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Foreword 
This Record offers five papers that bring together the latest 
results of research in the area of nuclear principles and appli
cations. These papers cover a wide spectrum from basic prin
ciples of nuclear interactions to the use of the fusion-fission 
aspects for excavation and aggregate production. Even though 
the concepts discussed here are complex, these papers will be 
easily read and understood by the layman. 

Preiss's paper is concernedwiththe analysis of the present
day gamma-ray backscatter density gages and this analysis has 
improved the use of these gages. 

As a companion paper, Todor and Gartner evaluate the direct 
transmission-type density gage as used by the Florida State Road 
Department. 

A great amount of difficulty has been experienced in obtain
ing the density of mixed-in-place hot asphalt. Brown discusses 
the development of a test using a nuclear device that provides 
help in this critical area. 

The use of nuclear explosives as an aid to highway engineer
ing is presented in two papers. Hansen and Toman offer a new 
technique in aggregate production and discuss the present hazards 
of such an operation. Nordyke and Circeo offer information con
cerning the latest progress in nuclear excavation technology. 
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Analysis and Improved Design of Gamma-Ray 
Backscattering Density Gages 
K. PREISS, Assistant Professor of Civil and Nuclear Engineering, University of 

Illinois 

The nuclear reactions which gamma radiation may undergo in a 
material of medium atomic weight, such as soil , are discussed 
and related to the properties of backscattering density gages. 
Theoretical reasoning and experimental evidence are presented 
to show that the effect of the chemical composition of the material 
may be eliminated when: (a) the detector "sees" material near 
the source, and (b) photons of energy below O .1 mev are not 
detected. The latter may be achieved with a scintillation counter 
and pulse selector or by placirg iron filters in front of a Geiger
Miiller tube. The geometry defined by (a) causes the peak in the 
calibration curve to move to a density so high that the count rate 
becomes a unique measure of density, rising over the entire 
range of density from Oto 160 pcf. Errors in the density read
ing due to the statistics of nuclear counting and surface rough
ness are discussed. 

•INSTRUMENTS which measure the density of soils by gamma-ray backscatter have 
been in use for some years. There has been conflicting experimental evidence as to 
whether the type or chemistry of the soil tested affected the instrument reading. Neville 
and van Zelst (13), Gnaedinger (5), Mintzer (12), Kuhn (9), and others have found such 
an effect, but Carlton (3) and Huet (8) reportedthat, for the soils tested, this effect 
was not observed. The present paper shows that this effect must be expected in instru
ments for which count rate falls as density increases. 

Belcher et al. (1), Carey and Reynolds (2) , Kuranz (10), Carlton (3), Lauchaud (11), 
and Kuhn (9) reported that roughness of the -surface beneath the instru-ment may affect 
the reading. This cause of error is discussed here. 

Much experimental work has been done with gamma- ray backscatter instruments . 
However, an understanding of the factors which may affect the reading must come from 
a fundamental knowledge of all the processes which gamma radiation may undergo in 
the soil. This paper describes these processes and then relates them to the behavior 
of backscatter density gages. 

NOTATIONS 

a distance from source to detector; 
b constant equal to R1iI; 
d effectively infinite oepth; 
h height of legs on apparatus; 
r ratio of count on specimen to count on standard; 
p probability of a photon remaining uncollided; 
t time interval between calibration and use of instrument; 
x distance; 
A atomic weight of element; 

Eo energy of photon before collision, mev; 
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E1 == ener gy of photon after collision, mev · 
Fi mass fraction of i th element in mat e1·ial, 

I == 
le 
N == 

NA 
R 

Rb 
Rp 
Rs == 
RT 

s == 
T 
z == 
r; 
CJ 

p 
>. 
; -
6 
e 

i == n 

L Fi 1 
i == 1 

source intensity, photons/ sec; 
source intensity at time of calibration; 
number of pulses detected in T sec; 
Avogadro number , 0. 6 x 1024/ mole; 
net count rate; 
count rate due to background; 
net count rate when density is zero; 
count rate due to scattered photons; 
total count rate; 
sens itivity= R '/R; 
time interval for detecting N pulses, sec; 
atomic number of an element ; 
macroscopic reaction cross- section, cm - i; 
standard error; 
density; 
decay constant of source; 
Compton scattering cross- section per electron; 
reaction cross-section per atom; 
angle of scatter of photon. 

PHYSICAL PROCESSES 

Sources of Gamma Energy 

An element which has been bombarded with elementary particles, so that the atomic 
nuclei possess excess energy, is unstable. The nuclei will return to a stable condition 
and in so doing may emit energy. This energy, which appears as particles called 
photons, is known as gamma energy and the isotope of an element emitting such energy 
is called a gamma- emitting isotope. 

If a -source of radiation- is -placed near a detector for T sec and N photons are counted 

in this time to give a count rat R == N/ T, then N has a standard e1-ror of (N) 1/2 due to t he 
fundamental randomness of the radioactive decay process ~): 

(1) 

This relation is used later . 

Nuclear Cross-Sections 

If a beam of energy photons penetrates a material, the photons may collide with the 
particles constituting that material. The probability that any one photon remains un
collided in distance x is 

(2) 

where r;, the mean number of collisions per unit length for a beam of unit cross-section, 
is known as the macroscopic collision cross- section and is a measure of the probability 
that a collision will occur . 
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The probability that a particular type of colliding reaction will occur between a 
photon and any atom (i.e., the cross- section per atom for the reaction) is usually known 
from fundamental considerations. The cross- section per atom is related to the macro
scopic cross-section in the following way: cross-section per cubic centimeter cm= 
cross-section per atom x number of atoms per cubic centimeter. By Avogadro's law the 
number of atoms per cubic centimeter of an element is NAp/ A, where NA is Avogadro 
number, p is density and A is atomic weight of the element. Therefore, 

(3) 

where 6 is the cross- section per atom. 
When a beam of gamma photons enters a mass of soil, many reactions may occur 

between the photons and the atoms in the soil, but the only reactions of significance in 
this technique are Compton scattering and photoelectric absorption. 

Compton Scattering 

Compton scattering is the scatter of a photon by an orbital electron. In this process, 
the binding energy of the electron to the nucleus has no effect. The cross-section per 
electron is given by the Klein-Nishina formula (4) and is dependent only on the incident 
photon energy. If ; is this cross- section per electron, the cross- section per atom is 
Z; and from Eq. 3 the macroscopic cross-section I:= NAPZ;/ A. 

If the material is composed of n elements, the mass fraction of each being Fi, then 
the mass of each element per cubic centimeter is Fip and the macroscopic cross- section 
is given by 

n 

I:= LNAPFiZi~/Ai 

1 

n 

NAP; LFiZi/Ai 

1 

At each scatter a photon loses energy. If Eo is the incident energy, and e is the 
angle of scatter, the energy of the scattered photon E1 is given by ~): 

Photoelectric Absorption 

Eo 

1 + ~ (1 - cos 0) 
0. 511 

(4) 

(5) 

In photoelectric absorption processes, the photon is absorbed by collision with an 
orbital electron tightly bound to the nucleus. The cross-section per atom is given ap
proximately (14) by 6 = 1.25 x 10- 9 Z5Eo- 712

• Therefore, I:= kNApZ5/A, where k = 
n 

1. 2 5 x 10- 9 Eo - 712
• For a material comprising n elements, I: = kN AP I: z/ F /Ai. 

1 
It should be noted that the quantity Z/ A is very nearly 1/2 for all elements except 

hydrogen, for which it is almost 1. However, the mass of hydrogen per unit volume 
in soil is small because hydrogen is very light. Preiss and Newman (17) calculated 

n n 
the quantities I: FiZ//Ai and I: FiZ/A. for a wide range of materials and showed 

1 1 
1 

. 

that the former varies from one material to another but the latter varies hardly at all. 
Therefore, absorption processes depend strongly on the elemental constitution of the 
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per atoll, 

Uni ts are 
-24 

10 sq cm. 

