5 cm) long steel tube of 2 inches (5.08 cm) ID and 4 inches (10.16
cm) 0D was chosen. The weight of the steel tube is a disadvantage in specimen
preparation, but does satisfy the condition of plane strain during the test,.
No internal surface preparation, except for the final internal machining, was
accomplished. Friction plays a part in the results, but all tests were
conducted in the same specimen holder. The specimen holder was positioned in
the bar shown in Figure 6.

In placing the soil specimen in the specimen holder, it was
necessary to contain the soil at both ends of the specimen, as shown in Figure
6. The initial containment was to place the pressure gauge holder in one end
of the specimen holder, put in desired amount of soil and then slip in a
siightly oversize steel shim at the other end of the specimen. This
configuration is shown schematically in Figure 6. Many tests were conducted
using this configuration; however, leakage of soil during dry soil test and
water during moist soil test led to a modification as shown in Fioure 7,

Here, the pressure gauge holder, without the pressure gauge, wa2s used as a
spacer and a thin steel wafer with an "0® ring was placed at each end of the
soil specimen. This proved to be very effective in preventing leakage from
each end of the specimen. Tests were performed without soil specimens and no
discernible differences were observed between pressure-pulse transmission with
and without the wafers.

3. Pressure uduge Holder

[f & pressure gauge or transducer is placed at the end of the s50i)
sample, access for electrical loads must be available. This was accomplished
for a PCB® quartz pressure transducer, used previously in work reported in
Reference 1. A sketch of the pressure gauge holder is shown in Figure B,

14
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Tests were conducted with and without the pressure gauge holder to

%{ determine the effects of the discontiruities in the holder on the wave

.‘-"’

? transmission. No discernible differences; were experienced in these tests.
.3' The pressure gauge holder was positioned in the specimen, as shown in Figures

i‘ 6 and 7, with the face of the pressure qauge approximately 2.5 inches from the

e}

- A end of the specimen holder.

v When the steei wafers were used in the final series of tests, the
';? pressura gauge holder was simpiy used as a spacer., Future tests using the

’f pressure gauge would reguire modification of the gauge plate of the holder, so

2; that an "0" ring could be used.

N 4. Electronic Data Recording System

o Strain of the various pressure pluses was monitored using strain
“ﬂ, gauges attached to the incident bar and at two places on the transmitter

g; bar. The pressure at the end of the soil specimen was monitored in many of
3 the tests using a quartz pressure transducer. A schematic of the electronic

» system is shown in Figure 9. The various items shown in Figure 9 are listed
s in Table 2.
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TABLE 2. LIST OF ELECTRONIC EQUIPMENT

Item Manufacturer Specifications
Pressure Transducer PCB Max Pressure 10,000 psi
Model 102A04
Signal Conditioner PCB Six Cnanpels
Mocel 483M37 Fixed gains of
i, 10, or 20
Couriter/Timer HP
Model §315-A Two Channels
Oscilloscope (Digital) Nichoiet Two Channels
Model 204-A
Strain Gauge Micro Measurements Bielement
EA-06-250TB-350-LE
Strain Gauge Measurements Group Inc. Tnree Channels
Conditioner Model 2311
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SECTION II1
EXPERIMENTS AND RESULTS

A. SHPB Tests

1. Small-Diameter SHPB Tests

Initial SHPB tests were conducted in a 0.5 inch (1.27 cm) diameter
operational SwRI SHPB normally used for dynamic stress-strain data of metal
specimens.

Sever: 1 different materials were used as tesc specimens. These
materials are listed in Table 3, along with test parameters, while results of
these tests are given in Table 4.

2. lLarge-Diameter SHPB Tests.

a, Calibration

As described earlier in Subsection [.B.2, a 2-inch (5.08 cm)
diameter SHPB was designed and installed in a laboratory at SwRI. Checks on
the expected velocity and incident pressure were made using three different
ways. First, based on Equations (1) and (2), a predicted velocity far the
desired incident stress was determined. A second check was obtained from a
time measured by the velocity-measuring device. The measured time, divided
into the distance between light sensors of the velocity device, gave the
velocity of the striker bar. Using this velocity, an approximate incident
pressure was calculated, using Equation (2). The third check came from the
output of a strain gauge mounted on the incident bar. Using the known voltage
output of the strain gauge, the given gauge factor, and the modulus of the bar
material, the stress level was calculated. The SHPB was operated initially at
several chamber pressures and the velocity gauge output agreed within 1
percent ot the predicted velocity from Equation (1). The output of the
incident bar strain gauge, shown typically in Figure 10, was estimated to
agree within 2 percent of the stress calculated, using a combination of
Equations (1) and (2).

.........................

L T TP S A B U R S R v S S S S

SRASLY

e O

. -
B o

i
*
:

L PO Y o AN KIS




TABLE 3, DATA FOR SMALL-DTAMETER SHPB TESTS

Specimen Specific Projectile Projectile

Test Length Weigh Length Velocity
No. Mat'! (in} (1b/ft~} (in) {in/s)
3* Sana 1.928 112.7 4.0 1057

4 Sand 2.225 1C1.2 4.0 1092

5 Sand 2.065 103.4 4.0 1080

6 Sand 2.225 102.0 4.0 612

7 Sand 2.025 104.4 4.0 1057

8 Glass** 2.068 84.2 4.0 395

9 Clay 2.922 84.8 4.0 1073

10 Clay 1.479 104.6 4.0 399

11 Glass 2.160 89.8 4.0 1187

12 Glass 2.123 88.6 3.0 1080

13 Glass 2.250 88.0 4.0 1075

14 Glass 2.25% 85.2 4.0 1057

15 Glass 2.315 91.4 4.0 1055

16 Glass 2.185 89.7 4.0 1068

17 Glass 2.111 95.6 4.0 1073

18 Glass 2.161 89.8 4.0 1080

19 Glass 2.264 90.0 4.0 1059

20 Clay 2.195 91.9 4.0 -

21 Clay 2.213 98.2 4.0 1055
22 Clay 2.014 81.9 4.0 1066

23 Clay 2.296 96.3 4.0 1075
24 Clay 2.215 90.2 4.0 1073

*  Test numbers 1 and 2 not recorded.
** 3 mm diameter glass beads.
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A TABLE 4. PRESULTS OF SMALL-DIAMETER SHPB TESTS

A Incident Transmitted
. Test Stress, 9 Stress, 9 or/a, Specimen Wave
] No. {psi) (psi) Speed ¢, in,/sec,
e,; k] 78090 1973 0.02% 13830
» 4 78090 1180 0.015 19500
8 5 78090 1054 0.014 20170
6 36480 760 0.012 19500
N 7 77040 1380 0.018 22360
N 8 29130 345 0.012 24219
-5 9 78090 750 0.010 30920
K. 10 29130 1100 0.038 20970
' 11 78090 1540 0.020 29090
12 78090 1190 0.015 30060
. 13 77040 1850 0.024 33780
[ 14 77040 1840 0.024 25650
L, 15 77060 541 0.007 32340
P 16 77670 1830 0.024 33185
) 17 79360 1035 0.013 28250
M 18 73020 1559 0.016 40090
; 19 77670 605 0.005 34370
b 20 77670 853 0.011 33620
g 21 77670 1274 0.016 35300
) 22 77670 268 0.003 29600
23 79700 917 0.012 33290
24 79020 414 0.005 33580
N
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FULSE LENGTH

REFLECTED

INCIDENT
A VOLTS PULSE

iLlHE

Gas Gun Chamber Pressure = 84 psi. Striker
Bar Velocity = 1026 in/sec. Incident stress
oy = 75110 psi. Striker Bar length = 3.0 in.

