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Lateral Translation of Explosion Crater
Ejecta: A Working Model Based
Upon Pellet Experiments

1. INTRODUCTION

The ability to characterize the spatial and temporal distribution of ejecta pro-
duced by an explosive cratering event is essential to the development of accurate
siting criteria for surface and near surface weapons systems and various support
facilities (for example, detecticn and communication facilities), Impirical studies
of block size distributions around explosion cratersl's together with ballistic models

of ejection conditions“' 5

result in a partial, largely statistical description of the
actual ejecta environment. 6 The ability to relate the process of ejecta deposition
to the mechanies of excavation controlling the formation of the crater would cor-
tribute significantly to (1) developing a framework for extrapolating empisicol
ejecta studies to a variety of : {elds and veological settings, and (2) charaectevizing
the relative threat the total ejecta environment poses to ground based fagilities and
personnel,

Similarly, the sampling poals of the recent Apollo missions have led to an

intensive study of the impact eratering process, ' -1

Current theories descrihing
the cratering of impaet crater formation are based primarily upon (1) small scale
impact experiments performed over a limited eange of tmpa=t velority, nrojectile

gize, amd with idealized target materials, and () fisld relationships obhserved at

(Reeeived for publication 19 August 1975)
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large terrestrial impact craters that have heen preserved at various erosional
levels, An impact cratering event in a luyered target produces a stratified ejecta
deposit with stratigraphy which is approximately inverted with respect to the lo-al
pre-cxisting layering, with deepest material deposited near the crater rin: and
successively shallower horizons extending to succ ssively greater radial ranges,
ceometrical models of ejecta distrihutinnw' 12 and secondary cratering effects”' 4
have suggested that variations in the amount of primary ejecta and the velocity at
which it impacts the original ground surface are responsible for the morphology of
cjecta deposits obscerved over a range of impact crater size, 11, 15,16 The variety
of morphologies associated with impact crater ejecta deposits primarily reflects
the range of particle \elocity associated with the lateral translation of primary
ejecta from the crater of excavation to a specific radial range, Generally, nmater-
ial thrown farther travels faster so that the total ejecta deposit can reflect . variety
of depositional processes ranging from the low velocity nverturning of massive sec-
tions of target material up onto the crater rim to a region of discontinuous second-
ary cratering at greater ranges (see Oherheck, 1975), n
In comparison, the ejecta deposit produced by an explosive cratering event has
qualitatively similar features: the deepest material excavated appears on or near
the rim, and the ejecta deposit is thickest at the crater rim crest and thins rapidly
at larger radial ranyes, ()hcrh('ck” has demonstrated dimensional similarities in
crater shape and ejecta plume formation, and dvnamic similarities in the radial
attenuation of shock pressures for experimental impact and near-surface explosive
cratering events, Thes« similarities are observed for explosion craters with
“scaled depths of burst (SDOB) in the range 0, 10 to 0, 50 ft/ (1Y TNT)”a. This
analogy hetween impact and near-surface explosion cratering may extend to much

12

McCGetchin, T.R., Secttle, M,, and Head, J. W, (19734 Radial thickness
variation in impact crater ejecta: Implications for lunar hasin deposits,
Farth Planetary Sci. lettr. 20:226-236.

13, Oberbeck, V.., Morrison, R, H,, llorz, I, Quaide, W, L., and Gault, D, ¥,

(1074) Smooth Plains and Continuous Deposits of Craters and Basing, NASA

Tech MUY . Ames Hesearceh G : aniternia,

14. Oberbheck, V.R., Horz, F,, Marrison, R,!l,, and Quaide, W, 1., (1973)
2]

Fmplacement of the Cayley 'ormation, NASA Tech Mem X-62, 302, Ames
Wesearch Center, Nollelt i‘-‘!ohl, Calilornia,

15, Morrison, R, ., and Oberbeck, V.R,. (1975) Features of crater continucus
deposits and interpretations of their origin, Lunar Science VI, p. 378-580,
The [.unar Science Institute, Houston, Texas,

16, Settle, M., and Head, 1, W, (19758) Topographic variations in lunar crater rim
profiles: lmplications for the formation of ejecta deposits, submitted to
{carus,

17, Oherbeck, V.R, (1971) Laboratory simulation of impact cratering with high
cxplosives, Jour, Geophys, Res, &:5732-5?49.
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larger craters, 18 Thus, the variety of depositional processes which characterize
large impact craters may also be produced by correspondingly large, near-
surface explosive events, In fact, an annular zone of secondary craters was pro-

3 19
duced by the Sedan explosion, a large nuclear explosion in alluvium,

1.1 Purpose of the Present Study

A conmplete characterization of the mechanics of ejecta deposition should {n-
clude a description of ejection velocity, ejection angle, particle size distribution,
and postshock strength of material excavated by an individual cratering event, These
ejection parameters are primarily determined by the response of the specific
material to the stress wave generated by both explosive and impact events and by
the acceleration of gases produced {n the explosion case, The postshock strength
of the material, ejecta particle size distributions, and ejection parameters gener-
ally reflect the relative intensity of the stress wave at different distances from the
center of the crater. The subsequent excavation stage of the crater formation
process then redistributes these stress-induced variations by translating material
to a variety of ranges, The distribution and morphology of the resulting ejecta
deposit represent a transformed record of excavation para- ters within the tran-
sient crater of excavation during the cratering event,

The purpose of the present stud; is to empirically characterize the ‘transfor-
mation function' by which the excavation phase of an explosive cratering event
translates material from a pre-event position to a post-event range within the
ejecta deposit. The relationship between the original and final position of ejected
material places important constraints on the distribution of shock stress and kine-
tic energy produced within the test medium by the explosion. This, in turn, pere-
mits the association of ohserved ¢jecta morphologies such as the hummocky and
grooved terrain ohserved within the continuous ejecta deposit, ejecta rays, and
discontinuous ejecta clusters with the relative levels of energy distribution within
the test medium,

The explosion cratering experiments described in this report were desipned to
empirically describe the material translation process, Tracer pellets were eme
placed at specific positions within the test medium prior to n ahot, then these
pellets were located and their final positions were surveved after the shot, l.ateral
pellet translation refers to the radial disaplacement of a pellet produced by the ex-
plogive cratering event measured from surface ground zero (SGZ), All experiments

18, Haldwin, R, B, (1983) The Measure of the Moon, The Univeraity of Chicapo
Press, Chicago, [liTnols,

1N, Roberts, W, A, (19865) Permanent angular displacement and ejecta-induced
impulse asdnciated with crater formation, learus iﬂno-dﬂﬂ.




were conducted at SDOB in the range appropriate tu the impact crater analogy.
Thus, the results of the present study can be directly compared with small impact

cratering experiments,

2. THFE. EXPERIMENTS: SETTING, MATERIALS, AND PROCEDURE

Small scale explosive cratering experiments were conducted within the Ft,
Devens Reservation during the period of September 1973 through September 1974,
The pellet experiments described in this report represent a part of the total re-
search program accomplished during this period. The results of parallel studies
concerning the effects of explosive cratering on the bearing strength of granular
earth materials will‘,be reported elsewhere (see Settle and Needleman (1974) for

- 20
preliminary results™ ),

2.1 Test Site

All cratering experiments were performed in an area approximately 50 m x
75 m within the lotel Range on the Ft, Devens Reservation (see Figure 1), The
bedrock gseolouv of the area consists of a metamorphosed sequence of carbonifer-
ous sedimentary u-its situated within the Worcester trough, In the vicinity of the
test site, this sequence i3 represented by phyllite, schist, and quartzite rocks
which are extensively intruded by granite and minor an:~uitz of diabase, 21 The
surface geology surrounding the site is dominated by glacial deposits of variable
thickness,

Hotel Range in particular is an area of suhstantial fill, consisting mostly of
quartz sand with minor amounts (<3 percent) of feldspar and mica also present.
Seismic investigation of the subsurface structure of the site has revealed that tne
deposit of fill extends to a depth of approximately 2 to 3 m and hag an acoustic
velocity of 1000 m/sec. The fill rests upon much coarser material which appears
to be a deposit of glacial till (S, Needleman, personal communication).

The edues of Fotel Range are generally overgrown with bushes and saplings
while the periphery of the actual test site is consolidated primarily by grasses

anct mosses (see Figure 1), The ranuve of particle size distributions of the

20, Settle, M., and Needleman, S, (1974) Defarmation in granular earth media
produced by explosive cratering: Implications for impact cratering, FOS
Transactions Am. Geophys. Union 56, No. 12:1142,

21. Emerson, B,K. (1917) Geology of Massachusetts and Rhode Island, U.S.
Geological Survey Bull, No. 597, 289 pp.
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unconsolidated quartz sand fill near the surface of the test site is shown in Figure
2. Generally 10 percent of the surface material is coarser than ! mm while
approximately 50 percent of the surface material is finer than 0,5 mm, Repeated
precipitation in areas of fill will commonly wash finer material from the near sur-
face portion of the fill deposit and redeposit this finer material at greater lepth.
Such an effect has beer, observed at the Boeing Company Tulalip test site, 2 In-
deed, grain size analysis of subsurface samples reveals that a shallow ledge of
finer, clay-like material exists approximately 0.5 m beneath the western side of
the test site, This is consistent with the drainage of the area: the test site dips

gently to the south southwest by 5° to 5°,

fom t mm 100 m 0 pm

lOoh‘l“"l"“r—‘l'“‘‘l" T T Crrrr T T T T IR T
F- 4
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% got /"\YUMA SAND .
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@ 701 | .. / // -
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Figure 2,

Particle Size Distribution of the Quartz Sand Fill at Ho ‘1 Range, Ft,
Devens,

Other sands and soil types are shown for comparison22

v
e

22, Durgunoglu, H.T, (1972) Static Penetration Resistance of Soils, PhD Thesis,

University of California, Berkeley, California,

23, Turnage, G.W. (1974) Measuring Soil Properties in Vehicle Mobility Research;
Resistance of Coarse Grained Soils to High Speed Penetration, Tech., Rpt
No. 3-852, Report 6, U,S, Army Walerways Experiment Station, Mobility
and Environmental Systems Lab,, Vicksburg, Mississippi.

24, Fulmer, C.V,. (1965) Cratering Charac.eristics of Wet and Dry Sand, The
Boeing Company Report D2-30683~1, Seattle, Washingion,
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22 Materals
The pellets used in these experiments were spheres made of silica glass,
acrylic resin, and aluminum alloy, The relative size and densities of the different

pellet types are documented in Table 1,

Table 1. The Pellets Employed in These Experiments Were Made of
Acrylic Resin, Glass, and Aluminum Alloy. The sizes and densities
of the pe'lets are given in cm and grams/ cm3, respectively

Diameter Density
Pellet Type {cn)) {gm/cm3)
red 1,97 1,02
Acrylic
Resin range 1.24 1.19
yellow 1,53 2.20
Glass brown 1.43 2,70
blue 1,55 1,92
Aluminum
Alloy 1,27 2,84

The explosives used in these experiments were Hi-velocity gelatin, a mixture
of 60 percent nitroglycerin and 40 percent inert material, and C~4, a mixture of
91 percent RDX (cyclonite) and @ percent inert material. The relevant physical
properties of these materials are compared with TNT and PFTN (pentaeryghritol
tetranitrate) in Table 2, The explosive charges were spherically shaped and cen-
trally initiated by bridge wire electrical detonators, Two types of detonators were
employed, an 'SSS' EB Cap, Strength No, 8, sold by Dupont and an M6 EB Cap,
Strength No, 12, which is the Standard Army EB Cap,

2.3 Experimental Procedure

Pellets were emplaced within the test material 2 {o 28 hours before the experi~
ment (see Figure 3), Typically, several groups of pellets would be buried, with
each group emplaced at a common depth along an imaginary horizontal line radial
to a vertical centerline through the explosive charge, The radial range of an indi-
vidual pellet was determined to within + 0, 125 in, (measured from surface ground
zero); its depth of burial was deterrnined to within ¢ 0,25 in., (measured from the
original ground surface),

15
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@ peliet group
P t-inch depth

Surface ground zero .
(S6Z) ‘1
eliet group

® [
2-inch depth H

© pelist group
3-inch depth

Plan View

Cross - sactional View

Figure 3. Schematic Map of Pellet Emplacement, A

variety of pellet groups emplaced at different depths

are excavated by the explosion, (Note pellet size is ;
greatly exaggerated) i

In-situ soil moisture was monitored by a Soiltest speedy moisture tester which
measgures the gas pressure generated by a mixture of calcium carbide reagent and

test site material, The moisture content of the upper 0.3 m of the test site ranged
from extremes of 1,5 wt percent to 9,0 wt percent but more typically equaled 1.5
to 5.0 wi percent, '

Experiments were conducted on good weather days when local wind conditions
were suitably calm. Even 8o, higher level gusts with velocities on the order of
1,0 m/sec may have influenced the trajectories of some pellets,

After a test shot, the pellets were relocated and their range from the center
of the crater determined to within + 0, 125 in,

17




3. PELLET BEHAVIOR

In order to describe the translation of the bulk of the crater ejecta by {racking
artificial pellets, the pellets should ideally behave as point masses during the
cratering event, This means that the pellet could be replaced by a quartz particle
and the quartz particle would be translated to the postshot range observed for the
pellet, Clearly this is not the case, The pellet sizes are necessarily larger than
the average or median size of quartz grains in order to permit postshot identifica-
tion, Air drag resistance to pellet motion depends upon its velocily, surface avea,
and the appropriate drag coefficient, While the surface area of the pellets is larger
than that of the quartz grains, the drag coefficient characterizing the larger pellet
sizes should generally be less than the drag coefficient to the quartz grains. 25
These counterbalancing effects make it difficult to contrast pellet translation ranges
with the throwout distances of quartz grains of comparable density initially accel-
erated to similar ejection velocities, However, the ballistic studies of Sherwond25
indicate that pellet behavior should generally overestimate the transiation of the
smaller sized quartz sand.

