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PREFACE
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REVIEW OF THE PROPAGATION OF INELASTIC
PRESSURE WAVES IN SNOW

Donald G. Albert

INTRODUCTION

Objectives

This report reviews past work on propagation of inelastic pressure waves in snow. The primary
aim of this review is to assess the effect of snow on schemes for clearing minefields with aerially
detonated explosives. Snow is a very dissipative medium but its attenuative properties are difficult
to measure accurately. Nevertheless, an evaluation of the attenuative behavior of snow would not
only be applicable to clearing minefields, but also to the use of explosives for controlled avalanche
release, snow plowing at high speed, and other cases where the dynamic properties of snow are
important.

Background

When a force is applied to the free surface of a medium, the stress caused by the applied force
is transmitted through the medium by propagating waves. The response of the material depends
on the magnitude of the applied force and on the rate of application.

For small transient forces, the strain is usually proportional to the applied force. Such a mater-
1al response is termed elastic and this response continues until the applied force exceeds a certain
value known as the elastic or proportional limit {see Fig. 1). The linear relation between the stress
(or applied force) and the resultant strain is kinown as Hooke's law. Two types of waves propagate
in the medium: a longitudinal wave with a velocity of EJp and a shear wave of velocity \/E/_p,
where p is the density, £ is Young’s modulus, and G is the shear moduius of the material (Love
1944),

If the applied force exceeds the proportional limit, the type of waves depends on the stress-
strain response of the material. For a stress-strain curve such as [ in Figure 1, high amplitude stress
waves propagate faster than those of lower stresses. In such a material the wave front steepens as
the wave propagates with a veiocity that exceeds the elastic wave velocity. Such a wave is called
a shock wave. If the stress-strain curve is like | in Figure 1, flow occurs when the proportional
limit is exceeded, and an elastic wave follows a slower plastic wave through the material (Kolsky
1963).

The yield strength Y of a material is defined as the stress at a conventional amount of observed
plastic strain (typically 0.2%). Two conditions are commonly used to describe the yielding of a
material: the Tresca and the von Mises criteria. The Tresca yield criterion states that plastic flow
occurs when the maximum shear stress in the material reaches a critical value. For the von Mises
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Figure 1. Stress-strain relation for a solid
€, Strain T material,

criterion, plastic flow accurs when the strain energy of distortion reaches a critical value. The
ultimate strength is defined as the stress at which the material fractures. These definitions are from
Eisenberg (1980).

With these definitions a qualitative description of the response of a material caused by the im-
pulsive force produced by an explosion can be given. The increase in pressure at the surface of the
material {caused by contact between particles in the solid and in the air) is transmitted by a stress
wave. If the stress is greater than the ultimate strength of the material, fracturing occurs. For
smaller stresses, either a shock wave or a plastic and a precursor elastic wave propagate through the
material, depending on the shape of the stress-strain curve (Fig. 1). For stresses lower than the pro-
portional limit, elastic waves propagate through the medium. As the waves propagate, their ampli-
tude is reduced by spherical divergence, the energy lost in fracturing and compressing the material,
internal frictional forces, interaction between the pore air and the solid material, and so on. With
increasing distance from the source of the wave, three distinct zones of material response are
observed. Closest to the source is the fracture zone, then a zone of permanent deformation, and
finally a zone of no deformation. The first two zones exist only if the initial stress is high enough
to produce them. |f the applied stress is transient (as in an explosion), waves due to unloading
also propagate in the medium. The speed of these waves is determined by the properties of the
material in the stressed state. For most materials supporting plastic waves, the velocity is higher
for the unloading waves, and complicated variations in the wave amplitudes occur as the unloading
wave catches and interferes with the initial or loading wave. Additional complications affecting
wave amplitude arise in nonuniform media due to surface waves, reflections and refractions from
interfaces, scattering, and diffraction.

To assess the effect of a snow cover on methods of clearing a minefield with explosives, pre-
dicting the amplitude of a wave at any distance from a known applied force is necessary. Amplitude

; predictions cannot be made without an accurate understanding of the dynamic behavior of snow.
4 At present there are deficiencies in our knowledge of the response of snow to large stresses, as will
1 be discussed in the next section.
1
!
f

Problems in describing the response of snow to an applied stress
Detailed knowledge of the dynamic behavior of snow has been hampered by experimental prob-

lems and theoretical gaps. Experimental work to characterize the dynamic properties of snow has
been impeded by a number of factors. For example, natural snow has a wide variation in phys-
ical characteristics such as density, water content, and crystal structure. The variation in these

‘ characteristics will cause variatons in the dynamic response of different snow samples. Even with

: uniform samples, pressure measurements obtained in snow show large scatter, This scatter is re-
fated to experimental procedures such as gauge placement, the type of gauge used, and the variation




in the snow characteristics themselves. A comparison of different experiments in an effort to esti-
mate the general trends of snow behavior is therefore difficult. In addition, the high compressibility !
of snow makes preparation of natural snow samples troublesome because the structure of the snow f
is easily affected. Moreover, many measurement techniques used in shock tube experiments that
depend on the electrical conductivity of the sample are eliminated by the insulating properties of
SNOW.

Mellor (1975) reviewed the mechanical properties of snow and emphasized that its high com-
pressibility makes it behave differently than most other materials, hampering both experimental
and theoretical studies. His review gives a summary of the problems encountered in measurements
of snow’s behavior. In addition, Brown (personal communication)* has pointed out that snow will
probably follow a more complicated relationship than either of the curves shown in Figure 1, espec-
ially for large compressive strains.

Theoretical work has been hampered by the lack of experimental data needed 10 characterize
the general behavior of snow. The response of snow to an applied stress depends not only on the
density, temperature, and other basic characteristics of the sample, but also on its strain and temper-
ature history. The main theoretical problem is the development of an accurate description of the
compaction of snow. Constitutive relations, which give the stress and strain of a material as a func-
tion of time in response to an applied stress, have recently been developed to explain the composi-
i tion of porous metals (Carroll 1980). These relations show some promise for application to snow;
however, the large difference in porosity between the two materials (20% for aluminum compared
to 70% for snow of 300-kg m-3 density} indicates that the compaction mechanisms may be different.

Methods of determining the dynamic behavior of materials
For many dynamic problems, it is important to know how a material responds to the rapid appli-

cation of a large force. Both theoretical and experimental methods give insight into material be-

havior, and past applications of these approaches will be briefly summarized in this section.

Theoretical models
Through the application of basic principles, information on the state of a matcrial before and

after the passage of a large amplitude shock or plastic wave can be determined. Let p be the den- o

sity, P the pressure, u the particle velocity, U the wave velocity, and F the specific internal energy,

with the subscripts 0 and 1 indicating values before and after the passage of the wave. Then, fol- !

lowing Duvall and Fowles (1963}, onc can write the equations :

)

polU =p, (U‘U1)

P~’ —Po:pouu" (2)

#yuy =% pg Uuy + pg U(F, - Fg) (3)

corresponding to the conservation of mass, the conservation of momentum, and the conservation
of energy. Using eq 1-3, the equation

I

can be derived, relating the change in specific internal energy to the pressure and density before

and after the passage of the wave. Equation 4 is known as the Rankine-Hugoniot equation. Equa-
tions 1-4, called the jump equations, have been widely used in reducing data from shock tube and
other experiments,

—— e mebe' o B ntiint e s

*R_L. Brown, Montana State University, pers. comm, 1982,
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The above cquations rely upon the assumption that the material behaves as a fluid without shear
forces or material rigidity. This hydrodynamic assumption is valid only when the wave amplitude
is much greater than the strength of the material.

