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PREFACE 

This report represents the compilation of working notes, technical 

memoranda, and experimental results concerning Phase I of Project 

ZULU If, the single-charge calibration series. Project ZULU II was 

initiated by Major B. C. Hughes and continued by Major R. H. Benfer. 

Other, closely associated with the program were: Captain D. D. DeFord 

Captain W. C. Christopher, and First Lieutenant K. L. Lamer. 

The Directors of the Nuclear Cratering Group during the execution of 

this project and the preparation of this report were Lieutenant Colonel 

Walter J. Slazak and Lieutenant Colonel Bernard C. Hughes. 
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ABSTRACT 

Phase I of Project ZULU II was a laboratory-scale crater modeling 

experimental series consisting oi the detonation of forty-two 1-pound C-4 

charges in a moist compacted sand. This experimental series was con¬ 

ducted by the U. S. Army Engineer Nuclear Cratering Group (NCG) at the 

University of California Lawrence Radiation Laboratory's (LRL) High 

Explosive Test Facility, Site 300, near Uvermore, California. 

The primary objectives of Phase I of Project ZULU II were; (1) to 

calibrate the medium with respect to its cratering characteristics; (2) to 

determine the reproducibility of the crater dimensions; (3) to conduct sur¬ 

face motion studies; and (4) to study ejecta and fallback distribution as 

well as the nature of the displacements occurring in the near vicinity of 

the zero point and the rupture zone. 

The cratering curves developed from these experimental series 

showed an optimum depth of burst (DOB) of 1. 5 feet and a rapid decrease 

of apparent crater dimensions until no crater resulted at a DOB greater 

than approximately 2. 1 feet. The data for ten charges detonated at a 

nominal DOB of two feet resulted in a fractional standard deviation of 6. 4% 

for crater radius and 20 6% for crater depth, the largest deviations ob¬ 

served for any DOB. The detonation of additional one-half-pound and two- 

pound C-4 single charges showed that cube-root scaling of apparent crater 

dimensions was applicable at these yields. 

The maximum surface ground zero (SGZ) vertical target velocity, 

V . was observed to be a function of DOB and conformed to the relation 
SGZ 

ship V - = 470/DOB3, *. The resultant velocity, V, of a surface target 
^ SGZ 

can be described in terms of DOB and the cosine of the angle between the 
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vertical and a line drawn through the surface target and the shot point, 

This equation can be expressed as: 

V = 
470 Cos3, 6 

TT 
DOB 

6 
r 

The ejecta pellet studies did not successfully record pre- and postshot 

locations of the material actually ejected from the crater. Analysis of the 

ejecta pellets displacement data, however, did indicate that the fallback 

was composed primarily of material which was originally either directly 

over the zero point or in close proximity to the apparent crater boundary. 
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Maximum depth of apparent crater below and normal to the 
preshot ground surface. 
Maximum depth of probe profile below preshot ground 
surface. 
Depth of burial normal to preshot ground surface. 
Radius of apparent crater measured at preshot ground 
surface datum. 
Radius of apparent lip crest to center of crater. 
Radius of probe profile measured on preshot ground 
surface. 
Radius of outer boundary of continuous ejecta. 
Apparent crater lip crest height above preshot ground 
surface. 
Surface ground zero. 
Zero Point - Effective center of explosion energy. 
Volume of apparent crater below preshot ground surface. 

SINGLE-CHARGE CRATER NOMENCLATURE 
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CHAPTER 1 

INTRODUCTION 

1.1 PURPOSE 

The purpose of Phase I of Project ZULU II was to study the phenome¬ 

nology of cratering on a laboratory.scale using single one-pound charges ol 

C-4 in a moist, compacted sand medium. Specific objectives of this phase 

of ZULU II were: (I) to determine the reproducibility of crater dimensions 

in the modeling medium; (2) to develop cratering curves for apparent 

crater radius and apparent crater depth as a function of depth of burst: 

(3) to study the time history of the mound development; (4) to determine 

the origin of ejecta and fallback material and the displacement of material 

in the vicinity of the aero point; and (5) to develop improved techniques 

for conducting cratering modeling experiment, in the test facility. 

The program was conducted by the U. S. Army Engineer Nuclear Cra¬ 

tering Group (NCG) at the University of California Lawrence Radiation 

Laboratory1 s (LRL) High Explosive Test Facility. Si,. 300. near Livermore 

California during the period August, 1965 to October, 1966. 