The initial acceleration of material ejected by the explosive cratering event is
produced by (1) the interaction of the individual particle with the compressional
stress wave initially generated by the explosion and subsequent rarefaction waves
reflected from the free surface of the ground, and (2) the interaction of the individ-
ual particle with the high velocity gases produced by the detonation of the explosive.

The effect of the size difference between the quartz grains and the artificial
pellets on the relative particle accelerations imparted by the stress wave inter-
action mechanism is difficult {o assess, In order to avoid differential accelera-
tions of the in situ and emplaced materials, the strength of the pellet-quartz sand
interface should approximate the strength of the quartz sand, It is not clear that
this is the case. Recovered pellets occasionally have cone-shaped cappings of
quartz sand that appear to have been compressed or molded onto the pellet surface.
This may indicate that grain interaction initially accelerates some pellets to ejec~
tion velocities which exceed the velocities of quartz grains initially situated in
similar preshot positions,

The velocity imparted to an {ndividual particle by the accelerated gases vented
from the expanding crater cavity will be proportional to the particle cross section.
Therefore, the larger cross section of the pellets may cause them to be ejected at
initial velocities greater than the velocity that would be imparted to a smrller
quartz particle originally situated in a similar position, This would imply that the

25, Sherwood, A, E. (1967) Effect of air drag on particles ejected during explosive

cratering, Jour, Geophys. Res.]}:l783-1791.
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postshot pellet range represents a maximum estimate of the postshot 1ange of a
quartz particle originally in a similar position.

It is difficult to quantitatively estimate the extent to which these different ef-
fects influence pellet motion, In addition, variations in pellet translation can
result from (1) azirauthal variability in the detonation wave that travels through
the explosive, (2) the natural heterogeneity of the quartz sand test medium, and
(3) the variability of local air currents, The densities of the pellets bracket the
range of density of the natural materials that make up the quartz sand fill. There-
fore, by considering both size and density, the actual behavior of an individual
pellet during the cratering event may best represent the behavior of the ccarsest
fraction of the natural test material, In a later section, the translation histories
of a group of pellets lying in a common radial direction will be compared with the
translation of colored quartz sand tracer materials,

4. RESULTS

The pellet experimental program can be divided into three phases. The pur-
pose of the first group of test shots was to determine the effects of charge size on
the lateral translation of the artificial pellets. In this series of experiments, the
explosive charge weight was varied from 1to 4 lb at a constant scaled-depth-of -
vurst (SDOB), The second phase of experimenis was designed to investigate the
effect of variable scaled-depth~of -burst on the postshot pellet distribution. In this
explosive series the charge weight was constant (5 1b) and the scaled-depth-of-
burst varied from 0. 20 approximately 0.55 ft/(lb TNT)IIB. In the final phase, the
generality of earlier results was tested by repeating the second phase of experi-
ments using another type of explosive and different pellet materials. The results
of the three phages will be discussed in this section, A compilation of the experi~
mental field data is presented in Appendix A,

4.1 Crater Dimensions

The relationship between crater dimensions and the scaled-depth-of -burst of
the explosive charge for all the craters produced by this experimental program is
presented in Figure 4, For comparison, the crater depth (below rim crest)/radius

{rim c.est radius) ratios observed for a series of smaller scale experimental craters

produced at the University of Dayton Research Institute (UDRI} are also shown in
Figure 4C (see Pickutowski, 1974), 28

26, Piekutowski, A.J. (1974) Lahoratory Scale High Explosive Cratering and
Ejecta Phenomenology Studles, University of Dayton Resecarch Institute,
Kl’WL-TR-’?E-ISS. ﬂr Torce Weapons Lab., Kirtland AFB, Albuquerque,
New Mexico,
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The explosion craters produced by the present experimental series in quartz
sand are consistently deeper and more bowl-shaped than the smaller scale UDRI
craters, This probably reflects the greater natural cohesion of the quartz sand fill
used in this study in contrast to the Ottawa sand employed in the UDRI experiments,

4.2 Presentation of Data

McGetchin et 3127 have suggested that the postshot range r of a mass point
ejected by an explosive cratering event can be related to its preshot range x,
measured from surface ground zero, by a simple power-law expression of the form

ﬁ«(%) . (1)

where R is the crater radius and the exponent ¢ is a negative number, The form
of Eq. (1) is particularly useful for comparing the results of a series of pellet
experiments since the radial distances r and x have been normalized to the radius
of the apparent crater lip, R. These normalized ranges permit comparison of the
results of this study with explosive cratering events conducted at different scales.
A graphical representation of the experimental data is schematically outlined
in Figure 5A, A linear plot of the power-law expression [Eq. (1)] for a variety of
values of ¢ produces a family of curves that converge as x/R approaches 1.0, or,
in other words, near the crater rim where x = R, Larger negative values of ¢
correspond to greater distances of radial translation for groups of pellets em-
placed at # common depth, It is more convenient for the purpose of this study to
consider the pellet data in the logarithmic coordinate sysie:n shown in Figure 5B,
A logarithimic plot of Eq. (1) yields a family of straight lines which similarly
converge near the crater rim where logm(x/R = 1,00 = 0. Representation of the
experimental pellet data in this form will reveal: (1) how accurately Eq. (1) des-
cribes the postshot distribution of petlets (note that a straight line fit to the experi-
mental data would verify that the power-law expression provides a 'perfect' des-
eription of the relationship between preshot and postshot pellet position); (2) the
approximate value of ¢ for groups of pellets emplaced at specific depths within
the test medium (note that the slope of a line, and not its absolute position within
the logarithmic plot, defines the exponent); and, (3) the approximate radius of the
true crater of excavation {note that the R measurad experimentatly is the rim
crest radius), Material has not heen excavated out to the rim crest radius R

27. Mctietehin, T.R., Settle, M., and Head, J, W, (1973b) A model for the distei-
bution of impact crater ajecta and its implications, FOS Transactions Am,

(‘.eoghxs. tUnton 54, N¢, 4:357.
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Firure 5, The Postshot Range r of a Mass Point Can Be Related to Its Preshot
Range x (measured from surface ground zero) by a Power Law Expression,
Figure 5A shows a linear plot of such ap expression; 5B shows a logarvithmie
plot of the same expression, Data presemted in this report will be plotted in
the logarithmic format

since the material underlying the appavent rim crest consists of cjecta and strue-
tural uplift. The true limiting range at which material has bheen excavated ¢an be
approximately defined as the range x/R at which a straight line lagarithmic fit to
the pellet data equals 0,00, Graphically, this means that a straight line loparith-
mie fit to the actual pellet data will not pass through log, o (N/R 2 1.0) » 0.00;
however, the range x/R at which it crouses the line lmm(rm = LD = 0,00 will
correspond approximately to the limiting range at which material was ejected by
the crateying event (that is, the true radius of the crater of excavation),

trigure 5B also demonstrates the diffionity in determining an accurate value
for the exponent ¢ for a group of peliets that are transported o relatively small
postshot ranges. This s the range of values of v/R in which the straight lines in
Figure 5B conver_ e, The recovery of pellets transported o large radial ranges
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(that is, the region in which the straight lines diverge in IFigure 5B) is extremeuy
valuable in distinguishing hetween different values of c.

4.3 Effect of Charge Size on Postshot Pellet Distribution

Figures 6 and 7 show the results of two series of explosive cratering exper.-
ments in which the size of an explosive charge of Hi-velocity gelatin was varied
from 1to 4 lb at a constant scaled-depth-of-burst of 0,00 and 0,15 ft/(l1b 'I‘NT)I/S.
respectively., Both acrylic and glass pellets were simultaneously empioyed in
these two series of explosion cratering experiments, The pellet data in Figures 6
and 7 demonstrate that the acrylic resin and the silica glass pellets were trans-
ported to generally similar normalized ranges by the individual cratering events,
No consistent discrepancy exists between the postshot distributions of the two
types of pellet materials,

A straight-line fit to the experimental pellet data appears to be a reasonable
approximation of the lateral translation of individual pellet groups emplaced at
different preshot depths., The reference iine c = -4 offers an approximate des-
cription of the distribution of postshot ranges for the group of peliets nearegt the
original ground surface for both SDOB = 0,00 and SDOB = 0,15 ft/(ib TN’I‘)I'B.

In Figure 6 (SDOB = 0.00) the deeper pellet group, originally situated at a
depth of 2 in,, is translated to significantly shorter ranges than the pellet group
initially situated at a 1-in, depth, This consistent relationship, successively
deeper levels of material being transported to successively shorter postshot ranges,
results in the inverted stratigraphy observed in the rim ejecta deposit produced by
larger scale cratering in layered materials, However, in Figure 7 (SDOB = 0,15)
the difference between the postshot positions of pellets, originally at a 1-in, and
2-in, depth within the quartz sand test medium, is much less, This is because
both the 1-in. ard 2-in, depths within the test medium will behave as near-surface
'fayers' during the deeper SDOB = 0,15 event. Even in Figure 7, the decper pellets
generally travel to shorter postshot ranges and lie below the postshot range curves
of pellet groups originally situated nearer the ground surface,

A further comparison of Figure 7 with IFigure 6 sugpests that the slope of a
straight line fit through the 1-in, pellet data of Iigure 7 (not shown) would gener-
ally be steeper than a similar straight line fit in Iigure 6 (scc data in Appendix A),
In relation to the configuration of the explosive charge, the 1-in. pellet group in
the SDON = 0.15 case lies at a 'shallower' level than the 1-in. pellet group in the
SDOB = 0,00 case and shallower levels should be translated farther., Steeper
curves are indicative of greater lateral dispersion of elected material and hence
a more cnergetic excavation process at specifie depths and explosive SDOR,
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This effect arises in the experimental data from a nonlinear increase in the
coupling of explosive energy into the qnartz sand test medium with increasing
SDOB particularly in the near-surface range of SDOB from (.00 to approximately
0.15 ft/(lb TN’I‘)Ua. In addition, the lateral confining pressure of the quartz sand
increases with depth, This stress inhibits the growth of the crater and limits
initial ejection angles to generally higher values (mearured from the ground sur-
face) with increasing SDOB. Higher ejection angles will tend to limit the lateral
dispersion of crater ejecta. The pronounced steepening of the Figure 7 (SDOB =
0.15) curves can thus be interpreted in terms of an increase in the efficiency of
explosive coupling, which is not cancelled by the corresponding increase in lateral
confining pressures. At greater SDORB, the increase in confining pressure {(which
inhibits crater growth) compencates the increase in coupling efficiency (which pro-
motes the formation of larger craters),

Figures 6 and 7 summarize the distribution of postshot pellet ranges for ex-
plosion experiments conducted at a constant SDOB, over a 1-to 4-lb range of
charpe size, Inspection of the pellet data from a particular preshot burial depth
in each case demonstrates no consistent change in lateral translation of the pellet
group with variation of the size of the explosive charge. Figure7A (SDOB = 0.15,
1-lb charge) appears slightly anomalous in comparison with the other three experi-
ments performed at SDOB = 0,15 ft/(1b TNT)UG. The cause of this discrepancy
ig unknown, towever, the uniformity of the results of the three other experiments
sugrests that heterageneity within the test site material and/or transient wind
conditions may account for the pellet (ata presented in Figure 7TA,

Finally, extrapolation of a straight line fit to the pellet data in both Figures 6
and 7 would intersect the abcissa lngw(r/R = 1.0) =0 at loqw(x/R) = -0.05 to
-0.15. This implies that the radius of the true crater of excavation is approxi-

mately equal to 70 to 90 percent of the measured rim crest radius.

4.4 Effect of Explosive Scaled Depth of Burst on Postshot Pellet Distribution

In order to observe the effect of the variable explosive SDOB on the transia-
tion of material ejected by an explosive cratering event, a series of experiments
employing 5-lb Hi-velocity gelatin charges was conducted at SDOB ranging from
0.20 to 0,55 ft/(1b 1‘NT)!/3. The distribution of postshot pellet ranges for pellet
groups emplaced at 2-in, and 3-in, depths in the quartz sand test medium are
shown in Figure 8,

Surprisingly, the pellet data in Figures 8A (SDOB = 0.21) ard 8B (SDOB =
0.42) reveal that the near-surface pellet groups (2 to 3 in.) within the quartz
sand have been translated to normalized postshot ranges comparable to the nor-

malized throwout distances observed for the corresponding near-surface pellet
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0.00).
In both cases, a least-squares fit of a straight‘line through the experimental peliet

groups excavated by the surface burst test series (see Figure 6§, SDOB

data would be reasonably approximated by Eq. (1) with the exponent ¢ representing
the slope of the line approximately equal to -4 + 1 (see Appendix A),

The pellet data in Figure 8C(SDOB = 0,53) is somewhat ambiguous, The
translation of the two groups of silica giass pellets emplaced at a 2-in, depth dif-
fers. The trend of the data from the repeated experiment is similar to the domin-
ant trends in Figures 8A (SDOB = 0,21}, 8B (SDORB = 0, 42), and 6 (SDOB = 0.00).
However, the slope of a straight-line fit to the 2-in, pellet data from the initial ex~
periment at a SDOB = 0,53 ft/(Ib ’I‘NT)ll3 is shallower, suggesting a value of
c = -2, The cause of this anomalous distribution of normalized pellet throwout
ranges cannot be resolved. Inthe absence of any consistent trend in the data for
the other buried cratering events [that is, Figures 8A (SDOB = 0,21) and 8B
(SDOB = 0.42}], it is possible to attribute these relatively shallower sloping curves
to heterogeneous physical properties within the test site material and/or transient
wind conditions, Alternatively, this variation may be real in the sense that it
indicates a decrease in the ability of the explosive cratering event to laterally
transport ejected material at relatively larger SDOB. With increasing depth-of -
burst of the explosive, the explosive energy released upon detonation becomes in~
creasingly confined. Thus, since particle accelerations are initially directed
radially away from the explosive, a transition may occur with increasing SDOB
at which lateral particle motions are suitably confined to produce a decrease in
postshot threwout ranges. For the particular charge size and quartz sand medium
used in these experiments, the pellet data shown in Figure 8C (SDOB =0.53) may
be indicating a transition in the ability of an explosive cratering event to laterally
translate material at a SDOB = 0,55 ft/(lb TNT)U3. This would suggest that
within a certain range of SDOB bracketed by 0.00 <SDOB < 0,55 £t/(1b TNT) Y3,
the excavation process achieves a maximum ability to laterally translate ejected
materiai beyond the crater rim, The discrepancy between the pellet data for the
2-in, level at a SDOB = 0,53 ft/(1b TNT)ll3 (Figure 8C) may reflect the effect of
variable phys. :al properties of the test material on the actual value of such a tran-
sitional SDOB,

Cemparison of Figure 8 with Figure 7 (SDOB = 0,15) demonstrates that the
steepest pellet-data curves (implying the greatest lateral translation distances)
observed in all test series are associated with the SDOB = 0.15 ft/(lb TNT)U3
explosive cratering events, This relationship is consistently observed in Fig-
ures 1B, 7C, and 7D. Therefore, the distributions of postshot pellet ranges
shown in Figure 7 (SDOB = 0.15) cannot reflect natural variations in the quartz
sand or transient wind conditions. This observation supports the concept of a
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critical SDOB at which the lateral translation of ejected material is at a maxi-
mum, Furthermore, it suggests that this critical SDOB is in the range 0.10 to
0.20 ft/(lb TNT)]j3 for the quartz sand and 1~ to 5-lb explosive charges employed
in this study.