Photoel ectric 
Rb.::iorp t i o n 

Coa1>ton scatter 

Energy mev 

Figure 1. Photoelectric absorption and Compton scattering cro ss-sections per average 
atom of soil or concrete (z = 15, A = 31) as a f unction of incident photon energy (from 

Grodstein, 1957), 

material and scattering does not. It is apparent that any technique devised to measure 
the density of soils over a large range of soil types should be based on Compton scatter
ing processes, with the influence of the photoelectric absorption reaction reduced to a 
minimum or entirely eliminated. 

None of these processes depends on interatomic, crystalline or other forces. Al
though, in general, these forces may influence energy quanta, the effect at this range of 
energy is negligible. Gamma density methods measure the number of atoms per unit 
volume without regard to chemical binding forces and effects and, therefore, are in
sensitive to the structure of the material. For this reason, experimental results ob
tained on concretes are applicable to soils and vice versa. 

Figure 1 shows the cross-sections for photoelectric absorption and Compton scatter
ing as functions of photon energy . It is seen that between O. 1 and 2 mev, Compton 
scattering is the only effective process. If, therefore, an apparatus can be made so 
that the photon energies are always in this range, the effect of chemical composition 
will be vel'y small. It is shown -in the following sections that such a solution is achiev.,. 
able when the detector "sees" the soil near the source. 

CALIBRATION CURVES AND SOURCE-DETECTOR GEOMETRY 

The general shape of the calibration curve for a backscatter density gage is shown 
in Figure 2. At zero density, no photons are scattered back to the detector, and the 

R 

Count rate 

p Density 

Figure 2. Calibration curve for backs catter 
_density gage . 

count rate R = 0 . As the density of the 
material increases, two opposing pro
cesses occur. Although more photons 
are scattered towards the detector, photons 
directed towards the detector are again 
scattered and move away from it. At low 
densities, the number of scatters experi
enced by a detected photon is low, perhaps 
only one scatter. An increase in density 
in this range causes an increase in the 
count rate as the number of once- or twice
scattered detected photons increases . On 
the rising portion of the curve, the photons 
will have lost little energy. 
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Figure 3. Source and detector arrangement for obtaining results with different geometries . 

High voltage 

supply 
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Ampli f ier 

Cathode f ollowe r 

Photoraul tiplier 

Pulse height 

sel ector 

Figure 4. Block diagram of detection system . 

Sc al e r / tiaer 

At some density, the multi-scatter process begins to predominate; as few once- or 
twice-scattered photons survive to detection, the curve falls. As density increases 
further, the photons scatter more until their energy is reduced to that region in which 
photoelectric absorption probability is high. Thus, as p ... "', R ... 0. 

This hypothesis was tested experimentally using a scintillation counter with the ap
paratus shown in Figure 3. The source shield, which provided a collimated beam of 
photons, could be placed at any distance from the detector shield. The latter insured 
that the detector "saw" radiation only in a restricted volume. 

Scintillation counters have the very useful property that the height or voltage of a 
pulse due to a detected gamma photon is proportional to the energy lost by that photon 
in the scintillator. By electronic sorting and counting of the pulses, the ener gies of 
photons being detected can be determined. 

The detector (Fig. 4) consisted of a sodium iodide (Nal) scintillating crystal, 11/2 in. 
in diameter and 1 in. thick, coupled by silicone grease to a photomultiplier. From the 
photomultiplier, the pulses were passed to a cathode follower, linear amplifier and then 
a pulse height selector, which passed only these pulses of amplitude (energy) falling 
within a preselected range. From the pulse height selector , the pulses passed to a 
scaler-timer unit for determining the count rate. By taking a series of counts over dif
ferent ranges of pulse height, the pulse height distribution was obtained . 
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Figure 5. Pulse height distributions obtained on concrete block of density of l56 pcf 
using Cs-l37, with various distances between source and detector. 
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Figure 6 . Calibration curve and pulse height distributions for a particular geometry 
(dimension a= 4-/;- in.) on l>lueks of various dcn• ities. 



Figure 5 shows the pulse height distributions obtained on a concrete block with a 
density of 156 pcf using a source of cesium 137 (source energy of 0. 662 mev) with 
vario~ distances from source to detector. As the distance from source to detector 
was increased, the relative intensity of high- to low-energy pulses decreased; i.e., 
the radiation became more times scattered. 
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The source energy was 0. 662 mev, and the energy after scattering through 120 deg 
was calculated from Eq. 5 to be 0. 224 mev. · Therefore, the peak at that energy was 
due to the once- scattered photons. The peak at about 0. 13 mev, small in Figure 5 but 
much larger in Figure 6, was due to twice-scattered photons. It has been observed 
(6, 7) that in a system such as this where the photons scatter through a given angle, 
by one, two or many scatters, the twice-scattered photons give a peak in the spectrum. 
The energy of twice-scattered photons was calculated as a function of scattering angle; 
for a Cs-137 source and a total angle of scatter of 120 deg, photons which suffered an 
initial large-angle scatter had final energy near O .13 mev, giving the peak at that 
energy. At energies below 0. 13 mev were photons which had scattered many times. If 
the concrete were a pure Compton scatterer, showing no absorption, the spectrum 
would reach infinity asymptotically as E _, 0, but because photoelectric absorption 
eliminated the lowest energy photons a peak was obtained. Hayward and Hubbell (7), 
Preiss (15) and others have shown that the position of the highest energy peak is de
pendent on the energy of the source, but the position of the intermediate energy peak is 
little affected and the position of the lowest peak is not affected. 

Figure 6 shows pulse height distributions taken at three densities at agivengeometry, 
together with the calibration curve at that geometry. At a density of 39 pcf, the number 
of once-scattered photons at 0. 224 mev was relatively great and the calibration curve 
was rising. At 64 pcf, the relative number of twice- and more-times-scattered photons 
had increased and the calibration curve was at its peak. At 156 pcf, the number of 
once- and twice- scattered photons was reduced, most of the count rate was due to much 
scattered photons, and the calibration curve was falling. 

If, therefore, the apparatus is arranged so that predominantly once- or twice
scattered photons are detected, the calibration curve will rise with density over the 
entire practical range. If, in addition, the detector is designed so as not to detect 
photons of energy less than 0. 1 mev, the effect of photoelectric absorption and, there
fore, of chemical composition will be minimized. 

If the shield geometry is such that the calibration curve is a falling function of 
energy, the radiation will be much scattered and almost all the photons will be below 
0 .1 mev. If a bare Geiger-Miiller detector is then used, low-energy photons will be 
detected, the photoelectric absorption reaction will be significant and an effect of the 
chemical composition of the soil must be expected. 

When the detector "sees" soil near the source, high- and low-energy photons will be 
detected. The detection of photons of energy less than O .1 mev must be avoided by 
using either a scintillation counter with appropriate pulse height selector or a Geiger
Miiller tube with iron filters. In the latter case, the iron will absorb most of the low
energy photons before they reach the detector, but most of the higher energy photons 
will penetrate the iron. This method of eliminating the effect of chemical composition 
on the reading is analogous to the use of a cadmium cover for the same purpose in a 
neutron- scattering water content gage {~) . 

DESIGN OF BACKSCATTER GAGE 

Based on the preceding principles, a backscatter gage was designed and calibrated. 

Source 

The source energy should be in the range of 0. 1 to 2 mev so that the photons are 
subject to Compton scattering only. Practical sources in that energy range are cesium 
137 and cobalt 60 (1. 25 mev). Preiss (15) showed that source energy has little effect 
on the calibration curve. Cs-137, beingeasier to shield than Co- 60 and having a longer 
half-life, was chosen; 5 millicuries being used. 
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Shield 

Col11111at1ng 
holes 

O 111 2 11 3" 

Figure 7- Backscatter gage . 

In order that the detected beam should include a high proportion of once- and twice
scattered photons so that the calibration curve will be a rising function of density and 
will be due to photons of energy greater than O .1 mev over all practical ranges, the 
detector must "see" the material where the photons enter it. However, the detector 
itself must be separated from the source by several inches of lead to reduce the com
ponent of the count rate due to photons penetrating through the lead from source to de
tector. The geometry of the lead shield {Fig. 7) satisfied these requirements. 

Detector 

The scintillation counter previously described was used with the pulse height selector 
set to pass only pulses exceeding 5 volts, which corresponded to O. 1 mev. 

