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ABSTRACT

Small-scale cratering experiments are being conducted by the Civil Engineer-

ing Research Facility with systematic variation in the paraleters of the ex-

periments, especially in the charge configurations and media employed in the

test beds. Before cellular (foam) concrete could be used in the small-scale

cratering studies, it was necessary to understand its behavior in specific

cratering environments and to determine the reproducibility of the results.

herefre, to acquire this infonmation, eight preliminary high-explosive shots
-.ere tred on foam concrete pads. These shots demonstrated that crater shapes

and .izes, tqpe and quantity of ejecta, and fracture patterns are reproduci-

ble, aad -hat foam concrete is a suitable material for simulating weak, por-

oyus rock.

(Distribution Limitation Statement B)
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SECTION I

INTROMICTION

1. RACKGROM'D

It has been found from cratering studies that the presence of a corpetent
layer beneath the soil affects the crater size and related phenomena. The
study of cratering in this type of geology is one of the objectives of the
sia' 1-scale cratering studies being conducted at the Civil Engineering Research

Facility.

For this study it was necessary to construct a layered test bed. The mis-
match in strength and velocity between the layers in the test bed were to be
similar to those found in nature. An exmination of available mterials as

made and foam concrete was found to have the desired characteristics for the
competent, lower layer. An added advantage to foam concrete is its relatively
low cost and ease of fabrication and emplacement. IRoever. before it could be
used in the small-scale cratering studies, it was necessary to study its behav-
ior in specific cratering en-iron-ents. The results of these studies are re-

ported here.

2. OBJECT11

'reliminary testing for the sall-scale cratering studies was conducted
to evaluate the behavior of foan concrete in order to determine the feasibiliv"
of using this material to sinulate the weak, porous rock in the exWeriments and

to ascertain the reproducibilit" of the results.

3. SCOPE

This report is concerned with eight preliminary I-lb high-explosive (C-4)
shots on four pads of foam concrete to establish basic crater phenoenology as-
sociated with foam concrete and to determine the responses of this r it. to
various charge configurations which might be used in future small-scale crater-

ing studies.

Readers Mio desire more information about foam concrete are encouraged to
consult references I through 4.
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SECTION II

TEST PREPARATION

1. FO.\ CONCRET PAD CONSRUJCTON

The forms for three circular foam concrete pads were constructed from 1/4-

in. plywood and were built on a leveled soil surface in the test area west of
the Civil Engineering Research Facility, Area Y, Kirtland Air Force Base East.

Soil was placed against the outer sides of the forms for lateral support. The
form for a square foam concrete pad was fabricated from I- x 12-in. boards and

placed on asphaltic concrete.

A water-cement slurry was delivered in transit-mix trucks to the test site
where additional water, if needed, was added. Then the foam mix was added to
the water-cement slurry from a 30-gal pressure tank. The foam concrete pads

were poured and allowed to cure for a minima of seven days. Table I lists

the shape and size of the pads, the composition of the foam concrete, and the
dates on which the pads were poured.

2. TEST S*MPLES

Test cylinders, 6 by 12 in., were taken from each batch of foam concrete
for strength, unit weight, void ratio, porosity, and ultrasonic velocity test-

ing in the laboratory. Table II shows the results of these tests for the four
foam concrete pads. On one test, cores were taken from the test slab to ex-

ine w situ properties.

3. C L-RGE CGT IRATIONS

The four charge configurations used in the testing of the foam concrete
are sho;wn in table III.

4. iNSITRhE TATiON

Onlv shot 3 was instrumented. After pad 2 was poured, it was decided to
measure the acceleration and velocity of shot 3 which was to be fired on this

pad. Therefore, two 6-in.-deep channels were carved into the surface of the

pad along perpendicular lines (N and 1%) to accommodate the instrumentation.

