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Abstract

Reduction of the data from recent experiments has shown that RPFs have a remarkable and
surprising capability to absorb and perhaps to dissipate the energy of a blast wave. The actual
energy absorbing mechanisms seem quite complex. There is, in spite of the lack of fundamental
understanding of mechanisms, a potential to use this material as a protective measure in a
number of situations. The possibility of ship hull protection has been considered. Another
possibility is the protection of concrete structures from a terrorist attack, such as a satchel
charge placed in contact, or a larger charge placed some distance away. The purpose of this
report is to document the recent work done to quantify the blast energy absorbing capability of
the RPF material as well as possible from the existing data, and to suggest appropriate avenues
for research to gain better definition of the mechanisms involved. In addition, some potential
applications are suggested. All of the data presented herein are digested from the earlier reports.
This report only considers analysis of those data. Details of the experiments and techniques that
produced the data are in those reports. RPF can form a valuable tool in protecting structures
against blast, such as from terrorist attack. Experiments are needed to confirm the predictive
capability of the derived extrapolator. These experiments are needed to make intelligent design
decisions, but, as an interim, a nine-inch thick layer of six-to-eight pound per cubic foot (pcf)
RPF can be considered sufficient to greatly reduce damage, especially interior spalling, from
concrete walls in a variety of attack scenarios. A six-inch thick layer is almost as effective. This
analysis has considered only blast wave damage. RPF should not be used for protection against
explosively driven fragments. This analysis does not consider the effect of the pressure pulse on
the overall structure.
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Backaround

During the last few years we have conducted a series of investigations on
the military applications of rigid polyurethane foam (RPF) materials.” As a part
of those investigations we considered the impact of explosive blast waves,
fragments and projectiles on the RPF materials of different density. RPF material
properties are dependent principally on the material density. Therefore, varying
this parameter is most important in studying material responses. In the
aforementioned study we determined that the RPF resistance to fragment and
projectile penetration was very slight, but that the effect on an incipient blast
wave was significant. This was not the first study of these effects. Cooper and
Kurowski explored the blast absorbing capabilities of RPF of various densities
during the middle 1970s. They considered the cavities produced by charges
detonated in the interior of blocks of RPF. By varying the RPF densities and
charge weights of explosive (Tetryl) they developed an empirical scaling law.

We extended that work in 1995 and 1996, repeating some imbedded
explosions and adding free surface ones as well. The interesting reported result
was that the cavity diameter produced by detonation of a given weight of
explosive was the same whether the explosive was embedded in the center of the
block or lying on the top horizontal (free) surface. Our Phase II report’ further
generalized the conditions to include detonations at the undersurface of a block.
We supported the blocks on earth and floated them on water. It also includes one
underwater’ experiment in which the explosive was not in contact with the block.
This was done to investigate the possibility of using this material as a protection
for ship hulls subjected to nearby explosions, such as from influence mines. We
have done no work, to date, on non-contact explosions in air. We believe that this
report provides the first published quantitative data on RPF blast energy
absorption, based on a series of flyer plate experiments reported therein.

General Plastics Corporation (GP) recently conducted several
demonstrations of a commercial product that was empirically designed to
attenuate air blast. One of these demonstrations was conducted during the first
week in May 1999 at Quantico, Virginia. That demonstration was not planned for
data acquisition. However, some information has been extracted from it.

Reduction of the data from these experiments has shown that RPFs have a
remarkable and surprising capability to absorb and perhaps to dissipate the
energy of a blast wave. Some fundamental questions arise when carefully
examining the available data, and when observing explosive events, such as
those at Quantico. The actual energy absorbing mechanisms seem quite complex.
The possibilities seem to include compression of the gas in the cells, multiple
“micro reflections” from the many cells encountered by the blast wave, chemical
reactions induced in the gas and in the polyurethane, radiant heat transfer, strain
energy in the polyurethane, secondary burning of the affected material, and
acceleration of the affected materials. The research required to assess the relative



effectiveness of these, and possibly other mechanisms as well, has not been done.
Therefore, at this time the best use of the existing data seems to be in establishing
empirical rules for protection of structures.