1.2 SCOPE 

In order to meet the objectives outlined in the preceding paragraphs, 

a number of operational method, and technical program, were adopted a, 

standard experimental procedure. The scope of this repor, and the method 

of presentation of the experimental finding, are ■ rimarily based upon the 

following three main technical programs: (1) crater measurements, (2) 

surface motion analysis, and (3) studies of ejecta behavior. Chapter II con¬ 

tain. a complete description of experimental operation, and the technical 
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programs. This is followed by the experimental results in Chapter III 

and the analysis of these results in Chapter IV. Chapter V presents the 

conclusions which are based on this series of experiments. 

1 3 BACKGROUND 

The decision to use a moist, compacted sand medium for the labor¬ 

atory-scale crater modeling experiments was based on the results of 

Project ZULU. Project ZULU tested the suitability of using scalped and 

remolded desert alluvium as a crater modeling medium. The results of 

Project ZULU indicated that small changes in moisture and density of 

the scalped desert alluvium resulted in significant variations in apparent 

crater dimensions. In order to obtain reproducible crater dimensions, 

the properties of the alluvium had to be rigidly controlled. For this reason, 

a well-graded sand with a carefully controlled density was selected as the 

cratering medium for Project ZULU IL 

2 



CHAPTER 2 

EXPERIMENTAL PROCEDURE 

This chapter describes the test facility, the test medium, the emplace¬ 

ment and detonation of explosive charges, and the procedures used to obtain 

data relevant to crater measurements, surface motion studies, and ejecta 

Studie s. 

2 1 DESCRIPTION OF TEST FACILITY 

The ZULU II test facility is located at the University of California 

Lawrence Radiation Laboratory's High Explosive Test Facility, Site 300, 

near Livermore, California. 

The test facility measures 30 x 60 feet (see Figure 2. 1) and is filled 

with moist, compacted sand to a depth of approximately five feet. The 

facility is equipped with a rolling bridge, used for grading the sand level, 

and is sheltered by a steel structure with movable canvas roof panels to 

control the lighting for photography (see Figure 2. 2). Enclosures for the 

high-speed cameras can be placed along one side of the test facility or at 

either end. The steel frame shelter over the facility has a catwalk that 

extends down the length of its center. This catwalk is used as a platform 

for taking aerial stereophotographs of craters. 

The Lawrence Radiation Laboratory provided assistance with the 

necessary labor, materials, and equipment to conduct the experiments. 

In addition, the Laboratory provided high-explosive technicians to assemble 

and fire the charges for ZULU II as well as technical assistance for photo¬ 

graphy, timing, and firing. 

2. 2 DESCRIPTION OF TEST MEDIUM 

2. 1 Selection of Cratering Medium: A test medium with easily 
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controlled properties was necessary for this project. Previous experi¬ 

ments in scalped and remolded alluvium (Project ZULU) indicated that a 

material with excessive fines was sensitive to changes in moisture con¬ 

tent due to the cohesive properties of the fine material 

Extensive laboratory soils tests were performed by the South Pacific 

Engineer Division Soils Testing Laboratory on four types of sand available 

locally The tests included compaction, CBR, gradation, specific gravity, 

field compaction, C-type triaxial shear and direct-shear tests. From the 

results of these tests, a sand with the following gradation characteristics 

was selected oecause it exhibited less sensitivity to changes in moisture 

content than the other sand types: 

U. S. Standard % Passing 
Sieve Size by weight 

4 4 

4 8 

# 16 

# 30 

# 5C 

#100 

#200 

97 - 100 

73 - 88 

53 - 68 

38 - 48 

15 - 25 

3-10 

less than 5% 

2 Quality Control of the Medium. The purpose of the quality 

control during Project ZULU II was to maintain conditions which would 

assure reproducibility of crater properties for a given depth of burst. In 

order to do this, moisture content and density of the sand had to meet 

specified standards for each detonation. 

Tests performed by the South Pacific Division Corps of Engi- 
/ > \ 

neers Soils Testing Laboratory'*'indicated that 11 passes of a Wacker 
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Vibratory Compactor over a 7-inch layer of loose s.nd with a moisture 

conten between 5 and 6 percent would yield the most consistently repro¬ 

ducible densities In order to meet these optimum specifications, the 

following procedure was used for backfilling the pit after each detonation: 

1. A tractor, equipped with a front-end loader, filled the 

scale hopper to the proper batch weight 

2. The scale hopper discharged into a skip-loading concrete 

mixer , 

3. The sand was mixed to the desired moisture content of six 

percent by measuring the moisture content at intervals during the mixing 

and adding water as necessary to obtain the desired result. 

4. The prepared sand was placed in the pit by a front-end 

loader. 