Many ccirections to these equations have been made to allow them to be applied to real mater-
ials. For example, Fowles (1961) extended the above equations to the case of an elastic-plastic
material at pressures on the order of the yield strength Y of the material. He investigated the case
of a plane shock wave (one-dimensional strain) and used the von Mises yield criterion. For mater-
iafs with propertics independent of strain rate, the theory predicted that the pressure after the pas-
sage of a shock wave would be higher by an additional increment of 2Y/3 above the stress required
in the hydrostatic case to cause the same amount of compression. The shock was predicted to have
a two-wave structure, composed of an clastic wave followed by a plastic wave. The theoretical
amplitude of the elastic wave is Y(1-v)/(1-2v), where v is Poisson’s ratic. Fowles (1961} reported
measurements which confirmed this theory for aluminum.

Carroll and Holt (1972) developed a model of dynamic pore-collapse, the spherical pore model,
which could be used to theoretically caiculate s ess wave propagation parameters and pressure-
volume relations in porous materials. The model was later extended {Carroll and Holt 1973} to
include the effects of shear stresses, viscosity, and work hardening. Extensions to the theory are
continuing (c.g. Swegle 1980).

The spherical pore model makes a number of assumptions about the nature of the porous ma-
terial (Carroll 1980). [t assumes that the substance consists of a sofid matrix material containing
spherical pores and that these pores are isolated from each other. By assuming a yield condition
for the solid matrix, the theory can be used io derive a relation between the applied pressure P
and the porosity 71, the pore volume divided by the total volume of the material. For porous metais,
the matrix material is assumed to be an ideally plastic substance obeying either the von Mises or the
Tresca yield condition, which are the same for this spherical geometry. When the applied pressure
is high enough that only plastic deformation is occurring, the model predicts the following relation:

P=- % Yinn
where Y refers to the solid matrix. For porous rocks, a different yield condition is assumed and a
different relation between P and 7 is found. The assumptions contained in the -~odel, along with
examples of its application to different substances, are discussed in a review pape- by Carrolf (1980).

A theory based on spheres (grains) in contact with each other is discussed in a review by Schatiz
{1976). This model assumes that the spheres yield plastically under an applied pressure. From the
geometry of the model (shown in Fig, 2), Schatz finds that

Av _ , (GP 4P 32
7-3(“,”)-2(;“) -1

where AV/V is the change in volume per unit volume resulting from the applied pressure P. Since
the model does not assume that the pores are isolated, it can be applied to materials with high por-
osities. Schatz (1976) also discusses work done in adapting the model to nonspherical grains.

Although the above models require experimental data to determine the values of some param-
cters, they have two advantages over purely empirical models. First, they offer an explanation for
the mechanical process of compaction. Second, the modecl paramete: > are not arbitrary but have
physical meaning and can be measured by specific tests.

Experimental method's
Experimental techniques for measuring shock wave properties of hydrodynamic materials are
summarized by Duvall and Fowles (1963). Instrumentation and accuracy have been continuatly
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g O verd Figure 2. Geometry for the plastic deformation of
_j; L_ ‘—'| I:2y | equal spheres in simple cubic packing. As an extern-
4 al pressure is applied, the spheres deform plastically
f,_’ ] along a circular area of radius &, while the remaining
Spheres in y portion of the sphere {of radius R) is undeformed
Contact (after Schatz 1976). (Other symbols give values
Cubic Modei used in the model).

improved, but the general procedure remains unchanged. A flat plate is accelerated {(by means of
explosives or a gas gun) and strikes a target containing a sample of the material to be measured.
Either the impact is flat (the usual procedure), producing a plane wave in the material, or oblique,
allowing the behavior at more than one stress value to be measured. The purpose of the experiment
is to measure any two of the parameters in eq 1 and 2, allowing the other values to be calculated.
The shock wave velocity U can be measured by timing the transit of the wave through the sample
of known thickness. The particle velocity & can be measured by observing the motion of the free
surface of the sample, but this method requires some approximation since the free surface velocity
is influenced by reflections back into the sample. Electrical methods of determining accurate veloc-
ities have been used but would be difficult with snow since it is an insulator. Duvall and Fowles
(1963) discuss these and other experimental methods in detail.

Seaman (1976) has reviewed the experimental methods for determining the constitutive relations
of porous materials. The technique that appears to be best suited 1o investigating materials with
high initial porosity (such as snow) involves the use of multiple imbedded stress or particie velocity
gauges. After an impact into the target, records arc obtained that show the propagation of the
compaction and unloading waves as they pass through the target material. The main problem with
this method is that it requires very accurate gauge calibration, gauge placement, and timing. If good
data can be obtained, however, the method provides a complete record of the dynamic behavior of
the material. The velocity of the waves, attenuation of the peak amplitude, and the stress-strain
curves of the material can all be obtained from this method.

Seaman (1976) also discusses two other experimental technigues: the transmitted wave and the
shock reverberation methods. These methods are much easier to perform, but have the disadvantage
that only a very limited amount of data are obtained from each impact, so that many different
samples are needed. Butcher et al. (1974) have applied these latter two methods to the study of
porous aluminum. They compared their measurements to calculations using the spherical pore
mode! and found qualitative agreement with the model. Butcher et al. (1974) also found that
work-hardening effects increased the strength of the material at high strain rates so that the clastic
precursor amplitude would be several times higher than the values predicted by Fowles' (1961)
eguations.

P
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REVIEW OF PREVIOUS STUDIES ON SNOW

Experimental measurements on snow
Experimental studies of the compression of snow at a rate of 0.4 m s=1 {at strain rates from 1 to
‘ 10 s~1) show that it behaves as a viscoplastic material and has a stress-strain behavior similar to that
shown by curve Il in Figure 1 (Abelc and Gow 1976). For large applied stresses, snow will support
an elastic and a plastic wave, but not a supersonic shock wave.

- e e tR S T OTE 2 I AN




Laboratory measurements

Napadensky {1964) made the first attempt to measurc the response of snow to a high speed im-
pact in the laboratory. A metal plate was explosively accelerated and impacted into a snow sample.
The wave and particle motion in the sample was observed using a streak camera to record the move-
ment of lines painted on the snow surface. Impact velocities of 7.5 to 125 m s~1 were achieved,
corresponding to pressures on the order of 0.6 to 2C MPa. The experiments were carried out on

natural and processed Greenland snow with a density ot 390 to 530 kg m-3.