There seems to be, in spite of the lack of fundamental understanding of
mechanisms, a potential to use this material as a protective measure in a number
of situations. The possibility of ship hull protection has been mentioned. Another
possibility is the protection of concrete structures from a terrorist attack, such as
a satchel charge placed in contact, or a larger charge placed some distance away.

An explosive device placed in contact with the structure, and one placed
at a distance from it will produce somewhat different effects. We have data
sufficient to provide a reasonable estimate of the contact event, though it would
be wise to verify the extrapolations described herein with a small number of
confirmatory experiments.

Introduction

The purpose of this report is to document the recent work done to
quantify the blast energy absorbing capability of the RPF material as well as
possible from the existing data, and to suggest appropriate avenues for research
to gain better definition of the mechanisms involved. In addition, some potential
applications will be suggested. All of the data presented herein are digested from
the earlier mentioned reports. This report only considers analysis of those data.
Details of the experiments and techniques that produced the data are in those
reports.

The basic problem may be posed in two parts: Can RPF material be
applied in a useful protective role to prevent damage to structures from
explosive devices? If so, how can it be effectively used and what are its
limitations? The calculations presented in this report may be most readily
applied to the case of contact devices, such as satchel charges, placed against the
structure in question. Suggestions for follow-on work to apply to non-contacting
charges are presented in brief. '

Available Data

The first step is to use all available data to generate some empirical rules
relating the blast energy absorbed to the density and thickness of the RPF and
the weight of the charge. Those rules will then permit estimation of the effect of
the blast wave on the structure behind the RPF layer.

There are four groups of reported applicable data. All are in the
aforementioned documents. Three data sets relate the size of the cavity produced
in the RPF to the RPF density and charge mass. The first of these reports work by
Cooper & Kurowski; the other two, work by Woodfin. These data are presented
in aggregate in Figure 1. In this figure the data have been presented in a form



normalized by mass. The five data points with filled symbols, forming a separate
group below the rest, are from the third set of data. They were produced by a
plate charge in a dimensionally constrained configuration. Clearly, the RPF
absorbs energy more efficiently in this geometry, which corresponds closely to a
satchel charge placed against a surface. All the other data were produced by
essentially spherical charges.

There is one set of “soft” data that were obtained through a serendipitous
opportunity. These were obtained during the previously mentioned Force
Protection Equipment Demonstration event at Quantico, Virginia, May 3 - 7, 1999.
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Figure 1. RPF Destroyed in a Variety of Experiments

At this event a large number of vendors of protective products, in addition to
GP, exhibited them using explosive charges of different sizes and orientations. In
the process a number of ground craters were produced by the different company
demonstrations. Those produced in the course of the GP demonstration had RPF
intervening between the explosive and the ground; the others did not.
Measurement of the crater diameters yielded this set of data. These cannot be
regarded as hard data, but interpreting the results in the context of the other data
has provided some additional insight. These insights are discussed in a later
section of this report.



Cooper and Kurowski used Tetryl to produce the data shown in
Figure 2. All these data were produced with totally embedded, nominally
spherical charges. They used these data to develop an empirical scaling rule for
both charge weight and density:
Iw

D=——— (1)
6.3+0.5p
where
D is the cavity diameter in meters,
A is the charge mass in grams, and
p

is the RPF density in pounds per cubic foot (pcf).
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Figure 2. Data from Explosive Tests on Foams (replotted from Cooper & Kurowski, October 6, 1975)

The work that resulted in the second data set established that the cavity
size produced was essentially independent of the location of the explosive. That
is, a charge of a given mass produced a cavity of the same diameter whether it
was imbedded in, on the upper surface of, or under a block of RPF of a particular
density. The embedded charges produced nearly spherical cavities, while the
surface charges produced hemispherical cavities of corresponding diameter.