CALIBRATION OF GAGE 

Sixty concrete blocks, each 12 by 10 by 8 in., were made from a considerable range 
of concrete mixes. The mixes included mortars comprising ordinary portland cement 

3,000 ...--------,----------.-------- ~-~ 

P pcf' 

Figure 8. Calibration curve. 
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and a natural river sand, as well as concretes containing coarse aggregates including 
granite, river gravel, limestone, and expanded shale lightweight aggregate. The mix 
proportions were varied, the mixes having water-cement ratios ranging from 0.45 to 
0. 65 and aggregate- cement ratios ranging from 1. 5 to 7. 5. At densities below 100 pcf, 
larger factory-made lightweight blocks were used. Each block tested, therefore, had 
a chemical composition different from every other. It was shown earlier that the re
sults obtained on the concrete blocks must be valid on soils. 

The overall bulk density of each block was measured by weighing in air and water, 
and a count was taken with the apparatus . A curve of count rate against bulk density by 
weighing is shown in Figure 8, where the broken lines represent± 2 standard errors 
due only to the statistics of nuclear counting; i.e., one point in 20 should, on the aver
age, fall outside the broken lines. 

The calibration curve is a curve of local density under the gage against overall den
sity of the block, and this gave rise to apparent errors in the curve. Nevertheless, 
although the blocks covered a great variety of compositions, the scatter of the points 
was not much greater than would be expected from the statistical errors due to the 
randomness of nuclear decay. 

ERROR DUE TO STATISTICS OF NUCLEAR COUNTING 

The total count comprised radiation scattered off the concrete Rs, radiation pene
trating the lead shield Rp, and background radiation due to cosmic and other sources 
Rb: RT = Rs + Rp + Rb. The background count Rb must always be subtracted to give 
the net count rate 

R = Rs+ Rp (6) 

For a given instrument, Rs is a function of density and Rp is a constant. 
The expression relating density and count rate at a given source intensity I should 

be Rs = I F(p). The exact form of F(p) is not relevant to this discussion. If Rp = b I, 
where b is a constant, 

R = I F(p) + b I (7) 

If the count rate R is derived from N counts in T sec and if Rb << R, the standard 
deviation of R, from Eq. 1 is aR = R/ (N)1/2 • 

If the second derivation of R with respect to p is small, R(p) may be assumed to be 
linear over a small interval and aRfap = dR(p)/dp = R'(p). Therefore, 

ap aRfR' = R/R' (N)½ (8) 

[F(p) + b]/F'(p) (N)½ (9) 

= 1/ S (N)½ (10) 

The factor R ' / R is defined as the sensitivity of the apparatus, designated S. It is 
independent of the source intensity and is a function of p. To be used as a general 
measure for gamma backscatter apparatus, the value must be quoted at some standard 
density. If Sis negative at this density, count rate is a falling function of density; if 
positive, it is a rising function. The accuracy obtainable may be completely specified 
by quoting both S and R at the standard density. 

Tli.e factor (N) 1/2 depends only on the number of counts taken. 
The upper limit of Sis reached as Rp--+ 0, and is F'(p)/F(o). The time T required 

to achieve a given standard error is given by 

T = N/R = 1/S I F'(p) a/ (11) 
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If the apparatus is calibrated when the source intensity is I, the source inte nsity 
any time t thereafter is given by I= Ice -;u. If, ther efore, the relation between T and 
a p is determined at a given density at any time t = 0, the relation at time t will be 
T = eAt/s le F'(p) a/. 

As the source decays, the time required to achieve a given standard error increases. 
For Cs-137, this increase is about 2 percent per year. Unless the ratio of count on 
specimen to count on standard is used, the calibration curve must ·also be changed as 
time progresses. 

If the count rate is changed by ~R due to surface roughness or another cause, the 
apparent error in density will be ~P = ~R/RS. 

The value of sensih vity for the apparatus shown in Figure 7 was 4. 0 x 10- 3 cu ft/ lb 
at a density of 100 pcf and gave a standard error of O. 3 pcf in 5 min. This error has 
since been r educed by better des ign of the apparatus geometry . 

If the r atio of count on the specimen to count on the standa rd, is used as the ordi
nate of the calibrah on curve, the sensitivity S just defined is given by S = r '/r, where 
r' = dr/dp, and ap = 1/ S </1/Ni + l / N2. · 

Thus, using the ratio gives no change in sensitivity , but the calibration count N1 must 
be made several times larger than the specimen count N2 to give an error comparable 
with that of the count rate against density curve . 

REDUCING INFLUENCE OF SURFACE ROUGHNESS ON COUNT RATE 

Roughness of a surface may be considered to raise the shield effectively above the 
"true" surface, reducing the path length between source and detector and, therefore, 
increasing the count rate. Since the base of the lead shield was plane, 4 in. wide by 
10¾ in. long, any protuberance over this area would have raised the shield and changed 
the count rate. Positioning three legs around the source and detector holes in the base 
is a logical method of reducing this effect (1, 2, 9). 

4,00U ,-----------~ 

6p= 1 56pc.f' 

op = 1 40 pcf' 

R 

c /sec 

2. 00 0 

1 

h inches 

o. 00 1 I 

O. OOJ 

s 

cu ft/lb 

0 . 002 -

o. 001 l:'-o ---------l'----'-- -e
2
!:---' 

Fi e;nrP. 9 . 

h inches 

Count rate Rand sensi tivity S 
agai nst leg height h . 

- - The roughness of a surface compared 
with a plane surface may be defined by 
that height above the plane which gives 
the same count rate as the rough surface. 
Therefore, to reduce the effect of rough
ness, the apparatus should be used on legs 
of height h corresponding to a low value 
of the slope of the R vs h curve . This 
curve can easily be established experi
mentally. 

Readings of count rate against height 
above a plane surface were taken using the 
apparatus of Figure 7 on two blocks of 
concrete, each 16 by 16 by 8 in. and with 
densities of 156 and 140 pcf. The curve 
of count rate against height above the sur
face is shown in Figure 9 . Sensitivity at 
140 pcf was calculated, assuming a linear 
calibration ClffVP. hP.tWP.P.n 1 f)fl and 140 pcf; 
the curve of sensitivity against height is 
also shown in Figure 9. 

For elimination of the effect of surface 
roughness on the reading, the legs should 
be of a height where the slope of the R vs 
h curve is a minimum . The peak at h = 
O • 3 in. was probably too sharp to eliminate 
this effect satisfactorily; therefore, a 
height of 2. 5 in. is more advisable for 
this shield . The statistical accuracy at
tainable in a given time at h = 2. 5 in. was, 
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however, reduced by changes in both count rate and sensitivity, so that, for this ap
paratus, reduction in the influence of surface roughness would have been attained by a 
sacrifice in time of count or accuracy. 

EFFECTIVELY INFINITE DEPTH 

It is important to know to what depth the instrument will "see" . Hayward and 
Hubbell (7) showed that the most- scattered photons penetrate furthest into a material, 
a result which may be expected. The effectively infinite depth is, therefore, determined 
by the low-energy photons shown in the distributions of Figures 5 and 6. 

The probability that a photon survives distance d from the edge of the effectively in
finite volume to the concrete surface, derived from Eqs . 2 and 3, is given by 

(12) 

where dis the effectively infinite depth. 
For a given material cross-section 6 will be a function only of photon energy. The 

relevant photons are, however, all at the low-energy peak of Figures 5 and 6 so that 6 
is constant. If the effectively infinite volume is defined by a constant value of proba
bility p, then, because NA, A and /'J are constant, d"' 1/ p. 

With every geometry of apparatus tested by the author, d was found to be 4 in. at a 
density of 140 pcf and to be inversely proportional to density. The effectively infinite 
depth was found to be independent of source energy or the distance between source and 
detector. The depth to which half the detected radiation penetrated did, however, in
crease from 1 to 2% in. as the source and detector were moved from a separation dis
tance of 31/,i to 7¼ in. , at a density of 140 pcf. 