To reduce the data, Napadensky applied hydrodynamic equations similar to eq 1 and 2 to the
double wave structure of the precursor elastic wave followed by the plastic wave. Unfortunately
there were a number of experimental problems. The time resolution of the streak camera was not
sufficient to accurately measure the velocity of the elastic precursor wave, which was instead esti-
mated from other sources. The spatial resolution was not accurate enough to determine the particle

/Elosnc Wave

' lps I Time

a. Hardened atuminum, renroduced from Fowles (1961).

Driver Plate-Sample
Interface

T

Grid Line Siope for
Perticle Velucity Determination

b. Snow, reproduced from Napadensky (1964).

Figure 3. Streak camera photographs of shock wave compression,
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velocity after the passage of the elastic wave. An atiempt was made to improve the accuracy of the
experiment to resolve both waves (Napadensky 1965), but this effort was not successful.

In light of the results of Fowles (1961), however, the elastic precursor wave does not appear to
be of great importance for the pressure ranges measured by Napadensky. A qualitative assessment
of the importance of the elastic precursor wave can be obtained by examining Figure 3, in which
streak camera records from Fowles (1961) and from Napadensky (1964) are shown. The two-wave
structure is obvious in Fowles’ data, but is much less so in Napadensky’s. A general graph of snow’s
expected behavior in one-dimensional strain is shown in Figure 4,

Figure 5 presents the plastic wave velccity vs. particle velocity as measured by Napadensky (1964).
The figure shows that the particle velocity generally increases with the plastic wave velocity. The
scatter in the data is rather targe: about 30 m s~ for each velocity measurement. This scatter
could be reduced with modern experimental equipment if these experiments were repeated. A
serious shortcoming in Napadensky’s data reduction procedures was the use of hydrodynamic equa-
tions to calculate the final density of the snow and the pressured differences across the wavefronts.
These equations assume that al! of the energy involved is used to compress the snow uniformly. For
unconfined snow samples, uniaxial compression rarely results in densities greater than about 600
kg m-3. Athigher pressures, after this density is reached, cracking occurs and the snow crumbles
and is pushed aside (Mellor 1965). Energy is used to form these cracks, but the hydrodynamic
theory assumes that all of the energy is used only to compress and compact the snow. The final
density values calculated by Napadensky are therefore unrealistically high. Values greater than
1000 kg m=3 were reported for some tests with pressures always less than 20 MPa. If these tests

360 T —T T T —
» TWH-23 (table I A)
o OP{table I B
320 & NP(toble I C) n
4 TWH-I6 (toble I.D.)
O MH-8 (toble IL.E )
280 ® TWV-23 l1able I F) .y
+ TWV-16 (taoble 1.G)
== Voiues from Brown (1979b,fig. 2)
[+]
2 240 1
E . O :_,
£ 200 a*sa a
© 3 ”
: ; 160t . —
a o o
z .
.
120~ '}/ o —
P, o
2 X
~ ox/ C‘Q
\\ BOL e o B
~N .
~ * 6, +
1 K QO—QA.
o _
v, v, v, V. -
Volume .
i 1 i 1 i
0 80 160 240
Figure 4. Genera! pressure vs volume graph for snow, Particle Velocity {m/s)
Subscripts 1 and 3 refer to the elastic limit and the
volume ot closest packing of the ice grains, respective- Figure S. Plastic wave velocity vs particle velocity

for Greenland snow. Comparison of Napadensky''s
(1964) actual data with Brown's (1980a) predicted
walues (see Theoretical Studies below). Modified from

ly. At pressures » Py, fracturing occurs. For P < P,
only elastic waves exist. For P, < P < P,, an elastic
wave followed by a plastic wave will exist. For P >

P,, only a plastic wave will exist. Brown (1980a;.
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are repeated, then a stop should be used as suggested by Napadensky (1964) to catch the driver
plate of the test machine so that the sample can be recovered and the final compaction measured;
in addition, pressuie sensors should be used to provide an additional check on the results.

Napadensky’s (1964} data remain the most extensive available today on the dynamic behavior
of snow. However, the methods used to convert the particle and plastic wave velocities to final
densities and pressures are in error because the hydrodynamic theory does not apply to snow at
high strain rates. Direct measurcments of these parameters are still needed for snow.

A second study of a plastic wave propagating in snow as a result of an impact was reported by
Sato and Wakahama (1976). The experiment used a 1-kg weight dropped from heights of up to
2 m onto the snow sample, so that the impact speed was limited to a maximum of Sm s, They
observed the mation of lines painted on the edge of the snow sample using high-speed motion
pictures at 4200 frames/s, which allowed them to measure the plastic wave velocity and particle
velocity. [n addition, a pressure transducer embedded in the snow was used to measure the arrival
time and pressure of the plastic wave. The elastic wave could not be 'esolved in this experiment.

Sato and Wakahama assumed that the final density of the snow could not exceed 600 kg m-3.
For cases where the hydrodynamic equations predicted a higher final density, they predicted and
observed that fractures would occur. Their results show that for a constant impact velocity of
4.3 m 571, the plastic wave velocity increases from 5 to 12 m s~1 with an increase in initial snow
density from 100 1o 400 kg m~3 as predicted by rearranging eq 1. They also examined thin sections
of the samples after impact, and observed that the pore spaces between the grains werc closed, but
with little deformation of the grains themselves.

Using eq 2, Sato and Wakahama calculated values of 5 to 10 kPa for the pressure change across
the wavefront, and they report measured values from the imbedded pressure transducer of 10 to
30 kPa. Not enough details are given to evaluate the three-fold difference between the calculated
and observed values. The discrepancy could be due to an impedance mismatch between the snow
and the pressure gauge, disregarding the pressure increase caused by the precursor elastic wave, or
using the hydrodynamic theory outside its range of validity.

Smith (1969) attempted to measure the pressure-volume behavior of snow using a shock tube.
However, the applied pressures were too low for a plastic wave to be formed. In addition, the shock
wave velocities measured exceeded the elastic wave speed for most of the measurements, casting
doubt upon the accuracy of the results,

Field measuremcats

In addition to the above laboratory experiments, a number of field studies of the effects of ex-
plosions on snow have been conducted. Many of these studies attempted to measure the attenua-
tion of a blast wave with distance in the snow.

Poulter (1950} was the first to report that stronger elastic waves could be produced from a given
charge size by firing it in the air rather than in snow. This conclusion was based on reffection am-
plitudces rather than pressure measurements.