5. Each lift was emplaced as 7 inches of loose sand, leveled 

to preset stake elevations, then compacted with 11 passes of a Wacker 

VPG 160 Vibratory Compactor. 

The following tests were performed to assure that this procedure 

produced the desired results: 

1. Moisture tests before and after mixing the sand. 

2. In-place density tests. 

3. Moisture tests of in-place material taken from shot emplace¬ 

ment holes. 

4. Sieve analysis to assure the uniformity of the test material. 

Moisture tests performed during the mixing of the sand were 

made with an Ashworth MC320 Speedy Moisture Meter. Final moisture 

tests of the in-place sand were made by oven drying selected samples. 
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Density test¿ on the in-place material were made with the 

Reinhart No. 216 Balloon Volumeter. The Reinhart Volumeter uses a 

balloon filled with water to measure the volume of a small test hole for 

which the weight of excavated material can be determined to compute the 

density. During backfill operations, one density test was made for each 

lift. Postshot density tests were made on a number of single-charge 

craters by driving thin-walled cylinders of known volume into the sand. 

The material was then excavated from around the cylinders and the mater¬ 

ial remaining in the cylinder was weighed to determine its density. (These 

densities are included in Table 3 1. ) 

The logarithmic sieve series was used to check the gradation 

of the sand used on Project ZULU II, These included the Numbers 4, 8, 

16, 30, 50, 100, and 200 sieves The material specifications limited the 

amount of sand passing the No. 200 sieve to 5 percent or less of the total. 

Because the amount of sand passing the No. 200 sieve was consistently 

under 5 percent of the total, the No. 200 sieve was eliminated from the 

series. Two samples for gradation testing were taken from the material 

used to fill each hole during the postshot backfill operations. 

2. 3 DESCRIPTION OF THE EXPLOSIVE CHARGES 

Two types of charges were considered for use on Project ZULU II. 

The first charge considered was an aluminum sphere containing 410 ml of 

nitromethane and center detonated by a detonator and a 10-gram ball (based 

on heat of detonation comparison) of C-4. Nitromethane is a liquid explo¬ 

sive and has a TNT equivalence of 1. 1, i. e. 1. 0 pound of nitromethane is 

equivalent in yield to 1. 1 pounds of TNT. The second charge considered 

was a one-pound charge of C-4 molded into a thin spherical shell of plastic. 

8 



C ”4 * Plastic explosive which has a TNT equivalence of 1. 3. Explodinß 

bridgewire detonators with PETN booster pellets were used for both ex¬ 

plosives. 

Both explosives were tested using high-speed photography and three 

t/pes of detonators (SE-1, EX-3, and EX-12). C-4 was selected as the 

explosive for the experiment because examination of the high-speed photo¬ 

graphy revealed that the non-uniform structure of the aluminum nitromethane 

container significantly deformed the shock wave. The SE-1 type detonator 

was chosen as the most reliable detonator tested (see Figure 2. 3). 

2‘ 3' 1 £ftarSe Preparation and Emplacement. Surface Ground Zero 

(SGZ) locations were marked by intersecting taut strings. The emplacement 

holes were dug to shot depth with a 4-inch hand auger and an auger jig to 

keep the auger vertically alined. 

A tamper which was the same size and shape as the charge was 

used to esta hlish the final elevations of the emplacement holes. For the 

first few detonations the elevation of the Zero Point (ZP) was checked with 

a standard Philadelphia rod set in the bottom of the hole. However, the 

elevation of the ZP for most of the charges was checked by placing the rod 

on the tamper before removing it from the hole. The charge position was 

checked after placing the charge and the hole was carefully backfilled by 

dropping material into the hole and tamping with a lucite rod. 

2-3'2 liTfog Equipment and Firing Sequence. The firing equipment 

used during Phase I of Project ZULU II is a three-channel Capacitor Dis¬ 

charge Unit (CDU) with six points per head. Each point on the CDU is 

served by a 1 uf capacitor and the unit is set to discharge at 2100 to 2250 

volts. The firing cable, (designated 31 C PT) were coaxial cables with type 31 
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bayonet connectors at one end and pigtail connectors at the other. The 

high-speed camera used for surface-motion photography was interlocked 

to the CDU to insure that the camera was up to speed when the detonation 

occurred. The photographic setup included the camera, a mixer box, a 

voltage regulator and a timing-light generator. The mixer box connected 

the camera setup to the CDU, the voltage regulator maintained the voltage 

which adjusted the camera speed and the timing-light generator produced 

a pulse-type current which activated a neon light inside the camera. The 

light imprinted a spot on the edge of the film for the purpose of computing 
* 

the exact camera speed. The timing-light generator used on ZULU II 

could be set for 10, 100, or 1000 pulses per second. 