Fioure 10. Typical GOutnut of SwRI Split-Hopkinson PMressure
Rar Strain Cauces.
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PULSES AS A RESULT OF THE

~-PRESSURE AND TRANSMITTED
SECOND INCIDENT PULSE
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The pulse of Figure 10 was chosen to show the degree of noise
5 experienced in output at some impact velocities. The noise is mechanical and
% is only masked by electronic filtering. It was found that much of the noiss
2 could be eliminated by applying a small amount of silicon grease between the
striker bar end the incident bar.

The oscillations that appear near the peak of the incident pulse in
Figure 10 are often referraed to as Pochhammer-Chree oscillations and are a

HaPalalicti

result of wave dispersion. A Pochhammer-Chree solution of the cylindrical
wave equation (References 10-11) accounty for lateral inertia which include
higher-frequency components, and these highar-frequency components travel at a

fs lower wave speed than the lower-frequency components. The higher frequency

:: components then lag behind the main body of the pulse,causing ripples or

t’ oscillaticns in the main body of the pulse as well as some oscillations

g following the main pulse. A good discussion of this and corrections are found
f; in Reference 12.

b. Noise to Signal Problems

As shown in Figure 10, considerable noise is evident in the output
K of the strain gauges. This noise causes a definite problem when one tries to
determine tha portion of the pulse transmitted into the soil specimen from the

o incident bar.

K’

5; Assuming the general shape of elastic pulses are unchanged during
I the reflection/refraction process, then 2 relation between impulse of the
;; incident reflected, and refracted (transmitted) pulse may be written as

II + lR = IT, (3)

where [ represents impulse and the subscripts I, R, and T represent incident,
reflected, and transmitted, respectively, Since the pressure level for the

PRyl By -y ¥y 4

reflected pulse is opposite in sign of the incident pulse, then the left-hand
side of Equation (3) represents the difference of I and Ip. For the

¢
‘% steel/soil interface a reasonable value of Iy is approximately 2 percent of
§
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I;. This means that the time integral of the incident pulse less the time
integral of the ieflected puise of Figure 10 is approximately 0.92 .
Considering the noise and oscillations in each pulse plus the urcertainty of
where each pulse starts in time, then the expected 2 percent could be in doubt
by orders of magnitude. in an effort to determine the pressure level in the
soil specimen just downstream of the incident-bar/soil interface, software was
written to calculate the impulse and average pressure for the incident and
reflected pulses. When applied to many of the recorded pulses, so many
variations and physically improper data were obtained, that the results were
not included in the final report. The inability to gain these data leads to
the necessity forr testing at higher-stress levels or using a lower-
characteristic impedance har material.

c. Dry Soils Tests

The procedure for testing dry soils was also used in the test of
moist soil specimens such that a uniform specimen preparation procedure was
established and used for all soil specimens.

In the specimen preparation, the pressure gauge holder was placed on
a table top with pressure gauge end up (See Figure 11). A spacer designed to
keep the pressure gauge leads outside the steel sleeve was placed around the
pressure gauge holder. If the pressure gauge was to be used in the
experiment, the face of the gauge and the cap (Figure 6) were left uncovered
and the soil was placed on top of the cap face. If the wafer was to be used
in the experiment, the pressure gauge was removed from the cap and the wafer
was placed on top of the cap before the soil was placed in the sleeve. After
placement of the pressure gauge or wafer, a portion of the soil was placed in
the sleeve. If the specimen was built up in two layers, then half the soil at
a time was placed in the sieave, and, if specimen was built up in four layers,
then a quarter of the soil was used for each layer. The compacting rod was
used and compaction to 1 designed height was done on each layer. Compaction
was accomplished using a solid cylinder weighing approximately 3 pounds.

In a’! soil tests, whether dry or moist, a dry specific weight of
100.0 1bs/ft> (1.6 g/cc) was used. For a 4-inch (10.16 cm) long specimen, a

28




THIS ENC TAPPED WITH
3.0 LB HAMMER

TEEL SLEE
| ,— STEEL SLEEVE

NN

___SHIM OR WAFER
” 4 WITH '0' RING

OANNANAN

HWAFER WITH 'O’ RING OR
PRESSURE GAUGE FACE

L,,__PRESSURE GAUGE

GAUGE
LEAD

PRESSURE %

SPACER

PRESSURE GAUGE HOLDER

o

TABLE TOP

Figure 11. Soil Specimen Assonbly.




dry soil weight of 0.73 pounds (330 grams) was compacted to the proper length.
This means that, for the moist specimens, the density increased as moisture
content increased.

After all the soil was compacted to the proper height, the steel
shim, or wafer, was placed on top of the specimen and tamped in place to
assure proper location. This placement could be a source of error if all the
air is not removed from the top of the specimen,

[f the pressure gauge was in use, the pressure gauge holder was held
in place while the specimen holder was placed in the SHPB position. If the
pressure gauge was not in use, the wafer was held in place by friction of the
"0" ring against the steel sleeve.

After the specimen holder containing the specimen and pressure gauge
holder was placed in the SHPB, bars were pushed by hand into the front end of
the specimen holder and against the back end of the specimen holder as shown
irn Fiqures 6 and 7. Alignment was adjusted as best as could be by eye, and a
plastic aligning collar was placed at the interface of the pressure gauge
holder and the transmitter bar. When an axial load for confining pressure was
used, a hydraulic jack was placed in series with and at the end of the throw-
off bar. For the axial load tests the incident bar was held fixed by a rubber
coliar and hose clamps at the journal bearing just downstream of the striker-
bar/incident-bar interface.

Striker bar lengths of 4 inches (10.16 cm) and 8 inches (20.32 cm)
were used in the preliminary tests, and a decision was made to use the 8
inches (20.32 cm) length for all tests. Varying the specimen length then
gives a change in the ratio of striker bar length to specimen length.
Specimen lengths of 2 inches (5.08), 4 inches (10.16), and 6 inches (15.24)
inch (cm) were used for tests of both dry sand, and cnly 4 inches (10.16 cm)
long specimen were used in tests for moist sand. In addition, some tests of
0.5 inches (1.27 cm) and 1 inch (2.54 cm) length dry sand specimens were
conducted.




Two different dry sand particle sizes were tested using the thin
3 shim in front of the specimen and the pressure gauge holder to the rear of the
specimen (See Figure 6). Both sand specimens were of fused silica with 50/80

Z and 20/40 size designation. The 50/80 sand is a medium to fine sand with 50

; percent of the grain size between 0.2 and 0.3 mm. The 20/40 sand is a coarse
& to medium sand with 50 percent of the grain size between 0.4 and 0.8 mm. The
3 ratios of transmitted peak stress to incident stress are shown in Figure 12.

f Ratios of peak pressure to incident stress for these tests are shown in Figure
'Q . 13, For these tests only two-layer compaction was used in specimen

2 preparation.

In addition to the two sizes of sand particles, a silica flour,
designated 240, was tested. The material designation means that the particle
size is smaller than 0.06 mm and it is essentially a powder. Because this
material was very difficult to confine, limited tests were conducted. Results

of the test on the silica flour are also shown in Figures 12 and 13.