Ingram and Strange (1958) presented some of the earliest pressure measurements in snow, They
detonated 3.6-kg (8-1b) charges at mid-depth in a 1.2-m- (4-ft-} deep snowpack and measured the
pressures in the snow with piczoresistive gauges. The density of the snow was 250 kg m=3 in the
upper 0.5 m and 380 kg m=3 below that depth. Ingram and Strange’s pressure data vary in ampli-
tude by a factor of 2 to 5 over the five shots measured; in addition, the pressures for all but the
closest measuring point werc very iow compared to the gauge range, suggesting inaccuracies. How-
ever, this appears to be the first attempt to measure the attenuative properties of snow. They
found that the equation,

108 (Prmax) = €y log (\) + Gy, (6)




fit the averaged data with C = -2.59 and C, = -1.97 where P, is the maximum overpressure in
the snow in Ibf/in.2 and A is the reduced distance {the distance from the charge divided by the cube
root of the charge weight) in ft Ib=1/3. As is usual in explosion studies (Mellor 1965), distances are
scaled by the cube root of charge weight, which is proportional to the energy yield, to remove the
effects of charge size. Converting this equation to standard form gives

—-—

Pmax=C3 )‘Cl' (7)
For Ingram and Strange’s data, C; will have the same value as above and
- 1052 = ~2
Cy=1072=1.07 x 1072, |

In addition to the problem with the gauge range mentioned above, the data may not give the
proper indication of the amount of attenuation caused by snow because the snow layer was so thin.
Similar experiments were repeated in Greenland to assess the effects of an air blast on a snow
arch (Ingram 1960). However, the pressure gauges used appeared to have a rise time that was too
slow for this type of measurement, and the data are questionable. Mcllor (1965) gives a review of

other carly measurements {including those presented in Livingston 1968, discussed below).
Wisotski and Snyder (1966) afso investigated the attenuation of blast pressures with distance
traveled in a snowpack. They used pressure transducers of two types: paddlie gauges and pencil
gauges. There is significant scatter in the data, and there appear to be systematic differences be-
tween the response times and peak pressures measured with the two different types of gauges.
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Figure 6. Logarithmic plot of maximum pressure vs reduced distance for
explosions in and above seasonal snow (data from Wisotski and Snyder
1966).




Despite the above problems, Wisotski and Snyder conclude that, for a given distance from the
charge, an explosion detonated in the air produces much higher pressures in the snowpack than an
explosion detonated within the snow itself. Wisotski and Snyder postulate that this difference is
because much of the energy of a charge exploded in the snow does work in vaporizing and melting
the snow nearby, although Poulter (1950) had showed that very little snow is vaporized during ex-
plosions. Energy would also be used in forming the crater and the wave would be attenuated due
to the greater losses caused by the snow itself. Average values of their data, compiled in Appendix
A and shown in Figure 6, show that the peak pressure is indeed lower when the charge is fired in the
snow, but only for distances greater than 1 m from the charge, i.c. in the elastic range. Closer to the
shot, where deformation of the snow is occurring, peak pressures are higher for charges fired within
the snow.

Joachim (1967) reported on measurements taken during air, surface, and subsurface blasts in
Greenland. Accelerometers were used to record the motion at depth in the snow and pressure
gauges were used to measure the pressure of the airblast. The travel times in the snow are in agree-
ment with other measurements of elastic wave velocity, but no pressure measurements were made
there.

Livingston (1968) reported on an extensive series of explosion tests conducted in Greenland in
1958. The primary emphasis of Livingston’s report is on cratering, but 32 of the 141 shots were in-
strumented for pressure measurements. A few examples of the pressure data were presented, but
no analysis was done. The pressure data are tabulated in Livingston (1964) and are reproduced in
Appendix B.

Livingston’s data can be used to derive an empirical equation for the maximum overpressure as
a function of distance from a charge exploded in the snow. Since no significant differences were
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Figure 7. Graph of the log of maximum pressure vs log
reduced distance for explosions in Greenland snow.
Data from Livingston (1964) and reproduced in
Appendix B,

10




3

Pressure {(kPa)

Figure 8. Graph of log maximum pressure

0 . T vs log reduced distance for exp/o.srons above
i2 16 20 24 28 30 Greenland snow. Oata from Livingstorn
1/3 il
Reduced Distance (m/kg ) (1964) and reproduced in Appendix B.

found for different types of explosives (Atlas 60% gelatin, Atlas Coalite 75, and military explosive
C-4), the data from all types are combined in the analysis. The data are plotted in Figure 7, along
with a least-squares line fit to the data. The constants C; and €3 of eq 7 are

C,=-3.33%0.16 and Cy = 550 £ 39

the error bounds being one standard deviation. The data show an inverse cube decay. If the pres-
surc is given in Paand X in m kg=1/3, C, is unchanged and

C3={1.74 £ 0.08) x 10° .

Data for shots fired in the air above the snow surface are shown in Figure 8.

Using the crater dimensions for these shots given in Livingston's (1968) appendix, the scaled
true crater radius (for zone of total fragmentation) and scaled extreme rupture radius {for zones of
plastic deformation) can be determined. These distances, along with the corresponding measured
pressure values, are given in Table 1. The distance values are in agreement with Mellor's {1965)
summary of the Livingston data and data from seasonal snow. The data show that a charge set off
in the snow will produce higher overpressures for plastic waves than one set off in the air. The
data also indicate that the maximum overpressure in the snow will be higher for shots fired in the
snow than for shots fired above the snow surface. These results were obtained for fairly dense
(300- to 400-kg m~3) Greenland snow and apply only to stresses high enough to permanently de-
form the snow (pressures of 10 to 30 kPa and higher).

Gubler (1977) reported on measurements of explosions on a seasonal snow cover 1 to 2 m deep
(density 150 to 500 kg m=3), He measured the air pressure at the snow surface and acceleration
within the snow as the charge location, size, and type were varied. The actual data are not given
but it appears that the relations he derives are valid only within the elastic region. Gubler measured
2 higher particle velocity at the snow’s surface by a factor of 10 for charges fired above, rather than
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Table 1. Pressures and scaled distances from Livingston’s {1964, 1968) data.

True crater zone Extreme rupture Zzone
Scaled radius Pressure Scaled radius Pressure
(e~ 1B (mrg T3) (psiy (wPa) (101677 (m kg 1B} (psi) (kPa)

Charge location *

Snow 339+0.22 1.34:0.09 94 649 407+0.13 1.61+005 5.1 356
Air 1.76 + 047 0.7020.19 8.1 550 3.02:008 1.20:003 1.7 118

*Charges fi: ed at a scaled height of 0.5 ft lb'”3 or 0.20 m kg']/3 above the snow surface.

in, the snow cover. The pressure valucs, however, are from transducers on the surface of the snow
and cannot be used to estimate the attenuation cocfficient of the snow itself. He observed that
peak amplitudes attenuated more rapidly in wet snow than in dry snow and that plastic deforma-
tion occurred 1 1o 1.5 m trom a 1-kg charge buried in the snow. This corresponds to an effective
scaled radius of 110 1.5 m kg~1/3, in agreement with the value of 1.6 m kg='/3 obtained from

Livingston’s data.

Summary of snow experiments
To summarize the experimental work on snow, laboratory measurements have determined only

the broad outlines of the dynamic behavior of snow. Napadensky's (1964} data give the general
relationship between wave and particle velocity, but an improved theory is needed to convert these
measured values to pressures and densities. Sato and Wakahama's (1976) study revealed qualitative
information on the mechanism of snow deformation caused by an impact and showed that crack
formation becomes important when the density of the snow approached 600 kg m-3. Repeating
these laboratory measurements with instruments giving increased resolution and with the measure-
ment of as many parameters as possible (inciuding wave and particle velocity, pressure, and final
sample density) would be worthwhife. The ficid measurements of Livingston {1964) and of Wisot-
ski and Snyder (1966) show that expliosive charges fired in the smow produce stronger plastic waves
than charges fired in the air. Livingston’s (1964) data show that charges fired in Greenland snow
have an effective scaled radius for plastic deformation of 1.6 m kg='/3 while charges fired in the
air have an effective scaled radius of 1.2 m kg~1/3. These trends were confirmed for seasonal snow

by Wisotski and Snyder (1966) and by Gubler (1977).