4.5 Effect of Experimental Materials on Postshot Pellet Distribution

A final series of explosive cratering experiments was conducted ernploying
1,0-and 1.1-l1b charges of C4 explosive and spherical pellets made of aluminum
alloy, A calibration test shot using acrylic resin, silica glass, and aluminum
pellets and a Hi-velocity gelatin explosive was conducted at a SDOB = 0,26 ft/(lb
TNT)II3 to compare the behavior of the three pellet types in a 'standard! explosive
cratering event. The resulting postshot pellet distributions presented in Figure 9
show that the three pellet {ypes are transported to generally similar normalized
ranges,

The experimental test series employing the C4 explosive was conducted over
a range of SDOB varying from 0,00 to 0.45 ft/(lb TNT)1/3. The results presented
in Figure 10 support the generality of Eq.(1) with ¢ = -4 + 1 as an empirical des-
cription of ihe iransiation of near surface material ejected by an explosive crater-
ing event at SDOB = 0.00 and at 0.23 < SDOB < 0,45, Unfortunately, no experi-
ment was performed at a SDOB = 0,15 + 0,05 ft/(lb TNT)II3 in the range of the
critical SDOB suggested by the results of the earlier experimental series,

Figure 10 also demonsirates that deeper levels within the quartz sand test
medium are translated to significantly shorter ranges at all SDOB, In Figure 10D
(SDOB = 0,45), the results of two explosive cratering experiments conducted at
the same SPDOB are presented together. These results show in part the variability
of the behavior of the quartz sand test medium which is ejected and transported by
the cratering event, (Compare, for example, the data for the 3-in, pellet depth
from the two experiments,) Figure 10D also shows that the lateral translation of
successive depths within the crater of excavation can be described by a series of
equations having the form of Eq.(1) with the exponent ¢ varying from ~ ~4 to ~ -1
with increasing excavation depth, The possibility of comprehensively describing
the translation of material transported by an explosive cratering event will be ex-
f-ored in the following section,
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Figure 9. Distribution of Normalized Pellet Postshot Range for a Series of Exper-
iments Employing a Variety of Pellet Materials ?gd a 0,4-1b Charge of Hi-velocity
Gelatin Explosive in a SDOB = 0, 26 ft/(lb TNT)!/3 Configuration, The label *1-in,
acrylic' refers to a group of acrylic resin pellets emplaced at a 1-in, depth within
the quartz sand prior to the explosion (see Table 1 for other pellet types)
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Figure 10, Distribution of Normalized Pellet Postshot Range for a Series of Ex-
periments Employing Explosbge Charges of Constant Size at i) Variety of SDOB,
(A) SDOB = 0,00 ft/(Ib TNT)YS; (B) SDORB = 0.23 ft/(lb TNT)Y3; (C) SDOB =

0.34 ft/(1b TNT)¥3; (D) SDOB = 0,45 ft/(Ib TNT)I3, C4 explosive was used in
this experimental series. The label "1=in, acrylic" refers to a group of acrylic
resin pellets emplaced at a 1-in, depth within the quartz sand prior to the ex-
plosion (see Table 1 for other pellet types)
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5. DISCUSSION

The excavation process which accelerates material above the original ground
surface is made up of two component mechanisms.28’29 One mechanism is the
complex interaction of the initiai shock stress wave with the subsequent suite of
rarefaction waves produced by reflection of the stress wave from the ground (free)
gsurface., This family of rarefaction waves is essentially a broad relaxation pulse
which provides for the continuous decompression of the shock-stressed material.
The initial stress wave accelerates material radially away from the point of de-
tonation while the rarefaction wave tends to re-orient the direction of individual
particle velocity (see Gault et a1®), Near the free {ground) surface the particle
acceleration supplied by the stress and rarefaction waves act in a similar, out-
ward direction, Material near the free surface is ejected at approximately twice
the particle velocity to which material was initially accelerated by the stress
wave, This phenomenon of stress wave interaction in the vicinity of the free sur-
face has been termed 'spalling'. In hard rock materials, spalling creates new
free surfaces below the original ground surface permitting continued stress wave-
free surface interaction beneath the original ground surface.30 In granular and
soft rock materials, particle accelerations induced by the initial stress wave and
the subsequent rarefaction waves do not act in the same direction below the imme-
diave ground surface, The tensile rarefaction waves cause the radial flow field
established by the initial stress wave to diverge, As a result, the acceleration of
individual particles is re-oriented upward, contributing to the ejection of material
beyond the transient rim of the growing crater and the plastic deformation of sub-
strate material. This wave interaction phenome»on has been termed 'lateral flow'
by Gault et al.B In both cases, spall and lateral flow, the kinetic energy of the
ejected material is derived from the interaction of compressive and tensile stress
waves propagating through the target or test material,

The second mechanism that excavates and ejects material from an explosion
crater is gas acceleration, Nordyke‘?8 has described how the initial acceleration
of ejected material can be significantly increased by the venting or expansion of
gases produced by the detonation of the explosive materials,

Nox‘dyl«:28 has hypothesized that the wave interaction mechanism dominates
the excavation process at shallow explosive depths ~of -burst and is replaced by

28. Nordyke, M,D. (1961) Nuclear craters and preliminary theory of the mechanics
of explosive crater formation, Jour, Gcophys. Res, %:3439-3459.

29, Short, N. M, (1965) A comparison of features characteristic of nuclear explo-
sion craters and astroblemes, Annals N, Y, Acad, Sci, 123:573-6186,

30. Horz, F, (1969) Structural and mineralogical evaluation of an experimentally
produced crater in granite, Contributions Mineralogy Petroloay 3&:365-377.

32




the gas acceleration mechanism at larger depths-of-burst (see Figure 11), At ;
intermediate depths-of-burst, both mechanisms are important, In turn, experi-

mental investigations have attempted to relate the morphology and distribution of

explosion crater ejecta deposits to the two components of the excavation process,

For example, the study of pellet data from the Air Vent/Flat Top Series of

CRATER (after Nordyke, 196i)
DEPTH

(A)

GAS
ACCELERATION TOTAL
SPALL

! COMPRESSION sDOB

EJECTA
s EXCAVATION

_ |
: 75% -

$
ACCELERATION
30% |-

%% [~

SDOB

| 0% -

! Figure 11, (A) Schematic Representation of the Relative Im-

; portance of the Mechanisms of Spall, Gas Acceleration, and

. Compression in the Formation of Explosion Craters with In-
creasing SDOB (after Nordyke, 1961), (B) Spall and Gas Accel-

, : eration are the Two Processes Respensible for Transporting

. - Ejecta Beyond the Crater Rim. The relative importance of

g these two mechanisms at different SDOB is implied by

Nordyke's (1961) model
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explosion cratering experiments in playa and limestone mediums, led Ahleras31

to characterize regions within the crater of excavation as sources
These terms attempted to

and An‘chony32
of "ballistic ejecta' and "scoured ejecta" (Figure 12),
distinguish material that was accelerated and ejected into clearly definable ballis-
tic trajectories (that is, ''ballistic ejecta') from other material that appeared to
be pushed or shoved up and over the crater lip (that is, ''s ‘oured ejecta"), Ballis-
tic ejecta originated from near ground zero and regions adjacent to the explosive
charge and was transported to large postshot ranges, Scoured ejecta originated
from regions beneath and beyond the ballistic zone and it was transported to rela-
tively small radial ranges (see also Merritt, 1968).33

The maximum acceleration due to spalling can be anticipated at surface
ground zero where the magnitude of the streass wave at the time of reflection will
be greatest (that is, the travel time of the shock wave at the time of reflection will
be a minimum directly above the detonation point), The fact that the area adjacent
to surrace ground zero is the source region of ballistic ejecta suggests an associa-
tion between this material and the spall mechanism. The additional observation
that the ballistic ejecta travels to distant ranges and is thus initially accelerated
to higher ejection velocities than scoured ejecta, also supports such an associa-
tion, Alternatively, the source region of scoured ejecta is situated at some dis-
tance from the detonation point, The acceleration mechanism responsible for the
acceieration of the scoured ejecta can be inferred to be somewhat weaker than the
dominant ballistic ejecta mechanism since this material is transiated to signifi-
In this case, an association is implied between the
However, neither of these

cantly shorter ranges,
scoured ejecta and the gas acceleration mechanism,
mechanisms is solely responsible for the translation of individual ejecta particles,
Both spall and gas acceleration contribute to the kinetic energy of an ejecta par-
ticle, though the combination of the two component accelerations is undoubtedly
more complicated than the simple vector addition of these two forces for individual
particles,

The results of Ahlers™” and Anthomr32
mechanisms may dominate the excavation process for sigmificantly different

3 indicate that each of the two different

31. Ahlers, F. B. (19685) Crater Fiecta Studies - Flat Tops Il and [1l, Projeet 1, 8a,
Ferric wheel Series, Flai Top Lvent, - . esearch Institute,
Chicago, Illinois,

32, Aunthony, M.V. (1985) Ejecta Distribution from the Flat Top I Event, Project
1, 8b, Ferris Wheel Series, Flat Top Ly . The Boeing
Company, Seattle, Washington,

33. Merritt, M, L. (1968) Ferris Wheel Servies, Airv Vent/Flat Top Events, Project

Oﬁ'icer% Report, Scientific Direciors Summary, -
Corporation, Albuquerque, New Mexico.
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portions of the crater of excavation (see Figure 12), This is in addition to
Nordyke's28 hypothesis that each of the two different excavation mechanisms
should dominate the overall excavation process at different depths~of-burst (see
Figure 11), Furthermore, the relative position of the ballistic and scoured zones
within the crater of excavation mapped by the pallet data from the Flat Top Series
suggests that ballistic ejecta is unloaded at an earlier stage of crater formation
and is chronologically followed by excavation of scoured ejecta (Figure 12),

The later studies of Henny and Carlson1 were directed towards a quantitative
description of the block distribution produced by explosive cratering in a hardrock
basaltic medium. Their results characterize three modes of ejecta deposition:

Mode I consists of a blanket of missiles extending from the

continuous ejecta distribution being roughly symmetrical to

the crater, Mode II consists of missiles forming tongue-~

like structural linecaments extending radially out from the

crater., Mode IIl consists of a number of missile clusters

and/or individual missiles superimposed upon the first

two modes and extending fromn the immediate vicinity =

the crater outward to the maximum depositional range,
These three depositional modes were then related to initial ejection conditions
which determine the ballistic trajectories of individual particles, Mode | is inter-
preted as an extension of the continuous deposit ejected from the crater of excava-
tion at relatively small angles (for example, less than 25° measured from the
original ground surface), DMode Il is interpreted as material initially ejected at
intermediate angles (for example, 25° to 65°). Finally, Mode il material is in-
ferred to be high-angle ejecta which remains in flight {or longer periods of time
and is generally superimposed upon the first two morphologies, Though the sep-
arate modes are interpreted as beginning and ending in order, all three may occur
simultancously at intermediate ranges,

There is no straightforwarvd relationship that defines the relative ejection
veloacity of particles which are ejected at different angles, Qualitatively, hawever,
photegraphie {nvestigation of the early stazes of excavation suggests that ejieetion
angle generally decreases as the radius of the transient erater increases,

Since material divecetly overlying the detonation point achieves the maximun @jse-
tion velocity, it 18 proebable that the fastest material is ejected at tw viglor atee-
tion angles fmeasured from the pground surface), Therefare, it is possiblo that the
successively higher mades of ejecta depesit morphology are asgociated wi'h both
larger ejection angles and preater particle ejection velacitivs, !