CONCLUSIONS 

The error in density reading may be due to: (a) inaccurate calibration, (b) electronic 
drift, (c) chemistry of the soil, (d) surface roughness, or (e) statistics of nuclear 
counting. Although (a) and (b) are important, they were not discussed in this paper. 

It has been shown here that the elemental constitution of the soil must affect the 
count rate when photons of energy less than O. 1 mev are detected. This occurs when 
the photons are much scattered and, at the same time, results in a calibration curve 
which falls as density increases. If only photons of energy exceeding O. 1 mev are de
tected, the soil-type effect becomes negligible. For these higher energy photons to be 
detected, the detector must "see" soil near the point at which radiation enters it. 
Once-, twice-, and more times- scattered photons are then detected. This geometry 
gives a calibration curve which rises with density. To prevent count of the photons of 
energy below O .1 mev, a scintillation counter or filtered Geiger-Miiller tube must be 
used. 

The error in density reading due to the statistics of nuclear counting is given by 
equations whose useful application is in finding the best height of legs to reduce the ef
fect of surface roughness. An example of the effect of leg height on the accuracy of a 
particular instrument is given. As was shown, the use of the slope of the calibration 
curve by itself as a figure of merit is meaningless ; the ratio of slope to ordinate must 
be considered. 

The effectively infinite depth was found to be 4 in. at a density of 140 pcf and was 
inversely proportional to density. This result was identical for all apparatus geometries 
and sources used. 

Because it had previously been realized that the soil composition could affect the 
calibration curve, gages had to be calibrated for each soil. This was not a simple 
procedure. However, by designing the correct geometry of lead shield and by using 
the correct detector, the soil-type effect can be overcome. 
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Evaluation of Direct Transmission-Type Nuclear 
Density Gage for Measuring In-Place 
Densities of Soils 

P. C. TODOR and WILLIAM GARTNER, JR. 
Respectively, Assistant Research Engineer and Engineer of Research, Florida 
State Road Department 

The direct transmission-type nuclear density gage has proved 
to be more accurate and faster than conventional methods. The 
use of the direct transmission principle seems to eliminate the 
necessity for several calibration curves. Density tests con
ducted by research personnel are usually made in areas where 
the contractor is having difficulty obtaining specified density. 
The nuclear equipment with its inherent speed has provided a 
means whereby the once time- consuming task of repeated den
sity tests is considerably reduced. The equipment is also use
ful for setting up compaction equipment schedules and procedure. 
The amount of coverage required by a given type of compaction 
equipment to obtain specified density for an entire job can be 
determined quickly from one test section, provided extensive 
moisture or material changes are not encountered. 

•THE TIME required to conduct conventional in-place density tests and the many pos
sible sources or error (1) have made necessary a more dependable and less time
consuming method of test. Modern advancements in highway construction, especially 
in the speed of earthmoving equipment, and expanded construction programs, with em
phasis on early completion, have increased the need for a faster method of test. 

For these reasons, the Florida State Road Department's Division of Research ini
tiated a comprehensive study of the available conventional and nuclear methods for de
termining in-place density. Results of the preliminary phases of this study have already 
been published (1, 2); this is a report on the continuation of the program. 

The nuclear density equipment currently available commercially employs either of 
two principles, backscattering or direct transmission. 

1. The backscatter gage (Fig. la) transmits gamma rays into the soil, and the rays 
that are reflected or scattered back by the interactions with electrons of the soil mass 
are counted. 

2. With the direct transmission-type gage (Fig. lb), the source is inserted into the 
soil and transmits gamma rays in all directions. The majority of the gamma rays 
counted have traveled in a relatively straight line from source to detector. 

This report describes a laboratory and field evaluation of a direct transmission
type nuclear device manufactured by Troxler Electronic Laboratories of Raleigh, N. C. 
The purpose is tile development of method of determining in-place density for routine 
control testing in base, subbase and embankment materials. 

DESCRIPTION OF EQUIPMENT 

The nuclear density-moisture measuring system used in this study consists of three 
units: (a) a surface density gage, (b) a convertible surface-depth moisture gage, and (c) 
a portable scaler. 

Paper sponsored by Special Committee on Nuclear Principles and Applications. 
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Scaler 

00000 []_] 
n ''. " (b) 

Sowc, 

Figur e 1 . Comme rcially availabl e nuclear 
density gages : (a) backscatter, and (b) 

direct t ransmiss ion. 

Surface Density Gage 

The gamma source is radium-beryllium, 
double-sealed and double-encapsulated in 
type 304 stainless steel. The standard 
nominal activity is 3 millicuries, but other 
activities are available. The detector is 
a Geiger-Miiller detection tube. The 
source is contained in a steel rod, ¾ in. 
in diameter , which can be lowered into the 
soil to a predetermined depth of 1 to 9 in. 
(Fig . 2). 

Surface-Depth Moisture Gage 

The fast neutron source is also radium-
beryllium, double-sealed and double

encapsulated in type 304 stainless steel. The standard nominal activity is also 3 mil
licuries , but other activities are available. The detector, containing BF, enriched in 
the B-10 isotope, responds primarily to relatively slow or "thermal" neutrons and 
shows practically no response to fast neutrons. 

The moisture gage was used as a surface gage in this report (Fig. 3); however, it 
can be used as a depth gage by removing the moisture probe from the surface gage and 
installing an adapter for the source (Fig. 1). 

Scale r Model 200 

The scaler, used for both the moisture and density measuring equipment, is transis
torized and of modular construction (Fig. 5) . Incorporated in the scaler is a me
chanical 1-min timer and a rate meter. The selection of operation (moisture or density) 
is determined by the voltage setting, gain setting and circuit selection. The s caler is 
battery powered and is furnished with a charger operated from a conventional 115 volt, 
60 cycle, a. c. current. 

LABORATORY STUDY 

The objectives of the laboratory study were (a) to determine whether one or several 
calibration curves would be required, as v:as the case in a previous study 1.vith a 

Figure 2 , Troxler surface density gage . 
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Figure 3. Moisture gage on paraffin standard . 

Figure 4. Probe Model 104: (a) removed from surface gage with special attachment, ready 
for use as a depth moisture probe; and (b) inserted in standard reference. 
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Figure 5. I nterior of Model 200 scal er, showing modular t ype of construction . 

Figur e 6 . Mois ture e;ae;e plc11~erl i n <:> en !·.er nf snrnrl r> t. n ohtH.i n moisture count f or calibra
t i on curve . 

backscatter-type device (2); and (b) t o establish calibration curves to be used in the 
field evaluation study. Pa rticular emphasis was placed on determining the extent of 
radioloe-ica 1 s::if P.ty pr P.c;:iutiom, neces sa ry when using this equipment. This emphasi s 
was continued through the field evaluation. 
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Moisture measurine; systems. 
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Procedure 

The laboratory procedure used in this 
investigation was similar to that used in a 
previous study (2) . Each soil was thoroughly 
mixed at predetermined moisture contents, 
covered with a plastic sheet to prevent 
surface drying, and left standing overnight 
to allow the moisture to reach a state of 
equilibrium. The soil was then compacted 
in boxes of known volume in approximately 
2-in. layers to achieve a uniform density, 
both laterally and vertically, within the 
box. A collar was constructed which per
mitted the material to be compacted 2 to 3 
in. above the top edge . The collar was 
then removed and the material was .struck 
off in much the same manner as when pre
paring a Proctor sample . The entire box 
was weighed on a platform scale and the 
average wet density of the material was 
computed. 

The nuclear moisture unit was next 
standardized (a method whereby the atti-
tude and efficiency of the gage can be nu

merically evaluated) by taking a series of 60- sec counts on the standard reference 
paraffin block. The counts were taken until they reproduced themselves within ± ✓N 
(where N = 60-sec count) and then 10 counts were averaged for the standard count. The 
moisture gage was placed near the center of the sample and a 60- sec count was recorded. 
Four such counts were recorded with the gage rotated approximately 90 deg between 
each test (Fig . 6). Samples for ovendry coinparison wei-e take.iJ after the density 
gage counts were recorded. 

The nuclear counts resulting from the moisture tests were averaged to obtain a 
moisture count for the entire specimen. This was divided by the corresponding standard 
count to obtain the percent of standard. The nuclear moisture gage percent standard 
was plotted against the oven-dried samples to establish points for the calibration curve 
drawn as the line of best fit. 