Figure 3 illustrates this effect. In this Figure the filled symbols indicate
embedded charges; the larger ones represent the data added and the small ones,
the original Cooper & Kurowski data set. The “cube root scaling” lines follow
those shown in Figure 2, and are calculated using the empirical scaling rule of
equation 1, above. In Figures 3 all surface charges were on the upper surface.

This third set, henceforth called the “plane wave cavity data set”, differs
from a fourth set, called the “flyer plate data set”, although both were formed by



firing a charge configured to produce a plane wave of specific diameter normal
to the direction of propagation. The cavities formed in the two differed in that
the former shots were fired into a thickness of RPF sulfficient to contain the
cavity, while the latter were fired into RPF layers of specified thickness, backed
by a steel plate. These layers were not sufficient to contain the cavity, since the
objective was to accelerate the flyer plate.

This flyer plate data set proved to be the most useful for the purposes of
this study. It was developed by firing plane wave charges’ through a sheet of
RPF to accelerate a steel flyer plate. The apparatus is shown diagrammatically
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Figure 3. Data from fully Embedded Explosive Tests on Foams
(replotted from Cooper & Kurowski, October 6, 1975)
{Embedded & Surface Charge Data Added by Woodfin @ EMRTC Nov & Dec, 1996)

in Figure 4. The velocity of the flyer plate was used to calculate the energy
absorbed by the RPF sheet. This energy absorbed became the basis for the
following calculations. Flyer plate velocity data was gathered only for 5.7 pounds
per cubic foot (pcf) RPF; plane wave cavity data was collected for 3.3 pcf and 5.7
pcf RPF.

The first data’ was collected using Tetryl; the rest,” using C-4 and PETN.
Consequently, the data is normalized to TNT equivalence in the following
sections. This is appropriate since TNT is the standard for comparison and is also
one of the most common explosives found in terrorist devices, because it is
readily available and cheap. Figure 5 graphs Equation 1 for both Tetryl and TNT,
illustrating the minor difference in performance between the two explosives.
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Analysis of Cavity Formation Data

The effect of density is seen to be modest, especially for densities of less
than 10 pcf. The similarity in the results for the plane wave and spherical charge
cavity experiments seen in an examination of Figure 1 suggests that assuming a
similar relationship to hold for the former should be justified.
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Figure 4. Diagram of Flyer Plate Apparatus
(See Reference 2 for More Details)
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(from Cooper & Kurowski Formula)

In fact, by recasting the relationship in terms of volume, V, of RPF
destroyed in a spherical, imbedded shot such as Cooper and Kurowski used, the
relation takes the form:

4nw

V= 3(12.6+p)’ @)
where
1% is the volume of the hypothetical spherical cavity in the RPF, in m’,
W is the mass of explosive in grams, and
p is the RPF density in pcf.
(The hybrid system of units adopted by Cooper and Kurowski is continued here.
This conforms to the normal industry practice of describing RPFs in terms of
their density in pcf. It is thus implied that the empirical value 6.3 in equation 1 is

a density quantity, to be expressed in pcf.)

In equation 2 the volume depends linearly on the charge. Therefore, using
the assumption that the cavity produced is spherical, it is possible to calculate the
mass of RPF destroyed in the cavity volume by a unit mass of explosive. The
mass of the RPF is merely the product of the density and volume, so that the
“mass destruction ratio” becomes:

Weer  12.87pV  53.89p
Wewt W,  (126+p)

(3)
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where

W,,; is the mass of the RPF destroyed, in grams

12.87 is the factor required to reconcile the units, in gm-f’c3 /lb-m’, and

We,,, is the mass of the explosive used, in grams.