The empirieal deseription of the trasslation of pellet strings developed in the
previsus section [see Bq, (1)} is not reiated to specifie excavation mechanivms,
Rather, it expresses the ohgerved relaticashin between pre-event and post-svent
pellet position without reference to the mechanics of excavation process. As
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suggested previously, it may be possible to extend the simple power-law expression
to a descripti m of the translation behavior of pellets emplaced at a variety of levels
within the crater of excavation., Ideally, parametrization of the power-law exponent
¢ in terms of relative depth within the crater of excavation and the scaled depth of
burst of the explosive charge would permit a continuous description of pellet trans-
lation for a variety of explosive cratering events. This is attempted in Figure 13
where tae value of the exponent ¢ (that is, the slope of the straiglt line determined
by a least-squares fit of the pellet translation data presented in Appendix A) is
plotted as a function of relative depth within the crater (that is, the ratio of the
depth of burial of individual pellet groups/depth of the fresh crater measured

from the original ground surface) for a variety of SDOB. It appears that the varia-
tion in ¢ can be generally described by an S-shaped curve trending from large
negative values of ¢ for shallow levels within the crater of excavation to smaller,
limiting negative values of ¢ for deeperlevels, This conforms tothe earlier qualitative
observation that successively deeper levels within the crater of excavationare laterally
translated to relatively shorter ranges since larger negative ¢ values characterize
larger radial translations. in the deeper portions of the crater of excavation, compres-
sive deformationand plactic flow of the underlying material plays a sigrificant role in
crater formation, The mothads of surveving preshot - and postshot-peiler positions
employed in these experiments were aot sufficiently accurate towarrant peilet emplace-
ment at depths gre~ter than approximately half the anticipated crater depths where the
phenomenan of plastic flow would considsrably camplicate pellet transtation,

Figure 13 describes the average behavior of the artifictal peltlets aad the gran-
ular quartz sand test mediyin over the range of ground moisture conditions and
localized particle size distributiens, and the pevfarmance of the explosive chavges
aver their effective eaergy vields and their effective yield of saseous praduets
which eharacterized the entire test program.  However, the relative scaiter ovor
a range of dopth and SDOB demounstrates that for a particular explowive cratering
event {that (s, SDOYH = constant), the translation of pelicts at different levels witkin
the pranuldr quanty aand i most variable near the surface and beewnes loss viri-
able with incecasing depth,  In addition, the reiative pogition of the approximate
bounds which have been placed on the peliet data at different SHOB (Figures 137,

B, and ) indicste that within inere sang SDOB the radial translating of rear«
surface pollet strivgs d <04 tTl i® significantly sttenvated while the relative
translat on of iktermediate levels within the criter of excavation (0.2 d“ <4 <04 '4“3
remaing approximately the same,

The possibility of a critical aear-surface SPOH, At which poliet -transiation
digtances achieve a maximuis, 15 sudgested by ihe large nepative values of ¢ asdo-
crated with shallow depihu (d ~ 0.1 dcr’ for SDOB = 0,15 /(b TNT)m in
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Figure 138, Such a maximum has also been suggested by the preliminary results
of the current U.S, Army program concerned with the effects of subsurface explo-
sions, Project ESSEX.34 In the context of the earlier discussion of excavation
mechanisms, this value of SDOB may approximately mark the maximum in the
lateral translation of ejected material produced by the combined effects of spall
and gas acceleration shown schematically in Figure 11,

The results of this small-scale experimental program can be compared with
two large-scale, 20-ton TNT explosive cratering events, in which detailed pellet
experiments were also conducted, The results of these .arge-scale experiments,
in which several hundred artificial peliets were used, are presented schematieally
as vegions within the crater of excavation which are transported to some limiting
postshot range. Such regions are delineated by equal postshot range contours within
the crater of excavation similar to the generalized contours shown in Fieure 12,
The vadial variation of the position of inferred isoringe contours within the crater
of exnavation of the Stagecoach (SI)OB 0.56 tf(ib 'r\'r)m. in alluvium) and Air
Vent [ {SDOB = 0.50 ft/{ib T\‘I‘) . in playa) events have been litted to the power-
faw expression used in this study a2 different depths within the crater of excavation
{see Vortman and Macbougall {1962) and Merritt {1968), respec!i\'ely).33'35 {Note
that transiation data was not available for material initially situated at ranges less
than 0.2 crater radii from surface ground zero, see Figure 12,) The trend of the
Stagecoach and Air Vent | curves in Figure 14 generally corresponds to the
SBOR » 0,50 ft/{th TNT)Sﬁ data produced by the present study, butl consistently
lies at smaller negative ¢ values, Such values indicate smaler narmatized trans-
lation rasges for the emplaced pellets and ave to be expected for larger scale
evenmts in which (1) test medium materials sve hetter consalidated and (2) greater
charge sields for events with simiise SHOR wequive largor sctual depths -of -bhurst
which vresult in larper iateral confining pressures in the region of charpe detona-

jon tsee Sun, 1909; White, 1971 Y637

The pelist-tranzlation expeciments prevented in this stedy hive vmployed lobge,
relstively dry quarts sand uades very low confintae pressures s 3 test medivn,

34, Ihsmhen, 3 [, {3975) FSSEX "P:x“i"'w" Ore Hese:r h Freapum: Fieeta Meas-
uren l‘“‘* Reparr - B 3 p yoye e
Wary Fupe e Maim«a. 'E'sﬂm:w’}:mavmm Resqarth : :b. + Liversore,

Califarnia,
35, Vorimaa, L5, and Marboesll, HOH., eis. (18825 Proiest aigpnmrh pie)
FTen UE Craterisy Fuper ;-ﬁssz i PBegert Alluvigm (S 2o

B g0 L M am:';a T nrqmran o6, RTERGUerqol, Now \.’émm.

36, Sun, UM, (15T0) Fuoergy contler-nretsure scaling esuatinns of linear crster
dmensions, fogr, Geophre, Res. T3:2005-2027,

3V, White, J, W, {1573 An empivically derived eralering formula, Jeur, Gecphye,
Rex, 7;°~852)-6533 ——t=
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Thus, the values of ¢ describing pellet-postshot distribution reported here should
represent maximum negative values when compared with larger scale explosion
events in other geological environments,

The results of the prezent study can also be compared with smaller scale ex-
plosion cratering experiments conducted at the University of Dayton Research
Institute (UDRI) using ~ 2-pgm lead azide charges in Ottawa s:uwi.?‘6 Dyed sand
was employed as a tracer material in a series of experiments in order to delineate
trans: tion ranges of material ejected from the crater of exr:zv.'ation.:;8 [.east-
squarc fits to the power-law expression used in this study were perfermed using
the data of AndrewsSS for SDOB = 0.00 and SDOB T 0.11 #i(lb TXTYY, and are
presented in Figure 14, (Note that translation data for material tniifa'ly situated
at ranges less than 0.2-crater radii was not well resolved and was not used in
calculating the power-law exponents shown in Figore 4.) Remarkably, there is
a similarity between the variation of the mapping exponent ¢, with depth within the

crater of excavation for the small scale UDRI experiments and ihe much lavger
scale 20-ton experiments. [n comparisen, the normalized translation ranges of
the artificial pellets emploved by the present study are much ¢reater than the
normalized ejecta-transtation ranges reported by the smaller seale experiments
and the normalized pellet-transiation ranges repoarted by the large-secale experi-
ments, This canteast is particutarly Syrprising with regard t- the smaller seale
(UDR]) experiments in which smaller lateral confining pressures wauld a prior
have sugpested greatey normalizesd erecta<transiation ranges (that iz, lapser nepa-
tive values of the exponent o) than the pellet -traasistion results of the present
study, »

The fact that the artifivial pellets emploved in this tude Are thrown ta sueh
anammalonsly laryge aarmalized ranges, tadjcatex that they ape oof being transiated
in the same manner 33 the Balk of the ejects, The cpritic o} difference belween the
exporistents conducted here aad the exploninn eventy cond cted at larger and
smaller sesles, is the relation af pelle? give to eecti-part cie vi%e, (n the sialle
wesle experirients, dyed synd wag cmp aved I the tedcer mitorisl, and gi the sie
of the "peilet” trdcer wi? aporoxiusteiy equxi to that of the ciecis pardele, Iz the

4
Wb
il

targzer geale experiments, 3riificis] nellets ranged ta aipe from 373 10 =172
while e cta patticies shsaned 3 1areer $ive Pange which jnrlmicd the $izcs of the
ercplace d pelleto,  In this stody, the artificial pollele wore consisiestly farger
than the coavseet fraction of the quart? sand S Therefore, the simifasity of

eiaria-trinelaiion resulte of e gmallwweale UDRY ceporitionts fpelle? {dved é3nds
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particle size ¥ ejecta particle size] and the large-scale experiments (pellet-
particle size ¥ limited fraction of ejecta-particle size) suggests that these results
represent reasonable descriptions of the translation of the bulk of the crater ejecta.
Thus, for explosion craters with shallow depths-of ~burst (0.00 < SCOB < 0.55) in
relatively unconsolidated geological materials, the translation of material ejected
from the upper one-third to one-half of the crater of excavation can be approxi-
mately described by Eq.(1) in which the exponent ¢ = -2,5 + 1.0,

On the other hand, the present study indicates that the coarsest fraction of
the material ejected by explosive events with shallow SDOB travels to significantly
greater ranges than finer-sized material originally situated in a similar preshot
position, Essentially, this is a restatement of the general sorting effects of atmo-
spheric drag on ejecta deposition: finer material is preferentially decelerated and
deposited near the crater rim while the ballistic trajectories of larger fragments
are relatively less affected by the a.’cmosphere.25 However, a comparison of the
pellet-translation data of the present study with the ejecta-translation results of
the larger and smaller scale experiments, permits a more quantitative description
of the actu-.l size-related differences in the translation of explosion crater ejecta,

In particular, for shallow explosive events in relatively unconsolidated geological

' materials, the pellet-translation results presented here suggest that the transla-
tion of the coarsest fraction of near-surface ejecta may be approximately described
by 2 power-law expression of the form of Eq.(1), in which the exponent ¢ = -4.0

+ 1,0, Furthermore, a maximum in the lateral translation of the coarsest size
fraction of the ejected material may occur at a critical, near-surface SDOB.

Such a maximum in the normalized translation range of the coarsest gjecta-gize

fre ctions would not appear to correspond to the SDOB which produces a maximum
crater volume,

6. CONCLUSIONS AND IMPLICATIONS

(1) The excavation of explosion crater ejecta is a complicated process which
consistently transports successively deeper levels of the target or test medium to
successgively smaller ranges beyond the crater rim, Postshot analysis of the dis-
tribution of emplaced pellets in large-scale 20-ton TNT experiments and the dis-
tribution of dyed-quartz sand tracer materials excavated by small-scale gram-sized
explosive events indicate that the bulk of the ejected material originates from the

i upper portions of the crater, This material is excavated as a continuous sequence

; of nested spherical segments or shells as the crater grows, Furthermore, the
iateral translation of the bulk of the material ejected by shallow explosive events
(0,00 < SDOB < 0,55 ft/(1b TNT)I/3) within poorly consolidated geological materials
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(for example, sand and alluvium) is a surprisingly uniform phenomenon and can
be empirically described by the expression:

£ o

=0/ P

C
) when c= -2.5 + 1.0 .
{bulk of the ejecta)

The lateral translation of zjecta originating from the upper portions of the crater
of excavation remains approximately constant for 0.00 < SDOB < 0,55 ft/(Ib TNT)U 3
explosive events in poorly consolidated geological materials, whereas the crater
depth/radius ratio increases by a factor of two with increasing SDOB,

Further experiments in a variety of softrock and hardrock materials would
permit parametrization of the mapping exponent c¢ for the bulk of the ejected
material in terms of the physical properties of different earth media, Such a
: functional form for the mapping exponent could be used to quantitatively predict
é the postshot range of explosion crater ejecta as a function of its original position,

: the event SDOB, and the physical properties of the target or test medium,

(2) The coarsest fraction of explosion crater :zjecta derived from uriconsoli-
dated geological materials will be translated to ranges which are much greater
than the radial throwout distances which characterize finer-sized material initially
situated in a similar preshot position, Values of ¢ in the previous power-law ex-
pression, which describe the translation of this coarse-gsize fraction, lie in the
range c = -4,0 + 1,0,

A comparison of the behavior of groups of artificial pellets emplaced within
quartz sand demonstrates that {a) the translation of coarse material at near-surface
levels iz more highly variable than the translation of coarse material at interme-
diate levels for a particular type of event (that is, SDOB = constant), and (b) that
with increasing SDOB, the translation of coarse material from near-surface
levels is more strongly attenuated than the translation of coarse material originat-
ing at intermediate levels within the crater of excavation, These results imply
that shallow bursts in poorly sorted unconsolidated geologic materials may eject
significant amounts of blocky fragmental raterial well beyond the range of the con-
tinuous ejecta deposit, Further experiments in unconsolidated materials with dif -
ferent ranges of particle size would permit parametrization of the mapping expo-
nent ¢ for the coarsest ejecta-size fraction in terms of the degree of sorting of
such materials,

(3) This study suggests that the lateral translation of coarser fractions of
explosion-crater ejecta derived from unconsolidated geclogical materials may be
maximized at a particular SDOB, Such a critical SDOB for the translation of the
coarse-gized ejecta should not necessarily correspond to the SDOB producing
maximum crater volume, The artificial pellets and quartz sand fill materials
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suggest that this critical SDOB = 0,15 + 0,05 ft/(lb TNT)II3 for small explosive
charges (1~ to 10-1b TNT equivalent), Current understanding of the relationship
between crater excavation and the process of ejecta deposition implies that the
development of rays, and fragment chains and clusters within the zone of discon-
tinuous deposition should be extensive for explosive events conducted at such «.
critical SDOB,

The threat that natural missiles pose to a nearby target surface is proportional
to their size and velocity., Thus, a major conclusion of this study is that knowledge
of the average translation of the bulk of the ejected material places a minimal con=-
straint on the siting of ""safe" surface structures, More realistic siting criteria
should be based upon the translation of the coarser fractions of the explosion crater
ejecta deposit, i