The sequence of events for firing was as follows: 

1. The camera and associated equipment were connected, 

aimed and focused during the shot-placement procedure. 

2. The CDU was charged and the firing system was dry run. 

The shot was simulated by a flashbulb which was connected to one of the 

CDU points. A flashbulb wag also used during each shot to indicate the 

actual detonation time. 

3. Film was loaded in the camera and the camera-speed 

drive-motor voltage, the timing-light generator, and the length of lead 

film were adjusted prior to firing. 

4. The actual firing sequence was initiated from inside a firing 

bunker. After the signal cables between the CDU and the firing panel were 

connected and the CDU was fully charged, the system was ready for firing. 

The camera was started and ran until it had attained full speed at which 

time a relay closed to discharge the CDU and detonate the shot. 
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2. 4 TECHNICAL PROGRAMS 

The technical programs conducted during this experimental series in¬ 

cluded crater measurements, surface-motion analysis, and ejecta distri¬ 

bution study. These programs are described in the following paragraphs. 

2. 4. 1 Crater Measurements Measurements of the apparent craters 

were obtained by standard survey techniques. Elevations were determined 

at six-inch intervals along iwo orthogonal axes. Profiles of the crater 

were drawn from these measurements in order to determine the apparent 

depth and radius as well as the lip crest radius, lip height, and radius of 

continuous ejecta. 

In addition to the surface surveys, a probing rod was also 

pushed through the ejecta or fallback material in order to locate the boundary 

of undisturbed material below It had been previously found that the probing 

rod would not penetrate more than about C.03 feet of undisturbed sand with¬ 

out applying considerable force. Consequently, "probe profiles" defining 

the boundary of undisturbed material below the apparent crater were estab¬ 

lished for each cratering detonation by this technique. 

Dimensions of selected craters were also compiled from aerial 

stereophotographs. All ZULU II shots were photographed from the catwalk 

->ver the test facility using a Fairchild K-17 camera. The stereo-negatives 

for selected shots were processed by American Aerial Surveys, Inc. of 

Covina, California, and contour maps of the postshot ground surface were 

prepared with a contour interval of 0. 10 foot. 

2. 4. 2 Surface Motion Studies The measurement of time-dependent 

characteristics of crater formation is requisite toan investigation of cra¬ 

tering phenomenology. High-speed motion picture photography was used to 
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large (for visual analysis), the target mass was greater than that of the 

average clump of sand in the rising mound. Due to the fact that the sand 

lost its cohesion rapidly during early motion, the targets could not be 

adequately coupled to the medium for any extended length of time. 

Two basic target designs were used in the tests. The base of 

one type of target was a 2-inch OD aluminum pipe which wae firmly pressed 

into the ground. The sand which filled the pipe provided the bulk of the 

target mass. The other type of target, which was considered the more 

satisfactory of the two, had a much smaller mass than the sand-filled tar¬ 

get and was coupled to the ground by an aluminum spike extending from the 

base. When emplaced in the ground, the center of gravity of this second 

type was at ground level. 

Push-rod targets were used in an attempt to measure the motion 

of the subsurface. The push rods were 1/2-inch-diameter lucite rods with 

discs glued at the bottom. The rods were emplaced vertically in the ground 

with their bases at known depths and distances from the shot point. The 

tops of the rods extended above ground and were designed to be readily 

visible in the photography. The targets were placed in a line extending on 

either side of SGZ, perpendicular to the line of sight of the camera. The 

number of targets and the target positions varied for the different detonations. 

The Red Lake Hy-Cam camera used in this series of experiments 

was capable of recording speeds of from 24 frames per second (fps) to 8000 

fps. The two-speed ranges used most frequently were 700 to 1000 fps and 

2500 to 3000 fps. Because of the limited film length (100 feet), the higher 

speed was used only when a detailed study of early motion was desired. 

The slower speed was used for viewing the total event, i. e. , motion from 
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zero time until most of the ejected sand had fallen back to the ground. 

A choice of two camera lenses with focal lengths of ¿8mm and 

55mm allowed fields of view of 12. 6 feet (horizontal) by 9. 0 feet (vertical), 

for study of overall mound motion, and 6. 4 feet (horizontal) by 4. 6 feet 

(vertical) for more detailed photography of SGZ and the push rods near SGZ. 

White plywood panels were used in the background to provide 

contrast for targets and the growing mound. Crosses of black tape were 

placed on the panels to serve as stationary reference points for the surface 

motion targets. 

