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ABSTRACT

A study has been made of the propagation of pressure waves through
the pore fluid of a soil. Dry, saturated, and partially saturated cases
are considered for chesive and cohesionless soils. Tentative recom-
mendations are made concerning assumptions to be made and methods to be
used in predicting the pore pressures resulting from impulsive loadings.

Qualified requestors may obtain copies of this note from DDC.
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INTRODUCTION

- . Although a great deal of effort has been devoted to an examination
of stress wave propagation in dry sands and gravels (11, 15, 16, 17, 18,
19, 26, 28, 29, 30, 32, 33, 36, 37, 42, 43, 44, 45), very little informa-
tion is available regarding the behavior of saturated and partially
saturated soZls under the influence of impulsive or blast loadings. In
addition, only a very limited amount is known about the pore pressures
developed in dry soils due to these loadings (10, 13, 14, 35).

Most actual designs for blast-resistant buried structures will
probably be concerned with soils which are partially saturated or satu-
rated. In those cases where the soils are dry, the pressures in the
pore air may be of concern if the effective stresses in the design
region are affected.

The study reported here was undertaken in order to establish a
basis for design estimates and to define the needs for further investi-

gations.

O

SCOPE OF THIS REPORT ' N R o
=  This report presents a discussion of the mechanism of the shock
:transmission and recommends procedures for making estimates for design
purposes. Various situations in which the pore pressures may be of con-
cern are considered, and possible design solutions are suggested.
Certain experimental work is recommended in order to verify or, if
necessary, modify the conclusions arrived at in this study.

'PORE FLUID PRESSURE EFFECTS ‘ SILES Lodn Bhe AW

The effect of pressure in the pore fluid of the soil is to reduce
‘the effective stress (i.e., grain to grain contact stress) in the soil
mass. This, in turn, results in a reduction of shearing strength and
the bearing capacity of the soil. On the other hand, the forces due to
the flow of the pore fluids may have the effect of increasing or decreas-
ing the statility of the soil mass depending upon the direction of flow.
In the particular problems being considered, the initial flow would be
downward and would tend to have a stabilizing influence. Thus, the two
effects would tend to offset each other to some extent. It might be
noted that under static conditions, a pore fluid pressure of 100 psi
would be sufficient to neutralize the effective stress due to the normal
overburden &zt a depth of 140 feet or more in an average soil.



The existence of pressures in the pore fluid will create problems
other than lack of bearing. As the effective stress decreases, the
coefficient of active pressure increases, while the coefficient of
passive pressure decreases. Both of these coefficients attain the value
of unity if the effective stress becomes zero. For flexible structures
such as arches, which depend upon the passive pressure for part of their
support, this results in increased locading with decreased support and
might well lead to structural damage or failure. In addition, che
increased pressure in the pore fluid might result in excessive leakage
into the structure impairing or destroying its usefulness.

The pore pressures may be caused by propagation of impulsive load-
ings through the pore fluid directly, by compression of the soil mass,
or by a combination of these effects.

PULSE PROPAGATION

There are many references which deal with the propagation of stress
waves and shock loadings. Kolsky (21) has presented an excellent summary
of the theory, as of 1954, of stress wave propagation in solids; and
Binder (1), von Mises (40), Glasstone (12), Carrier (5, 6), and others
have dealt with the transmission of shock waves in fluids. Clark (7, 8,
9) and Swatosh (38) have studied the characteristics of shock waves in
tunnels of various configurations and with various angles of the entrance
to the blast wave.

In general, the impulsive loadings studied consist of a compression
phase followed by a tension or rarefaction phase. 1In the case of a shock
wave in air, there is a sharp pressure rise followed by a forward facing
rarefaction wave. As noted by Clark (9), the forward portion of the
rarefaction wave moves at a greater velocity than the pressure jump thus
continuously overtaking and decreasing the shock front pressure. A
similar characteristic is noted by Salvadori et al (28) with regard to
the linear-hysteretic soil model in which the slope of the unloading
branch of the stress-strain curve is greater than that of the loading
branch.

In the current study, the assumption is made that the problem is
one dimensional in character. This is equivalent to assuming that a
semi-infinite expanse is loaded simultaneously as in most analyses made
for the stress distribution in dry cohesionless soils due to blast
effects. .