For the 50/80 dry sand wave speed was determined experimentally and
is shown along with the transmitted stress ratio in Figure 14. In addition,
the 50/80 dry sand was tested with a confining axial load applied in series of
the bar. Stress levels of the static axial compression were measured using
the strain gauges on the transmitter bar. Axial static compressive stress up
to approximately 300 psi (2.4 MPa) were used and results of those tests are
shown in Figure 15,

d. Moist Soil Tests
Dry soil of the same 50/80 stock was mixed with tap water to produce i

specimens of varying moisture content. The void content and moisture content
are related by
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0.17
1 1 T
x 20/40 Dry Sand
0.15 | o 50/80 Dry Sand
a 240 Silica Flour
°1 _ Peak Transmitted Stress
o1  Peak incident Stress
0.125
— 8.0 Inch Striker Bar
Dry Sand Density = 1.6 g/cc
°T 0.10 |
1
0.075
0.05
0.025}
0
0

Figure 12. Transmitted Stress Ratio Vs Specimen Length for Dry Sand.
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0.10

x 20/40 Dry Sard
o 50/80 Dry Sand

0.075 & 240 Silica Flour

D _Peak Pressure
I Peak Incident Stress
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, S = (1aw (4)
. Sm (1 +e)

where S = specimen density
Sy, = solid material dersity = 2.65 g/cc
RN # w = moisture content
% e = void content
“3? For 411 tests the dry density was maintained constant at 1.6 g/cc. Using this
o density, Equation (4), and w = 0.0, the void content for the dry 50/80 sand is
N calculated to be 0.66. For complete saturation the moisture content is given i
_ by
;_t -
"g w = efSy (5)
N and for & = 0.66 and S = 2.65 g/cc the saturation moisture content is 0.25.
;@ Tests were performed at varying moisture contents in a specimen
?? configuration using the shim as <hown in Figure 6. The shim was not ,
: satisfactory for containing moisture and additicnal tests were conducted using
‘53 steel wafers in the specimen configuration of Figure 7. As indicated before
) .,§ the dry density of the specimen was maintained constant; therefore, for a

moist specimen, a known amount of soil plus water was forced into the dry
density volumes. For these tests the density and specific volume of water was
h assumed to be unity. As might be expected, compaction of the moist specimens
}E required more energy than the dry specimens except for those specimen at or

s near complete saturation. For the completely saturated specimen just the
siightest compaction caused the soil particles to settle to the bottom and

‘ ?i water to appear at the top of the specimen.
E",
2 The restlts of the moist specimen tests using the specimen
:f configuration of Figures 6 and 7 and a two-layer compaction are shown in
:! Figure 16. Moisture content was determined from small amounts of soil
{? specimen material taken at the beginning of each test. Each sample was dried

overnight,
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e. Glass Bead and Steel Ball Tests

! BB size steel balls and 3.0 mm glass beads were also tested in the
' same manner as described above. In each case the beads or balls were poured
into the specimen holder to a proper length and a shim was placed at the

X top. Only a few tests of each were performed and results will be discussed in
Section IV.

B. STATIC SOIL STRESS-STRAIN CURVES

b i o

- % 1. introduction

During the moist specimen tests a gquestion arose as to what effect

7 the moisture content has on wave speed and transmissibility near the region of
?' complete saturation. Both transmissibility and wave speed were expected to
‘ increasc with increase in moisture content, most especially near saturation. :
The wave speed in water is approximately 5000 ft/sec (1524 m/sec) and for the ‘
. N dry soil specimens it is approximately 1200 ft/sec (366 m/sec). Comparing

p: these two values, where does the increase in dry-to-moist specimen wave speed
begin, or is it a rather abrupt jump very necr saturation? There is no
indication from Figure 16 that an increase in wave speed is occurring and tha

gt o«

questiun arose as to whether compaction during specimen preparation could
affect the transmitted stress ratio of both dry and moist specimens. With
these thoughts in mind, a series of static stress-strain curves at different

, compactions was obtained. The specimen holder used in the SHPB tests was also
£ useg in the static tests.

" : 2. Erfects of Compaction

A set of three stress-strain curves for two-layer compaction
P specimens of 50/80 dry sand were obtained from a screw machine material oM
: tester. These curves were not reproducibie at all and were widely
scattered., A set of three stress-strain curves was obtainad for vour-layer
: compaction specimens of 50/80 dry sand. These three curves showed very good
-«i reproducibility, and, as a consequence, all other tests were done, using four-




layer compaction. The static stress-strain curves were carried up to 1500 psi
(10.3 MPa) and approximately 4 percent engineering strain.

3. Soil Tests

- Tests on dry and moist 50/80 sand were carried out in a material

: tester using the same steel sleeve and specimen preparation used in the SHPB

p tests. All tests were conducted using a four :layer compaction procedure and
' tested without a steel wafer between the 2.0 inch (5.08 cm) diameter loading bar
and the soil. An initial test was performed to determine the force or stress
required to move the wafer with "0" rings. Based on the specimen cross
, section area this stress is approximately 8.0 psi (55.2 KPa). Results of dry

;: and moist sand static tests are shown in Figure 17.

A sieve analysis of the 50/80 sand was accomplished and the rasults
are shown in Figure 18. The density of the solid sand particles was
experimentally determined to be 2.65 g/cc.
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SECTION 1V
DISCUSSION OF SOIL TEST RESULTS

A. SHPB Tests
1. Attenuation From Material Damping

If one treats the interaction of the steel and soil as an elastic
response, then equations given in Appendix A apply. The peak stress level in
the soil o'I Jjust downstream of the incident-bar/soil interface for an elastic
system is related to the peak incident stress 9 by the expression

t 2’.00)5
1 7 °1 |Toel, + (eolg || Kas 91 (4)

where Kg¢ is the transmission coefficient from bar 8 to soil S, {(pc) is the
characteristic impedance, and tne subscripts S and 8 dencte soii and bar,
respectively. The defined stresses Ors oI: axnand o, are shown in Figure

19, Assuming an exponential decay for material dampi?g (Roference 7, p. 246),

the stress 9 may be written in terms of the stress o, as

1t 1]

oy = oy 2xp (-asl) (5)

where « is a damping coefficient, AL is the distance between the positions of
the two stresses, and geometrical damping is neglected. Using the same
general relation similar to Equation {(4), the “heoretical elactic relation

&

between o, and op May be written as
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" Z(OC)B "
°1 * °1 |Taey, + (rodg |~ “sB°1 (6)

where O is the stress in the transmitter bar and Kgg is the transmission
coefficient from soil S to bar B. Combining the Equations (4), (5),and (6),
the relationship between the peak incident stress 5y and the transmitted
stress cp may be written as

-3

E; KSB KBS exp (-aAl) (7)
- Based on experimental values of wave speeds shown in Figure 14, the average
P wave speed is approximately 1200 ft/sec (365.9 m/sec) for a specific weight of
4 100 1b/ft3 (density of 1.6 g/cc). Using these values and the corresponding
N values of 16,700 ft/sec (5080 m/sec) and 490 1b/ft3 (7.84 g/cc) for the steel
F. bar, the product K¢gKgg is 0.043. Using this product as a constant, the
k. expression for the damping coefficient becomes
4 g
L, o= 210 (175 2 (8)
e, I

where AL is the length of the specimen  feet associated with the ratio
oT/aI. A range of values for each sy imen length is shown in Table 5,
along with values taken from references as .ndicated.