Figure 7 is a schematic of the moisture unit being used as a surface gage and as a 
depth gage. The data reported in this study include only that obtained using the mois
ture unit as a surface gage. In additional studies, the moisture unit was used as a 
depth probe and the tests showed favorable agreement with the manufacturer's curve. 
However, the data available at this time are limited and will not be included in this 
report. 

After completing the moisture counts, the density gage was standardized by taking 
a series of 60-sec counts on a standard reference concrete block at a 3-in. depth. The 
counts were taken until they reproduced themselves within ± 'VN, and then 10 counts 
were averaged for the standard count. A hole was driven into the material near the 
center of the box with a hammer and pin. The nuclear density gage was positioned 
over the hole, the probe was lowered to the desired depth, and three 60-sec counts 
were recorded. Four such counts were recorded with the gage rotated approximately 
90 deg between each test. Tests were conducted at probe settings of 3, 6 and 9 in. 

With four locations tested, additional access holes were placed at each corner of the 
test specimen and tests were conducted with the detector toward the center. Without 
regard to magnitude, the eight tests were used for an analysis of uniformity. Standard 
deviations ranged from 0. 58 to 2. 5 pcf nuclear. Four balloon tests were conducted, 
one in each quadrant, with deviations ranging from 1. 6 to 2. 3 pcf. 

The materials utilized in the calibration of the nuclear gage included two sources of 
limerock which varied in calcium content, two sand-clays that varied in iron content, 
and local sand. 
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The nuclear counts resulting from tests conducted at each depth were averaged to 
obtain a dens ity count for the entire specimen. This count was divided by the corre
sponding sta ndard count to obtain a count ratio for density. The resulting count ratio 
was plotted against box wet density for each soil tested to establish points for the cali
bration curve. A regression analysis was made using the method of least squares, as
suming a linear r elationship to establish a line of best fit for the density curve at each 
probe depth. 

An exercise was conducted to determine the effective depth of test. The sample box 
was raised above the ground to achieve an air gap beneath the bottom of the box. Den
sity tests were conducted starting at the top at 3-, 6- and 9-in. increments. A 1-in. 
layer of soil was then removed and the test series was repeated until the probe touched 
the bottom of the box. 

At this point in the progra m , the fi eld evaluation was initiated. It was soon evident 
that a calibration curve independent of depth would be very desirable. The equipment 
was brought back into the laboratory with the intent of establishing such a curve. 

A uniform stundu.rd was conotructed using a single grain- size a~e,-ree;;:1 tR, wit.h a.n 
access hole that enabled the probe to be inserted to the full test depth of 9 in. in this 
case. A calibration curve was established, based on the assumption that if the standard 
count and the soil count were taken at the same depth , the r esulting count ratio would 
be a near constant for all depths since the proportion of mass observed in the standard 
and in the soil would be the same (Fig. 8). 

RESULTS OF LABORATORY STUDY 

utilizing the calibration curve established for the moisture gage, the nuclear mois
ture gage determinations were compared to the determinations obtained using a con
ventional Speedy Moisture Kit (3), and both methods were compared with ovendry tests. 
The results showed that the accuracy of both methods for the several soils tested was 
within ± 2 pert:ent of the oven- dried samples. Since only one scaler was available, 
considerable time was saved when the Speedy Kit was used to determine the moisture 
content and the nuclear gage to determine the wet density . 

3" Probe 

1 00 1--~.,e.>.,,-,-+---t-- ~ i'-i:"-,----t-- ---1 
u 

O 
5 

c 446 SANO·CLAY 

• 445 II 

• FAIRBANKS SAND 

0 4 • OCALA LIMEROCK 

• MIAMI 

90 100 110 120 130 140 150 

Box Wet Density, pc f 

Figure 9. Initia l cali brat ion curve s for 
dept hs of 3, 6 and 9 i n . 

Because of the sandy soil in Florida, 
the Speedy Moisture Kit can be used with
out any difficulty . If the gradation or clay 
content of a soil would not permit the use 
of a Speedy Kit, the nuclear moisture 
gage would be ofgreat advantage since the 
material would otherwise have to be oven
dried. 

The initial density calibration curve 
developed in the laboratory was satisfac
tory for all of the materials tested (Fig. 
9). The accur acy obtained by using a 
single calibration curve for all materials was 
well within that obtained in earlier evalua
tion studies where the backscatter nuclear 
device was employed with a separate cali
bration curve for ea.ch material (2). 

The results of the exercise todetermine 
effective depth are givenJ n_ Table .1. he 
tests were conducted beginning at the top 
and continuing to the bottom without any 
apparent influence from the air gap be
neath the box. The results indicate that 
the density measured does not include any 
material below the bottom of the probe . 
Thus, one has an absolute control over 
the depth of t est. 
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TABLE 1 

RESULTS OF DETERMINATION OF EFFECTIVE DEPTH 

Test ia Test 2b Test 3c 

Depth Mat, In, Mat. Depth 
Mat. In. Mat. Depth Mat, In, Mat. 

of Removed Beneath Density of Removed Beneath Density of Removed Beneath Density Probe Probe Probe Probe Probe Probe 
(in.) 

(in,) 
Tip (in.) (in.) Tip (in.) (in.) Tip 

3 0 7 111, 5 3 0 7 110 . 5 3 0 7 105. 5 
6 0 4 112.0 0 0 4 110 . 0 0 0 4 105,0 
9 0 1 111.0 9 0 1 109 . 5 8 0 1 106.5 
3 1 6 111.8 3 1 6 109 . 8 3 1 6 105,8 
6 1 3 112. 5 0 1 3 108 . 5 6 1 3 106,0 
0 1 0 110,8 9 1 0 108 . 5 0 1 0 105.5 
3 2 5 111.0 3 2 5 109 . 0 3 2 5 104.8 
6 2 2 112 ,8 6 2 2 110 .7 6 2 2 106.5 
3 3 4 111. 5 3 3 4 108 . 9 3 3 4 105,0 
6 3 1 112.0 6 3 1 109 . 8 6 3 1 106.0 
3 4 3 112, 5 3 4 3 110 . 5 3 4 3 105.5 
0 4 0 113 ,0 6 4 0 109 , 0 G 4 0 104.0 
3 5 2 111.0 3 5 2 109 . 5 3 5 2 106.0 
3 6 1 112. 5 3 6 1 110 . 0 3 6 1 105. 5 
3 7 0 111.8 3 7 0 110 . 5 3 7 0 105.0 

aBox density, lll.O pcf. bBox density, 109.0 pcf'. cBox density, 105,0 pcf. 
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Figure 10, Single calibration curve estab
lished using two reference blocks. 

Figure 10 shows the single calibration 
curve for any probe depth between 3 and 
9 in. The curve was established by using 
two standard blocks, plotting the density 
of the heavier block at a count ratio of 1 
and plotting the density of the second 
block at an average count ratio obtained 
by counts taken at depths of 1 to 9 in. The 
results of tests conducted utilizing the 
single calibration curve are presented in 
Table 2. The results were consistently 
within ± 2 pcf of the computed 109. 0-pcf 
density of the secondary reference block, 
with the exception of the 1- and 2-in. 
depths. 

Difficulty was previously encountered 
with these depth settings. The density 
determined at these depths was consistent
ly greater than the computed density. The 
higher density at these depths may be 
attributed to the geometry of the source, 
shielding, and detector. As shown in 
Figure 11, the lead shielding intercepts 
a portion of the gamma rays at the 1- and 
2-in. probe depths that are otherwise 
counted at probe settings of 3 in. or more. 

The reduction in the proportion of gamma rays counted invariably yields a higher den
sity. Since the 1- and 2-in. depths are seldom used in density determinations of soils, 
the calibration curves for these depths are not presented here. However, future work 
in the measurement of asphaltic concrete densities will necessitate the establishment 
of these calibration curves. 