1
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EFFECT OF BLAST "ON PORE PRESSURES IN DRY SOILS
General

" The pore air pressure in a dry soil subjected to blast loading can
be attributed to several factors. The most important of these factors
will be the transmission of blast pressures through the pores, the

—increase in pressures due to the compression of the pores of the soil
———sgkeleton, and temperature increases which may accompany the blast wave.
In a dry soil, the soil skeleton is much stiffer than the pore
-~ fluid and will transmit the blast wave by intergranular contact. 1In
- order for the blast wave to move through the pores of the soil, there
~must be a flow of air through the voids. The distance to which this
pressure will penetrate must, therefore, be closely related to the pore
size, shape, and distribution in the soil. It must be a function of the
— permeability of the soil. The general relationships between grain size
=-and shape, void ratio, permeability, and density are extremely complex.
In general, it is not possible to establish a wvalid and easily used
mathematical model to inter-relate these quantities. Laboratory tests
are available for determining each of the quantities, and specific
standard tests have been established for most of them. The permeability
normally reported in soil mechanics literature is the constant in Darcy's
law and represents the ''physical permeability" divided by the dynamic
_viscosity of the fluid. It would, therefore, seem possible to obtain
"the air permeability from the water permeability by multiplying by the
ratio of water viscosity to air viscosity. However, it is worth noting
“that Brooks and Corey (4) found that air permeabilities measured before
_ saturating a particular dry soil were often less than those measured
“"after the soil had been saturated and subsequently dried. It would thus
seem that the past history of the soil might have an appreciable effect
"*upon this quantity. 1In particular, soil deposits which are frequently
subJected to wetting and drying may experlence increases in permeability
£ after construction. ~

M i
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The only extensive tests concerning pore air pressures to be
reported to date are those of Hampton (13, 14). These tests involved
pressure pulses of very short duration, but they do give an indication
of what might be expected under blast loadings.

These tests were run on three separate soils--a pea gravel, 20-30
Ottawa sand, and a silty sand. The results of the tests on silty sand
showed practically no penetration. Tests were run with the samples in
both head-on and side-on positions (see Figure 1) with the incident
pressure on the sample and the pore pressures within the samples
reported. The results are presented in Figure 1 as plots of the ratio



of maximum gage pressure, p, in the pore to maximum incident gage pres-
sure p_, Vversus the ratio of distance penetrated, X, to the cube root of

the diameter of the particle considered representative of the sample.
The particle diamefer used in'this study is that particle which-represents
the uppeér limit-of the.finest_10~pergent,.d10, expressed in feet.

The duration of the positive phase of the pressure wave used in the
tests was relatively short and particularly so in the head-on tests.
This would appear to be the probable reason that the pressure ratios
observed in the head-on tests were generally slightly lower than those
observed in the side-on tests. It, therefore, seems reasonable and
proper to regard the side-on values as a lower limit although there is
more uncertainty involved in the measurement of the incident pressures
used in this case.

The results shown in Figure 1 could be predicted reasonably well by
means of one of the two curves shown. The values obtained by using the
equation

1/3

-0.20(X/d;.7)
- 10 )
Py
. 1/3 |
would be a very good representation except for values of X/d greater

10
than 10. Even in that region, the equation would give values within

approximately 8 psi of the measured values. It is quite possible that
the load pressure readings corresponding to X/d%3 greater than 10 are

subject to larger percentage variations due to extraneous effects such
as temperature and normal experimental scatter. These same readings
might be a function of irregular pore spacing and sizes which would
allow slightly higher pore pressures to develop than would be the case
with uniform distribution of grain sizes. Under the circumstances, it
would seem advisable to use the curve given by

1/3

-0.154(X/d10 )

£ -0.94e
pO

(2)

for making design estimates until further evidence can be collected
regarding this point. 1In applying these equations, one should obviously
exercise a considerable degree of judgement in deciding whether or not
the diameter of the 10-percent size appears to be the representative
particle diameter for the soil being considered. It is always possible
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Figure 1. Relationship between pressure ratio and distance-particle size ratio.



- that unsymmetrical grain-size gradations, unusual skip gradations, or
~-other irregularities may make the choice of another diameter seem pre-
ferable.

Equation (2) will predict pressure ratios which are mostly on the
safe side. Where the ratios are underestimated, the error is only about
3 psi. The maximum overestimate using this equation is approximately 25

--percent. The general shape of these curves is similar to that obtained
using the '"hydraulic diameter' approach outlined for tunnels by Clark

©)-

=~ -----In order to verify the relationships discussed, it is desirable to
conduct more conclusive tests as outlined in the Recommendations for
Test Program section of this report.