The negative number shown for the 2-inch specimen of the SHPB test
indicates that the downstream stress is higher than the upstream stress at the
incident-bar/soil interface. Two things may explain this, i.e., the wave
speed in the specimen increases with increasing stress and decreasing specimen
length and the short specimen length is beginning to act as a normal SHPB
specimen where wave reflections within the specimen become important. For a
25 percent increase in wave speed of the 2-inch length specimen in the SHPB of
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TABLE 5. DAMPING COEFFICIENTS FOR DRY SAND
a, Damping Coefficient, 1/FT

AL (in)  SHPB Reference 13 Reference 14
50/80 SAND OTTAWA SAND OTTAWA SAND
2 (-.31) - 4.95 0.57-1.73 *
4 3.14-6.29 0.60-1.53 *
6 4,06-5.89 0.63-1.39 *
10 * 0.51-1.26 2.78-3.47
* NO DATA

Table 5, the a range becomes 1.0-6.2. Oamping coefficients of Reference 14
are given in terms of the logarithmic decrement . The damping coefficient
may be expressed in terms of the logarithmic decrement by the expression

e

s &
el R (9)

where f is pulse frequency, T is period of the pulse, and v is wave speed.

For o in units of 1/ft then v must be in ft/sec and T in seconds. In Equation
(9) the ratio f/v is actually the pulse length in feet. In comparing the data
from SPHB and Reference 14. the data of Reference 14 were extended over a
range of several orders of magnitude and mdy not be applicable. The data of
Reference 14 were obtained by a rescnant czlumn experiment at confining
pressures up to 50 psi (.34MPa).

The data in Reference 13 were taken in a 5.0 foot (1.52 m) long, 28
in (7.1 cm) diameter horizonial tube filled with Ottawa sand. The loading was
applied by an air shock throygh a thin membrane., Peak pressures up to 300 psi
(2.07 MPa) were recorded by soil stress gauges. Stress attenuation was
displayed by a curve of normalized stress versus distance aleng the tube of
soil.
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2. Effects of Moisture (ontent

Results of Reference 14 show a definite increase in damping at
saturation. The effects of moisture content for the SHPB test shown in Figure
20 show a decrease in damping with increasing moisture content, but, at or

W near saturation, a cdefinite increase in damping is evidenced by the decrease
'g in transmitted stress ratio. A slight increase in wave speed with moisture
content is evident up to about 50 percent saturation (12-15 percent moisture)
' ?: and then a decrease in wave speed down below that of dry sand is evident at

saturation ( 25 percent). This observation agrees with compressive wave speed
results of hoth saturated Ottawa and quartz sand, tested in Reference 15. The

same trends are also observed for Edgar Plastic Kaolin (EPK) clay of Reference
13.

The effects of moisture content on wave speed in the SHPB tests,
transmitted stress ratio in SHPB, and on the stiffness or slope of stress-
strain curve in the static tests are assumed to be of the same origin. Small

T 4 b wiate s,

o

LIS AN

amounts of air or gas at or near saturation would seem to have the same effect
on all these three items. For a given soil void content, a small amount of
water stiffens the soil and increases the slope of the static stress-strain
curve, increases the transmitted stress ratic, and tends to increase wave
speed; however, the wave speed is offset by the increased density of the
specimen., In the moist specimens of the SHPB tests, a constant dry density
was maintained by proper compaction. With increasing moisture content for a
given dry density and void ratio, stiffness caused by compaction of the
specimen increased up to an optimum moisture content, after which this

¥ stiffness decreased with increasing moisture content. This phenomenon is

e .
v
& A‘,J.".‘

e
)

A AL PR

discussed in detail in texts on soil mechanics such as Referance 16.

-

With increasing moisture content up near saturation, the amount of
the void space filled with air or gas i.e., gas content has a very strong
influence on stiffness and wave speed. Ffor instance, the effect of small
:3 amounts cf gas on wave speed at saturation is such that the wave speed may be
' almost halved for 1 percent gas content. Gas content here means a fraction of
pore space of the dry specimen. For a porosity of 50 percent, a gas content
would mean 0.5 percent gas in the total specimen volume. This 1 percent gas
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content would reduce the bulk modulus of the "almost saturated* soil specimen
by approximately four. An excellent discussion of effects of gas content in
soils is given in Reference 17.

The effect of the gas content in the soil-water mixture is probably
the reason that a large increase in wave speed up to that of water-soil
mixture near saturation is not found in the SHPB tests. Ouring che SKPB test,
no effort was made to reduce the gas content trapped in the pores of the
mixture, However, it is important to point out that a small gas content wiil
be found in reqular soil. Nature does not necessarily have a vacuum
pump to reduce this residual of gas in the pores of sgil. However, one must
temper such sweeping statements with the fact that considerable frictinn
was present at the walls of the specimen holder in the SHPB tests, and this may
infiuence cl11 the data given in this report. As mentidned before, no
procedures were followed to reduce or eliminate the wall friction in the SHPB
tests.

3. MWater Specimen

As a check on the SHPB system, the specimen holder was filled with
tap water and an incident stress was applied to a 100 percent water
specimen. The transmitted stress and wave speed were determined
experimentally. Using the measured wave speed of 4780 ft/sec (1457 m/sec) and
water density of 1.0 g/cc, the transmission ratio op/a, = 0.136 was calculated
using Equation (7), assuming a = 0.0. The experimentally determined value
of aT/aI was 0.144., The reported value of wave speed is given in Reference 7
as 4600 ft/sec. This test was considered to be a rather rigorous test on the
transmissibility capability of the SwRI SHPB system,

4. Soil Particle Size Effects

The effects of particle size are evident in Figures 12 and 13. In
Figure 12 the transmitted ratio of the smailer grain size 50/80 sand varies
from 1.25 to 2.25 times the transmitted ratio of the larger grain size 20/40
sand. This same comparison of pressure ratios for the two grain sizes of
Figure 13 shows & slightly higher result even though the pressure ratios on
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the average are only two-thirds that of the transmitted ratios. Remembering
that the radius of the transmitter bar is approximately 16 times greater than
the radius of the face of the pressure gauge, it is interesting that the
differences in measured values with grain size, for the two devices, are not
mich larger. For both measuring devices the differences between measured
values shows a decrease with decreasing specimen length. However, the
differences between all measurements of the same kind are less at the longer
specimen lengthk., Also the measurements at the longer length specimens show
less scatter than measurements of the shorter length specimens.

5. Pressure Measurements Versus Transmitted Stresses

The use of the pressure gauge at the end of the soil specimen, as
shown in Figure 6, proved to be satisfactory. However, differences between
measured values exist between the pressure gauge and transmitted bar strain
gaugaes. The transmitted stress ratios, as shown in Figure 12, were always
higher than the pressure ratios of Figure 13. These differences seem to the
independent of the incident or applied stresses. When comparing pressure and
transmitted stress, the larger differences occur for the smaller grain 50/80
sand. This means one gets a larger transmitted stress-to-pressure ratio for
the smaller-grain sand than for the large-grain sand. This appears to be
reverse of what is expected. One would think that as grain size goes down,
the measured pressure and transmitted stress would approach each other,
dowever, the ratio of pressure to transmitted stress does appear to remain
constant with specimen length. The same type pressure tranducer used in the
SHPB tasts was alsc used in Reference 1, where measured pressures in soil were
Tfower than those reported in ather places in the literature.