Theoretical studies
Most of the theoretical work on inelastic stress wave propagation in snow has been done by

Brown (19793, b, 1980a, b). A review of this work is provided below.

Brown (1979a) applicd Carroli and Hoit's (1972) model to snow. The model of Carroll and
Holt assumes a spherical, unconnected pore geometry and also presupposes that an applied com-
pressive force causes compaction solely by decreasing the volume of the pores, with no reduction
in the volume of the matrix material. Carroll and Holt also assumed a constant yield stress, Y = Y,
defined using the von Mises criterion, for the matrix material. Brown (1979a) follows Carroll and
Holt's derivations closely, the principal change being the substitution of a rate-dependcent yield

stress:

Y=54+Clin(AD) (8)

where D = the principal difference of the rate of deformation tensor and where 34, C, and 4 are
arbitrary constants. Brown arrives at the plastic phase equation

A2
Mt) = ;—nn (&il) [2(504) +Cln %:’"';T))] - Pice (V- V) ®)
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where & = p,./p, and the last term in eq 9 represents an acceleration. The acceleration term is
dropped for the remainder of the 1979a paper since cases at low rates of deformation are being in-
vestigated. A work-hardening factor of / e?ele0 is also added to the equation. / and ¢ are addi-
tional empirically determined material constants, and the subscript zero refers to the initial state.

In Brown (1980a), eq 9 is stated as
a

An=2- L (—-> [2(50-C)+C;n

a-1

Q)] 2 4 1w o) (10)
where
2= pi, a3 /3(ag-1),
fla)= (a-1)"13 -a'B3,
ag = the initial average pore radius
pP= Pla.

For large rates of compaction, Brown assumes that the yield stress of ice is nearly constant, i.c.

Y:SO
and finds
- PIAY o\ -vala 2 d
(1) = e - 0 _ L 2 42
M) 3a In (a—l)e 200 da la? Alad] . (1)

For these same conditions, Carrolt and Holt {1973} derived the cquation

P(t) = g

2
‘l; ga_ g. Y [Hlay) - H ()] + %— Y a? fla) (12)

with
Ha)=alna-(a-1}In{a-1).

and where @, is the value of « at the transition from elastic to plastic deformation. Performing the
derivative with respect to @ on the first term of eq 12 gives

L2 @ 2 . d .,
Plt)= 5= Yin (H) - 5= Vo (a2 f(ol)] (13)
which is the same as Brown’s equation except for the work-hardening factor.
After obta.ning eq 13, Carroll and Holt (1973) derive the equation for a stress wave propagating
in the porous medium. They obtain
. Py )

AP =- o C} ba (14)
for steady waves propagating with velocity Cy. Equation 14 depends on the assumption that the
material behaves as a fluid. Although Carroll and Holt derive eq 14 in a general manner, it can be
derived formally from eq 1 and 2 of this report with the notational change U = Cy,. The theory
ignores fracture formation. Since fracturing occurs in snow when the predicted final density is
600 kg m=3 or larger, the theory will have to be modificd to be applicable tc snow in this range.
Substituting eq 11 into 14, Brown (1979a) abtains
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for shock waves in snow. By substituting values of the material constants Sg, /, and ¢ for single-
crystal ice and integrating from g to @, eq 15 is then used by Brown to evaluate the shock wave
parameters in snow. For steady waves, & = 0 and the result is

> 1 -1 % | -¢a/a a
\P = 2§ 2_ 2 - — 0 - e~ -ln —
o/ la -3 @ (a+a0)] n [e Ina-e Inag -In a

Sy ke «9_) _,)Jw*ﬁ/ao 2 %0 i (am1) 0070 4 (1)

i nn! ap
G- 25 () -G

Equation 16 gives the pressure change caused by the passage of a wave compacting the snow from
ag to a. This pressure depends on the density change (given by ag and a), the yield stress Sy of ice,
and the empirical work-hardening factors / and ¢. The equation is subject to the same fimitation as
eq 14, i.c. fractures are neglected. Brown (1980b, ¢) derives similar equations for very low density
snow, based on a different pore collapse mechanism,

Confirmation of the theory

Two procedures can be used to confirm the applicability of eq 16 to shock waves in snow. The
first procedure is to qualitatively assess whether the model itself agrees with the actual behavior
of snow; that is, it should be determined whether a compaction of snow does indeed occur because
of a compaction of the porc spaces only, or whether additional processes are involved.

Figure 9, Snow thin sections. (a) Thin section through snow
deformed by the impact of a falling weight. (b) Thin section
from the boundary between compacted portion (A) and un-
disturbed portion (B) of snow. (c) Thin section of undis-
turbed portion of snow, Reproduced from Sato and Waka-
hama (1976).
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Sato and Wakahama (1976) show a thin section of snow deformed by the impact of a falling
weight (reproduced in Fig. 9). The final density is not given, but since no large fractures are visible
in the figure, it is probably less than 600 kg m~3. The thin section shows that the pores are indeed
compressed by the impact. However, the figure also shows that the pores are neither spherical nor
isolated from one another as assumed in Carroll and Holt’s theory, and the average grain size also
decreases after the impact due to fracturing of the grains themselves. Both of these observations
require modification of the theory to accurately represent the physical behavior of snow.

The second method of confirming the theory is to compare the predictions of eq 16 with meas-
urements on snow. This comparison would also allow the choice of material coefficients to be
verified.

Brown (1979a) chose values of / = 3.07 and ¢ = 5.28 by fitting the mode! predictions to data
from Abele and Gow (1976). The yield stress Y ~ Sp at high strain rates was given a value of 3 x
107 N m=2. This value seems very high as it implies a strain rate of 2 x 105 s='. Since the yield
strength is a simple multiplier in eq 16, a change in this factor would produce a proportional change
in the observed pressure P for a given compaction Aa. Brown (1979b, 1980a) compared the pre-
dictions of eq 16 to the data of Napadensky {1964). However, because of the probiems associated
with Napadensky's experiment, a comparison with these data is not sufficient to confirm the
theory. Figure S shows a comparison of Napadensky’s actual measurements with Brown’s (1980a)
predicted values.

Discussion

Brown (1980a) states that Napadensky's data at lower amplitudes are questionable because,
when extrapolated as on Brown's Figure 2, they predict a decrease to zero in the wave velocity
whereas an elastic wave velocity is expected, However, it is not necessarily the data that are in-
correct. First, Napadensky's data relate to high pressures where only a plastic wave exists (see Fig.
1). These data cannot be extrapolated to lower pressures since a substantial change in material
behavior is expected. Second, the theory itself predicts that the plastic wave velocity will decrease.
As the pressure (or wave amplitude) decreases, two waves will exist, a precursor elastic wave and a
plastic wave. With a further decrease in pressure (befow the elastic limit) only an elastic wave will
be produced and it will propagate at the elastic wave speed. The plastic wave velocity behind it
will decrease towards zero, so the data cannot be questioned on those grounds. Since the elastic
wave velocity is an order of magnitude higher (1.9 km s=1 for snow of 500-kg m~3 density) than
any velocity shown in Brown’s Figure 2, it would take an extreme extrapolation to enable either
the theoretical or the experimental data to achicve this value at the intercept.