=iis Other correlations that have been investigated and discarded are
_with the ratios of X/d1 and X/dl/z. The permeabilities of the samples

reported by Hampton varied roughly as the first power of le‘

=% 7~ - Hampton's tests were conducted on samples of relatively small cross=-
~~-sectional area held in rigid boundaries. His report includes a statement
-~ to the effect that he tested specimens with the pore fluid isolated from
-~ fluid inflow by a plastic membrane and that there was then no increase
“-in pore fluid pressure. For soils in the natural state, longitudinal
* “compression could be expected to cause a 0.3 to 0.8 atmosphere pressure
increase in addition to those estimated from the foregoing equations.
The actual increase is very much dependent upon the density and dynamic
modulus of the soil, and the range quoted should be regarded only as a
f-rough guide. -
S Hampton also reports difficulty in measuring the velocity of the
pore fluid pressure front. He specifically = ., - cites an example in
which he measured the velocity as 250 fps and’ dlSmlSSES this as
-~ obviously in error since he felt that it should at least be equal to the
--acoustic velocity. The resistance to flow in the small pores will be
primarily due to the effects of viscosity, and the flow must take place
before the pressure rise can occur. It would, therefore, seem quite
probable that the velocity of pore fluid pressure propagation will be
less than the acoustic velocity and that it might indeed approach values
such as those measured by Hampton. It is thus probable, as Hampton con-
cluded, that a considerable lag might occur between the passage of the
soil stress wave and the pore fluid pressure wave. This might well mean
that the maximum pore pressures would be more damaging to buried facili-
ties than if they arrived simultaneously with the maximum soil stresses
since the maximum effective stress (and hence the passive resistance)
might be considerably less than maximum when the pore fluid pressure is
a maximum. In addition, the pore fluid pressure might tend to aggravate
structural damage already caused by the soil-stress wave.



Cohesive Soils

Dry cohesive soils have very low permeability, and it is unlikely
that any appreciable flow of pore fluids can take place during the rapid
loading of a blast. The increase in pore fluid pressure would thus be
expected to be due almost entirely to compression of the void spaces,
although temperature increases would also cause an increase in pore fluid
pressure.

The pore fluid pressure increase due to the compression of the soil
skeleton would be expected to be from 0.3 to 1.0 atmospheres due to a
decrease in pore volume.

EFFECT OF BILAST ON PORE PRESSURES IN SATURATED SOILS
Cohesionless Soils

The commonly accepted value of bulk modulus of water (300,000 psi)
is much higher than the value of the constrained modulus reported for
most soil tests, e.g., Hendron (18, 19). Being relatively incompressible,
the water will tend to absorb all of the blast overpressure and transmit
the shock through the water. The result will be a temporary liquefaction
of the soil. It might be expected that the stress would rise to a higher
value in the soil-filled water than it would in water alone in much the
same manner as reported by Carrier (4, 5) for a dust-filled gas.

The reduction of the soil to a liquid state would reduce the sub-
grade reaction on a structure to the value of the buoyant force and would
lead to a condition of zero shear strength. This general condition has
already been discussed in the section on Pore Fluid Pressure Effects.

In Figure 2 the depth, time, surface loading diagram is shown for a
step loading applied to the surface of a saturated soil. The pressure

rises suddenly to a value of Po and stays there until time t1 when it

reduces suddenly to Py which remains on the system indefinitely.

Immediately upon loading, a pressure wave is propagated at a velocity
cy* This is shown in the diagram as a line through the origin having a

slope of cor At time tl’ an unloading wave is propagated into the mass
at a velocity dependent upon the bulk modulus. Assuming that the bulk
modulus remains approximately constant, this wvelocity will also be e

and the tnloading wave can be represented in the X, t diagram by a line
through (O, tl) having a slope of . Under these conditions, the two

wave propagation lines in Figure 2 are parallel and the unloading wave

Ld 8 f 2_— |
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will never overtake the loading wave to cause attenuation. In this
instance, the intensity and duration of the pressure pulse at depth X
will be the same as at the surface (X = 0).

The value of c_ is obtained from the equation

e = NE/p (3)

where c, = velocity of wave propagation, LT”1

E = bulk modulus of the material, FL >

2

p = the mass density of the material, FT L"4

For a sand having a void ratio, e,, of 0.50 and a specific gravity,

& 1 3
G, of 2.65, the value of < is computed in the following example:

e, = 0.50 _ fitioiom: es =

G = 2.65

. E = 300,000 psi = 43,200,000 psf

Unit weight of water, Y, * 62.5 pcf

-~ Saturated unit weight, vy = + Y.. = 131 pcf
> 'sat 1+e})w

= T E - 131 1b sec2

P=32.2 ol

= 3260 fps

It might be noted that the corresponding value for water alone is
4720 fps.