A Press 22 flashbulb was used to indicate the time of detonation. 

Although the rise time to peak intensity was about 25 msec, tests showed 

that the flashbulb was activated at the same time as the bridge wire deto¬ 

nators in the charges. 

Three film types, Double X negative black and white, Tri X 

negative black and white, and High-Speed Ektachrome (HSE) color, were 

used in the course of these experiments. The Double X negative film pro¬ 

vided the high-contrast photography for the widest range of lighting con¬ 

ditions. The more grainy Tri X negative was used during poor lighting 

conditions, particularly at higher camera recording speeds. The HSE film 

required good lighting. Lighting was provided by natural daylight through 

the shelter roof which was opened prior to shot time. Shadows from roof 

beams sometimes obscured the targets. 

A digitizing microscope was used for analyzing surface motion 

films. In this technique, the film is placed on a platform under a micro¬ 

scope and the platform is moved manually be means of vernier screws until 

a target is positioned under the cross hairs. By depressing a foot pedal, 
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the film position coordinates are automatically punched on an IBM card 

which is used as the input into the displacement and velocity calculation 

computer code The computer code calculates the vertical and horizontal 

(x and y) displacements of targets at specific times and prints th's infor¬ 

mation in tabular form. The code also calculates x and y velocities (x and ÿ) 

by measuring the change in displacement for finite time intervals. For ex¬ 

ample, if y (t^) represents the vertical displacement of a given target at 

time tn (n is the number of the picture frame), then the vertical velocity is 

approximated by: 

y ' n+l/¿' r 
n+1 

- t A t 

in which t . = l/ 2(t,+t) 
n+1 /¿ n+1 n 

The velocities, x and ÿ, are printed in tabular form. Velocity¬ 

time profiles were drawn using this information. The profiles were used 

to show the velocity histories of the targets. 

2.4.3 Eje eta Studies Project ZULU II provided an opportunity to 

study in detail the origin of the fallback material which comprises the walls 

of the apparent crater and the ejecta forming the lip. It was necessary to 

mark the original position of the material in such a manner that final dis¬ 

placements could be measured. This was accomplished by the placement 

of different colored sand layers horizontally within the material to be 

cratered, and also by the use of numbered ejecta "pellets" placed at known 

locations within the material. 

Since the pit was backfilled prior to each shot, small batches 

of sand were colored with a concrete coloring compound and placed in 

forms to provide blocks of colored sand 6-inches thick. These blocks were 
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emplaced in a 'staircase' 
»„ng.«.,« ,. *h®wn in Figure 2. 4. After ihe 

•hot was fired, a trench was excavated to 
excavated to expose the disturbed sand lav¬ 

er. which were photographed through a 6-inch wire arid , 
.. , Cft Wlre 8rid to record the 
displacement of the various colored layer,. 

The ejecta pellets consisted of 1.4-.1- j. 
were mad , -inch-dxameter spheres which 
were made of stainless steel, bra... or teflon Th* k 
. • The spheres were placed 

vertical plane extending out from the Zero Point and th 
and • d their Posttions 
and identifying numbers were recorded. After the shot the „ 
car.f.tii the 8Pheres were 

not I “nCOVered and elevation and horizontal displacement were 

0 0 , 1 WaS U,'d ,0 deUrmU“ - — - the 

were r d 7 ^ -ese da, 

from th h COmPU,'r ,0 gÍVe ‘he eI*Va“°" a”d h“~' coordina,, from the shot point. 
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Preshot Colored Sand 
Layer Arrangement 

Figure 2. 4 
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Figure 3. 1 
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trajectories show only a slight curvaturci however* during late motion 

(t >70 msec) the trajectories tend toward a parabolic or ballistic free- 

fall path. fío represents the angle between the vertical and the initial 

direction of movement and represents the angle between the vertical 

and a line drawn from the preshot position of the target through the shot- 

point 

Tigure 3. 7 shows a log-log plot of the maximum vertical velocity (ÿ ) 

for each SGZ target as a function of DOB for a large number of single- 

charge ZULU II shots. The equation derived from the curve is: 

‘ max 
470 

TTT DOB 

The push rods used for the measurement of subsurface motion were 

typically positioned 0. 5 foot either side of ground zero with the disc bases 

located 0. 5 foot and 1. 0 foot above the shotpoint. The motion of the tops 

of the push rods and the angles at which the push rods slanted (in the 

vertical plane of the line of surface targets) were recorded. Using the 

known length cf the push rods and the assumption that the push rods re¬ 

mained in the vertical plane of the line of surface targets* the motion of 

the push rod bases was calculated 

The motion of the push rod bases is summarized as follows: 

1. The push rod bases experienced significantly higher 

acceleration (for a short period of time) than did the surface targets. 