Carroit and Holt’s (1972) theory, applied to snow by Brown {1979a), is the first attempt to
account for the compressibility of snow in predicting its response to stress waves. However, there
are a number of conceptual problems with the application of this model to snow. As mentioned
above, the pores in snow are not spherical nor isolated as the theory assumes. This observation
would require some changes to the theory, and Brown (1980b) has made some geometric changes
in his paper on low density snow. However, a number of empirical factors were added to the de-
rived equations to allow a good fit to experimental results.

A more serious objection to the theory is that pore compaction alone will not account for the
compression of snow to solid ice at high strain rates. The observations of Sato and Wakahama
(1976) show that the dominant mechanism of deformation will change after a density of about
600 kg m~3 is reachcd. If the theory is applied only to compactions to 600 kg m=3 or fess, major
changes in the calculated parameters of the stress waves in snow occur. The most serious drawback
to the theory is the failure to account for the fracturing of bonds in the snow. Figure 9 clearly
shows that grains have been fractured by an impact, yet the theory of Carroll and Hold assumes
that all deformations will occur plastically (by flowing rather than fracturing). Seaman et al.
(1974) briefly discuss some of the modifications necessary to account for fracturing,
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The spherical pore mode! applied to snow by Brown (1979a) is the first attempt to mechan-
istically model the deformation caused by the propagation of inelastic stress waves through snow.
The model may be applicable to small deformations, but experimental data are needed for its con-
firmation in this range. Because of concepiual problems, the model requires extensive modifica-
tions ta correctly describe large deformations,

APPLICATIONS

In this section the problem of determining the amplitude of a pressure wave in snow caused by
an explosion above the snow is investigated. This problem is of interest because of applications in
clearing a snow-covered minefield and in controliing the release of avalanches.

Brown (1979b) applied a finite-difference calculation to ¢q 16 to find the attenuation of a
pressure wave as a function of depth propagated into snow. The snow was assumed to have an
initial density of 350 kg m=3. For a plane wave with a peak pressure of 2100 kPa at the surface,
Brown’s calculations showed that the pressure decreased to 400 kPa at 0.05-m depth and to 100
kPa at 0.40-m depth (Brown 1979b, Fig. 9). The calculated density changes at these depths were
110 kg m~3 and less than SO kg m=3, respectively.

The calculations of Brown (1979b) agree fairly closely with data from Wisotski and Snyder
(1966) as shown in Brown’s Figure 9. The agreement is not as close when compared to Livingston’s
(1964) results (see Table 2). Aside from the experimental scatter, some of the differences in the
data can be attributed to the higher initial snow density for Livingston’s cxperiments. In addition,
both of the measured data sets show the attenuation of a spherical wavefront from a point source
rather than the plane wave attenuation calculated by Brown. The calculations and the data arc
qualitatively in agreement in showing a very large decrease in amplitude as the wave travels through
the snow.

Table 2. Pressure vs distance for
a 1-Ib explosive charge fired in

Snow.

d A P sz
(m) _(mkg=13)  (kPa) _(kPa)
0.46 0.60 664 951
0.61 0.80 i61 n
0.76 0.99 131 179
0.91 1.19 3.2 98.1
1.37 1.79 9.2 25.1
152 1.98 5.6 17.8
1.83 2.39 1.5 9.6
5.49 1.16 0.6 0.2

*Pressures measured by Wisotski and
Snyder (1966). Converted from psi
to kPa from their Table A-6.
{Pressures calculated using eq 7 and
coefficients found from Livingston's
(1964) data.

Brown’s calculations give final density values of 590 kg m~3 at the surface and 410 kg m=3 at
a depth of 0.1 m. These values are lower than those usually observed in the crater region (600
kg m-3, Livingston 1968). Thus some of Brown's calculated results are questionable because they
give a higher attenuation rate for plane waves than the rate measured for spherical wavefronts, and
since very little compaction of the snow is predicted. These discrepancies point out the need for
further cxperimental measurements and for extending the theory to take fractures into account.
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Table 3. Maximum effective radius for clearing
mines as a function of charge size. Charges were
fired in the air.

Charge size  Charge size Maximum effective radius

(1b) (kg) (m)
1 0.5 .
L 5 23 1.1
B 10 4.6 1.3
; 40 18.2 2.2
100 45.5 3.0
500 227.3 5.1

o Dennis {1973) provides data that can be used to assess the effect of snow cover on clearing a

e minefield. Dennis shows that overpressures of 100 to 320 kPa are needed to set off various U.S.

y (and one Soviet) mines. These pressure ranges are all within the true crater zone for snow; thus for
k. shallowly buried mines the maximum effective {mine clearing) radius wili always be less than the
true crater radius. For a charge fired in the air, an overpressure of 320 kPa will be produced at a
reduced distance of 0.83 m kg~'/3 (using the coefficients from Livingston's 1964 data). The mine
clearing radius for various charge sizes is listed in Table 3. Use of a fuel-air explosive (FAE) will
increase this radius significantly because the size of the source region is increased and because the
shock wave is plane rather than spherical. Dennis (1973, Fig. 60) shows that the 345-kPa zone of
overpressure extends about 10 m from the center of a FAE. For shallowly buried mines the effec-
tive clearing radius could be expected to extend this far.

These estimates are not very satisfying, since they only give a maximum effective radius. The
actual clearing radius will decrease as the thickness of the snow layer increases because of further
attenuation of the shock wave by the snow. |In addition, the question of how an inelastic wave in
snow interacts with a mine fuze has been completely ignored. Some losses are expected (i.e. not
all of the pressure will be transmitted to the mine because of an impedance mismatch) but no esti-
mate of the effect can be given as no measurements have been made.

RECOMMENDATIONS

At present, the best approach for assessing the influence of a snow layer on the use of an explo-
sion in the air to clear a minefield is to test the method directly; that is, to field test the method
with live or dummy instrumented mines beneath a snow layer. The advantages of such a test are
that it avoids the difficulties in calculating the response of snow to large deforming overpressures
and in estimating the coupling effects at the air/snow and snow/mine interfaces. If care is given to
the experimental arrangement and if calibrated gauges are used, these tests could also provide needed
experimental information on the response of snow itself to such large overpressures.

In general, basic theoretical and experimental work on snow is still very much needed. The
spherical pore model applied to snow by Brown (1979a) contains some basic conceptual drawbacks
as pointed out above. Another approach, starting perhaps from the model of grains in contact, will
need to be used. |n addition, the experimental work of Sato and Wakahama (1976) has shown that
{ any model will have to account for fracture effects to explain farge deformations of snow.