(4) Models of ejecta translation can be combined with models of energy distri-
bution and siress wave propagation in order to predict the post-event location of
waterial which has experienced various degrees of shock metamorphism, This
material can then be sampled directly within the ejecta deposit and its post-event
strength and physical properties can be studied in the laboratory in detail, In
turn, improved understanding of how specific shock stress histories change the
measurable physical properties of geological materials will make it possible to
employ individual ejecta samples as in-situ barometers which reflect transient
stress conditions within the crater at the time of formation, Ultimately, knowledge
of the initial stress distribution produced by the explosive event and the postshot
distribution of stress-induced physical property changes in the ejécted material
will supply the quantitative boundary conditions required for a comprehensive
model of ejecta translation, :

(5) Caution is required in extrapolating the results of this study of explosion
crater ejecta to the case of impact cratering, Oberbeck 17 and Baldwin18 have
demonstral >d the similarity of crater dimensions, ejecta cloud growth, and sub-
crater deformation which can exist between craters formed by impact and craters
formed by explosions within a limited range of SDOB. However, Oberbeck17 has
also demonstrated that projectile velocity critically influences impact crater dimen-
sions and subsurface deformation. Projectile velocity may also critically influence
the lateral translation of impact crater ejecta, The results of this study indicate
that changes in the shape of explosion craters and the role of compressional defor-
mation in crater formation do not severely change the observed translation of the
bulk of the ejecta excavated by a variety of near-surface explosive cratering events,
Since shallow SDOB events (3DOB = 0,25 & 0,10 ft/(lb TNT)UB) provide an approxi-
mate analogy to the features of impact cratering mentioned above, this study tentatively
supports the concept that the lateral translation of impact crater ejectanormalizedto
crater radius may be approximately uniform over a range of crater size and impact con-
ditions even thoughimpact and explosion cratering events are not identical phenomena,

44

bzl v PO T Cr e
S B R s e s e

e e i e e




R

¢
!
I
t
3
b
&
:
t,

References

Henny, R.W., and Carlson, R, H. (1970) Natural Missile Distributions for High
Explogive Craters in Hard Rock, Vol, III, Multiple Threat Craterin
Experiment, AFWL-TR-67 -8, Air Force Weapons Lab,, Kirtland AFB,

New Mexico.

Strohberger, D, E. (1971) Mineral Rock Ejecta Study, Final Report, Contract
DASA 01-70-C-0029, The Boeing Company, Sealtle, Washington.

Linnerud, H,J. (1975) In-Flight Ejecta Size Distributions for Middle Gust III,
Final Report, SAI-74~ -BN, Science Applications, Inc,, Bedford, :
Massachusetts, i

Sugge, R.L., and Stroberger, D,E. (1973) Transient Crater Ejecta Analysis,
AFWL-TR-70-64, Air Force Weapons Lab,, Kirtland AFB, Albuquerque,
New Mexico,

Meyer, J,W,, and Rooke, A, D, (1973) Operation Mine Shaft Distribution of
Natural and Artificial Ejecta Resulting from Defonation of 100 ton TNT
Charge on Granite, WEé Misc, Paper N-73-4, U.S., Army Englineers

aterways Lxperiment Station, Vickskturg, Mississippi.

Dishon, J.F. (1974) Investigation of Intermediate and Maximum Range Missiles
Produced by Cratering Experiments, MPE-74-2, U,S, Army Engineer Water-
ways rxperimental Station, Explosive Excavation Res, Lab,, Livermore,
California,

Gault, D.E., Shoemaker, E, M., and Moore, H,J, (1963) Spray Ejected from
the Lunar Surface by Meteoroid Impact, NASA-Tech Nofe D~ ’ pp.

Gault, D.E,, Quaide, W, L., and Oberbeck, V,R. (1968) Impact cratering
mechanics and structures, in Shock Metamorphism of Natural Materials,
French, B. M. andShort, N, M. (eds.}, The Mono Book Corp,, Baltimore,
Maryland,

Dence, M,R. (1968) Shock zoning at Canadian craters: Petrography and struc-
tural implications, in Shock Metamorphism of Natural Materials, French,
B. M. and Short, N,M, {eds.}, The Mono Book Corp,, Baltimore, Maryland,
pp 169-184,

45




S Y A N e A bt e s bt e ae - . : L R A

References

AR Ty 0

10, Stoffler, D,, Gault, D, E., Wedekind, J., and Polkowski, G. (1974) Experi-
mental hypervelocity impact into quartz sand: Distribution and shock
metamorphism of ejecta, Jour. Geophys, Res,, submitted July 1974,

11, Oberbeck, V,R. (1975) The role of ballistic erosion and sedimentation in lunar
stratigraphy, Reviews Geophys, SpaceScience 13:337-362.

12, McGetchin, T,R., Settle, M,, and Head, J. W, (1973a) Radial thickness

GRSy tagdre

‘ variation in impact crater ejecta: Implications for lunar basin deposits,
2 Earth Planetary Sci, Lettr. 20:226-236.

13, Oberbeck, V.R., Morrison, R, H., Horz, F,, Quaide, W. L., and Gault, D, E,
A (1974) Smooth Plaing and Continuous Deposits of Craters and Basins, NASA
;, Tech Mem X-62, 376, Ames Reaearch Center, Mollett Field, California,

14, Oberbeck, V.R., Horz, F,, Morrison, R,H,, and Quaide, W, L, (1973) .
Emplacement of the Cayley Formation, NASA Tech Mem X-62, 302, Ames .
Research Center, Woltett ,Fiela. Calffornia,

15, Morrison, R, H,, and Oberbeck, V.R, (1975) Features of crater continuous

) deposits and interpretations of their origin, Lunar Science VI, p, 578-580,

The Lunar Science Institute, Houston, Texas,

16. Settle, M,, and Head, J.W. (1975) Topographic variations in lunar crater rim
profiles: Implications for the formation of ejecta deposits, submitted to
Icarus,

17, Oberbeck, V,R. (1971) Laboratory simulation of impact cratering with high
explosives, Jour. Geophys., Res. 76:5732-5749,

& : 18, Baldwin, R, B, (1963) The Measure of the Moon, The University of Chicago

Press, Chicago, Illinols,

: : 19, Roberts, W, A, (1965) Permanent angular displacement and ejecta~induced

3 ! impulse associated with crater formation, lcarus 3‘:480-493.

20, Setitle, M., and Needleman, S, (1974) Deformation in granular earth media
i produced by explosive cratering: Implications for impact cratering, EOS
i | Transactions Am, Geophys. Union 56, No. J2:1142,

21, Emerson, B.K. (1917) Geology of Massachusetts and Rhode Island, U,S,
Geological Survey Bull, No, . Pp.

k i 22, Durgunoglu, H,T, (1972) Static Penetration Resiatance of Soils, PhD Thesis,
University of California, Berkeley, Calilornia.

3 23, Turnage, G.W, (1974) Measuring Soil Properties in Vehicle Mobility Research; 5
¥ Resistance of Coarse Grained Eoil’s 1o H;m Speed Penetration, Tech, Rpt i
I No. 3-852, Report 6, U.S. Army Waterways Experiment Station, Mobility

and Environmental Systems Lab,, Vicksburg, Mississippi.

3 24, Fulmer, C.V. (1965) Cratering Characteristics of Wet and Dry Sand, The
" Boeing Company Report D2 -50683-1, Seattle, Washington,

K 25, Sherwood, A,E. (1967) Effect of air drag on particles ejected during cxplosive
b cratering, Jour, Geophys. Res, J42:1783-1791,

| 26. Piekutowski, A.J. (1974) Laboratory Scale High Explosive Cratering and -‘
3 . E]ecta Phenomenolo§¥ Studies, Univerai’iy oi‘ m#on Research Ins%ﬂufe.

S Vi e e R it e
T et L s AR Lt DAL B E R g S A g, e A

N da a% |y s

. B St S et A SRt i R o e B e

j: » Alr Force Weapons Lab,, Kirtland AFB, Albuquerque,
d New Mexico,

E: 27, McGetchin, T,R., Settle, M., and Head, J. W, (1973b) A model for the distri-
bution of impact crater ejecta and its implications, EOS Transactions Am,
Geophys. Union 54, No. 4:357,

46




SRR A oo
SRR e N

31,

32,

33.

34.

35,

36,

31,

38.

References

Nordyke, M, D. (1961) Nuclear craters and prelimin:ry theory of the mechanics
of explosive crater formation, Jour, Geophys, Rrs, 66:3:39-7459,

Short, N, M, (1965) A comparison of features characteristic of nuclear explo-
sion craters and astroblemes, Annals N,Y, Acad, Sci. &:573-616.

Horz, F, (1969) Structural and mineralogical evuiuation of an experimentally
produced crater in granite, Contributions Mineralogy Petrology 21:365-377.

Ahlers, E, B, (1965) Crater Ejecta Studies - Flat Tops Il and III, Project 1, 5a,
Ferris Wheel Seriés, Flat Top Event, POR - 3008, LIT Research Institute,
Chicago, Illinois.

Anthony, M, V., (1965) Ejecta Distribution from the Flat Top I Event, Project
1,5b, Ferris Wheel Series, Flat Top Lvent, POR - 3007, The Boeing
Company, Seattle, Washington,

Merritt, M, L. (1968) Ferris Wheel Series, Air Vent/Flat Top Fveunts, Project
Officers Report, Scientiijc Directors Summary, - , wandia
Corporation, Albuquerque, New Merico,

Dishon, J,F, (1975) ESSEX - Diamand Ore Research Program: Ejecta Meas-

urements Report - o > 1, = -E-7H-3, U,S. y water-
ways Experiment Station, Explosive Excavation Research Lab,, Livermore,

California,

Vortman, L,J., and MacDougall, H,R., e«s, (1962) Project Stagecoach: 20
Ton HE Cratering Experiments in Desert Alluvium, Final Report, - R
TTD-2500, Sandia Corporation, Albuquerqiue, New Mexico,

Sun, J.M. (1970) Energy counter-pressure scaling equations of linear crater
dimensions, Jour, Geophys. Res. 75:2003-2027,

White, J. W, (1973) An emipirically derived cratering formula, Jour. Geophys,
Res, 78:8623-8633.

Andrews, R.J, (1974) Origin and Distributicn of Ejecta from Near-Surface
Laboratory Scale Cratering Exsper ments, University of Dayton Research
Institute, to be pub 3hed AFWL-TR~19, Air Force Weapons Lab, ; Kirtland
AFB, Ne.w Mexico.

47




N
b
i
g

Appendix A

Field measurements of crater dimensions and pellet preshot and postshot
ranges are presented in tabular form in this appendix. Table Al serves as an
index to the listing of the field data ccntained in Table A2, Table Al can be
used to identify the pellet groups employed in a specific experiment and provides
data on pellet emplacemen. and the configuration of the explosive charge. Table A2
lists the preshot and postshot distances of individual pellets (measured from sur-
face ground zero) and the results of a least-squares fit to the power-law expres-
sion discussed in this report {see Eq.(1)] for groups of pellets initially emplaced
at a common depth beneath the original ground surface,

The explosion experiments are listed chronologicaily in both tables. In cases
where incomplete ar unreliable pellet data was returned from a specific experi-
ment, it is not included in Table A2, although a description of pellet emplacement,
charge configuration, and crater dimensions is provided in Table Al.

Guide to Table Al

DATE - date upon which the experiment was conducted.

EXPLOSIVE DOR (M) — explogive depth-of-burst (DOB), measured in meters
from original ground surface to center of the explosive charge,

EXPLOSIVE TYPE - explosive material, see Table 2 in the text of this report.
EXPLQEIVE WT (LB) ~ explosive weight in pounds.

EQUIVALENT TNT WT (LB) — equivalent weight of 2 TNT charge in pounds,
see Table 2 in the text of this report,

SCALED DOR — scaled depth-of-burst (SOB) of the explosive charge deter-
mined by dividing actual charge dapth-of-burst by the cube-root of the equiva-
lant TNT charge weight (SDOB meagured in ft/(tb TNTIUO),
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PELLET DEPTH - depth of emplacement of a group of pellets measured from
the original ground surface presented in centimeter and inch units,

PELLET TYPE - a description of the pellet material, see Table 1 in the text
of this report (Al represents aluminum alloy pellets),

CRATER RAD (M) - crater rim crest radius measured in meters.
CRATER DEP (M) — crater depth measured from the rim crest in meters.