6. Effect of Axial Compressive Preload

As discussed in a previous section, an axial preload was applied to
the SHPB system by placing a hydraulic jack in series with the throw-off bar
and the SHPB stop. Calibration of the transmitted bar qauges to measure the
preload gave a direct reading of the applied pressure. The effect of the
preload on the wave speed and the transmitted stress is shown in Figure 16,

As evident in Figure 15, the wave speed shows a rather large increase with
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increases in preload or confining pressure. However, very little increase in
the transmitted stress with increase in preload is evident. These two
observations agree with results of References 14 and 15. Results of Reference
14 show that dissipation in dry granular materials does not always decrease
with increasing confining pressure but appears to be more dcpandent on
magnitude of applied stress or vibration magnitude. dowever, the results of
Reference 15 show that, for dry grarular materials, an increase in wave speed
is almost always evident with incredses in confining pressure. In Figure 15,
the specimen length is constant at 4 inches which means the transmitted ratio
does not reflect any changes in specimer. length. [f the preload tests were
run for a 2 inch long specimen, then the magnitude of the transmitted ratio
should be higher but still reasonably constant with preload p-essure.

Static preload or compaction does not have the same effect on soil
properties as dynamic compaction with changes in moisture content. It is not
clear as to whether this phenomenon is evident in dry compaction or not. If
so, this means that, in the dry specimen tests, the dynamic compaction birings
the specimen up to some stiffness or dissipation level and any increase due to
static compaction has little effect. However, extremely large confining
pressures should have a definite influence on the transmission properties of
the dry specimen,

7. Tests on Glass Beads and Steel Balls

Results of tests on 3.0 mm glass beads are given in Tables 3 and
4. These tests were conducted only in the small-diameter GHPB. The average
transmission ratios closely approximate the values of the 20/40 sand although
the glass beads are about five times larger in diameter than the 20/40 grains,

Steel BB size balls (0.177 inch diameter) were tested in the 2-inch
diameter SHPB. Three tests were conducted with a preload of 100 psi on the
SHPB. Transmission ratios of 0.034, C.042, and 0.060 were obtained for an
average of 0.045. This value is low by a factor of 5 if the measured wave
speed and density are used in Equation (7) to calculate this value,
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These tests were performed to determine a range ¢f transmission
ratio for various materials and no further comments shall be made on the
applicability of the data.

B. STATIC SOIL TESTS

Static tests at strain rates of approximately 2.0 x 10'4/sec were
conducted on 4 inch long dry and moist 50/8C sand specimens. Two-and four-
layer compaction tests were conducted and it was found that the four-layer
compaction showed less scatter in the data.

The stress-strain curves tor various moisture contents are shown in
Figure 17 for four layer compaction specimen., The effects of a small amount
of moisture are to increase the slope of the stress-strain curves, but
continued increases in moisture content did not cause a continued increase in
the slope of the stress-strain curves. This appears to be a resull of an
optimum moisture content, as discussed in Section IV.A.2. As in the case of
the SHPB tests, the dry density of the static test specimen was held constant
for all tests.

The static tests were conducted on a constant cross-head rate machine
and displacement was calculated using a known time. This meant the unlcading
curve was not available, but observations of the load fall off, as the cross

head speed was released, indicated an almost vertical siope.
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SECTION V

CRITICAL INCIDENCE ANGLE STUDY

A. INTRODUCTION

As discussed in Appendix B, stress waves impinging on the interface
between two media at incidence angies equal to or greater than the critical
angle exhibit a characteristic much different than those which impinge at
inciuent ang’es less than the critical incidence angle. Critical incident
angles exist only when the incident stress wave is traveling in a medium which
has a wave speed less than the corresponding wave speed in the refracted or
transmitted medium. Therefore, the discussion of this section will be limited
to longitudinal waves moving from a medium of lesser wave speed to that of a
medium of greater wave speed. In this case, longitudinal waves are defined as
waves having particle motions in the same direction as that of the wave front.

It can be shown analyticalily that at the critical angles, and greater, a
wave |s no longer refracted or transmitted in the normal manner but a
refracted wave is established that travels along the interface of the two
muterials. The wave magnitude (displacement or stress) is shown to decay
exponentially with distance from the interface, but it is not clear as to what
magnitudes exist. These interface waves are discussed in some detail in
Reference 17, and, for certain stiffness ratios and density ratios, thzse
interface waves are propagated at wave speeds between the Rayleigh and
transverse speed of the medium of greater density. These special waves are
called Stonely waves (Reference 17) and their existence is limited to a very
narrow range of material property ratios.

In other cases, where Stonely waves do not exist, the transmitted or
refracted waves travel along the interface at the longitudinal and transverse
speeds of the greater density material. The existence and use of the
interface waves traveling at the higher longitudinal wave speeds are discussed
in detail in Reference 7, relative to geologic refraction studies in earth
layering. A case of tkis phenomenon for an interface between two solids is
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given in Reference 17 for an incident medium of Plexiglas® bonded to a
refractive medium of brass. The experiment for the Plexiglas®/brass interface
shows the same general results as described for geologic refraction. However,
no results were reported for stresses or strains in or near tie interface.

8. SIMPLIFIED ANALYSES

Some interesting results occur in the solutions of the reflected and
transmitted ratios of Equations (B-6) and {B-8). In these analyses one must
remember that these equations are based on elastic material respornse and that
displacement continuity and stress equilibria must exist at the interface.
Several wave speeds and densities were used in Equation (B-6) to show the
effects of changes of wave speed and density for increasing incident angles,
The various cases are shown in Table 6.

TABLE 6. MATERIAL PROPERTIES FOR SIMPLIFIED ANALYSES

Case No. Wave Speeds, km/sec Density, kg/m3
TG 'y C'y " o'

i 5.0 3.0 5.0 3.0 1200 2400

2 5.0 3.0 5.0 3.0 2400 1200

k! 5.0 3.0 2.5 1.5 2400 2400

4 2.5 1.5 5.0 3.0 2400 2400

5 0.68 0.43 3.4 2.1 1800 2400

For case 1, the wave speeds of the two materials making up the interface
are the same, and a density ratio o/p' = 0.5 . The results of these
calculations are shown in Figure 21 where the ratio of the longitudinal
transmitted wave to the longitudinal incident wave, "E/“4 , is almost constant
over the range of the incident angle o . For this same case, the reflected
tongitudinal stress ratio °c/”a is linearly decreasing with o and becomes
negative at ahout o = 600 . For Case 2, the wave speeds dare still constant,

but the density ratio is increased and o/o0' = 2 . Again the transmitted
stress ratio shown in Figure 22 is almost constant with « , but is
approximately one-ralf that of Case 1. The reflected longitudinal stress
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ratio for this case is almost reverse that of Case 3, whare it begins as
negative and becomes positive at a = BOQ . Since the wave speeds of the
incident medium are equal to or greater than the wave speeds in the
transmitted medium, there are no critical incidence angles for Cases 1, 2 and
3. For Case 3, the density ratio o/¢' = 1.0 and the wave speeds in the
incident medium are twice that of the wave speeds in the transmitted medium.
The results for Case 3 are shown in Figure 23. If the wave speeds of Case 3
are reversed to give Case 4, then two critical incident angles exist

3

30 and
0

ga.

a_ . = 28 when 7
¢l 5

o = 56 when g
ot

For the calculations involving critical incidence angles in Equation (B-6) the
stress ratios are determined for incident angles o up to the critical angle
a_, at which time 1 is set to 90° and the calculations are continued unti)

e, ocsurs, at which time 7 is set to 90° and calculations are continued to

a = 90 . The results of Case 4 are shown in Figure 24 where discontinuities
are shown at a = 28° and o = 56D . The interesting resuits of Figure 24 are
the high transmitted ratios obtained at angles slightly above T and then a
rather steep drop in the transmitted ratio down below zero (negative) to the
next critical angle a - This means that a possible sign change in the
transmitted stress magnitude occurs at angles above the 3 angle.