More experimental data are also needed. Since the dynamic response of snow is poorly under-
‘ stood at present, these data should be obtained before further theoretical work is done. Experi-
ments involving the use of multiple gauges are probably a suitable approach. These measurements
should first be done on sifted snow in the laboratory to characterize the general dynamic compaction
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behavior. Later, the measurements can be done in situ or on natural snow samples to determine
the variability in behavior due to density variations, thawed layers, ctc.

SUMMARY

Experimental and theoretical work on inelastic stress wave propagation in snow has been re-
viewed. The work of Abecle and Gow (1976) shows that snow is a viscoplastic material capable of
supporting the propagation of elastic and plastic waves, but not supersonic shock waves. Napaden-
sky's (1964) study gives only the relation between wave and particle velocity caused by an impact,
since the hydrodynamic theory is invalid for these data and cannot be used to convert the measured
values to pressures and densities. Sato and Wakahama’s (1976) experiments give qualitative infor-
mation on the deformation mechanism in snow, but additional laboratory work is needed. Explo-
sion tests by Livingston (1964) and Wisotski and Snyder {1966) have been analyzed and show that
charges fired in the snow produce larger plastic waves than charges fired in the air. The effective
scaled radius for plastic deformation is 1.6 m kg='/3 for charges fired in the snow and 1.2 m kg~'/3
for charges fired in the air.

Carroll and Holt {1972, 1973) have developed a theory of compaction for impermeable porous
materials. By considering the matrix material to be ice, the theory has been used by Brown (1979a,
1980a) to predict the behavior of snow to shock wave loading. There are conceptual problems in
the applicability of this theory to snow, and accurate experimental data are needed to assess the
utility of this model. Additional theoretical development is also needed to account for the frac-
turing that occurs in compressing snow to high densities at high strain rates.
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APPENDIX A, SELECTED DATA FROM WISOTSKI AND SNYDER (1966).

Table A-1. Selected pressure data from Wisotski and Snyder (1966).

Charge fired in snow

Charge fired in air Pressure in Pressure in
Distance Pressure in snow Pressure in airtt shallow snowt deep snow***
(ft) (psi) (kPa) {psi) (kPa) (psi)  (kPa) {psi) {kPa)
0.5 10.08 + 2.84 (3)* 70.41 + 19.84
1.5 1.38 + 0.81 (2)* 9.64 + 5.7 375 262 96.3 673
2.0 13.7 95.7 234 163
2.5 0.36 + 0.36 (3)* 25+25 1.9 13
3.0 1.02 7.12 0.47 33
4.5 0.37 2.6 1.34 9.36
5.0 2.18 £+ 0.81 (5)t+ 152+5.7 37.0+ 1.7 (3) 258 + 12 0.81 5.7
6.0 0.21%*= 1.5
8.0 1.68 * 0,56 (14)t+ 11.7+3.9 11.50+ 0.87 (11) 803+ 6.1
12.0 1.71 092 (12)tt 11.9+6.4 5.91+261(10) 41.3+18.2
Numbers in parentheses are number of data points used in calculation of average values and standard deviations.
All measurements used paddle gauges unless otherwise noted.
*  Average and standard deviation calculated for shots 63-65 from Wisotski and Snyder’s (1966} Table A-8. Charge
was 2 ft above snow surface,
t  Average peak pressure at mid-depth in snow from charges fired within snow. Average snow depth 15.9 in., average
snow density 252 kg m'3. Values reproduced from Wisotski and Snyder’s {1966) Table A-5,
**  Same as note 2 except average snow depth 36 in. and average snow density 262 kg'3. Values reproduced from
Wisotski and Snyder’s (1966) Table A-6.
++  Average and standard deviation calculated from Wisotski and Snyder’s (1966) Table A4,
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APPENDIX B. PRESSURE DATA FROM LIVINGSTON (1964).

Tables B1-B3 contain pressure data for 36 shots from Livingston (1964). Gauge locations are
shown in Figures 20-24 in Livingston (1968). Pressures outside the stated calibrated gauge ranges
have been omitted. These gauge pressure ranges are {Livingston 1968):

Water-shock gauge 30-3000 psi (0.21-20.7 MPa)
Baffle gauge 5-30 psi (34.5-207 kPa)
Pencil gauge 0.4-6 psi (2.8-41.4 kPa)

Data are listed by charge location: in the snow, on the surface, and in the air. Pressures have been
converted from psi to kPa and lengths from ft to m.

Figure BT shows the relationship between pressure and reduced distance for surface explosions.
Table B4 gives the coefficients found by fitting the data to ¢q 7 of the text.

1000
T T T T ]

100

1

Pressure (kPa)

Yﬁrle’ll

T
o
1

10 1 1 _ L |
1.5 20 25 30

. Reduced Distance (m/kq'”)

-
35 40 45

Figure B1. Graph of log of maximum pressure vs log
reduced distance for explosions on the surface of
Greenland snow. Data from Livingston (1964).
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Table B1. Charges fired in snow (83 pressure measurements).