It is easily shown that this equation has a maximum value at an RPF
density of 6.3 pcf. Even though the experiments from which this function was
established used only Tetryl as the explosive, there, this maximum is assumed to
be effectively independent of the explosive used. Figure 6 illustrates the function
for Tetryl and scaled for TNT. The existence of a maximum is to be expected,
even though we do not understand all the energy absorbing mechanisms. Since it
is observed that polyurethane in a rigid foam form absorbs energy more
effectively than in the form of solid polyurethane, it is to be expected that some
density is the most effective. It has not been proven that the maximum in the
destruction ratio establishes that value. Some other mechanism may dominate,
but it presents a starting place for isolating the density for peak efficiency.

If we make the plausible assumption that the shape of the cavity is of
secondary effect, then this relation should apply to the roughly cylindrical
cavities produced in the plane wave cavity shots. These cavities approach oblate
spheroids in shape. Figure 1 does give reason to question this assumption, but
for purposes of estimating the thickness of RPF needed for absorption of a given
charge energy the error in this assumption tends toward conservative results.
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Figure 6. Mass of RPF Destroyed by Tetryl & TNT Unit Charges
(from Cooper & Kurowski formula)
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Analysis of Flyer Plate Data

The flyer plate experiments used three different size charges of PETN,
each arranged so as to develop a plane wave for propelling the plate with its
velocity vector normal to its surface. Sheets of RPF of varying thickness were
placed between the charges and the steel flyer plates so as to absorb energy from
the explosive prior to accelerating the plate. The plate velocities were then
measured. Figure 7 presents this data. The physical form of the experiments has
been described in detail.?

Obviously, the explosive energy is absorbed effectively by these RPF
sheets. The geometry of this experiment causes the blast energy to be absorbed
principally in the cylinder of RPF between the explosive and the flyer plate. It
appears that the presence of the flyer plate may be the major contributor to the
greater energy absorption effectiveness observed in Figure 1. The effect of the
plate (or a supporting structure behind the RPF) seems to be in delaying the
motion of the RPF by its greater density. This, perhaps, allows some of the other
hypothesized mechanisms to develop more fully.

Therefore, using the diameter of the flyer plate and the thickness of the RPF sheet
being used as the attenuator, it becomes possible to directly determine the
volume and mass of RPF destroyed in attenuating the blast wave. From this and
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Figure 7. Flyer Plate Velocity Attenuation by 5.7 pcf (RPF
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the reduction in kinetic energy it is possible to calculate the absorption energy
density, i.e., the energy absorbed per unit volume of RPF, of the process through
each incremental layer of the attenuator. The equation is

KE _ m ui2 —ui)

E === 4)
VRPF 2VRPF
where
E is the absorbed energy density, the bar denoting the energy density,

KE, is the attenuated kinetic energy of the flyer plate,

V.. isthe volume of RPF absorbing energy,
m is the mass of the plate,

u, is the initial velocity of the plate, and
u, is the final velocity of the plate.

Figure 8 displays the absorption energy density as measured in the flyer
plate experiments. This quantity is directly related to the “Mass of RPF
Destroyed” in Figure 1. This figure illustrates the development of the energy
absorption as the blast wave propagates through the RPF.
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Figure 8. Incremental Energy Density Absorbed in 5.7 pcf RPF layers

The cumulative effect is obtained by the summing the energy density
absorbed over the total thickness of RPF used. The mathematical process is

15



— N —
E=YE, (5)
where

n denotes the n” layer of the RPF attenuator and
N is the total number of layers.

Figure 9 illustrates the cumulative effect of several inches of RPF. The two figures
(8 and 9) show that the layers that encounter the blast wave first do the greatest
rate of attenuation. The energy remaining for the deeper layers to attenuate is
substantially less, on a volumetric basis. This tempts one to speculate that the
mechanisms of attenuation accomplish much of their work by internal reflections
and refractions at cell boundaries to weaken the wave structure. Research is

needed to determine these mechanisms.
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Figure 9. Cumulative Energy Density in 5.7 pcf RPF from PETN Plate Charge

Two other related quantities are useful to calculate, the total energy

absorbed, E, and the total specific energy absorbed, E. The first is found by any
of several calculations:

N N md N __
E= ZEn=ZKEan=;2@i2n—u;n} ZEnVn (6)
n=1 n=1 n=1 n=1

where
E, is the energy absorbed in the n™ layer, (with small error the total
energy absorbed can be considered to be only the kinetic energy attenuated)
KE

4n

16



is the kinetic energy attenuated in the n™ layer
m is the mass of the flyer plate,
V. is the volume of RPF destroyed in the n* layer of the attenuator,
u._isthe constructive initial velocity of the plate for layer #,
considering it to have been produced by a charge attenuated by layers 1,...., n-1,
u,  isthe constructive final velocity of the plate for layer 7,
considering it to have been produced by a charge attenuated by layers 1,...., n .

In each case
u,  =u (6a)

This variation in total energy is illustrated in Figure 10, with the RPF thickness in
centimeters to facilitate further analysis.
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Figure 10. Total Energy Absorbed by 5.7 pcf RPF

The other useful quantity is the normalization of the energy absorbed on
the basis of the explosive mass, that is, the specific absorption energy is that
which is absorbed by a unit mass of explosive, in this case PETN. This
normalization will lead to a form of the process description that will permit
extrapolation to larger explosive charges. It is characterized by

17
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where

A (caret) superposed signifies the specific energy. Figure 11 then presents
the total specific energy absorbed.
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Figure 11. Total Specific Energy Absorbed by 5.7 pcf RPF

The two normalizations may be combined to form the absorbed specific
energy density by dividing the specific energy absorbed by the volume of RPF
destroyed in each layer:

A N
E=2,
n=]
as shown in Figure 12.
No matter which data presentation is used, it becomes readily apparent

that the majority of the available energy is absorbed in the first four inches (ten
centimeters) of the RPF, with almost all being absorbed by the first nine inches.
In fact, very little is energy remains after six inches are destroyed. This is
consistent with the underwater’ standoff shots as well, where 1.5 inches of 3.3 pcf
RPF were sufficient to prevent major structural damage in the experimental
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panels. An earlier attempt at suppressing underwater shock damage using rigid
epoxy foams was unsuccessful.
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Figure 12. Total Absorbed Specific Energy Density of 5.7 pcf RPF

Adjustment for Density and Explosive Used:

This absorbed specific energy density forms a most useful measure of the
energy absorbing capability of the RPF of the density under consideration. It is
necessary to adjust it to the density of interest. While the Cooper-Kurowski
equation suggests a way to do this, it requires a rather weakly substantiated
assumption, to wit, that that the volume of RFP destroyed in the cylindrical
geometry of the flyer plate experiments is represented by the volume term in the
spherical geometry of the cavity experiments. The quality of this assumption has
not been established. One procedure for adjusting for the RPF density would be
to consider the ratio of volumes consumed by equal explosive charges in RPFs of
different density. Using equation 2 that ratio takes the form

V(126 +p,)

v (@26+p) ©)
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where the subscripts simply indicate two different RPF densities. For a given
value of the baseline density this ratio varies monotonically. This result defies
intuition, since neither air nor solid polyurethane is expected to be as effective as
some intermediate density, based on the cavity experiments. An optimum is to
be expected. If Figure 6 is an accurate guide, then the optimum density for most
applications will be near 6.3 pcf. By using a mass ratio instead of a volume ratio,
a maximum is achieved at that point, following the relation:

W _ % (12'6 "':00)3

9a
W p(26+p) .
which does exhibit a maximum at p; = 6.3 pcf, for any value of py. That may be
misleading, however. Additional experiments are necessary to understand this
process more thoroughly.