2. The initial motion corresponded with a shock wave travel 

time from the shot point to push rod base of about 1000 ft/sec. 

3. The push rods initially moved with vertical velocities 5 

to 10 times those experienced at the ground surface. 

42 



fe
e
t 

n
e
i 

?i
e 

-o
* 

Peak Surface Ground Zero Velocity, 
Vmax' CorrPare(i to Depth of Burit 

1. 0 1. 5 2. 0 2. 5 3. 0 4. 0 

Depth of Burst, Feet 

Figure 3. 7 

43 



4. The push rods slowed to velocities slightly in excess of 

the surface target velocities within 1 to 3 msec after the initial motion. 

5. Motion was essentially vertical for about 0. 5 foot of dis¬ 

placement, then the bases were accelerated in the radial direction. 

6. The radial velocities were 1. 5 to 2 times the surface tar¬ 

get velocities until the bases were about 1 foot from the vertical axis 

through the shotpoint. 

3. 3 EJECTA STUDIES 

The postshot position of the colored sand layers gives a qualitative 

picture of final sand displacements and deformations. The postshot 

drawings of the colored sand layers shown in Figures 3. 8A through 3. 8D 

were prepared from postshot color photographs taken through a six-inch 

wire grid. 

The final ejecta pellet elevations and their horizontal displacements 

from SGZ were noted and plotted The distances of those ejecta pellets 

which travelled farther than 5 feet from the shot point were measured, 

and contours of equal throwout displacement for four selected craters 

are shown in Figures 3. 9A (all distances in feet) through 3. 9D. The dis¬ 

placement vectors of the pellets in the near vicinity of the crater are 

also shown in these figures. 
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CHAPTER 4 

ANALYSIS AND DISCUSSION 

4. 1 CRATER MEASUREMENTS 

The principle objectives of ZULU II cratering program were to deter¬ 

mine if reproducible craters could be obtained in a moist, compacted sand 

and to investigate the cratering characteristics of the medium. Forty-two 

1-pound single-charge cratering tests are considered in this report. The 

results of nine 1/2-pound and six 2-pound shots are presented in Appendix 

A to illustrate the scaling properties of small charges in a moist band 

medium. 

Analyses of Figure 3. 1 indicates that the reproducibility of crater 

dimensions at a given DOB is extremely good, except at depths of two 

feet or greater. The maximum fractional standard deviation from the curve 

in Figure 3. 1 at a depth of two feet is less than 7% in radius and less than 

21% in depth. 
-J 

The crater dimensions obtained from contour maps for DOBs of 0. 0, 

0. 5, 1. 0, 1. 5, 1. 75, and 2. 0 feet are also shown on Figure 3. 1. These 

crater dimensions are better averages for the craters and would, therefore, 

be expected to exhibit less scatter for any given depth of burst, as is 

suggested by the appropriate points in Figure 3. 1. The resulting curves 

through these points are very similar to those obtained from the surface 
- i 

surveys. The method of obtaining crater measurements from conventional 

surface surveys is satisfactory considering the inherent scatter in the 

dimensional data, although a relatively larger number of craters should 

be measured to obtain a more representative average. A contour map 

will provide more representative dimensions when analyzing an individual 
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crater, however, the use of contour maps is more costly and time con¬ 

suming than surface surveys. 

4. 2 SURFACE MOTION STUDIES 

The usefulness of surface motion data depends on the accuracy with 

which the target displacements are calculated. Sources of error in the 

calculation of displacements include the following: 

1. Target and reference point reading errors 

2. Length and time scaling errors 

3. Vibrational motion of the camera 

4. Film skew on the microscope platform 

5. Incorrect zero time 

The target displacements were read to an accuracy of * 0. 02 foot (28 mm 

lens) and a 0. 01 foot (55 mm lens) using manual displacement determination. 

An accuracy of ± 0. 005 foot was possible with the 28 mm lens and the digi¬ 

tizing microscope. 

The performance of the targets varied as a function of the depth of 

burst. For the deeper shots (below 2 feet), target velocities were within 

one or two percent of the corresponding mound velocities for major portion 

of the motion history. For the shallower shots, the targets followed the 

rising mound velocities well for the first 10 to 15 msec and then were envel¬ 

oped by the mound. For detonations at 1 foot or less, the targets near SGZ 

were obscured by venting within a few msec. 