The ratio of the refracted characteristic impedance to the incident
characteristic impeuence of Case § is approximateiy €.67 as compared to 2.0 of
Case 4, However, in Case 5 the wave speed ratio is only 5.0, ard this ratio
controls the reflected and refracted ancles through Snell's law. The results
of Case § are shown in Figure 25. These critical incident angles appear to
cause very little differences in the reflected ratios, "wt cause significant
differences in the transmitted ratios.

Photoelastic studies of wave propagatign are described in Reference 18,
and additional studies of Reference 19 extended this work to include
photoelastic analysis of wave propagation at interfaces of layered media. In
Reference 19, photoelastic birefrigent materials were developed with
Jjongitudinal wave speeds in the ratioc of approximately 2.0/1.0. Several
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experiments were conducted where a smali charge was detonated in both the low
wave speed material and in the higher wave speed material. Since the
densities for both materials were the same, the ratio of wave speeds is equal
to the ratio of characteristic impedances. If a pulse is propagating in the
lesser wave speed material, regular reflection/refraction is in effect up to
the first critical incidence angle a - This phenomenon is shown
schematically in Figure 26a. After this critical angle is exceeded, a
refracted wave, denoted PyP, in Figure 26b, runs out beyond the intersection
of the incident pulse and the interface. This wave is a dilatation wave with
two head waves, PIPZPI a dilational wave and PlPZSl a distortional wave,
trailing behind in the incident medium. In addition, a distortional head wave
PiPoSp trails behind PP, in the refracted medium. These waves are shown
schematically in Figure 26 and were observed experimentally in Reference 19.

A detailed discussion of these wave phenomena is found in References 17 and
19.

For one test of Reference 19 with the charge in the lesser wave speed
medium an analysis was made for siresses along the interface in the greater
wave speed medium, These stress levels as a function of time are shown in
Figures 27 and 28, Some interesting results are worth pointing out. The
stress o is compression within a small distance about twice the standoff
(60°) beyond which Iy chanyges sign and is a tensile stress at the leading
front of the wave. The 0 strass does not become compressive or have any
significant stress value until about 1.5 times the standoff and stays
compressive at the wave front beyond this vailue. A1so.oxx of Figure 27 shows
an increase in compressive stress, at the second iime t,, over the stress at
time -

In compariscn, the refracted or transmitted stress of Figure 25 are a

result of a wave speed ratio c,/c, of 2.0 similar to the results of Figures 25
and 26. This means the first critical incidence angle uf Figure 25 is the
same as for the data of Figures 27 and 28, For data of Figure 25, an increase
in the refracted magnitude appears just beyond the first critical incidence
and then falls and changes sign at approximately 5G° (compression is positive
in Figure 25 and negative in Figures 27 and 28). This same tivend is evident

in stresses of Figures 27 and 28. The analysis of Figure 24 is a plane wave
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solution, while the results of Figures 27 and 28 are from an experiment using
a cylindrical wave front. It is evident that qualitative results are similar.




L SECTION VI

e CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSTONS

The overall conclusion is that stress-strain curves, basic wave speed
data, and material-damping coefficients along with effects of moisture
content, gas content, and confiriing pressure may be obtained at intermediate
sirain rates in a split-Hopkinson pressure bar.

Based on the limited data obtained in this study the following general
conclusions concerning split-Hopkinson bar tests are given:

1. For pressure waves with peak nressures petween 300 and 1500 psi, the
wave speeds of sandy soil are linear functions of confining pressure
in the rang2 of 0 to 300 psi.

2. For pressure waves with peak pressures between 3C0 and 1500 psi only
slight decreases in damping coefficients of sandy soil are evident
for confining pressure in the range of O to 300 psi.

3. For a given dry specimen density of sandy soil, increases in
moisture content cause a significant decrease in damping
coefficients and a slight increase in wave speed up tc an optimum
moisture content. Boyond the optimum moisture content, a decrease
in wave speed and an increase in damping is experienced. If
appreciable gas content is present, the wave speed stays depressed
and material damping remains relatively high.

4, Specimen quality control is extremely important in both static and
dynamic laboratory soil tests.

5. Scatter in the data of soils tests is to be expected for baoth

laboratory tests and field tests.
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The effects of the "total reflection" phenomenon on the
reflection/refraction of stress waves at interfaces are still
unknown.

RECOMMENDAT IONS

1.

For future tests a specimen chamber similar to a static triaxial
test cell should be installed in the split-Hopkinson pressure bar.
This would allow for controlled degassing, addition of moisture, end
confining pressure.

Improve current strain gauge installation to aliow for high input or
incident stresses.

Consider different bar material to eliminate the large mismatck in
impedance between the bar and the soil. This would improve the
reflection and transmission coefficients between the bar and the
soil, '

Develop a better understanding of the wave propagation relative to
"total reflicction" phenomenon as wall as explore applications to
survivability/vuinerability problems.
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APPENDIX A
SPLIT-HOPKINSON PRESSURE BAR

A. GENERAL DESCRIPTION

The compressive split-Hopkinson pressure bar uses the impact of one bar
on another to generate a pressure wave and then uses this pressure wave to
load a specimen sandwiched between two identical bars. A compressive split-
Hopkinson pressure bar schematic is shown in Figure 1. Referring to Figure 1,
the opneration for a ductile metal specimen is as follows:

1. A striker bar is put in motion by & launcher and it impacts the
incident bar with a velocity V.

2. The impact produces an almost rectanguiar stress pulse of magnitude
pc¥72 in the striker bar and the incident bar. The pulse length in
time is to = 2L /c; o is the striker bar length and ¢ is wave
speed.

3. The compressive stress pulse propagates away from the impacted ends
of each bar at a speed of C. When the stress wave reaches the free
end of the striker bar, it is completely reflected as a tensile wave
and it travels back toward the impacted end. This tensile wave
unloads the ends of the striker bar and the incident bar and the
bars separate. The compressive stress returns to zero as the bars
separate.

4, The compressive pulse travels down the incident bar and impinges on
the sample sandwiched between the incident bar and the transmitter
bar. Depending on the physical properties of the sample, portions
of the stress pulse are reflected back into the incident bar and
portions are transmitted into the transmitter bar. The reflected
and transmitted portions of the stres. pulse are proportional,
respectively, to the strain and stress in the specimen.
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5. Strain gages, located equidistant from tne specimen, provide time
coincident pulses, which are used to measure the magnitude and
duration of the incident, reflected and transmitted pulses. It can
be shown (Reference 20-21) that the integral of the reflected pulse
is proportional to the strain in the specimen and when displayed
along with the transmitted pulse (proportional to stress in the
specimen) a dynamic stress-strain curve can be determined.