The specific energy density form also permits adjustment to the explosive
of interest. It is most useful to use TNT as a baseline. PETN has 1.45 the energy of
INT; Tetryl, 1.31 times. The advantage of normalizing by the charge will be seen
later. Figure 13 illustrates the energy density. Figure 14 employs the specific
energy density. In these figures the independent variable has been changed to be
the TNT equivalent charge. Clearly a linear model is a better approximation of
the process when using the specific energy density.
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Figure 13. Absorbed Energy Density in 5.7 pcf RPF from PETN Plate Charges
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Figure 14. Specific Energy Density Absorbed from PETN Plate Charges in 5.7 pcf RPF

Extrapolation to Larger Explosive Charges

Using the absorbed specific energy density it is possible to then calculate
an even more useful quantity that relates the energy absorbed to the area of the
surface impinged by the wave. This is particularly true since the proposed
application to anti-terrorist protection systems will always be directed toward a
surface or off-surface charge, likely never an embedded one. Because of its
relationship to the area, this quantity is appropriately considered as a flux. For
the flyer plate experiment this area is well defined by the area of the plane wave,
which is the same as that of the flyer plate, 86 cm”. The flux is obtained by
dividing the absorbed energy by the effective area, or equivalently for the flyer
plate experiments, by multiplying the absorption density by the thickness of the
absorbing RPF. The flux is denoted by the “dish”, or “smile” symbol. The
incremental absorbed energy flux is:

_ KE, _
E =—="=Ep, (10)
A’l
where
A, is the effective area of the n™ RPF layer and
t its thickness,
so that
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V=At (11)

The total absorbed energy flux is computed by
N N
E=YE=YE¢, (12)
n=} n=]

and shown is in Figure 15. The specific energy flux absorbed is the more useful
quantity for extrapolation and application, since it is much better represented by
a linear extrapolator, especially as the RPF thickness becomes adequate to absorb
most of the energy:

= E
E =—= (13)
WExpl
Therefore, using equations 7 and 11, the total absorbed specific energy flux is
*x & 1 &—
E=)E,= YEyt, (14)
n=] WExp[ n=1
This total absorbed specific energy flux is shown in Figure 16.
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Figure 15. Energy Flux Absorbed by 5.7 pcf RPF from PETN Plate Charges
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Figure 16. Specific Energy Flux Absorbed in 5.7 pcf RPF by PETN Plate Charges

As in the case of the density, above, the advantage of using the specific
form is apparent, as it provides a more nearly linear data description. Combining
the density and flux normalizations produces an interesting result. In Figure 17
the RPF thickness is observed to become a less dominant parameter in this
description of the process. As noted earlier, the first few inches of the RPF
encountered by the blast wave absorbs the energy most rapidly. After the wave
traverses about six inches (ten centimeters) of RPF the energy absorption rate
becomes more nearly constant. For predictive purposes, especially when more
than six inches of RPF are used, the effect of thickness may be regarded as a

secondary parameter.
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Figure 17. Energy Density Flux Absorbed in 5.7 pcf RPF from PETN Plate Charge

This effect is maintained when all the normalizations, including the
specific form, are used simultaneously, as in Figure 18. This combination
provides the most effective predictor form.

In of Figure 18 a trend line has been calculated for each set of data plotted.
These are shown in Figure 18(a), where the line connecting the data points in
Figure 18 has been replaced by the trend line for each set of data points. The
error bars shown indicate a five percent data scatter, or uncertainty. Examination
of Figure 18(a) shows that the quality of the predictive ability of the trend lines
improves rapidly as the RPF thickness approaches the 30 cm value. In fact the
small differences in the trend line equations for the 15.2, 22.9 and 30.5 cm
thicknesses are within the scatter of the data. Therefore, it is proposed that a
simplified extrapolator may be realistic.
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The trend lines of Figure 18(a) are seen to converge for the greater thicknesses of
the RPF. The trend lines all take the form

E=A+QW,,. (15)
where
Q is the slope of the trend line in J/ (cm-gm)2
A is the ordinate axis intercept (with little apparent significance), and

Wor is the TNT equivalent charge in grams.
As the trend lines converge their slopes seem to approach a limit. This limit, from
observation of the effect in Figure 19, is about 0.0083 J/ (cm-gm)z. Table 1 lists the

coefficients of the trend lines in terms of Equation 15. The slopes from Table 1 are
shown in Figure 19.
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Figure 19. Slopes of Linear Trend Lines from Figure 18 (a)