The general shape of the vertical velocity history curve (y versus time 

shown in Figure 3. 4), was the same for all SGZ targets regardless of DOB. 

The magnitude of the velocities, however, varied by a factor of three over 

the range of DOBs from 1. 6 feet to 2. 1 feet as shown in Figure 3. 4. There 
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are two phases to the vertical and horiaontal velocity history curves. The 

first phase is a rapid acceleration to a peak velocity until the second phase 

is reached and the material goes into •’freefall" or a deceleration of approx¬ 

imately -g. The separate influences of spall and gas acceleration during 

the first phase of motion (Reference 9) were not resolvable in these experi¬ 

ments because of the short time scale of the cratering phenomenon and the 

limitation of film speed. 

The SGZ target and those targets close to SGZ achieved freefall earlier 

than targets farther away from SGZ. Therefore, the SGZ targets for the 

mounds shown in Figures 3. 5A - 3. 5F were in freefall for some time before 

the entirf: mound achieved freefall. The mounds for shallower shots achieved 

ireefall earlier than the deeper shots (1. 4- and 1. 6-feet DOB-30 msec; 1. 8- 

feet DOB-35 msec; 2. 0- and 2. 1-feet DOB-45 msec; 2. 24-feet DOB-55 msec). 

However, mounds produced by the shallower detonations were much higher 

at freefall due to their higher velocities. 

The early direction, oq, of target velocities shown in Figure 3. 6 ex¬ 

hibit the following features: 

For most detonations, the early directions of motion were 

symmetrical with respect to the vertical axis of symmetry through the zero 

point. 

2. The angle between the initial direction of motion and the vertical, 

V increa**d with increasing radial angle, <9r. which is measured between 

the vertical and a line from the center of the charge to the target's preshot 

position. 

3. 0o is consistently less than and 

4. The difference 0r - fíQ was erratic and not subject to quantitative 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

S I CRATER STUDIES 

Crater dimensions were shown to be reasonably reproducible at a given 

depth of burst except at the deeper DOBs, i. e. , 2.0 feet or Rreater. For 

charges buried at 2.0 feet, the fractional standard deviation in apparent 

radius was less than 7% and less than 21% in apparent depth. A few surface 

surveys are sufficient for defining the crater dimensions within the limits 

of inherent scatter. The cratering curves developed for the one-pound 

charges show that an optimum charge DCB of 1. 50 feet resulted in a crater 

which had an Ra of 2. 25 feet and a Da of 1. 80 feet. The detonation of addi¬ 

tional one-half-pound and two-pound C-4 single charges showed that cube 

root scaling of apparent crater dimensions was applicable for the charge 

yields involved. 

5.2 SURFACE MOTION STUDIES 

The surface n otion studies indicated that the maximum resultant velocity 

of a surface particle could be described by the equation: 

n 3.6- Cos 0 
\t_ r 

As the DOB increased, the velocities over the entire mound decreased. 

Also, as the DOB increased, the shape of the mound upon achieving freefall 

changed. For a shallow DOB, the forces of the expanding gas cavity acted 

upon the material for a sufficient length of time that the mound was high and 

narrow when it achieved freefall. For a deep DOB, the mound was low and 

flat upon achieving freefall. The deeper shots did not impart sufficient 
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lateral velocity to the material to eject it from the crater. 

The formation of the crater appeared to depend upon two factors: 

( 1 ) rhe peak magnitude velocities over the entire mound, and (2) the height 

and shape of the mound when it achieved freefall. These two factors were 

interrelated, but individually important. If the particles did not achieve 

sufficient velocities and the mound was not of sufficient height at the end 

of the acceleration phase, the material was not ejected from the crater. 

The subsurface material, especially for deeper shots, did not move 

radially outward from the shot point. Its movement was more vertical. 

It is also evident that the movement of the surface particles for these 

deeper shots was not necessarily indicative of the movement of the sub¬ 

surface particles. 

5. 3 EJECTA STUDIES 

The ejecta pellet studies indicated that the pellets did not accurately 

describe the movement of the ejected sand material during crater formation. 

Analysis of the ejecta pellets displacement data indicated that the fallback 

was composed primarily of material which was originally either directly over 

the zero point or in close proximity to the apparent crater boundary. 
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APPENDIX A; SCALING PROPERTIES OF THE ZUI U II SAND 

The data from nine experiments conducted at the half-pound level and 

six experiments at the two-pound level (See Table A. 1) are included in 

this report to demonstrate the variation in crater size with different charge 

weights. Assuming that crater dimensions are a function of the ratio of 

charge weights raised to some power, then 

where R = radius of apparent crater 

D = depth of apparent crater 

Z = depth to shot point 

W = weight of charge 

P = exponent determined from data 

The cratering curves for the various charge weights are shown in Figure A. 1. 