Guide to Table A2

Experiments are referenced by an identifier phrase which gives DEVENS as
the experimental site followed by the experiment date, charge weight, approximate
description of scaled depth~of-burst, pellet type, and pellet emplacement depth,
Crater rim crest radii are presented in meters. The variable x refers to pre-
shot pellet range; r refers to postshot pellet range (both measured from surface
ground zero). A least-gquares fit to the power-law expression discussed in the
text [Eq. (1)] is presented beneath a tabular listing of the field measurements.
(The first number after the = sign is a multiplicative factor; the second number
represents the exponent ¢ in the power law expression.} The correlation coeffi-
cient represents a measure of goodness-of-fit; a value of 1.000 is indicative of
an 'exact’ fitting of the data,
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Table A1, Index to the Listing of Field Data in Table A2
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Table A2, Preshot and Postshot Distances of Individual Pellets
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—PTELY DT 1 4 A4 1d LOGI (¥ /9Ty » L4.11 Lnciciesog)y - o
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Table A2. Preshot and Postshot Distances of Individual Pellets (Cont)
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Table A2, Preshot and Postshot Distances of Individual Pellets (Cont)
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Table A2,
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Preshot and Postshot Distances of Individual Pellets (Cont)
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Table A2, Preshot and Postshot Distances of Individual Pellets (Cont)

CRATER RADIUS{(RC)= .562 KETERS
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PELLEY DEPTH OF BURIAL = 2. ShCM
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Table A2. Preshot and Postshot Distances of Individual Pellets (Cont)
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3T -3@ FIF TC LOG-LOG EQUATICN ®RMRCIc +AAJS (X/RCI®® b, 701 CORRFLAYION COEFFICIENTE 9913
DEVENS {60CT7314LB,FULL AURIENIPEN ACRYLIN,1 IACH CRATER QADTUS(RCI®1,013 NETERS :

“PECCET DEPTH OF SIRIAL = 7. 5L ) e —
-~=<PRFSHAT PELLET RANGES----= ~--.coSTsuor FELLEY BARGES-=n~ :
FIELN OATAL ¥ X/6C  LOGL0(Y/PC) RZRC  LOCIOCP7PC) - ;

WFTERS HEYERS
h . «30% 23008 =452153 59,954 $9,193% 1.77227 T
457 &514 =e345hL4 28,636 28,2726 1.65137

TT eS53% 5265 427849 T 12.3587 12,7236 17108%0 ° T Tt
«610 6019 =+?72050 L7 41168 sE145¢
I—— T e888 6771 =,14935 Y.085 5.0654 248365 T ) .
762 7523 ~s12159 14676 146551 « 21887 M
T . 818 +8276 ~.18729 1143 1.098% + 04076 T *

ST SU-FITTO LOG-L0G EOURTICR  ~(R/RGI= «ERES (Y/PCYOS -6, 1GL CORRELATION COEFFICTENTY 39732~

“OEVENS 160CTTSIALR,FULL AURTENSCRANGE RCRYLIC,2 TNCH CRATER RADTUSIRCY=1.013 METERS ~———— .
PELLET DEPTH OF BURIAL = S.08CH <
— CeasaPPESHCT PELLFY wm;n----- «===POSTSHOT PFLLEY RARGES-<-- =~ ~—— ~——————— .
FIELD OATAS X X/RC  LOGEO(X/RS R R/ZRC  LOGIO(R/RCY g
e HETERS HETERS : o M
395 P 3209 452157 22.068 21,7375 1.33821 B
- . 381 3762 -o42462 160376 16,1661 1.20861 o v
457 WSLe -. 30544 9.077 38,9618 +§6239
s %33 L 52€€ = 27849 A, 05% 7.9506 T Q000 - - e
; +610 +6019 ~.22050 5.428 643467 + 20255
t «686 6778 = 16925 1.768 17458 26198
i o762 .7823 ~.12359 14192 1.17¢6 +07065
i _
5 LST S0 FIT 70 LOG-LOG £QUAT: " (R/RBYz 7379 {X/RC)®S -3,093 CORRFLATION COEFFICIENT= . 934k
e it il h cLIRTLL 2 TR
¥
DEVENS mocnstu.s.ruu BUOTENICOFEN GLASS (1 TMCH CRATER @ADTUS(RC)=1,013 KEVERS
-PELLEY OFPTH OF GURIAL 2456CH el H
~-~-PQESHCY PELLFT RANGES===~~ ----vuvsaor PELLFT RANGES--~- :
PO OATAT———X——" " " “XFRC  LOGLOCX/RC) - RZRC  LCGIOtR7RCY) —— N
METERS nste»s !
- «304 W37¢€2 = k24R2 83,983 4Y,4246 1.63774 -
ohST w314 ~e34504 264953 26,6115 1.42507
- +533 5266 ~.27800 13,777 13,6022 1.13381 s
.61t 6018 -422050 7,202 7.1110 +85193
L RN 1 4 3 ~e1693% hok20 %, 3833 J23984 - - - e ’
. 762 7523 -212359 1,438 104204 + 15241 :
«839 «827¢ ~e08220 1,073 1.8593 « 82501 - :
#9346 +9028 LY LTSN 1170 1,1556 106230
LST SQ FIT TC LOG-LOG EQLATION  (R/RCY= 5658 (X/Pr)ss <y, 685 CORRL LAT1CN COEFFICIENT 49840

osvsus 16007731 208,FULL BURTEDIFFO ACRYLIC,1 INCH(REPRODUC) CRATER RADIUS(RG) = 4703 MHETERS
“PELLET TEPTH OF SURTAL ¥ 7,560 _— ——

A ==e=PRESHCT PFLLEY QANGFSweeee  «-=-PGSTSHOT PFLLET RANGES=vee
FIELO OATAY 4 X/PC LORIN(X/RD) R R/RC  LOGLO(R/PGY
g METERS METERS
A e o152 2187 ~ohhL0R IV TIS 47,4122 1,67589
,229 L3251 ~.4A799 28.072 38,9220 1460121
= +305 P 43238 -.36705 12,893 {K.3355 1426329 I —
«381 S8 “e26f10 4907 6,9788 +84378
} - 487 6902 -.18896 14189 1456905 22802
X $533 7586 =41200% 1e262 1,7945 225395
LST SQ FIT TO LOG-LOG EQUATION  (R/RC)= L 872* (X/ROYI®® -2.080 CORRFLATION COEFFICIENTs 9382

e W

OEVENS 160CT73$208,FULL BURTEDINRANGE AGPYLIC,2 INCH(REPROD)CRATFR RAOTIUSIRC)= ,703 HETERS
- PELLEY DEPTH OF BURIAL = 8.08CH
~==+PRESHOT PFLLFT RANGFS--~~«  «--<POSTSHOT PELLET PANGFS==--

t R 1 XIRC . LOGLIYCX/PN) R R/RC  LOGICCR/RCY T

3 NETERS HETERS

- 52 2187 -.86408 14.8¢€3 16, 8708 1422743 T T
N 2229 43251 «448799 3.01¢ 442826 «EX17¢

H - 308 5338 “« 35305 14634 2.3734% 236612 oo
N N1 Shil =e28614 tobft 2,006 +« 30253

. emmn——— ek SR A1 SRR P §.)0 1 W T80 1.0683 - L 02F8¢ Tt T T

4\ ~tHP 9% FIT TO LOG-LOG EQUATION  (R/RC)z  , JAOR(X/RC)®® =2,368 CORRELATIOR GOEFPICIERTS - J961%
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Table A2, Preshot and Postshot Distances of Individual Pellets (Cont)

CLASS, 1 TREHEAEPROOUC) CRATER RACIURCI® FES WETERS—

'ELLEY DEPTH OF QUI!AL * 24 560K
—wmePPESHCTY PELLET RANGES=owo~

FIELD DAYAS X XZ7RC  LOGLBLX/PC)
s WETERS
229 +3251 ~eh 8790
FI09—— NS - - e 83N -
+38¢ 5413 “e26614
e s WS F +6582 -+18696

~eea®OSTSHOT DELLET RINGES=cas . ————

R RZRC  LOG1(R/RC)
4ETERS S
30,419 43,2596 1,€3608
S13T49E 19, 8398 -~ £ 2YPRY e oo
5.206 744036 286944
1,603 2,2000 35786 -

~£3¥-50 FIT 70 LO6-LOG EQUATION (R/RCI®  (&76%(X/RC) S -4,.1798 CORRELATION COEFFICIENTs , 9885

DEVENS 3APRILTASLBESDAR=0,202REN ACRYLIC, 2 TNCH

“PELLEY"CEPTH OF BORILL * T REPH
«eeePRESHOT FFLLFT RANGES-=~<e

FIELO OATAS X X/RC  LOG1O0(X/PC)
HETERS
#3805 #2976 ~52634
381 3720 ~e%294L3
GETT T TLAAER T -.T5078
«533 +5208 ~+28330
- 610 +5a82 -+22531.
+68€6 « 669¢ “s17416
- 762 «Thin ~+12R40

CRATER GAOTUS(RGI=Z1,02% HETERS

«essPOSTSHOT PELLFT RANGES==~~

R R/RC LOG10(P/PC) Co T T
HETERS
L0.350 39,3601 1.%9506
17,933 17.5595 1.26651

9.008 8,88%9 WYRBRYTT T T

7,199 7.0298 + 86694

S.502 5.3720 73044 . o T
1.519 1.5030 +§7635

1.206 1.1756 «07026 oo T

LSTSO-FITTCLOGSLUG ELATION - /2C)e  &73I%(X/BC)®e -3,728 CCRYELATICK GOEFFICTENTE 9733

~CEVENS SAPRTL24ISLLISOOBI0.202YELLOW GLASS, FIACH

PELLET OEPTH CF QURIAL = 3. 6R0¢
et~ wmssPRPESHOT PELLFT RANGES-weae

CRATER RADIUS(RC)I=1.024 METERS ~~ =~
-'--POQTSHOT PFLLEY RANGES-+-~ T T

FIELD OATAS ¥ ¢ YIRC  LOR1BCX/PES R/RC LOGLO (R/PC)
- NEYERS netems - e
384 J3720 -o4290% 20,956 20,465 1.31093
- - 38T 66l -.3502 10,982 18,7232 1.83032 R
533 +520A 28330 5,081 4.9A13 +69560
BT L5952 22531 %222 %1438 SUTITH T
1686 46696 -e17416 foulz  La4077 14852
st SO FIT YO L0G-L0G EOUATION (P/REIE  .270%(X/RCHSS -b.hbk COPRFLATION COEFFICIENT= ,9939
DEVENS SAPRIL7A1SLOLSO0B=0.200FMNGS ACRYLIE, 3 INCH CRATER RADIUS(PE)«1,024 WETERS

PELLEY OEPTH OF SURIAL = R EFOH
ammePRESHCT PELLET RANGES===n~
LD DATAL X X/RC  LOGRO(X/PCY
METEPS
e T & ik 4 1) 52678
o383 W3720 = oh2943
— - N57 KT -.35028
4533 .S26¢ =.28130
-- +619 #5952 -225%¢

--'-ansnor PELLET RANGES====
R/RC  LOG10(R/RC)

l;sgnc
TFCA RN T RTLETEY LTIy T
$1.785 16,7798 1422478
[ ] 8,351 0220¢ e s
3,945 %.8720 58794
Y. 262 3.16¢7 «50060 M B

8752 PIT-TOLOC~LOG POUATION  (P/Rf)z JUHTLAIOC) P4 =3, 58K COFPELATION COFFFICTIENTF 9325 —

- . ] <
DEVENS 3APAIL?AISLBISNORZA, LALAFN ACCYLICE 2 TACH CRATFR PAOTUS(RC)=21,18% RETFRS
“PELLET DEPTH OF MURTAL = &, YOO . T T T
«ee=ORESHCY FFLLFY OANGFSe==ss  =2acPOSTSHOT PELLFT RANGES«aw-
FIELO OATAS X Xsefr LOGSO (X7Pf) e RIRC LAGLIO(R/PC)
METERS MEYEPS
+ 303 o2e07 58882 TH.39? 64,5954 1.81620 -
o301 X222 -.49192 44,763 37.850% t1.67807
- Was7 «38E¢ o ll274 4 TS4L] 71,8582 337766 T ST
533 24510 234579 10.50¢ 8,8840 «Gu861
- +JBRH +5799 4?3665 4,496 3.8015 +%799% . o T
T62 2 6akY ~+19089 3y 20 Pe7088 43217
+338 FR8R “.149%50 {1 hbL 1.4072 + 14836
.‘lih 7732 - 15873 1et31 1.2433 +08327
st 90 FIT TO LOG-LOG ENUATION R0y = L4600 (X/PO)PY -3, 828 CORRELAY JON COEFFICIENT= ,9933
-GLYENS JAPRILYVGISLEISOOR=0.LOIW LLOW GLASS, 7 TNCH CRATFR RADJUS(RC)a21,183 HETERS
“PECLEY OLPIW-OF SORIAL T 8, 380M e e
ee=-PRFSHOY PFLLET RANAES-c=vw ====POSTSHOT PFLLET RANGES=wo=
¥ IS0 OATAS X XIRC  LOGLALX/REY £ RFRC LOG1 GLR/RCY
R NEYFRS L METERS
o 37 <3888 - h1278 36,967 33,2036 1.49020 . o mmmmeeee
- (L33 F113¢] ~J34579 23,09% 19,5284 $.29067
et iS5 o “o%19% =, 28780 9.iht T,729% 13122 & MAEE —_—
: 2686 +5749 <~s 2Y665 4,179 3453135 +Su821
d62 I} ] «.19089 3147 2,082 «RZUAY
+838 T088 ~¢14950 1.95¢ 16495 $2873X6

ST S0 FIY YO LOG-LOG ENUATION  (R/8C)« «27T1¥(X/RCI O =5,093 COHRELAHON GOEFFICIENY' +9924
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Table A2, Preshot and Postshot Distances of Individual Teilcis (Cont)

DEVENS 3APRILTAISLBISD0B=0.408 CRANGE ACPYLIC, 3 INCH CRATER RADIUS(RG)=1,183 MEYERS

~PELLEY DEFTH OF BURIAL = 4.39CH - T
“"’RESNC' FELLF T RANGES~~-~==~ '---POSTSNOT PELLET RANGES~<a-=

~PIEODETAE TRCLOGTOEXIREY -~ R~ WIRC " “TOGIOIR7RCY -~~~

NE"RS METERS

e +457 + 3886 41274 29,358 2. 8267 1. 39488 - o
533 +4510 -« 34579 9. 4314 7.9742 +90169