Using the single calibration curve, initial tests on compacted samples indicated an 
apparent need to shift the curve approximately 2 pcf. This was probably caused by in
accuracy in computing the absolute density of the standards and possibly by a portion 
of the gamma rays escaping the perimeter of the standards. In the soil, these escaped 
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Depth 
(in.) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 
2 
3 
4 
5 
6 
7 
8 
9 

TABLE 2 

DATA USING SINGLE CALIBRATION CURVE ON 
STANDARD REFERENCE BLOCKS 

Std. Check Density Depth Std. Check 
Block Block (in.) Block Block 

25, 699 30 , 450 111,oa 1 25,317 29,506 
31, 262 37,186 111.oa 2 29, 927 36, 411 
31,826 39,878 109.0 3 31 , 009 38,300 
29,404 38,068 107.0 4 28 , 514 35,359 
25, 640 31,544 110. 5 5 25, 210 31 , 612 
21 , 310 26, 914 108.9 6 21 , 184 26, 904 
17, 600 22 , 405 108.0 7 17, 245 22, 491 
14,570 18 , 835 107 .0 8 14, 741 18 , 978 
12,214 15, 535 108.0 9 12 , 213 15,737 

44,603 bl , 2'12 114. 5a l 25, 635 30,278 
53, 018 62,965 112 .oa 2 30 , 204 37,396 
53,823 67,482 108.9 3 31,726 39,828 
50,521 62,979 109.0 4 29,762 37,341 
43,674 54, 320 109.0 5 26, 244 33,148 
36,366 46,236 107 .5 6 22 , 078 28,009 
30,192 39,038 106 . 5 7 18, 410 23 , 682 
24, 070 31,7GG 108.0 0 15,295 19,499 
20, 278 26,004 107 . 0 9 12,456 16,160 

Density 

114.oa 
111,oa 
110.0 
109.0 
108 .9 
110 .0 
106. 5 
108 ,0 
108.0 

113.oa 
110.oa 
109.0 
108. 5 
109.0 
109 . 5 
107. 5 
108.0 
107 . 5 

aHigh readi ngs at l - and 2- in. probe dept hs result from shiel ding i n gage and in
dicate that procedures used in this study are not applicable to t hese shallow 
depths . A special study is scheduled to establish a separate calibration curve 
for these probe settings . 

:r) ~, ... ;;.-:: ~-::< .. : 
.• _,.,. Hn. depth • ,,,, 

-~ :~:;-:;_... ,:-· .... ~: ... ~1~· 

Figure 11 . Schematic showing reduct i on of count due to geometr y of s ource , shielding 
and detector at the 1- and 2- in . depths . 

TABLE 3 

RESULTS OF DENSITY TEST ON 
COMPACTED SAMPLES 

Tolerance 
(pcf) 

±2 
±3 
±4 

Std. error 
of Est. (pcf) 

Prob. of Results Being 
Within Tol. (%) 

Nuclear Balloon 

68 . 2 56.3 
86.7 75.8 
95 , 4 88.3 

1. 95 2.33 

gamma rays could be reflected back to the 
detector. A statistical analysis of data 
obtained with the corrected curve uoing 
five different soil types with the tests con
ducted at 3- , 6- and 9-in. depths is given 
in Tub le 3. An error of ±3 pcf wot1 l cl , in 
Florida materials, be equivalent to a varia
tion of approximately ±2. 5 percent in den
sity. 

FIELD STUDY 

With the laboratory study completed 
a11d an equipment calibration curve estab
lished which would apparently hold true for 
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Figure 12. Rainhart Series 200 water balloon, used as comparison of test in field study . 

Figure 13. Transportation of equipment for field study. 

the wide variation of soil types encountered in the field, the main objectives remaining 
were to determine the feasibility of using this equipment in the field as a standard con
trol testing device and to determine the ability of the nuclear equipment to function un
der field conditions. The program also included a study to determine the time required 
to conduct a conventional destructive-type test and a nuclear test. For this purpose 
and also to provide a direct comparison of results, a conventional balloon test was con
ducted at the location of each nuclear test (Fig. 12). The choice of the balloon for the 
comparison tests was based on previous data obtained (!) . 
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Figure 14. Location of construction s ites 
for field evaluat ion . 

Procedure 

Most of the field testing took place on 
newly constructed subbase and base ma
terials. The equipment was usually trans
ported by a panel truck {Fig. 13). No 
special care was taken, except to avoid 
reckless handling of the equipment. The 
equipment was transported over construc
tion areas throughout the entire state 
{Fig. 14). 

A standard count was taken before each 
test in the field. The initial field procedure 
was to standardize the gage before ca.ch 
test. The procedure finally adopted was 
to standardize the gage before the start of 
a t..lay' s i-uu, aud lu lake a single count on 
the standard block before each test series. 
If the single count was within ± ,JS. C. 
(original standard count), it was used. If 
it was not, another 10-count standard was 
conducted. It was found necessary to run 

a standard count in the morning and in the afternoon. A new standard would generally 
be required for a 20 to 30 deg change in temperature. 

After standardization of the equipment, a hole was drilled with a hand auger and the 
probe was inserted to the desired depth. After satisfactorily seating the gage , three 
1-min counts were taken and averaged. The standard count was divided into the average 
count for the respective count ratio. The calibration curve was then used to determine 
the wet density. 

As mentioned previously, the moisture gage was not used extensively. Instead, the 
percent of moisture of the material removed with the hand auger was determined by a 
Speedy Moisture Kit. 

At each location, the nuclear tests were conducted first , followed by a Rainha rt bal
loon test conducted between the access hole and the point of the detector at a depth equal 
to the probe depth. 

! ime ~tudy 

Throughout the field study , a log was kept of the time required to conduct and record 
a density test by both the nuclear and conventional methods. One phase of the field 
study included the assigning of a density man equipped with the nuclear gage to several 
construction projects on which density tests were conducted in limerock base, A-3 and 
A-2-4 subgrade materials , embankment, pipe backfill, etc . The purpose of this ex
ercise was to determine if one man with nuclear equipment could replace several den
sity crews working on several separate projects . 

RESULTS OF FIELD STUDY 

Figure 15 represents the relationship determined between the nuclear density gage 
and the Rainha.rt water-balloon. For the data shown in Figure 15, 73 percent of the 
test results agree within ± 2 pcf . There is a little more scattering of results than ex
perienced in the laboratory when both methods were compared to box density; however, 
an analysis of variance indicated that the amount of scatter would be statistically ex
pected if the standard error of estimate for each device (±1. 95 nuclear and 2. 33 balloon, 
as obtained from data shown in Figure 16 taken from a previous study (1) for the con
venience of the reader) are considered in the calculations. The total estimate of error 
in calculations is equal to: 

(1) 
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Figure 15 . Results of field study, showing 
relationship between densities obtained by 

nuclear gage and by Rainhart balloon. 
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Figure 16 . Results of previous study (1) 
in which density tests were conducted 
using Rainhart balloon on compacted 

samples. 

TABLE 4 

TIME COMPARISON STUDY 

Test Method 

Oil 
Balloon 
Nuclear 

Time (min) 

28-30 
19-20 
9-12 
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In this case St = ±3. 04 pcf, and the com
puted total estimate of error using the 
data in Figure 15 is ±2. 76 pcf. Since any 
variation greater than that determined 
from Eq. 1 would be attributed to soil type, 
the soils encountered on the 12 field proj
ects did not appear to influence the re
sults. 

Throughout this study , a limited amount 
of minor difficulties were encountered with 
the equipment. However, with the use of 
the operational manual, the simplicity of 
the modular construction made it possible 
to perform all necessary maintenance. A 
problem was encountered with the timing 
system and a great deal of the calibration 
and initial field work had to be done with 
the aid of a stopwatch. The timer on the 
scaler used in this study is mechanical. 
This scaler has since been replaced with 
one having an electromechanical timer. 
Thus far, no difficulty has been encount
ered with the newer timer. 

Time Study 

Table 4 gives the average time re
quired to conduct an in-place density test 
by the conventional procedure and with 
the nuclear equipment. 

Table 5 gives a time comparison of the 
nuclear equipment and the balloon method. 
Instead of using the standard procedure of 
digging the density hole, a coring device 
was used with the balloon device . This 
speeded up the balloon tests considerably. 