Six piezoresistive accelerometers (Endevco Mkxel 2264-30K-R), which have a max-
mi in range of 30,0,0 g and a mounted resonant frequency of 90 kiz, were used.
Three accelero,.eters were placed in each channel at 2, 3, and 4 ft from the

center of the pad (fig. 1). Fresh foam concrete of the same proportion as the

original pad %as poured into the carved channels to hold the accelerometers in

position.

2



Table I

XOAM T .XCREIE PAD DATA

DaeDia., Depth, Quantity, lb Wfater-
Pad Satet

Poured Shape DaCemett
ft ft IWater Cer,.nt Fom Ratio-

-18 June Circular 10.0 1 1586 2397 138 0.66
2 10 Sept 71 Circular 10.0 3 4522 7520 388 0.60
3 23 Feb 72 Circular 10.0 1 3388 5640 284 0.60
i1 23 Feb 72 Square 9.5 2 3388 5640 284 0.60

Quantities are based on delivery records.

T)pe MI Portland cement (high-early-strength).

Table II

FAM COXCRIEUE PROPERTIES

r ! coressive Oven-Dried Voi Porosity, Ultrasonic
Pad Strength, Unit height, V elcity,

psi pcf ft/sec

1 132.5.. 29.91 4.81 82.78 j 4919
390.. 31.78 4.29 81.09 5553
11 O1S.01-L *.0. 27.80 5.01 83.36 508

_____ 4 15.0" J 27.80 5.01 83.36 5508 J
Average of three 6- x 12-in. cylinders (10-day strength).

Average of four 6- x 12-in. cylinders (19-day strength).

Average of six 2- x 4-in. cores fi-w the pad and six 6- x 12-in.
cylinders (21-day strength).

A\erage of six 6- x 12-in. cylinders (75-day strength).

Table III

( 3.LX;E CONFIGUR-TIONS

Shot Pad Configuration

I 1 I Half Buried
2 1 Surface Tangent Above SGZ
R35 2 Surface Tangent Above SGZ
4 Surface Tangent Above SG7
S 4 Two Charge Radii Above SGZ
6 4 Two Charge Radii Above SG
7 ,i Surface Tangent Below SGZ
8 ! 4Surface Tangent Bgelow SGZ

Note: SGZ = Surface Ground Zero.

3
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1. FAIRIN OF EXPLOSIVES

In all tests, 1-lb spherical charges of C-4 explosiv'e MTT etwitavn

1.3 lb) were fired by center detonation with 04-l1 electrical detonators(i-

ufactured by R. Stresau L.aboratory, Inc.). Shots 1, 2, and A throuch S8rr

fired by a manually operated blasting machine; shot 3 icas remtely actitvated

by an automiatic data acquisition sy-stem.

2. DATA~ RIECO2DI2CG

Wt fran shot .3 hv-,e recorded on a Wihted Electro iDynaics Inc. data

acqruisition syszena. Aqqx CP 100 nagnewtic tape recorders operating at 60 ins

idt a andpas o 0 o 2,00 -ereCF used in t-hat syszeru. ki osciflicscone

(Uektronix 502) and a Polaroid can-ra aLtakwint uere nse! Far data displ~y -

-re tr craters wiere deternimnei lon carefully re~v1!t tkve 1s zeri'

rodice b1tw shots. L-Crater iwasurce nts were raealeng eipght ra-iials froa
t t centrotecaes at !-in. isnteivals of depth or rwrtge, depeding ~

crater shape (for kettle shae met ~s ursed; for all other stame * ang

%-asISe-- Crater volums on k-he circular pads %vre dezerninedbyw graph ical
inter-ra ion. C re projfiles c-raurn in accordance uidth the above mmesured ralt-es

To check Vhis methOd o etrn'gthe o eterln othsot3ra
ter tzas also censured by backfIiliing ha asrd 'ityo Yttasin

(table W).- Crater volaw-s on th-a scua-re nad (slhots S through S1 we- zeter-

nitted bv thre latter Enerhoi wnl-

Sh-rface fractures resulting frso so=e sho.ts %-ere egihasized rtith black

ink am! recorded phmograuhically.
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SECTION IV

RESULTS

The results from the foam concrete testing are limited here to passive

elements such as the fracture patterns on the pads and the dimensions and

shapes of the craters. The instrumentation data obtained from shot 3 may be

found in reference 5.