The differential equations given by Salvadori, et al (28) are valid
for this system, thus:
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k% 2 at?
o
and
%6 _ 1 3%
k% o atd
)
where @ = stress
X = position
t = time
U = particle velocity

and the other symbols are as defined above.

tions are

(4)

()

The solutions to these equa-

g = f(Xl-,cot) +gX +:cot)

c
u = 1?‘[f(x - cot) +gX + cot)]

If we assume an impulse loading at the

the boundary conditions are:

X

"
o

0, t

where To is a time constant with units of

(x/co-t)l/TO

g = poe

12

T.

-t/T,
surface of the form P& s

This yields the solution

(6)
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and

c (X/c_-t)1/T :
a = i? P8 © v )

Then the acceleration,

- *l_c_oe(X/co-t)llTo
To E

(8)

It is apparent that the particle velocity is dependent upon the
magnitude of the maximum overpressure while the acceleration is dependent
upon both the maximum magnitude and the rate of decay of the applied
pulse.

These values are for the period following the application of pres-
sure. The acceleration during the pressure jump would no doubt be more
critical. This will be a function of the rise time of the pressure
pulse.

Cohesive Soils

Most of what has been said for cohesionless soils might also be
applied to cohesive soils. Under the intense pressures considered, it
would be expected that any natural inter-particle forces would be over-
come and that the soil would liquefy into a mud. However, it is inter-
esting to note that Wilson and Sibley (44) quote results from a private
report of Whitman showing constrained moduli approaching one million
pounds per square inch for glacial till from North Dakota. It is possi-
ble that these materials can be treated as a very viscous fluid in some-
what the same manner as that used by Nielsen (25).

It should be pointed out that, if the grains of either the cohesion-
less or cohesive soils do remain in contact, there may be some attenua-
tion of pressure due to friction. The procedures recommended here will
be on the safe side and should be followed unless sufficient test data
is developed to prove that attenuation does exist.

PARTIALLY SATURATED SOILS
Cohesionless Soils
The pore fluid pressure distribution in a partially saturated soil

will be largely dependent upon the degree of saturation. It is well
established in the literature on flow through porous media that the

13



relative permeability of the non-wetting phase of the pore fluid (in

this case air) falls off rapidly with increasing saturation. For example,
Brooks and Corey (4) present charts showing this phenomenon for various
unconsolidated porous materials. In all cases, the relative permeability
of the non-wetting phase drops quite rapidly after some critical degree
of saturation is attained. The relative permeability of the wetting
phase of the pore fluid (iz this case water) increases from zero at a
degree of saturation which varies with the material but which is some-
where in the vicinity of 50 percent for the sandstones discussed by
Brooks and Corey to a value of 1.0 at a degree of saturation of 100 per-
cent.

In view of the foregoing, it would appear that the flow of air in
partially saturated soils would very likely be impeded or prevented by
water in the void spaces between grains. This could be expected to
reduce the distance to which the pore air pressures due to blast would
penetrate. On the other hand, the compression of the soil skeleton due
to the blast wave may be sufficient to increase the degree of saturation
to a point where the wave will propagate more in the nature of a saturated
soil. The soil could not become fully saturated unless the pressure
pulse duration was sufficient to allow the pore air to flow out of the
soil or unless the pressure intensity was sufficient to drive the air
into solution. For normal scils, it would seem probable that soils at
50 percent or lower saturatioa would develop less pore fluid pressure
than a dry soil.

Cohesive Soils

The permeability of partially saturated cohesive soils is so low
that one would expect the pressure to follow one of two patterns. Either
the degree of saturation would be low enough that the pressure increase
would be that due to the compressicn of the air in the voids or the
amount of pore air would be sufficiently small that it would largely go
into solution and the soil behavior would approach that of a saturated
soil.