The time study points out that the 
nuclear equipment does have an unques
tionably great advantage of speed. To 
illustrate further, one technician was as-

TABLE 5 

TIME COMPARISON STUDY 

Location No. Device Time 
Tests (min) 

Proj. 1 13 Balloona 165 
13 Nuclear 120 

Proj . 2 17 Balloona 185 
17 Nuclear 125 

Proj. 3 10 Balloona 95 
10 Nuclear 65 

~otorized coring device used to dig den-
sity holes. 
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signed to four construction projects with the nuclear equipment. The normal assign
ment would be a minimum of three density men. For a period of 1 wk, the technician 
maintained the density tests required for all four projects. The construction sites were 

. not a great distance apart; nevertheless, a nuclear-equipped density man did replace 
three density men equipped with conventional equipment, including three pickup trucks. 

Radiological Safety 

A radiological survey indicated a need for additional lead shielding during storage 
and transportation of the equipment. Even though the radium-beryllium source is not 
under the control of the Atomic Energy Commission (AEC), the source should be treated 
with the same respect as cesium or cobalt. The equipment should be "leak tested" at 
least twice a year and survey meters are readily available. Film badges should al
ways be worn by personnel using the equipment. 

During this study, only one of the personnel film badges recorded any radiation ex
posure. The film badge was used over a period of 4 wk with an accumulation of 80 mr, 
which is only 20 percent of the a.llowa.blc AEC dosage of 100 mr /wk. 

This study indicates that the equipment, if used conscientiously and monitored by a 
good radiological safety program (leak test, survey meters and film badges), can be 
used without any radiological health hazard. 

CONCLUSIONS 

1. 1'hroughout this study, the direct transmission-type nuclear density gage has 
proven to be more accurate and much faster than conventional methods. 

2. Use of the direct transmission principle in a nuclear density gage seems to 
eliminate the necessity for several calibration curves. As shown in Figure 11, the 
final calibration of the density gage is a single calibration curve which is suitable for 
the various soils tested and independent of depth for depths of 3 in. or more. 

3. The nuclear equipment has been an asset to the Division of Research. The den
sity tests conducted by research personnel are usually made in troublesome areas 
where the contractor is having difficulty in obtaining the specified density and where 
conditions necessitate repeated density tests. The nuclear equipment with its inherent 
speed has provided a means whereby the once time-consuming task of repeated density 
tests is considerably reduced. 

4. The data obtained in this study indicate that the direct transmission-type nuclear 
density gage is an answer to the present need for a method of test which will keep pace 
with the advancements made in the capacities and speed of P.arthmoving equipment and 
with the expanded construction program. 

The nuclear equipment is not only an asset in controlling density testing, but also 
a useful tool for setting up compaction equipment schedules and procedures. The 
amount of coverage required by a given type of compaction equipment to obtain specified 
density for an entire job can be determined quickly from one test section, provided ex
tensive moisture or material changes were not encountered. 
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Development of Nuclear Density Tests for Hot 
Asphalt Pavement 

WAYNE R. BROWN, Colorado Department of Highways 

Development of a nondestructive test method for density 
measurements of hot asphalt concrete in the field using 
portable nuclear instrumentation is described. Also de
scribed are effects to utilize existing nuclear density 
probes designed for testing soil to measure the com
pacted density of hot asphalt pavement. 

A prototype nuclear asphalt density probe was devel
oped. After testing the prototype on test sections with 
densities from 110 to 144 pcf, a production model asphalt 
density probe was designed and built. Heat-resistant elec
tronics allowed density tests to be performed on material 
ranging in temperature from cold to 300 F. Source type 
and strength, as well as source-to-detector geometry, 
were optimized so that depth of penetration was restricted 
to approximately 1¾ to 2 in., allow;i.ng testing of thin as
phalt surface courses without base course influence. Com
parison data and compaction growth curves from various 
roller patterns set in the field using the asphalt density 
probe are included. Test results were available within 
2½ min after each roller pass. 

•SINCE PROPER compaction of freshly laid hot asphalt concrete is very important in 
highway construction, it is equally important that field density tests be made as quickly 
and efficiently as possible. Present conventional test methods are excessively slow 
and tend to relegate test results to the postmortem class. By the time the specific 
gravity of a cooled asphalt concrete specimen has been determined, the section of pave
ment being tested has usually cooled to the point where additional compactive effort 
does little or no good should the test fail. 

Recognizing this and the fact that there was no commercially available nuclear probe 
for density tests on hot asphalt, the Planning and Research Division of the Colorado 
Department of Highways agreed to purchase a prototype nuclear density probe from the 
Nuclear- Chicago Corp. The purpose of this new device was to determine the compacted 
density of freshly laid hot asphalt concrete surface courses in the field. Design criteria 
called for the probe to have an effective depth of measurement of 2 in. 

The Materials Division was given the tasks of assisting in the development of the 
device from a practical usage standpoint and of correlating the nuclear results with 
existing conventional test methods. To expedite these two assignments, test sections of 
asphalt concrete were constructed at the Asphalt Paving Co. plant west of Denver near 
Golden, Colo. These test sections were constructed according to the following speci
fications: 

Section A-1,4-in. maximum size, 30 percent minus No. 4 sieve, 5. 5 percent asphalt; 
Section B-1/4-in. maximum size, 60 percent minus No. 4 sieve, 6.0 percent asphalt; 

and 
Section C-100 percent minus No. 4 sieve, 6. 5 percent asphalt. 

Paper sponsored by Special Committee on Nuclear Principles and Applications. 
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Figure 2. Density probes: (a) N-C Corp. P-22A on asbestos heat shield; and (b) Troxler 
being used on test sections. 

•· Figure 3 , E-1-X prototype being operated on sect ion B. 

Each of these three sections measured 24 by 24 ft and were divided into four equal sub
sectiorts (labeled 0, 1, 2, and 3). Subsection O had no compactive effort applied other 
than that of the vibrating screed at the rear of the SA-40 Barber-Greene paver. Sub
sections 1, 2, and 3 had roller passes applied that corresponded to these numbers. 
The roller used was a 10- to 14-ton Galion steel wheel tandem. Each of the subsections 
was then divided into 10 equal parts and indexed for testing as shown on Figure 1. This 
figure also includes closeup photos of each section illustrating the surface texture of 
the coarse, medium and fine mixes. 

While waitirig for the prototype to be developed, project personnel were instructed 
to log nuclear readings on the 120 indexed test sites using both the Nuclear- Chicago 
P-22 density probe with an asbestos heat shield (Marinite) (Fig. 2a) and the Troxler 
Model SC-120H surface density probe (Fig. 2b). The results of the tests using these 
two probes illustrated the need for developing a special probe for hot asphalt, since: 
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Figure 4. Polyethylene cover in place for weather protection. 

Figure 5. Coring operation on test sections completed. 

1. The slope uf the calibration curve for the N-C Corp. P - 22 was not steep enough 
to provide accurate readings; 

2 . The Troxler soil probe calibration curve had insufficient slope in the backscatter 
position, and 

3. The Troxler soil probe could not be used in either the 1- or 2-in. position on hot 
asphalt because of the radiation hazard to the operator from wiping the source rod clean 
after each test. 

The E-1-X prototype density prot,e was delivered to prujt:l;L pt:rsuu.nel late in 1962 
and nuclear 1·eadings were logged as weather would permit. Figur 3 shows the E-1-X 
being used on the test sections. A polyethylene cover was placed over the sections 
between test sequences involving the various nuclear devices so that moisture from 
rain or snow would not change the bulk density of the asphalt concrete (Fig. 4). 

The E-1 - X prototype consisted of a N-C Corp. P-22A with the s ix- tube detection 
system and the lower portion of the case removed . The remainder of the P-22 was 
placed in a relatively large case with appropriate lead shielding. The radioactive 
source of 3 millicuries (me) of cesium 137 was changed to 2 me of radium 226. A 
Transite heat shield was built into the bottom t o protect the electronic components. 
The source- to- detector geometry had been sel cted experimentally by the N- C Corp. 
design engineers so that the effective depth of measurement under ordinary field con
ditions was held to approximately 2 in. 