1. ILALF-BURIED CHARGE CONFIGURATION

The charge for shot 1 was half buried near the center of the northern

half of pad 1. Figure 2 shows the resulting apparent crater which is nearly
full of pulverized foam concrete and lumps of foam concrete, with very little

ejecta on the pad. Upon removal of the powdered foam concrete, the true cra-

ter (fig. 3) appeared to be nearly hemispherical with a radius of 10 in., a

depth of 9.5 in., and a volme of approximately 1.200 ft3 (fig. 4). After

sweeping the pad, nine distinct radial fractures which branched and zigzagged

to the edge of the pad were revealed (fig. 5).

2. SURFACE-TANGENT-AI\oVE-SGZ CM-RGE CONFIGURATION

Three shots we.,; fired in the surface-tangent-above-SGZ (Surface Ground
Zero) charge configuration. As with the half-buried charge, there was very

little ejecta produced and the craters were also nearly full of powdered and

lumped foam concrete.

Shot 2 was fired near the center of the southern half of pad 1. Upon re-

moval of the pulverized material from the crater, a kettle-shaped true crater

(figs. 6,7) was disclosed in contrast to the nearly hemispherical shape pro-

duccd by shot 1. Although evidence of radial cracks were noted, the fracture

pattern was obscured by the fractures from the first shot. Ilie true crater

was 7.75 in. in radius and 8.75 in. in depth (maximum|). Graphical integration

of the field measurement profile (fig. 7) resulted in a volume of 0.689 ft 3 .

'Hie previously noted radius and depth were also determined by using the field

data.

Because of the interest developed by the unexpected and provoking kettle

shape of the shot 2 crater and because two shots had been fired on the sane 1-

ft-thick pad, a second surface-tangent-above-SGZ shot (shot 3) was fired in

the center of a new, 3-ft-thick pad (pad 2) to determine the reproducibility

7
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of the results acquired from shot 2 and to obtain a distinct fracture pattern

for the surface-tangent-above-SGZ charge configuration.

Preshot inspection of pad 2 revealed a hollow sound when the surface was

tapped. This sound was due to the presence of z ir voids just under the sLIrface.
In addition, a faint, random fracture pattern, probably due to shrinkage, had
developed on the surface of the pad.

Shot 3 reproduced the kettle-shaped true crater of shot 2 (figs. 7,8). It
was also nearly full of crushed foam concrete, and again very little ejecta was

produced. The radius, depth, and voltume of this crater were 6.62 in., 7.25 in.
and 0.461 ft 3 , respectively. The postshot surface fracture pattern (fig. 8)
appears to represent an enlargement of the preshot, random fracture pattern al-

ready noted.

aThe quadrant between the N and IV lines of pad 2 was removed to obtain two
vertical cross sections of the trac crater and interior fracture patterns (fig.

9). The fractures near the side and base of the pad may be due to reflections

V WI

- Figure 8. Tie Crater Produced by Shot 3
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of stress waves. Postshot examdnation revealed that some of the accelerometers
were not completely embedded in the foam concrete. Figure 10 shows the thin

surface layer (probably foned by the air voids noted above), the crater lip,

and the fracture pattern within the pad including some prominent horizontal

separations near the crater.

With the removal of the thin, randomly fractured surface layer, an irreg-

ular radial fracture pattern composed of mostly curvilinear cracks was uncov-

ered (fig. 11).