DISCUSSION OF RESULTS

The recommendations for prediction of pore air pressures shown in
Figure 1 indicate that the pressures might be expected to penetrate the
soil to a distance of thirty-five to forty times the cube root of the
representative particle diameter, le' These values are predicated upon

the assumption that the material will be in a relatively dense state.
This would mean that a very coarse gravel with a representative particle
size of 3.inthes could be expected to show pore air pressure penetrations
of approximately 30 feet while a silty sand, such as that tested by

14
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~&F the 35611 and ratio of X/d

- Hampton, might be expected to show penetration to a maximum of approxi-
- mately 1 foot. The pea gravel tested by Hampton would be expected to

show overpressure penetration to approximately 10 feet. There are no
test results available for the large diameter particles, but Hampton's
tests show that some overpressure did penetrate the pores of the pea
gravel beyond 6.13 feet which was his last gage station. For the

- highest incident overpressures used (136 psi), these values were still

between 5 and 10 psi. For the silty sand, the data are very scattered
and show very small pressures penetrating as far as 0.63 feet.

One thing that is quite clear is that excessive pore air pressures

- will not penetrate dry granular soils of relatively low permeability to

depths beyond 2 to 5 feet. For construction in which large diameter
gravel backfill is necessary or desirable, the area could be effectively
sealed by grading to a top layer of a few feet thickness of relatively
fine material such as a sandy gravel. Since a very fine soil such as
fine silt might retain large amounts of moisture and thus be near satura-
tion, it might be undesirable as a backfill material but might be quite
effective as an isolation layer to prevent pore air pressure penetration.

The relationship between the attenuation of pressure in the pores
1/3
10
that attenuation with distance is essentially independent of the magni-
tude of the overpressure. This would be true for any one soil at a
given density.

is consistent with Hampton's conclusion

It is also obvious that the stress transmission in saturated soils
is apt to be very much more serious than in dry soils. This would indi-
cate that, wherever possible, buried construction should be in a well-

- -drained site and backfilled with a free-draining material in order to

obtain as much natural attenuation from the soil as possible. Where
this is not possible, provision must be made for the higher stresses and

-the water leakage problems that will be encountered as well as the less
- favorable soil strength conditions.

It is also quite probable that a coarse, well-drained backfill

- material should be employed in the vicinity of buried structures even in

dry areas. This would help prevent the soil becoming temporarily satu-
rated due to the percolation of precipitation. Unless so protected,
buried structures would be especially vulnerable to attack during or
after a storm. Such a situation would be particularly undesirable if
weather modification techniques are perfected to the state where a
potential enemy could coordinate widespread precipitation with an attack.

For partially saturated soils underlain by saturated soils, the

shock wave will be transmitted, with normal attenuation, through the
partially saturated soil to the zone of near saturation. At this stage

i &



the pressure wave will be transmitted to the pore water and will propa-
gate in the same manner as in a saturated soil except that the incident
overpressure on the saturated zone will be the attenuated pressure
arriving through the partially saturated zone.

SUMMARY AND CONCLUSIONS

The study outlined in this report has considered the propagation of
pressure waves due to blast loadings through the pore fluid of a soil.
The cases discussed are for dry, saturated and partially saturated con-
ditions and cohesionless and cohesive soils.

It is recommended that pressure attenuation in the pore air of dry
cohesionless soils be predicted using the equaticn

1/3
P 0.154(X/d10 )
Py
where p = maximum pore air pressure, F/L2
p, = maximum incident overpressure, it
X =

distance from surfeace to which Py is applied, L

d10 = the diameter of the 10 percent size of the soil or some other
representative particle diameter (see text).

For the saturated case, the stress wave will propagate rapidly with
essentially zero attenuation.

Partially saturated soils will have behavior which is strongly
influenced by the degree of saturation. At lower ranges of saturation
they can be expected to have a relative air permeability which is less
than the dry soil air permeability, and thus they should exhibit more
rapid pore air pressure attenuation. At the higher ranges of saturation,
the soil will begin to behave very nearly as a completely saturated soil.

RECOMMENDATIONS FOR FUTURE WORK
Introduction

The prediction of pore fluid pressure effects due to blast on the
basis of the very limited data is a precarious procedure. The fact that

the test results reported to date are on a very limited range of sizes
and on largely uniform sizes makes it difficult to extrapolate the

16

Ead - Bl bad EBad B Gd a3 L

d



results to other conditions without some qualms. It is, therefore,
most desirable that a program of testing and evaluation be carried out
“to confirm or modify and extend the results of this study.