If the function stated above applies, then the ratios of points intersected by 

a line drawn through the origin and passing through two cratering curves 

will remain constant for any line drawn in a similar manner. The following 

example illustrates this principle 

A line is drawn as shown in Figure A 1 and from this we can see that 

R Z r 
2 = 2. By inserting the values: 2 (radius for 2-pound charge = 3. 12 feet) 

and Rj (radius for 1-pound charge = 2. 48 feet) 

log 1. 26 = P log 2 

By performing this exercise with a n .mber of radial lines, it was found that 

A -1 



TABLE A. 1 

SUMMARY OF RESULTS FOR SINGLE CHARGE CRATERS 

Dor 

f oi;t 

0. 60 
1 ¿5 
1. 60 
2 00 
2., 25 
2 50 

Shot 
No. 

26 
22 
29 
20 
25 
21 

Two-Pound C-4 Spheres 

D 

feet 

1. 30 
2 00 
2. 40 
2 10 
1. 78 
1. 00 

R 

feet 

2. 78 
3. 20 
3. 30 
3. 30 
3 25 
2. 78 

H al 

feet 

0. 25 
0. 32 
0. 40 
0. 50 
0. 32 
0. 57 

R al 

feet 

3. 
4. 
4. 
4. 
4. 
3. 

38 
00 
20 
38 
00 
80 

Dry 
Density 

pcf 

112. 3 
111. 2 
112. 3 
112. 1 
111. 2 
112. 1 

DOB 
Shot 
No. 

One half-Pound C-4 Spheres 
D H al al 

Dry 
Density 

feet feet feet feet feet pcf 

0. 00 34 
0. 50 30 
0. 75 27 
1.00 23 
1. 15 32 
1.25 28 
1. 35 33 
1. 50 24 
1.60 31 

0. 35 
0. 95 
1. 15 
1. 45 
1.45 
1. 55 
1. 55 
1. 35 
1. 15 

1. 22 
1. 85 
2. 00 
2. 13 
2. 13 
2. 15 
2. 10 
2. 12 
2. 00 

0. 10 
0. 20 
0. 18 
0. 15 
0. 27 
0. 20 
0. 30 
0. 26 
0. 35 

1. 90 
2. 25 
2. 25 
2. 88 
2. 20 
2. 13 
2. 75 
2. 15 
2. 80 

112. 9 
112. 9 
112. 3 
111. 2 
112. 9 
112. 3 
112. 9 
111. 2 
112. 9 
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Cratering Curves Used to Determine the Scaling Relationship 
Among 1/2-, 1-, and 2-pound Single Charge Craters. 
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This indicates that crater measurements the value of P averaged 1/3. 

scale as the cube root of the charge yield. 
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Phase I of Project ZULU II was a laboratory-scale crater modeling experi¬ 
mental series consisting of the detonation of forty-two 1-pound C-4 charges in a 
moist compacted sand.x This experimental series was conducted by the U.S. Arm} 
Engineer Nuclear CrateVikg Grottp-fNQG) at the University Of California Lawrence 
Radiation Laboratory^/(LRb^High Explosive Test Facility, Site 300, «ear Liver¬ 
more, California*— 

-'The primary objectives of Phase I of Project ZULU II were: (1) to calibrate 
the medium with respect to its cratering characteristics; (2) to determine the re¬ 
producibility of the crater dimensions; (3) to conduct surface motion studies; and 
(4) to study ejecta and fallback distribution as well as the nature of the displace 
ments occurring in the near vicinity of the zero point and the rupture zone.? 

The cratering curves developed from these experimental series showed* an op- 
timum depth of burst (DOB) of 1. 5 feet and a rapid decrease of apparent crater 
dimensions until no crater resulted at a DOB greater than approximately 2.1 feet. 
The data for ten charges detonated at a nominal DOB of two feet resulted in a frac- 
tional standard deviation of 6. 4% for crater radius and 20. 6% for crater depth, the 
largest deviations observed for any DOB. The detonation of additional one-half¬ 
pound and two-pound C-4 single charges showed that cube-root scaling of apparent 
crater dimensions was applicable at these yields. 

The maximum surface ground zero (SGZ) vertical target velocity, VgGZ» wa® 
observed to be a function of DOB and conformed to the relationship VgQ^ = 
470/DOB • . The resultant velocity, V, of a surface target can be described in 
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