A final surface-tangent-above-SGZ charge (shot 4) was fired on pad 3 to

check the surface fracture pattern. This shot reproduced the kettle-shaped

craters of shots 2 and 3 (fig. 7) and the radial fracture pattern of shot 1

(fig. 12). The shot 4 true crater had a radius of 7.38 in., a depth of 7.50
in., and a volume of 0.606 ft 3 . The field measurement profile of this crater

is shot-n in figure 7. The fracture pattern consisted of nine radial cracks
wdhich zigzagged to the edge of the pad; howeer, there was no discernible

branching of the fractures as in shot 1. In addition, dark, radial patterns

;,ere observed on the surfaces of the pads on which the surface-tangent-above-

SGZ charge was used (figs. 8,12). These patterns are probably caused by ex-

plosive products and may indicate lateral paths traveled by lors-level ejecta.

3. ThD-f.lL-AGE-PDI -ABO\'--SGZ CARGE ONTIGURATION

Shots S and 6 (figs. 13,i4) twere fired on the southest and southeast

quarters of p- 1 4t with the charges suspended two charge radii above SGZ. The

craters fom,' by these shots were filled with crushed foim concrete, and as

in all the preceding shots very little ejecta was deposited on tile pad. liben
the loose material was removed, nearly identical bowl-shaped true craters -ere

revealed, indicating good reproducibility between tile two shots. The radius,

depth, and volt.e for the true crater of shot 5 were 8 in., 5.25 in., and 0.290

ft , respectively; the corresponding measurements for the true crater of shot 6

were 8.125 in., 5.50 in., and 0.302 ft 3 , respectively. Vol tes were determined

by backfilling with Ottata sand and measuring tile voluirme of the sand.

These shots produced no readily identifiable, radial fractures or crack

p)atterns on the surface.

Several prominent horizontal and vertical fractures had developed o.n this pad
by test time.

14t
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17.

Figure 13. True Crater Produced by Shot 5

4. strii-x-TANGEr- BELUi-SGZ CRLXI-GE CONFIGURIO 0

Sos7and 8 were F i. Ed on the northrwest. 3n' northeast quairters .3f pad

4 with a tangenit-belo,-S charge conf~guration. [toles ucre car~ed into the

surface of pad 4 to receive these charg- Alhog still spar-se, there was

alittle more e jecta throwna onto the 1)id tan in the prior shots. The craters

w.ere nearly' filled %ith crushcud foam concrete. Thse shots protced cone-

sh-d true craters. ,,see fig. 15 for the apparent crater of shot S.) The

true cr.te radius, depth, aind volm-me fnr shot 7 were H2 In., 1. in.. and

1.470 ft-, respectively. The corresponding measurements for shot 8 we re I 2

in,13.5 inl., and 1.5S0 Wt3 respectivecly Moi. i6). Volumes were again de-

terminied by backf il : inig with Ottawna sand and measuring the vollm of the Sand.

Both of these shots produced radia ILfc rcue; oeei a

-4 *not nssib1u to establish a definite crack paittern because of pre-existing

fractures in 1)ad 4.
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SECTION V

DATA ANALYSIS

The results obtained from this preliminary series of tests to determine

basic crater paraeters in foam concrete are summarized in table IV. Th1e cra-

ter shapes and sizes were very similar and reproducible for shots fired with

the same charge configuration. Crater parameters from the three surface-

tangent-above-SGZ shots (2, 3, and 4) varied the most--17 percent in radius,

21 percent in depth, and 50 percent in volume. Variations occurred between the

test fired on pad 1 (shot 2) which was 1 ft thick and the test fired on pad 2
(shot 3) which was 3 ft thick. Shots 2 and 4 which were fired on pads 1 and

3, respectively (both were 1 ft thick) showed more nearly uniform parameters
(fig. 7). Therefore, the greater difference in the crater sizes produced by
shots 2 and 3 may be attributed in part to the difference in thickness of the

two foam concrete pads. Shot 2 probably produced a larger crater than that
produced by shot 3 because of the stronger wave reflection in the thinner pad

which was due to the foam concrete/soil impedance mismatch. In addition, all
shot 2 crater parameters were larger than those of shots 3 and 4. This is

probably due to the lower strength of pad 1. (The lower strength of pad I

resulted from the prior firing of shot 1 on this pad.) This is confirmed by

the fact that the second shot of both the two-charge-radii-above-SGZ and the
surface-tangent-below-SGZ charge configurations also had larger craters than

the first shots. ilowever, the differences in the size of craters between first
and second shots of the same configuration on the same pad were not as great as
the differences between the same type of shots on pads of different thicknesses.