Particular attention should be paid to the correlation of results
with the cube root of the diameter of the 10 percent size of the material.
It is obvious that wide variations of grain-size distribution may occur
and that situations may arise where the 10 percent size may not be the
representative particle size for the material. It is quite probable
that an additional correlation factor may be needed for a complete solu-

“tion. 1In particular,

the uniformity coefficient d . /d.. or some similar

60" 10

-quantity may be useful in evaluating the results of further tests.

Careful measurements should be made of the physical permeability of

soils to be used in tests.

These should be measured with respect to the
_flow of air through the soil rather than for the flow of water. One
-possible procedure for this is outlined in the work by Brooks and Corey
-(4). As noted earlier, the permeability of the soils used by Hampton
varied roughly as the diameter of the 10 percent size. If this rela-

- tionship were to alter drastically, it might be necessary to include per-
meability in the correlation, either directly or by relating it to repre-
sentative particle size.

~; The testing program should be extensive enough to be statistically
significant and should cover the conditions of moisture discussed in the
report, i.e., dry, saturated, and partially saturated. All tests should

cover a range of sizes.

A minimum program would consist of at least

- three separate and distinct sizes of material which would be tested as
uniform grain size materials and also blended to give different gradations

-of grain size.

‘Some of the significant variables which should be investigated in
- the test program are as follows:

influence

influence

of

of

relationship

influence
influence
influence

influence

of

of

of

of

grain size.

grain-size distribution.
to permeability.

moisture content.

the range of overpressure.
axial compressibility.

relative density.
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It is apparent that even a minimum program will be quite extensive and
difficult. For example, it will be very difficult to allow axial com-
pression while maintaining zero or near zero lateral strain. Perhaps a
device similar to the one reported by Stoll and Ebeido (36) might be use-
ful here.

Dry Soil

The tests on dry soil may be run in a shock tube and can no doubt
be run in the horizontal position. It would appear that instrumentation
to measure incident pressure might be more reliable in a head-on configu-
ration if the duration of blast pulse can be made sufficiently long. It
is highly desirable to get to higher overpressures such as 300 psi or
even 500 psi and durations of 1/2 to 1 second if possible. The effect
of longitudinal compression in raising pore pressure should be evaluated.
This might, in this case, be achieved in the same test by sealing the
end of the sample with plastlc so that no air can enter the pores and
then running a series of tests.

Saturated Soil

It would appear that saturated soil tests could best be run in the
vertical configuration. The same range of pressures and durations used
in the dry soil tests would be appropriate here. As an incidental but
highly interesting problem, it would be helpful to measure the movement
of a soil inclusion under these conditions. Some small amount of axial
deformation would have to take place, but the fluidity of the mixture
might make rigid boundaries feasible.

Partially Saturated Soil

The pressure and duration relationships used in the other tests
should also be applied to the partially saturated soils. 1In order to
obtain any meaningful data, it would appear to be essential to allow
axial deformation to occur.

General

All tests should be instrumented with a view to obtaining enough
information to allow the observation or determination of:

1. The distance to which pore pressure overpressures penetrate
the mass.

2. The amount by which pore pressures increase during the
blast wave.

3. The velocity at which the pore pressure wave propagates.

18
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e 4.  The total stress in the soil.

5. The effective stress in the soil. (Note that this means
that it will be necessary to know the pore fluid pressure
and the total stress at the same time even if the maxima
propagate at different velocities. The most desirable way
to do this would be to record a pressure-time history for
both quantities.)

i Hampton's report (14) contains some useful data on instrumentation

- of the pore pressure portion of the test. There are also a number of
suggestions in the papers of Session Three of the Proceedings of the

~ Symposium on Soil-Structure Interaction published by the University of
Arizona, Tucson, Arizona, September 1964 (NCEL Library No. 620.19 S989).
Some of the techniques developed in NCEL soil mechanics research will
~also be of considerable value in these measurements.

" REFERENCES o

1. Binder, R. C. ]%dvancggnF;pid Mechanics, Volume I," Prentice-Hall,
- New Jersey, 1958, 296 p.

2. Bloomsburg, G. L., and Corey, A. T. '"Diffusion of Entrapped Air from
-Porous Media,'" Colorado State University, Hydrology Papers, No. 5, August
1964, 27 p.

-3. Bridgman, P. W. "The Physics of High Pressure,'" G. Bell and Sons,
-Ltd., London, 1958, 445 p. i 2 L

“4. Brooks, R. H., and Corey, A. T. '"Hydraulic Properties of Porous
~Media," Colorado State University, Hydrology Papers, No. 3, March 1964,
It 27 po . ) A )

.5. Carrier, G. F. '"The Transmission of Blast Through a Dust-Filled
-Gas--Linearized Treatment, II," Aberdeen Proving Ground, BRL, MR-872,::
February 1955, 12 p.