Further details on principles of operation and description of the compression
Hopk inson bar may be found in several publications such as References 20 and
21l.

B. EXPERIMENTAL CONSTDERATIONS FOR SOIL TESTS

[t was proposed that controlled granular media and soil samples, encased
in a hollow cylindrical sleeve that fits over each end of the incident and
transmitter bar (see Figure 6), be placed in the specimen position of
Figure 1. Also, a pressure transducer may be placed in the end of the
transmitter bar next to the sample. Theoretically, one would know the details
of the incident pressure pulse, based on measurements at the strain gage of
the incident bar, as well as the details of the transmitted pulse from a
strain gage placed on the transmitter bar. I[n addition, the pressure
measurement from the transducer at the end of the soil specimen would be
available for comparison. It is hoped that the presence of the pressure
transducer will not alter the shape of the transmitted pulse. The bars with
the transducer installed can be calibrated by simply wringing or pressing the
bars together without a specimen. Usually smail discontinuities in the bar do
not cause problems in stress wave transmission. [n fact, a tensile Hopkinson
bar passes a compression pulse over the tensile specimen by use of a
cylindrical tub- before the pulse is refliected from the far end of the bar and
impinges on the specimen as a tensile pulse.

Using a constant impact bar velocity and resulting constant incident bar

stress, specimen properties may be varied and their effects on the transmitted
pressure magnitude and time duration may be evaluated. Tests can be run with




e =t ne
il P )

I S R I R R P Y D G P e e e e e e P M R R S

and without the transducer in place to determine the effects of the specimen
properties on measurements made by the transducer.

Using this type of test device, the properties of the soil can be varied
systematically to various stress levels by simply changi~g the striker bar
velocity. Pulse duration can also be varied by changing the striker bar
tength., In addition, pulse shapes can be altered by introducing different
types of buffer materials at the impact end of the incidenit bar. Finally,
temperature control may be varied by installing a furnace, as was done in
Reference 21, or placing a cooling device around the specimen. Corrections to
the recorded strain readings must then be applied as given for example in
Reference 21.

Questions concerning how much of the pressure pulse is transmitted to
the soil sample and in turn how much of the stress pulse in the soil sample is
transmitted to the transmitter bar may be approximated using one-dimcnsional
elastic stress wave propagation. in the Hopkinson bar operation as described,
the stress pulse transmission time across the specimen is so small when
compared to the incident pulse length, that many reflections occur in the
specimen while the incident pulse is traversing the specimen. Specimens whose
acoustic impedance pc were small in comparison to the acoustic impedance of
the incident bar could not be tested to failure if it were not for the
mulitiple reflections occurring. Returning to one-dimensional elastic wave
propagation, when a wave is traveling in a medium of acoustic
impedence 04, and encounters an interface of another material of

impedence 505 s the stress magnitude of the transmitted pulse op and

reflected pulse gy c€an be written in terms of the incident pulse o; - Using
Figure A-1 and Reference 22 the following expressions may be found.
R (oc); - lpe), (A1)
3~ (oc)y + (ec), -
o ey (A-2)
9, h (oc), + (oc)2
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[f the two elastic materials go to infinity in both directions, a simple
reflection and transmission take place, and this phenomenon may be treated as
a simple stress wave propagation problem with the resulting reflected and
transmitted wave forms almost completely independent of the incident length.

For the usual operation of the Hopkinson bar where dynamic properties of
the specimen material are being socught, the incident pulse s many times
longer than the specimen, and many reflections and trarsmissions will take
place in the sample before the end of the incident pulse reaches the sample,
This gives an aimost equilibrium condition in the specimen betore all portions
of the incident pulse are completely transmitted or reflected. This means the
sample would be loaded rather uniformly even though Equation (A-2) may show
very small transmitted stresses if the acoustic impedance of the sample
material is less than that of the incident bar material.

Tests using soil samples which are short comnared to the length of the
incident pulse may not give any indication of the transmissibility of the
soil, but may, however, give an indication of the maximum Joad carrying
capability of the soil type.

Test conditions wheve the incident pulse length is much shorter than the
soil sample are a case of true wave propagation, and Equations {A-1) and (A-2)
become important. Most Hopkinson bars are made of som2 type of steel which
have approximate densities and eiastic wave speeds of 7.84 g/cc and 5.08 X 10°
cm/sec, respectively. If one were trying to load a samnle of dry top soil
which has an approximate density of 1.39 g/cc at an elastic wave specd of
approximately 0.23 X 105 cm/sec, the transmitted pulse in the soil would be
rather small for a steel incident bar. Typicai ratios of cﬁfol for 2 steel
incident bar and a sandy scil sample are shown in Table A-1, Other incident
bar materials having lower acoustic impedences than that of steel, such as
titanium, aluminum, and glass/epoxy, might also be considerea. The properties
and stress ratios for these materials are shown in Table A-1 for three types
of soil. Since the stress ratios are for a stress wave moving from the

incident bar inte the soil sample, - would represent the transmitted pulse in

T

the sample and 9y would be the pulse raflected back into the incident bar.

3
5
~

LI I

P
N NN

P

R 13

-

% %y
LR

¥

] e

FER

AN AR ERNRANRER T s gt  ThlR N

RN Y AN AR A WY )




69° 1€° Aei 3 Axod3j/ssely

28" 81°* Kake|n fxod3/sse(9
£6° L0 Apupg Axod3/ssel9
{9° £e” Aei) upuLwn|y
68" 11° Kadn () wauLwn )y
V6" 90" Apueg wnuLwngy
6° 12° ki) wnguedL|
68° 11 Aake|) wniueiL]
(6" £0° Apuesg wniue3 L]
B £l Aey) 1993
96° 70 Aakey) L2918
86" 20° fpuesg (9918
Is/ds Igsls 110§ Jeg Juap|ou]

75

SOL3PY S5943%

€2 A0UI13 43y,

v2°8 St g8°1 £xod3/ssein
6.°€1 86"t L2 wnuLwn |y
18°22 §1°§ Ev°y wnjueyt}
£B*6t 80°¢ #8° ¢ |833f§
£L°2 E°T 66° [ x{33m) Avyo
28°0 15°0 £0°1 »{£ap) 10§ doj Kake|)
2€°0 £2°0 6£°1 »{£4p) (10$ doy Apues

umm\NEu\mﬁmoHv umm\suﬁmoﬂv msu\m

2 d 2 *paadS 3APM d *L3isuag L2 {L3IPW

S3L342d04d (PLAdFRY

SOILYY SSI¥LS ONV S3ILY¥IMOBd TVIHILYW “T-V 378Vi

e e N roy L AL LRI puy - - vy T

boul




Based on Table A-1, the most promising incident bar materials appedr to
be aluminum and glass epoxy. The final selection would be based upon car2ful
testing and screening of the candidate materials. Other types of materials,
such as epoxy-impregnated wood, could also be used. As noted, the
transmission ratios for soils are low, which may require high incident bar
stress levels. However, the generated stress pcV/2 should not exceed the
yield stress of the material. Returning to the candidate materials, extruded
7075 aluminum alloy has a yield st-ength of approximately 65,000 psi (0.45
GPa), Reference 23, while glass/epoxy composites are reported, as in Reference
24, to remain elastic up to essentially 150,000 psi (1.03 GPa). Thus, using
the cT/nI ratios of Table A-1, there appears to be some question as to whether
dry sandy soil could be loaded using some of the bar materials listed.
However, a 100,000 psi pulse in a glass/epoxy incident bar could theoretically
produce a 7,000 psi stress pulse in a sandy soil sample whick would prove
adequate for test purposes.