Figure 17 shows crater volume, radius, and depth versus charge configura-

tion for the 1-lb charges of C-4 in foam concrete. Tle volume curve seems to

flatten out at the surface-tangent-below-SGZ point and appears to approach the
optimum depth-of-burst. As would be expected, the crater depths and radii in-

crease as the charge is lowered; however, optimum depth was not reached in

these tests.

Fracture patterns consisting of nine radial cracks were produced by the

half-buried charge in shot 1 and by the surface-tangent-above-SGZ charge in
shot 4. Since the fracture pattern of shot 2 was superimposed on that of

21
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shot 1 (on pad 1) it was indistinct. Although a radial fracture pattern was

produced by shot 3, it differed from those of shots 1 and 4 in that there were
about 15 curvilinear fractures which did not extend to the edge of the pad.
These differences were probably due to heterogeneous foam concrete as evidenced

by the presence of air voids under the thin surface layer. Some prominent hor-

izontal fractures within the pad also pointed to an inconsistency in the foam
concrete medium. No definitive radial fractures were p.'oduced by shots 5 and
6 (two-charge-radii-above-SGZ charge configuration); howerer, shots 7 and 8
(surface-tangent-below-SGZ charge configuration) produced several radial frac-

tures. It was not possible to establish any definite fracture patterns for
shots 5 through 8 because of pre-existing fractures in pad 4.

The most interesting result from this series of tests was the kettle-

shaped craters resulting from the surface-tangent-above-SGZ shots. This shape
resembled the pressure profiles from calculated surface bursts (ref. 5) or the
Boussinesq solution of a concentrated normal load on a semi-infinite plate.

It appears that these craters were formed by a spherical pressure wave pro-
duced by the detonation of the spherical charge. This wave crushed the foam
concrete until attenuation reduced the pressure below," its crushing strength
and at the same time prevented most of the crushed medium from escaping as

ejecta. This same hypothesis seems to apply to the other charge configurations.

,3
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SECTION VI

CONCLUSIONS AND RECO 'IEND.AT ION S

1. CONCLUSIONS

The crater shapes resulting from all charge configurations (with the pos-

sible exception of the surface-tangent-below-SGZ shots) appear to have been

formed by spherical pressure waves crushing the foam concrete until the wave

strengths attenuated below the crushing strength of the medium. This crushing

action probably kept most of the crushed foam concrete from escaping as ejecta.

The largest quantity of ejecta was associated with the surface-tangent-below-

SGZ shots due to some foam concrete being above the charge.

Tensile stresses were induced by all shots, producing some radial frac-

tures which extended from the crater edges outward for various distances.

It is concluded from the results obtained that crater shapes and dimen-

sions are reproducible in foam concrete; that this material behaves as a homo-

geneous medium under controlled conditions; and that foam concrete is suitable

for simulating layers of weak, porous rock for future small-scale cratering

studies.

2. RECO:.%t.ENDATTIONS

It appears that foam concrete would be a suitable medium for studies com-

bining theoretical calculations with experimental testing (ref. 5). In this

connection, laboratory studies should be initiated to determine relevant prop-

erties and characteristics of this medium for use in computer codes. More in-

strumented shots should be planned which would lead to a better understanding

of cratering phenomenology in foam concrete. It is especially reconmeaded that

the tho-charge-radii-above-SGZ and the surface-tangent-below-SGZ shots be re-

pcated under more closely controlled conditions. Testing with other charge

con I" igurations might prove rewarding, e.g., firing a charge below the optimum

depth-of-burst to determine if a spherical cavity would be formed as the shots

reported here seem to indicate.
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