6. "The Transmission of Blast Through a Dust-Filled Gas--
Linearized Treatment," Aberdeen Proving Ground, BRL, MR-873, February
1955, 15 p.

7. Clark, R. 0., and Coulter, G. A. '"Attenuation of Air-Shock Waves in
Tunnels," Aberdeen Proving Ground, BRL, MR-1278, June 1960.

8. Clark, R. 0., and Taylor, W. J. '"Shock Pressures in Tunnels Oriented

Face-On and Side-On to a Long-Duration Blast Wave,' Aberdeen Proving
Ground, BRL, MR-1280, June 1960, 23 p.

19



9. Clark, R. 0. "A Study of Shock Wave Attenuation in Tunnels,' Aber-
deen Proving Ground, BRL, MR-1401, May 1962, 42 p.

10. Crist, R. A. '"The Use of Rock Filters to Attenuate Air Shocks,"
AFSWC, Kirtland Air Force Base, New Mexico, Final Report, AFSWC-TDR-63-
27, March 1963, 80 p.

11. Davisson, M. T., and Maynard, T. R. '"Static and Dynamic Compressi-
bility of Suffield Experimental Station Soils,'" AFWL, Air Force Systems
Command, Kirtland Air Force Base, New Mexico, WL-TR-64-118, April 1965
142 p.

12. Glasstone, Samuel, ed. '"The Effects of Nuclear Weapomns,'" U. S.
Department of Defense, U. S. AEC, April 1962, 730 p.

13. Hampton, Delon '"The Effect of Pore Air Pressure on Soil-Structure
Interaction," Proceedings of Symposium on Soil-Structure Interaction,
Tucson, Arizona, September 1964, pp. 315-331.

14. "A Study of Pore Air Pressures Generated in Soil Sub-
jected to Air Shock Waves,'" AFWL, Kirtland Air Force Base, New Mexico,
WL TDR-64-3, October 1964, 89 p.

15. Hardin, B. 0., and Richart, F. E., Jr. '"Elastic Wave Velocities in

Granular Soils," Proceedings of ASCE, v. 89, SM 1, February 1963, pp. 33-

65.

16. Heierli, Werner 'Inelastic Wave Propagation in Soil Columns,'" Pro-
ceedings of ASCE, v. 88, SM 6, December 1962, pp. 33-63.

17. Heller, L. W. '"Motion of Subsurface Soil Inclusions Subjected to
Surface Blast Loading," U. S. Navy Bureau of Yards and Docks, U. S.
Naval Civil Engineering Laboratory, TR-372, April 1965, 65 p.

18. Hendron, A. J., Jr. '"The Behavior of Sand in One-Dimensional Com-
pression,' PhD Dissertation, University of Illinois, 1963.

19. Hendron, A. J., and Davisson, M. T. '"Static and Dynamic Constrained

Moduli of Frenchman Flat Soils,'" Proceedings of Symposium on Soil-
Structure Interaction, Tucson, Arizona, September 1964, pp. 73-97.

20. Janze, F. J., and Hicks, C. W. '"The Calibration and Interpretation
of Recordéd Shock-Tube Pressure Data Using Piezoelectric Sensors,'" Air
Force Shock Tube Facility, University of New Mexico, RTD-TDR-63-3073,
November 1963.

21. Kolsky, H. '"Stress Waves in Solids,'" Clarendon Press, Oxford, 1953,
211 p.

20

[ 1
[r——

Bl Bl ka3

£ B3 B3

Eed " Bt baad  Saud



————

22. Makino, R. C., and Brown, H. N. "Effect of Solid Suspensions on
Gas Flow,'" Aberdeen Proving Ground, BRL, MR-1123, January 1958, 61 p.

23. Muskat, M. '"The Flow of Homogeneous Fluids Through Porous Media,"
J. W. Edwards, Ann Arbor, 1946, 763 p.

24. Newmark, N. M. "The Basis of Current Criteria for the Design of
Underground Protective Construction,' Proceedings Symposium on Soil-
Structure Interaction, Tucson, Arizona, September 1964, pp. 1-24.

25. Nielsen, J. P. 'Unified Consolidation Theory,'" PhD Dissertation,
Department of Civil Engineering, Colorado State University, 1961.