Looking at the pulse length requirement for a sandy soil sample, the
travel time per centimeter is 1/c or about 44 ysec , using Table 1. In
comparison, the travel time per centimeter for glass/epoxy is approximately
2.3 usec . Basad on these numbers, a 5 cm striker bar of glass epoxy would
give a pulse length of Z3 usec and a 10 cm long soil sample would require
440 usec for one pulse passage across tite sample. These numbers would thus
qualify as a meaningful wave propagation experiment.

Investigators of Reference 25 have resolved the problem of transmitting
the pulse from the incident bar teo the specimen by using a cylindrical
incident bar filled with fluid, closed on one end by a piston, with a
diaphragm separating the fluid from the specimen. However, the peak
transmitted stress with this apparatus is limited to approximately %000 psi
(35 MPa). Variations of this method may prove to be a useful alternative
scheme if solid incident bars prova to be totally unsatisractory.
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APPENDIX B

REFLECTION AND TRANSMISSION OF OBLIQUE INCIDENT ELASTIC
STRESS WAVES AT AN INTERFACE BCTWEEN TWO SOLIDS

A. INTRCDUCTION

In general, when an incident longitudinal stress wave impinges on an
interface between two elastic solids, both longitudinal and transverse waves
are reflected and transmitted. This section is restricted to the discussion
of the reflected and transmitted planar longitudinal waves. A general
schematic of a loncitudinal incident wave/interface interaction is given in
Figure B-1. The following nomenclature is associated with the longitudinai
incident planar wave of Fiqure B-1.

8. NOMENCLATURE

A, o, Incident Longitudinal Displacement and Stress at Angle o

C. o Reflected Longitudinal Displacement and Stress at Angle «
o, 3 Reflected Transverse Displacement and Stress at Angle a

E, g Transmitted Longitudina® Displacement and Stress at Angle -
F, 3z Transmitted Transverse Displacement and Stress at Angle ¢
C‘,Cz,p Incident Longitudinal, Transverse Wave Speeds and Density

C1,32,p Transmitted Longitudinal, Transverse Wave Speeds and Jensity
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C. BCUNDARY EFFECTS ON ELASTIC WAVE PRGPAGATION

Equations relating the displacements A, C, 0, €, F of Figure B-1 may be
written using the interface boundary conditions of Eguation {B-1), equal
normal displacements across the interface, Equation (B8-2), equal tangential
displacements across the interface, Equation (B-3), equal normal stresses
across the interface, and Egquation (8-4), egual tangential stresses across the
interface. These general interface bourdary conditions for motion in the xy
plane are given in Reference 11 as

fu o= fu (8-1)
v s BV (8-2)
Lo, = I0,, (B-3)

-
(v 3vi . au v |
I[(). + 2p)—-ax + XSyJ* r {(X+2u)-3x+ by 3y ]

™~
G
t

to (8-4)

1 4

IR 10 u | 2
z[“ay*ax} 'z[“ay+3x]

where U, v = x, y displacements
U,k = Lame's constants
3., O = Normal, Tangential Stresses
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and the unprimed and prime terms are associated with the left and right,

) el

s W respectively, of the interface of Figure B-1. The general displacement for a

G o
o

Hy
a

simple harmonic wave is given as

ui H oicosei

g B-§)
k! v tisinei (

¢, = U, sin(pt) + g (cosel)x + % (sinoi)y

b R i 1
where

E,

o

4

Al

U, = A,C,D,EF
1)

;' 8, = a,8,¢,n

‘;'

“

" p = frequency

Ci = C’,CZ,C C

"

F. The equations relating A,C,0,E,F are given in Reference 22
qu fcosa - Ccosa + Dsing - Ecosn - Fsing = 0

3 Asina + C3ina + Dcosa - Esinn - Fcosg = O

2 Acos2s + Ccos28 - D(C2/C1) sin2s - E(u'/p)(C;/C1) cos 2 - (B-6)

1; F(o'/0) (C3/Cy) sin 28 = 0

Asin2e - CsinZu - C(C /C ) cos28 - E(o'/p) (C /C )2 (C /C') sin2n +
F(p'/p) (C'/C ) (C /C') cos2c =0

B 80




In addition, Snell’'s law must be imposed and

(sin a)/C, = (sin 8)/C, = (sin n)/c'l : (sin 2)/C, (B-7)

tquation (B-5) may be cast in matrix form, shown in detail in Reference
22 and solutions produce displacement ratios C/A, D/A, E/A and F/A, assuming
Equations B-6 are valid. The stress ratios are related to the displacement
ratios through characteristic impedence ratios. It may be shown that

< . 39 (Ei')g - ig (8—8)
A - [ . =

A 9y C1 A %,

oS \e L% [0 C2)E %k

o C1 AT oA" o C1 A %

The above relationships are easily checked by using an example of normal
incidence i.e., a = 8 = n = ¢ = O in Equation (B-6). The normal incidence of
a longitudinal wave results only in reflected and transmitted longitudinal
waves. The resulting nonzero displacement ratios for normatl incidence of
tEquation (B-6) are

p'C; - DC‘
Reflected Hatio =+ = T
A pC1 + 0 C1
T itted Ratio = = 2 ) (8-9)
ransmitted Ratio F = oC, " o'C;

Using Equations (B-8) and (B-9), the stress ratios for normal incidence are

g p'C: - oC
C 1 1
'c—— = QC + D'C' (8'10)
A 1
SE 2 0'Cy
9y oLy e’y
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Note that only a change occurs for the trangnitted ratio. The above Equations
(8-9) and (B-13) are valid only for normal incidence and Equation B-6 is
automatically satisfied for a = 0. For angles other than a - 0, Equation
(B-4) must also hold, and for the case of wave speeds in the incident or
unprimed medium less than those of the prime or transmitted medium, the angles
n and ¢ approach ®r/2. This phenomenon in optics is referred to as "total
reflection” and theoretically no waves are transmitted or refracted into the
primed medium. This means there are two critical incidence angles

-1 C‘,
ucl = 31n (5*.-—> (8-11)

and

o= {:1
a, * sin N (8-12)

for sin ¢ = .

For a planar wave with an incident angle of Equation (B8-11), no longitudinal
wave is refracted or transmitted and for Equation (B-12), no transverse wave
is refracted or tranumitted. In most materials the shear or transverse wave
speed is iess than the longitudinal wave speed which indicates that, for
increasing angles of a, n would approach =/2 prior to that of the angle ¢ .
Using this same assumption, then g would aiways be less than a« .
Experimental evidence indicates that total reflection does exist at air/prism
interfaces in optics, thermal layering in large bodies of water, and layering
of soils having different wave speeds. There appears to be very little
experimental evidence of total reflection at interfaces of two solids or a
rather soft/hard interface tuch as a soil/concrete interface.

The phenomenon of total reflection stil) hoids for spherical or
cylindrical waves; however, the interaction of these waves with the interface
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cylindrical waves; however, the interaction of these waves with the interface
& is very complicated and some discussion of a cylindrical wave interacting with
r an interface between two dissimiliar media is included in Section V.B.
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