- o618 «545¢ « 287480 43R5 3, 6907 «56711
«ht6 6799 «s23665 34652 2, 0876 «48963

tsy su f!Y YO LOG'LOG EQUITION {R/RCY= «1L0* {X/RC}*® 5,279 COFREL"TON COEFFICIENT= -971Q

QEVENS 3QAPRIL7#15L335002=0,50t YELLOW GLASS, 2 INCH CRATER RAOIUS(RC)=hZBO HFTERS
“PELTET UEPTH OF RURTAL ¥ R, T ) TTTTTTT
weeePRETHCT FILLET RANGESev-=u ~---9’1$TSHD1 PFLLEY RANGFSesw-
“FIELD OATAt X X/RE  LOGL0 (X/FC) R/RC  LOG1OCR/RC)
RETERS "EYE“S
o 3574 ~oll71€ 35.585 27,1976 1046408
4762 -e32222 16.307 12.738% 1010540
" 5357 -s27107 8,03 7.,0643 2 84907 ) T T
.89€2 -.22¢31 6,757 5.2786 72252
+AG4E8 ~+18347 4.039 3.1548 249897
+ 7143 ~slURL3 1,024 2.3619 <7378
T 10 LOG-LOG “OUATION (R7Q1) 3 «7ITH(X/IRCI ** ~3,626 CORRELATION NOEFFICTENT: , 9935
OEVENS 6JUNE7&ISLR, SOOR=5,50% FFN ACRYLIC, 2 ITNCM CRATF@ RADIUS(RL)*=1.259 METFRS

“PELLEY OEPTH OF AURTAL = S.N8CH R
«v==PRESHOT PFLLFT RANGES-=aue ===-POSTSHOT PELLET RANGES-~-=

—FIELO ORTAT x X/RC LOALR CX/RC) 2 R/RC  LOGIT(R/RCY e
METERS HETFRS
o 398 $2421 ~s6188F 23,278 18,4913 1.7h637 : o
«388 .3027 -.51904 17,331 13.7676 1443886
Tt 452 3637 =+439%86 1?.%03% 9.9%22 «9970%
4633 Y314 ~.7291 11,621 93,0726 95771
EEne——— 3 843 -.31497 19,257 R, 1677 «€1104 : Com T e
«686 2 ShbA -26377 8.632 6.8571 83614
- 762 « 6052 ~,21801 4,093 3.2518 +51213
828 +6658 -.17662 2,774 2.2036 « 34309
«9Ie T2F4 -.13883 1774 144092 «16497
“EITFIT 7O LOGLOG EQUATION (R/ZRCIE  $.134%(X/RCYSS 2,164 COPRFLATYION COEFFICTERTE ", 9301
-DEVENS GJUNEZ4 1518, SD0B=0.50% PLUF SLASS, 2 INCH CRATFR RADIUS(RC) =1.,259 MFTERS
PELLET DEPTH OF BURIAL = CNHCH
— - wEnaPREHOT PELLFY RANGESea--o ----Potrmot PELLET RARGFSouaa o = = =~ oo
FIELD OATAt X /% LOG10(X/PC) R/RC  LOGLO(R/RC)Y
i METERS Nsxgns
«305 . 2621 -+51595 17,056 13,5472 1.13185
388 + 30827 ~451904 13,311 10,5738 1.02423
457 +3632 - 4198¢ 10,333 8.,2082 +A1425
—— +933 w23 -.37291 7.778 6, 1792 « 75093 e
610 Ju 843 ~e3869? 54105 4.,0557 467806
- 686 5448 - 2647 3,142 24964 731
WTH2 +hOS2 -, 2tANg 2,042 16223 $230382
818 + 6659 ~ei7662 1,612 1.2010 073183
<914 726k -+13883 1.205 1.08291 Q174G
LSy SO FIv TC LOG-LOG FNLATTON (R0 = DELFRIX/RCY S =2,6304 CORRELATICN COEFFICTENT: .9757
— -
OEVENS 6JUNE7&! SLBy SONR=0.20% ARQUN RLASS, ? ,HRY CRATER RANIUSIRCYI=1,000 RETERS
“PELLEY OTPTH GF BUPIAL = 5, 080K
====PRFSHCT FELLET PANGES----- ----Pnsrwot CLFT RANGFS ovea
FIELD DATAt X X/RC LOGIO (X/PC) 2/RC  LOGIOCR/PCY
NFYERS u;rews
301 3811 -~ L1896 314641 31,8496 1,50037
457 45T -.33978 13,640  §3.6433 1413492
+53Y + 5318 - 27284 4207 b.2835 «63130
61 +h098 21484 3,491 3.1921 « 50407
WA86 R P60 TS L) 14341 1,418 V12758
LSY SQ FIT TO LOG-LNG ®ANATICN (R79C)= +131%LX/RC) #% a5, 348 CORRFLATION ROFFFICIFNT: %917
— . .
OEVENS 1NULV7H!I"B. COBI0.0M RGO AGRYLIG, § INCH CRATER RADIUS(RC)= ,527 MNETERS
VEPTH T SUnIn o T
----PPES{CI‘ FtLLl' AANGESe-man ===+PNSTSHOT PFLLEY PANGES=~--
“FIELD OATAR x X/t L0G1T (X/PEY L] ®/RC  LOG1OCR/RCH o
NETFRS HETFRS
o o254 w082t “s 31688 1,865 X, 5376 Su8rt
+30% W57 8k -e23778 + 796 1.5087 +178%¢9

.}ST $¢ FIT TO LOG-LOG ENUATION {R/RCYs 1170 (X790 Ve ~4,678 CORRELAY 10N COE"I(‘IENY! 1.0000

T




Table A2, Preshot and Postshot Distances of Individual Pellets (Cont)

DEVENS 16JULY7413/8LR, SCOBE0.08 RAONN GLASS, { INCH CRATFR RADIUS(RC)x J527 HETERS }
T RIERON - e ———— :
~eewPRESHCT PELLET RANGESmwese  =on. Posrsnor PELLET RANAES-==o :
- PIELO-BRTAY x X/RC  LOG10 ¢X/PC) RZRC LOG1OC(R/RC) - .
METERS nnms .
—— o258 Y13 -4 31688 1,087 3,5029 JSumey e . :
305 ST84 -.23776 + 850 1.6301 «21220 i

TESP T CTEETN S ein8e7e +559 1.0409 -- ,01T2Y - o - e —————

—t3¥-8Q FIV 10 LOG-LOG ENUATICN  (R/RC)x +TXSHIX/RC) ** ~1,907 CORRELAYION COEFFICIENTx -~ 8801

TOEVENSTIIULYPHIS/SL; SOUBTATNT ALy 1 TNCH © 'GRATER RAUIUS(RCYe (%27 WNETERS —
PELLET DEPTH OF BURIAL = 25404
«=asPRESHOY PELLET QANGES~e~s~=  =~=ePOSTSHOT PELLEY RANGESwe«~ hont i
FIELO OATAt X X/RC LoGin(x/eC) R R/RC  LCG10(R/RCY
e HFTERS METERS s o e
2254 LLYs) ~+31684 1.789 3.3931 »53054
T30S SRR 423718 24 1.092% 03842 - T
+356 6748 17085 «S573 1.0867 + 03611
LST S FIT TC LOG~LOG FIUATION /o) 2RO X/RCI O -Y 472 COFRELATICN COEFFICIENT= e .0910

—-— . . - --- =

QEVENS 31JULYT?4IS/8LB, SLOF=0,25! ORANGE ACOYLIC, 1 INCH CRATER RADIUSIPC)= 622 WETERS

PELLET DEPTH OF AURTAL = 2.560H
=evePPESHOT PFLLFT RANGES=~-== -—-.Posrsnnr PELLEY PANGES=-~~-
FIELD DATAt x X/8C  LOGIQ(X/FR) R/RC  LOG10(R/PC}
—_——— - HFTERS -rrsns e
«152 2451 “.b1N66 8.9%6 14,3235 1.15€05
—— $229 «3€2¢ - 43457 3.609 5.8039 6372 o
o351 +6127 21272 4963 te54c0 «19966
LSY $Q FIT YO LOG-LOG EQUATION  (R/RC)I=  4B{S(¥/PCI®S -2,434 CORRFLAYICKN COFFFICIENTs  ,9991
DEVENS 31JULY7413/8LB, SOOB=0.25% ALy 1 INAK CRATER RADIUS(RC)= .622 METERS

- —PELLEY OEPTH OF AURTAL = 2.5u0M
=eeePRESHOT PELLET RANGES=mm=e  ==+=P}STSHOT PFLLFT RANGES-~=~

TR - XPRC LAGINLXZFC r R/RC  LOGIO(R/RCY T T e
METERS METERS
+229 3676 “e 43457 be17Y 6.7108 82677 E
«305 24902 -+30963 14456 243382 +36849
! - +381 6187 -e21272 1.012 1.627% 211514 -
457 #7353 ~.13354 738 1+18R3 007619
LSY SQ FIT TO LOG-LOG ENUATION (P06 = HGER(X/RCY S -2, 0465 "OFGL" ICh COEFFXCIENY= .9777
OEVENS 31JULYTW$3/8L8s SCOR=0,25! BLUE GLASS, § INCH GRATER RACIUS(RC)Z .622 NEYERS

OF SURIAL = 2. 3608 P
==«sPRESHCT PELLEY RANGFS->--<  ««~<POSTSHOT PFLLET RANGES~--~

— FIELO DAFAL x XZRC  LOGLO(X/RC) L4 R/RC  LOGLOLR/RC) T e
wereRs WETERS
- «229 «3€7€ B3 4377 7,0392 WB4752
«305 +4902 “410962 1.686 2.5833 41218
bt E 1+ 3 is12? -.21272 2424 1.2509 2 09091 ST i e

8% S& FIT YO LOG-LOG EQUATICN {R/3C) = 2158 LX/RCY S -3, 88 CORRFLATION COEFFICIENT: ,3496

—
DEVENS 31JULYZ4I3/ALR, SCOP=0,253 APOWN GLASS, 2 INCH CRATFR RUDIUS(RCI = +H22 METERS
"PELLET DEPTH UF BUPIAL = NpCH o T ot
==+sPPESHOT PELLFTY PANGE Secmme  <«s-POSTSHAT FELLET RANGESe=v=
FIELD OATAL Y X/RF LOGLOtX/PO) L R/RC  LOGLO(R/RE)Y
HFTEOS METFOS

| 0452 «Pu51 CILR LT 34296 5.1569 71229
i 0229 «3575 b 3687 2.040% 3.8725 +S8A00
i . 05 Lanz =+30953 feiht 1.8676 227129
H ALY H127 21272 P Thl 141961 «07776
; LST SQ FIT TO LOG+LOG EOUATICN (R/RG) 2 «5G2BLRINCIIS —1 634 CORRELAT 10K COEFFICIENT: L9672
. QEVENS 31JULY7~‘3/GLI7 SNOBRD, 283 AL, 2 INCH CRATER RADIUSIRC) = ,422 HETERS

! “PELLET OEPTH OF SURIAL » B, 880%
»ovePRESHOT PELLEY RANGES==w=e  «=e-PNSTSHUT PELLET RANGES=--o

“—PITLO OATAY L3 XIRC LNGLOtX/PC) L3 R/RC  LOGIO(R/RC)
HETERS WFTERS
T « 2081 ~+B1868 3.53% S.678S 75008 T -
2229 3678 k3487 2,013 3.2698 51858
- 308 LliL4 -.3098% «85Y 1.372% +13753 T T
“TUITREAIT TOtOSTLOS TQUATION  (R/RCIx  ,J4PS(X/RCI®® «2,00) CORRELATION COEFFICIENTY Y788
60

k - PO R RTELIG, VRTINS TR . s AR ULt B




Table A2, Preshot and Postshot Distances of Individual Pellets (Cont)

—BEYENT- S TPH S,
pELLEY OE"H 07 BURIAL = £, 08CK
s e PRE MO T 'ELU' RANGESwenee

"tﬂ'{“!ﬂﬁhﬂ.!" RED ACRYLIC, 2 INCH - CRATER RAOIUSIRC)® 822 NETERS— —— -
eeePOSTSHOT PELLET RANCESo=ee . Tt o
FIELD ODATAS X X/RC  LOG1O {X/RC) R R/RC  LOG1@(R/RC)
WETERS T T TTMETERST -t
o162 « 2451 ~:61066 3.719 549804 « 77673
e mmtm— - = -a229 +3676 s 3487 2.37¢ 3.8137 +98139 e
«305 4992 -+30963 1.173 1.6873 27583
e m s o 361 6127 =.21272 o806 {41020 « 04288 . T

L3730 PITTOLOCPLOCPOUATION ~ (R/REYE - ~.US1CtX/NCTES »1,887 - COFRELAT _

—BEVENS L45EPTPAT ¢ LB Ck, SNOBz0,00, AL 1 INCH
PELLET OEPTH OF AURIAL = 2. 5408
PRESHCYT FELLET RANGFS=eoex

FIELD DATAS X X/RC LOGLO(X/PC)
HFFERS
«229 3672 -+45938
+385 a630 -2 33805
«381 «57A7 ~+?3750
e B4l “.158%

-.-.~90$YSHO?‘P!Lt!T WEANGES w== ——

CRATFR RACIUS(RC) = 688 MEVERS =~~~ —

A/RC LOGIOB(R/RCY

wETERS S e
13,692 20,7963 1,31799

4.697 7,133 85335 S e
2,475 3.7593 .57510

(991 19068 - STYEY -~ oo — ——————

-£3% 50 FIT TC LOG-LOG FOLATION  {P/RCYe 4330 {X/0C)*e «3,679 CORRELATICK COEFFICTIENY=" ;9889

-
GEVENS 10SSPTT41 1 LR Cu, SOPR=0,25, AL 1 INCY

“PELLET VEPTN' OF RURTAL = P TLTR
e =PRESHOT PFLLFY RANGFES===-=

CRATFR RADIUS(RCY= ,7t3 MET.wS

~=+=POSTSHNT PELLET PANGFS=oe

FIELO DATAL X Y/ LARI0(X/RC) R/RC  LOG1O(R/OC)
METERS “cTEPS
W220 L3295 =918 35.616  H93.9359 169841 -
+305 a2 -, 3R9722 13,262 18,5940 1.26937
N $381 +5342 -.2723% 5,273 7.3932 « 86883 T
487 hb10 ~.19312 20706 3,146 «haRZS
«533 JIuTe ~e12618 .a30 143034 #1108
ST SQ FIT TO LOG-LOG ENUATION  (R/DCIz WSS LX/RC)®S o4, 268 COPRELATION COEFFICTENTY 99852