26. Perret, W. R. '"Free Field Ground Motion Produced by Explosives,'
Proceedings of Symposium on Soil-Structure Interaction, Tucson, Arizona,
September 1964, pp. 107-117.

27. Taylor, D. W. "Fundamentals of Soil Mechanics,'" John Wiley & Sons,
Inc., 1948.

28. Salvadori, Marioy Skalak, Richardy and Weidlinger, Paul ''Waves and
Shocks in Locking and Dissipative Media," Trans. ASCE, v. 126, part 1,
1961, pp. 305-33.

29. Seaman, L., and Whitman, R. V. '"Stress Propagation in Soils,"
Final Report, Part IV, DASA 1266-4, Stanford Research Institute, June
1964, 286 p.

30. Seaman, L. "Propagation of Dynamic Stresses in Soil," Proceedings
of Symposium on Soil-Structure Interaction, Tucson, Arizona, September
1964, pp. 98-104.

31. Selig, E. T., McKee, K. E., and Vey, E. '"Underground Structures
Subject to Air Overpressure,' Trans. ASCE, v. 126, part 1, 1961, pp.
1627-1649.

32. Selig, E. T. 'Characteristics of Stress Wave Propagation in Soil,"
Proceedings of Symposium on Soil-Structure Interaction, Tucson, Arizona,
September 1964, pp. 27-61.

33. , and Vey, E. '"Shock Induced Stress Wave Propagation
in Sand," Proceedings of ASCE, v. 91, SM 3, May 1965, pp. 19-49.

34. Skalak, Richard, and Weidlinger, Paul '"Attenuation of Stress Waves
in Bi-Linear Materials," Trans. ASCE, v. 127, part 1, 1962, pp. 352-363.

35. Stephenson, J. M. '"Test of German Sand-Type Filter," U. S. Navy

Bureau of Yards and Docks, U. S. Naval Civil Engineering Laboratory,
TR-263, November 1963, 46 p.

21



36. Stoll, Robert D., and Ebeido, Ibrahim, A. '"Dynamic Response of
Granular Soil," Department of Civil Engineering, Columbia University,
Report to U. S. Naval Civil Engineering Laboratory, May 1964, 72 p.

37. and "Shock Waves in Granular Soil," Pro-
ceedings of ASCE, v. 91, SM 4, July 1965, pp. 107-125.

38. Swatosh, James J., Jr., and Birukoff, Roman 'Blast Effects on
Tunnel Configurations,' AFSWC, Kirtland Air Force Base, New Mexico,
Final Test Report No. 17, October 1959, 48 p.

39. Van Horn, D. A. "A Study of Loads on Underground Structures,'" Pro-
ceedings of Symposium on Soil-Structure Interaction, Tucson, Arizona,
September 1964, pp. 256-282.

40. wvon Mises, Richard "Mathematical Theory of Compressible Fluid
Flow,'" Academic Press, New York, 1958, 514 p.

41. Ward, John C. "Turbulent Flow in Porous Media,' Proceedings of
ASCE, v. 90, HY 5, September 1964, pp. 1-12.

42. Whitman, R. V., and Healy, K. A. '"Shear Strengths of Sands During
Rapid Loading," Proceedings ASCE, v. 88, SM 2, April 1962, pp. 99-132.

43. _ - "Multidimensional Analysis of Stress and Strain in
Soils," F1na1 Report, Stanford Research Institute, DASA 1558, June 1964,
98 p.

44. Wilson, Stanley D., and Sibley, Earl A. '"Ground Displacements from
Air-Blast Loading," Proceedings of ASCE, v. 88, SM 6, December 1962, pp.
1-31.

45. Zaccor, James V. '"Dynamic: Behavior of Granular Media," Proceedings
of Symp031um on Soil-Structure Interaction, Tucson, Arizona, September
1964, pp. 62-72.

22

el Bl el Bed hed Bd kel RB3 R

»



NOMENCLATURE

Velocity of wave propagation =WE/p

The maximum particle diameter of the smallest 10
percent, by weight, of the soil

Base of natural logarithms

Void ratio

Bulk modulus

Symbols representing '"function of"

Max Tmum pbeAEif pressure éf‘pésiéfoh X
Maximum incident pressure at surface
Redﬁced incident pressure at surface

Time

Time at which Py reduces to Py

Time constant

Particle velocity

Particle acceleration

Distance from surface upon which incident pressure
acts

Density

Stress

23

Units

~ LT

None

None

FL

None
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