Charye Reduced

Charge root Distance distance Log of Pressure Log of

(kq) (kg! 13) (m) {m ky" 3 ) distance (kPa) proessure
1.14 1.04 1.01 0.97 -0.01 102042 3,01
1.14 1.04 1.29 1.24 0.09 827.36 2,92
1.14 1.04 1.29 1.24 0.09 155.13 2,19
1.14 1.04 2.12 2.03 0.31 19.99 1.30
1.14 1.04 3.57 3.42 0.53 6.21 0.7
2.27 1.31 0.52 0.40 -0.40 8011.64 3.90
2,27 1.3 0.78 0.59 -0.23 2392.46 3,38
2.27 1.31 1,12 0.85 -0.07 91,70 1.96
2,27 1.31 1.56 1.19 0.08 39.30 1.59
2.27 1.31 2.35 1.79 0.25 6.89 0.84
2.27 1.31 3.39 2.58 0.41 4.14 0.62
4,55 1.66 0.66 0.40 -0.40 2930.25 3.47
4,55 1.66 0.98 0.59 -0.23 1689.20 3.23
4,55 1.66 1.41 0.85 -0.07 703.26 2.85
4.55 1.66 1.41 0.85 -0.07 142,03 2.15
4,55 166 1.97 1.19 0.07 39.99 1.60
455 1.66 4.24 256 0.41 16.55 1.22
4,55 1.66 0.98 0.55 -0,23 1675.41 3,22
.‘ 4.55 1.66 4.26 257 0.41 8.96 0.95
3 18.18 2.63 1.56 0.59 -0.23 1551.31 3.19
: 18.18 2.63 2.24 0.85 -0.07 322.67 2.51
18.18 2.63 6.77 257 0.41 13.10 112
18.18 2.63 1.56 0.59 -0.23 868.73 2.94
18.18 2.63 2.24 0.85 -0.07 295.78 2.47
18.18 2.63 4.69 1,78 0.25 9.65 0.98
18,18 2.63 6.78 258 0.41 9.65 0.98
1.14 1.04 0.72 0.69 -0.16 4584.97 3.66
1.14 1.04 1.29 1.24 0.09 382.66 2.58
.14 i.04 1.29 1.24 0.09 115.83 2.06
1.14 1.04 2.29 2.20 0.34 54.47 1.74
1.14 1.04 2,12 2.03 0.31 17.93 1.25
1.14 1.04 3.57 3.42 0.53 11,03 1.04
2.27 1.31 0.52 0.40 -0.40 2254,57 3.35
2,27 1.31 0.78 0.59 -0.23 737.78 2.87
2,27 1.31 1.12 0.85 ~0.07 202.01 2.3}
2.27 1.31 1.12 0.85 -0.07 59.98 1,78
2.27 1.31 1.56 1.19 0.08 35.85 1.55
2.27 1.31 2.35 1.79 0.25 16.53 1.22
2.27 1.3 3.39 2.58 0.41 689 0.84
4.55 1.66 0.66 0.40 -0.40 2254.57 3.35
4,55 1.66 0.98 0.59 -0.23 937.68 2.97
4.55 1.66 1.41 0.85 ~0.07 626.73 2.80
4,55 1.66 2,62 158 0.20 153.75 2.19
4,55 1.66 4,25 2.57 0.41 2.76 0.44
i 4.55 1.66 0.98 0.59 -0.23 470.91 2,67
' 4,55 1.66 1.41 0.85 ~0.07 115.83 2,06
'f 455 1.66 1.97 1.19 0.07 62.74 1.80
$ 4.55 1.66 4,26 257 0.41 9.65 0.98
4 18.18  2.63 1.56 0.59 -0.23 133068 312
3 18.18 263 2.24 0.85 ~0.07 153.06 218
18.18 2.63 6.77 257 0.41 2.76 0.44
. 18.18 2.63 1.56 6.59 -0.23 944,57 2,98
1 18.18 2.63 2.24 0.85 -0.07 224,08 2,35
18.18 2.63 2.24 0.85 <0.07 1.2 2,07
1.04 0.70 -0.16 3199.14 3.51
057 ~0.01 703.26 285
1.24 0.05 166.16 2.22
3.42 0.53 414 0.62
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Charge Reduced
Charge root Distarnce distance Logof Pressure Loy af
(Rg) (kg’ /3) (m) (m kg" /3) distance (kPa) pressure
2.27 1.31 2.52 0.40 -0.49 5046.92 3.7
2.27 .3 3,78 0.59 -0.23 219251 3.34
2,27 1.31 1.12 0.85 -0.07 602.60 2.78
2,27 1.31 1.12 0.85 -0.07 55.16 1.74
2.27 1.31 2.35 1.75 0.25 6.85 0.84
2,27 1.31 3.39 2,58 0.41 2,76 0.44
4,55 1.66 3.66 3.40 -0.40 541234 3.73
4.55 1.66 3.96 0.59 -0.23 1378.94 3.14
4.55 1.66 1.41 0.85 -0.07 51297 2.7
4.55 1.66 1.41 0.85 -0.07 43.44 1.64
4.55 1.66 1.97 1.19 0.07 50.33 1.70
4.58 1.66 2.62 1.58 0.20 46,88 1.67
4.55 1.66 2.62 1.58 0.20 28.27 1.45
4.55 1.66 4,22 2.35 0.41 6.21 0.79
4.55 1.66 0.39 0.59 -0.23 673.81 2.83
4,55 1.66 1.41 0.85 -0.07 155.13 2.19
4.55 1.66 2,95 1.78 0.25 15.86 1.20
18.18 2,63 1.56 0.59 -0.23 1110,05 3.05
18.18 2.63 2.24 0.85 -0.07 252.35 2.40
18.18 2,63 2.24 0.85 -0.07 183.40 2.26
18.18 263 6.77 2,57 0.41 1379 1.14
18.18 2.63 - 1.56 0.59 -0.23 799,79 2.90
18.18 2.63 2.24 0.85 -0.07 142,72 2,15
18.18 2.63 4.69 1,78 0.25 17,93 1.25
18.18 2,63 6,78 2.58 0.41 5.52 0.74

Table B2. Charges fired on surface of snow (9 pressure measurements).

Charge Reduced

Charge root Distance distance Log o/ Pressure Log of
(kq) (kg’ﬁ) {m) (m kq"/3) distance (kPg) pressure
4.55 1.66 1.64 0.99 -0.01 183.40 2.26
4.55 1.66 1.64 0.99 -0.01 109.63 2.04
4.55 1.66 1.96 1.18 0.07 62.05 1.79
4.55 1.66 2.29 1.38 0.14 13.10 1.12
4.55 1.66 2.63 1.59 0.20 15.17 116
4.55 1.66 2.63 1.59 0.20 25.51 1.41
4.55 1.66 0.98 0.59 -0.23 1316.89 3.12
4.55 1.66 1.97 1.19 0.07 101.35 2.01
4.55 166 2.29 1.38 0.14 59.98 1.78
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Table B3. Charges fired in air.

Charye Reduced

Charge root Distance distance Log of Pressure Log of

- {kg) (kg! B) {m) (mkg~1B)  distance (kPa) pressure
4.55 1.66 1.07 0.64 -0.19 79.29 1.90
4.55 1.66 1.07 0.64 -0.19 33,78 1.53
4,55 1.66 1.07 0.64 -0.19 70.33 1,85
4.55 1.66 1.12 0.68 -0.17 142 72 2,15
4,55 1.66 1.12 0.68 ~0.17 99.97 2.00
455 1.66 1.36 0.82 -0.09 62.74 1.80
B 4,55 1.66 1.36 0.82 -0.09 34.47 1.54
[ 4.55 1.66 1.36 0.82 -0.09 35.16 1.55
4,55 1.66 1.36 0.82 -0.09 17.24 1.24
-4 4.55 1.66 1.72 1.04 0.02 17.93 1.25
3 4,55 1.66 1.72 1.04 0.02 11.72 1.07
4.55 1,66 1.72 104 0.02 82.74 1.92
: 4.55 1.66 1.72 1.04 0.02 19.31 1.29
: 455 1.66 2.03 1.22 0.09 7.58 0.88
. 4.55 1.66 2.03 1.22 0.09 7.58 0.88
4.55 1.66 2,03 122 0.09 12.41 1.09
4.55 1.66 2,03 1.22 0.09 9.65 0.98
4.55 1.66 2.03 1.22 0.09 11.72 1.07
4.55 1.66 2.03 1.22 0.09 8.96 095
4.55 1.66 0.84 0.50 -0.30 85.49 1.93
4.55 1.66 1.46 0.88 -0.05 18.62 1.27

Table B4. Coefficients of eq 7 found from

Livingston’s (1964) data.

Charge MSE in
location N C ! C3 pressure
Snow! 83 -3.33 5.0 0.301
Snow? 1.74 x 10%

Surface! 9 434 11.20 0.149
Surface2 1.38

Air! 21 -286 407 0.161
Air2 2.00 x 104

N = number of data points
MSE = mean square error
1: Pressure in psi, A in ft 1b™1/3,
2: Pressure in kPa, A inm kg'1 3,
Equation is

Y I P W

IogP=C| |og)\+C2
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