OrYENS tOSEPTYAL 1 LA CA,SCNF=D0,25, AL 3 INCH
PELLET DEPTH OF BURIAL = 7o 670N
~=c<PRESHOY PELLEY DANGES--~~~

CRATER RADTIUS(RCIE 713 WETERS ~ - ————
~~==POSTSHO! PELLEY RAMGES----

FIELD DATAR X XIRC LOGL8 (X/RC) R R/RC L0G1O(R/RC)

T ST T TUORETERS METERS co T T
452 2137 -.67025 2,018 2482214 k5164
229 <3285 e b LS 3,667 Se1010 «71108 N =
+305 h274 -.%692?7 10143 1.6026 20482

- 381 5342 -27238 1188 1.6%38 21850 : T
otS‘I .6!1!‘ =-+19312 814 1s1610 005730

LST $G FIT TO LOG-LOG EQUATION  tR/RC) - JBL2%(X/PC) %% «1,009 comnnxon corrncxnn JTh22

OEVENS 10SEPTTHL § LB Ch, 5N0R=0,50, AL 1 INMH
PELLET DTPTH OF SUNTAL » ZBANM
=<=-PRESHOT SELLET RANGES-=-<=~

FLELD CATAS X XIRT L0G10(¥/RC)
HETERS

e 229 217 56588
«305 <3623 8091

" 3818 4329 = T4A00
i34 5435 =+26482
+53Y 6301 419787
010 o T2NE s 13280
686 8182 +: 0887

CRATER RID!US(RC)' .B‘oi HRETERS

----POS\'SNOT PFLLET RPAMNGES=~=-~
RIRC LOGLO(R/ #CY

“EYERQ

32,084 38,0908 1,%8082

29.276 36,8007 1.%6159

11,881 16,3000 121758 : T
f.R69 7.797¢ « 291 0%
Y.286 3.9058 +59171
te722 2.0 «Jit4
«978 141630 06560

TET 3¢ PIV TO LOG-ROG EPUATICN  tR/®f): JT9TR(R/PCISS <X X4 CORRELATION COEFFICTENT™ - , 9802

—

OEVENS 10SFPT74t 1 LB G&, SPOAT0,50, AL 3 INCR
PELLET DEPTH OF WIRIAL © YoRP0H
4==-PRESHOT FELLET RANGFReesmue

PIELO oATAL L 4 Y (AR10(XI0E)
HETERS
o229 I$34%4 ~.88588
105 L1628 ~e44091
I «381 8520 DI (YY1
o\3? +5h18 - 26082
- '533 N3 ~.1978?

e
CRATER RACIUS(RCI® Aul METERS

....posrﬂuOt PFLLFT RANGES===~ -
R/RC  LOGRO(R/NC)

“E"E RS
1%,509 14,8696 1.17230
T.784 11,6306 1,06%60

Yeths 5.8247 +TA208
1.92% %, 2826 + 35808
1.347 1.5882 19487

“tST S0 PIT 10 LOGSLOG ENUATION  tR/RCIs LTIOLRINTIOY <2, 840 CORRFLATION COFFFICTIENT® 4881

B



Table A2, Preshot and Postshot Distances of Individual Pellets (Cont)

—OUVENST9SEPTINSL 1 0 C&y SCOB=0,%0, AL %,.% INCH

.!LLE' OEPTH OF DURTAL =  11,43CH
“oer T —esewpRESHCT PELLET RANGES<sewsw -

FIELO DATAY X ¥AC LOG10(X/RC)
——————merers— - e o
305 03623 -.4a091
TSt Sy e, 36300
AST  LskS5 -.26h82

LSY sa FIT 7O LOG‘LOG EDUA”ON {R/RCI=:  L498e

DEVENS ﬂSEP"N 1 LB Ca, SN0B=0.375, AL § INGH

—PELLET DEPTH OF BURIAL = 2.56CH
=esBRESHOT PELLFT PANGES=w-~-

PO ORTAT— %X -~ " XFRC  LNG10¢x7PCY
HETERS
s o 228 2883 =e54324
+305 3817 “s41830
e 3814 11144} =.32134
457 5725 ~e26221

I3y “HLTe RS 84 14 Tl
-8 8@ FIT TO LOG=LOG €QUAT TON {R/RC)= 21

TTOEVENSTRSERTIAT T L8 ONy"STOR=0.37%, At ¥ INGH
PELLEY DEPTH OF BURIAL = 7.5208
— wewsePRESHCY PELLET RANGESweree
FIELD DATAC X X/RC  LOGLO{X/PC)
e NETERS
+229 W 28€3 56324
it + 1 SEERAIIE 1 3 ¢ J =.51830
381 Wwrry -.32130
et AS? 5725 ~o2022¢

4SY SQ FIT TO LNG=L06 ECUATION  (9/5Cle  ,475%

QEVENS 25SEPT741500 GM Cul SCOB=0,00, AL 1 IME
PELLET UEPTH UF BURTAL = 2,50

====PRE SHOT FELLFT RANGES=~-=~-=

—FINO OATAL x X/RC LOG10(X/PCY
NFTERS
Tt 0229 . 1808 ~sk5538
+305 NS =413061
- - «381 «5841 -, 23150
us? «7009 -4 15432

LSY S FIT YO LOG~LOG EQUATION  (R/RC)= V1628

OEVENS 25SEPTZAT %00 GM Cet SDCRxn, 08, AL 2 INFH
ST PELLET QEPTH OF BURIAL » LT L]
==~ePRESHCT PELLFT RANGES~==ee

- PILO ORTAt X XZRC LOGLA(R/PN)
HETERS
e 229 3909 PR
«308 NY32] <. 13041
» Y81 FLTINY - 23V50

L3Y SO FIT TO LOGSLOG EQUATYCN  (R/2C)u 983

GEVENS 28SEPT74L %00 GM Ch? SDOPwa. 2%, AL 1 INTH

PELLET OEPTH OF RURTAL =« ER NG
e=e-PPESNOT PELLIY PINGESecncs

FIELD DAVAL x XWRELO610ER/PEY
I T ORETERS
L W4016 = 1620
381 5820 =29929
W87 LR -.22011
533 BLEL] AL

CRATER RADIUSIRCI® 841 HETERS ~-————~

----POSTSNO‘I‘ PELLET RANGES-ese - e
) RIRG' LOGINRIRG)

?.BM 2,9693 86972

1.52% 1.811¢8 ~ 425808 T T T T
10204 14783 +1697%

tx/R )" “14721  CORRELATION COEFFICIENTz 9847

CRATEP RADIUS(RG)=s o799 NETERS

~+=-POSTSHOT PELLET RANGE S----

L4 RIRC  LOGYOCR/RCY - T
NETERS
25,771 32,2710 1.%9881 et
8,662 1048473 103532

4,018 5.0229 +700898
24350 2, 9427 46875
1.37% TTITINT U 2¥esy - T —

1X/QC)** 3,429 CORRFLATION COEFFICIENT= - , 4498

CRATER RROTUSCREYE 799 WETERS— ———

--“POQTSNOT PELLEYT PANGES<e-= -
R/RC  LOG{0(R/RCY

“ETERQ
2,874 345956 + 55575
24 398 3.0000 87712 : - T
1,753 241947 36137
1.259 145763 «19765

(X200)88 1,182 CORRELAYTON COEFFICIENTz ,9Ye}

CRATER RADIUS(RCI= 4652 METEQS

~«==PNSYSHOT PFLLFT RANGES====

R R/RC  LOGIDtP/RCY
METEQS
?, 666 11,752 1.07012
Yeo ¥ 548738 76892
1.88¢ 2.8832 45987
+ 759 141636 «06579
(X700 e ~3, 267 COFRELATJCN COZFFICIENYS  ,9864

CRATER RACIUS(RCY= (652 METERS

«~==PrSTSHOT PFLLET PANGESe==s
° @/8C  LOG1O(R/DS)

MLTERS
1.289 149768 «29%9y
1,382 2.0187 «30802
<869 1.3318 PRELTY

tesocy e o 73y CORRFLATION COPFFICTENTY ,801Y

CRATER QUCIUSIRGYT 7S9 HMETERS

-‘--NJS\‘WOV PFLLFY RANGFS==an
RZRC LOGIO tRZPC)

ul‘"’l%

1,855 17,9900 1,2R508
9.080 11,9830 1.07787
TN O3 1) LSPX32
1,42 1, A788 NIATH

R PET-TO LOSULOR TOURTIEN  tR/ew <N tEIRCYO oy, 20 COERTLATICNR COLPPICTIPNTY —, ATAS

OEVENS 25SEMTIAT 580 6N Lot SPOPWOL 25, &L P INCH

PEL\EY DEPTH OF RURIAL = S0P CH
- *=aPPPSHOT PRLLPT BANGFS-c-ae
FIELO DATAS ¢ 2/RC  LOGIALE/IPR)
— WYERS
229 X082 =S2116
304 It - Y920
381 8820 < J2R820

—— Ry e -.pr011

CRAYEQ RADIUSLEC) v (PEY RETFOS

""905'9!0‘ PFLLFY RUpGER-een
/R0 LOGLOLE/RE)

NF'FOR
o hY 12,0088 1084881
rolas 00089 RILIL)
Y. 008 40120 480332
183114 2.010% JNeRe c

= $AT-O0 LT 1O L0G-L0G EQUATION  tR/RCIm  ,ASASLX/RCISS «p,33p COBRELATION TOEPPICTIENT , 90aP

62




Table A2, Preshot and Postshot Distances of Individual Pellets (Cont)

OEVENS 25SEPTZ4t S08 GKX Cot SDOP30.25, AL 3 INGH CRATER PAOIUS (RC)= o759 WETERS
—PELLET DEPTH UF RURTAL = T.RPRN b il
===<PPFSHOT FPLLET RANGES====e  «<.-POSTSHOT PFLLET RAMGES ===

“TFIELO DATAS X L/RC  LOG1Dtx/PC) R R/RC  LOGIBIR/REE Tttt
HFTERS METERS
229 3012 =521 1,928 2,5382 600452
+305 21405 -+39620 1,798 243695 o 37065
TTTTTTTTTC T L, yEr T o5 ~.29929 {.591 ?2.096% 32407 ) ot T y i
W57 5024 ~e22011 s 804 11124 +086218 1
LST SQ FIT TC LOG-LOG EQLATICN {R/CY= «ADL® (IRC)S «f 08 CORRFLATICN COEFFICIENT L8412 1
i
DEVENS 25SEPT74LI S00 6¥ Ce, SONM=0,50, AL > NC ¢ CPATFR RADIUSICC)= ,866 METERS ¢
PELLET OFPTH OF AURTAL = Lendtw &
====PRESHOT PELLFT RANGES---w~ ~===POSTSHOT PELLET RAMGES=---= l
FIELO OATAY x X76C  LOGINtYZPT) R R/RC  LNGLO(R/OC) :
NETERS HMETERS
T +38% « 1821 =45132 14.96h 17.2887 1.27776 T
3814 Gh01 -2 15641 4,159 9.4761 «ATLYY
- 857 5242 .« 27720 S.LvS 6,2782 +7978%
+537Y 16162 ~221928 24615 Y0211 «hB01/
618 7062 ~.15%20 1,280 1.4789 +15993 -

TESYSOPIT YO LOG-LOG EMLATION (P/9Chs JSIBSLXTINCIVE <3, 053 COFRFLATTCN GOEFFICTERTY - 829 —

Rl Wi v e A m . SO TN e

- DEVENS 2SSEPTPAL 580 GM NAT SNAP30.%A, AL, Y [NCW CRATFO RADIUS(RCIT .A0% METERS
PELLET OEPTH OF AURIAL = 1.6200
T a==oPRESHOT PELLIYT RANGES--ces ~s--POSTSHOT FFLLFT PANGFS=ne- e f
FIELD naTay % YR L0GIAIXIOL) R sac LNG10 tR/REY
WETFRS METERS
229 «2hbd =+578286 17. 860 19.A239 1.29719
308 »3521 ~.45132 8,082 LI 1Y «A2245 3
381 XIYEY =~eI5RLY S.002 S.7782 « 761749 i
ST e ~ 27723 Y. 25? Y, 57 «STenS e ——
«533 +6162 ~e21028 1.63%7 1.8908 + 27658 ’
LT SQ FIT TC LOG-LOG EQUATICH tR#RC)x sbaneiesor)ee 22,507 CORPFLATTION COEFFICIENT2 .37 !
OCEVENS 2SSEPTZ0L 500 GM £At SPAD20,50, AL, & INCM CPATER PAQIUSIRC)= A8H WETERS

PELLET DEPYN OF BURIAL = 10,1CH

a=eePRESHCT FFLLLY PANGES=~ «  =-=<POSTSHOT PFLLFT BANGFS====
- PIELD OATAL b XIRC LOGEA LN L) R N/RC  LOG1O(P2RC)
NFTFRS NETFRR

—— - 229 S {1}) . 97820 8.0%8 LYY ] KITTY) T mee e 4
Y08 +3521 -.48332 YY) S.3897 22995
1213 KYYE LS LTI 2,902 3.4331 JOrepe P
Wwe? s222 PSS 2] 26an 2.0803 YT '
530 ab1e? ESLT Y] NIl 1.4292 81208 :

AP 30 FUY 10 LOASLOA FAUATION  (HASGIS ARTSLYIREYSY <P, 4R COPRrLATION COrerTaTeuty 930t