Table 1. Coefficients of Trend Lines in Figure 18(a)

RPF Thickness  Axis Intercept (A) Slope (Q) Goodness of
(cm) U/(sz-gm)] U/(Cm-gm)z] Fit Ratio

5.1 1.0029 0.0056710 0.98496

10.2 1.3855 0.0070758 0.98426

15.2 1.4518 0.0076060 0.99908

229 1.4437 0.0079597 0.99958

30.5 1.4188 0.0081314 0.99990
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With the foregoing established, it is possible to form an extrapolator for
this data. Figure 20 is formed by plotting the data shown on Figures 18 and 18(a),
with the addition of a simple extrapolator of the form

~

E=14+83W,, (16)
where
Wt is the TNT equivalent charge expressed in kilograms, as

signified by the prime. The parameters are estimated from the trends observed in
Figure 19 and Table 1.
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Figure 20. Extrapolator for Energy Absorption Process

Experience with these materials and explosives indicates that the process
should be well described by this extrapolation. However, such extrapolations
often hold surprises. Therefore it is obvious that confirming experiments are
needed. Some have been proposed, but are not funded as of this writing.
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Investigation of Reduction in Ground Crater
Size by RPF Lavyer

Some corroborating information about the ability of the RPF material to be useful
in this manner may be gained from the impromptu experiment conducted at Quantico.
Since there were many demonstrations being conducted, it was necessary to use any that
would apply. Several of the demonstrations were conducted by firing TNT charges on the
ground near a protective system being demonstrated by some hopeful vendor. The USMC
EOD personnel conducting the firings had prepared and distributed a program for the
demonstrations. This program listed the explosive and quantity for each demonstration.
Following all the demonstrations the ground craters produced were measured, and
compared with the published size of the corresponding charge in the program. The GP
demonstrators assisted by supporting their demonstration charges on sheets of RPF. (This
support had no effect on their demonstration, but formed a convenient way of raising the
charge to the level they needed.) The craters produced by these charges were measured in
the same manner as the non-RPF supported charges. These “data” are tabulated in Table
2 and shown on Figure 21. It is an interesting observation that the linear trend line
describes the cavity data better than the cube root scaling line.

Figure 21 also includes some calculations of craters sizes made with the
“CONWEPS” code. Calculations were adjusted to represent the Quantico soil by
applying an 82% reduction in the prediction for dry sand. That caused the computation to
match the mean of the data for one charge size. The predictive quality of the CONWEPS
code is not known precisely, but the relative effect of the surface burst and the air burst
one foot above ground are likely dependable. Comparison of the two RPF data points
with the air-burst calculation indicates that the RPF is substantially more effective than
an air separation in reducing cavity size. While this information does not fit directly into
the foregoing analysis, it is compatible with the results.

Table 2. Data on Ground Crater Diameter Reduction by Intervening RPF Layers

Charge RPF Layer RPF Layer Ground Crater
Weight Density Thickness Diameter
(Ib TNT) (pcf) (in) (in)

25 0 0 48

25 0 0 36

50 0 0 78

50 0 0 76

50 0 0 88

50 0 0 72

40 4 12 32

40 7 12 21
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Conclusion

It does appear that RPF can form a valuable tool in protecting structures
against blast, such as from terrorist attack. The confirming experiments are
necessary to make intelligent design decisions, but, as an interim, a 9 inch thick
layer of 6 to 8 pcf RPF can be considered sufficient to greatly reduce damage,
especially interior spall from concrete walls in a variety of attack scenarios. As
shown earlier, a 6 inch layer is almost as good.

This analysis has considered only blast wave damage. RPF should not be
used for protection against explosively driven fragments’. Also, this analysis did
not consider the effect of the pressure pulse on the overall structure. That is a
separate issue. RPF may help some in mitigating that effect, but that is probably
not its best use.
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