Fieldtestsonasphaltconcreteweighing 135pcf and having a thickness oI 2 in . s howed 
that varying the underlying base material from 110 to 140 pcf had no appreciable 
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Fi gure 6 . Specific gravity determina t ions i n Cent ral Laboratory . 

effect on the count rate of the prototype. Laboratory tests on a specimen of asphalt 
concrete weighing 110 pcf indicated a difference of 2 pcf when varying the underlying 
base material from 119 to 152 pcf. These slight changes were considered tolerable at 
that stage of the prototype development. 

A laboratory sample of asphalt concrete was heated to a temperature exceeding 2 50 
F, and tests were performed on it while hot using the E-1-X pr.ototype. No ill effects 
were noted because of the heat. 

Coring of the 120 test sites within the test sections was accomplished subsequent to 
the logging of a total of 360 nuclear readings using the three probes previously mention
ed. Figure 5 shows the test sections on completion of the coring. A Concore drill unit 
was employed using a 6-in. I.D. diamond-impregnated bit. The cores were wrapped 
in several feet of masking tape and placed in padded cartons. They were then trans
ported to the CDH Central Laboratory and stored in a cool (unheated) room on a flat 
surface until the water from the coring operation had evaporated. Cores from the areas 
that had had no compactive effort applied were handled very carefully to prevent de
formation of the sample. 

Field trials involving the E-1-X showed that the new probe was quite sensitive to 
density after each roller pass. The electronic components were not affected by the heat 
of the mat , even though it exceeded 250 F. 

A Dunagan apparatus was used to determine the specific gravity of the cores from 
the test sections. Standard procedure for Colorado Departments of Highways field 
personnel performing routine control tests was used. This method involves weighing 
of the uncoated specimen in air and in water and calculating the specific gravity (Fig. 6). 

Representative core samples (eight from each section) were selected to be coated 
with paraffin to determine their density according to AASHO Test Method T-166- 60. 
Table 1 gives the results using these two methods on cores from sections A, B, C, and 
E. (Section E is described later in this text.) 

Significant differences in the results of the two methods appear, especially when the 
more porous cores are tested. From past experience, project personnel have learned 
that the acceptance or the rejection of a new concept of testing by field forces is always 
based on correlation obtained with standard field procedure. Therefore, since project 
personnel entered into this research project with the intent of assisting in the develop
ment of procedures for the CDH field use of an asphalt density probe, they are of the 
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TABLE 1 

SPECIFIC GRAVITY OF UNCOATED VS 
PARAFFIN-COATEDa CORES 

Core Density (pcf) 

No.b 
Uncoated Coated Diff. 

A-0-3 137.7 133.3 4.4 
A-0-8 139.6 _ c 
A-1-3 140.2 135.8 4.4 
A-1-8 143.3 _c 
A-2-3 142.0 137.1 4.9 
A-2-8 142.0 137.1 4.9 
A-3-3 142.0 137.1 4.3 
A-3-8 141.4 136.4 5.0 

B-0-j 127.7 124.0 3.7 
B-0-8 127.7 122.7 5.0 
B-1-3 131. 5 128.3 3.2 
B-1-8 131. 5 129.6 1. 9 
B-2-3 130.2 127.7 2.5 
B-2-8 130.2 129.0 1.2 
B-3-3 132.1 129.6 2.5 
B-3-8 132.7 131. 5 1.2 

C-0-3 105. 7 105. 3 0.4 
C-0-8 107 .8 106. 5 1. 3 
C-1-3 110. 9 109. 6 1. 3 
C-1-8 110. 2 109.6 0.6 
C-2-3 114.0 112.1 1. 9 
C- 2- 8 111. 5 110.9 0.6 
C-3-3 116. 5 115.3 1. 2 
C-3-8 112.1 112.1 0.0 

E-0-1 136.4 126.5 9.9 
E-0-2 136.4 126.5 9.9 
E-2-1 139.6 135.8 3.8 
E-2-2 139.G 135.8 3.8 
E-4-1 140.8 136.4 4.4 
E-4-2 138.9 135.8 3.1 
E-6-1 140.2 137.1 3.1 
E-6-2 140.2 135. 8 4.4 

aAASHO Te st Method 'l'-J.66-60 . 
bcores f rom se ctions A, B, and C were 
dipped in paraffin ; section E cor e s had 
paraffin painted on. 

cSpecimen broke up 1,heu tllppeu in hot 
paraffin. 

opinion that the CDH field testing proce
dure (uncoated specimens) should be the 
comparison criterion . 

Figure 7 illustrates the correlation be
tween the E-1-X prototype and conventional 
density determinations according to the 
specific gravity of the uncoated specimens. 
This chart" illustrates the following: 

1. Using the N-C Corp. calibration 
curve that accompanied the E-1-X, the 
nuclear results will be excessively low. 

2 . Using the CDH calibration curve 
(based on a least squares analysis of the 
section B and C core densities on cores 
having a thickness of 1¾ in. or more), 87 
percent of the tests are within ±3 pcf of a 
common curve . 

3 . The section B core data falling out 
of tolera nce to the right of the CDH curve 
came from an uncompacted area. Since 
routine field tests for relative compaction 
will not be taken in an area such as this , 
the deviation shown is not as significant 
as would appear at first glance. 

4. The nuclear readings were affected 
by the base course material when areas 
tested had a thickness of less than 1 ¾ in. 
This is close to the 2-in. depth of penetra
tion for which the prototype was designed. 

5. Data from the very coarse Section 
A (30 percent minus No. 4) indicate that 
the nuclear readings are significantly af
fected by the excessive surface air voids 
and a calibration curve is unobtainable for 
this section. This is of no great concern 
to project personnel because, although 
CDH standard specifications encompass 
this type of mal, it is never constructed 
in Colorado . 

The Model E-1-X prototype was then 
sent back to the N- C Corp. with a list of 
suggestions for design modifications for 
the production model dens ity pr obe. These 
suggestions included the following: 

1. A high temperature, infinite count
ing lime, thin- wall Geiger- Miiller tube 
similar to that being developed by the 
Amperex Company should be considered 
as the detector; 

2. A detector tube having a rea sonably flat voltage plateau should be incorporated 
in the production model ; 

3. The screened vent should be eliminated; and 
4. The case should be elongated to permit easier seating. 

In June 1963, a production model of the asphalt density probe (designated Model 5846) 
was delivered to project personnel. This probe (Fig. 8) is compatible with the Model 
2800A scaler used to operate the other N-C Corp. portable nuclear pr obes. 
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Correlation of conventional density determinations on sections A, B, and C 
with E-1-X prototy:pe density probe determinations. 

Figure 8. Model 5846 asphalt density probe: (a) being used in field trial; and (b) being 
operated on section E. 
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The Model 5846 has incorporated into 
its design all the suggestions that CDH 
project personnel forwarded with the re
turn of the E-1-X prototype . The first 
phase of laboratory tests involving the 

Model 5846 concerned the characteristics and the reproducibility of the high-voltage 
plateau of the new Amperex detector tube. Figure 9a illustrates the unacceptable cur
vilinear plateaus of the E-1-X. Figure 9b shows the excellent, reasonably flat high
voltage plateau of the Model 5846. The E-1-X has had this type of detector tube installed 
and now has a high- voltage plateau similar to that of the Model 5846. 

The next phase of laboratory tests involving the Model 5846 pertained to a series of 
ambient temperature tests. Results of the last of a series of these tests, shown in 
Figure 10, indicate that this probe is not affected by heat up to 300 F originating from 
the material being tested. 

The Model 5846 was operated on the test sections 1 ft to the east of the holes made 
by the core drill at the 120 test sites. Results of the tests were similar to the data 
shown in Figure 7 . The data are available from the Colorado Department of Highways 
as a supplement to this paper. 13--1--1-,( 

The Model 5846 has been used in the field ir/Colorado to control the compaction of 
hot asphalt concrete surface courses. FigureSW illustratel! the field control results 
on hot asphalt on the Clifton-Cameo project. The new probe has also been used in 
Denver, Burlington, and on the Wolcott-North project to set roller patterns. 

Acceptance of this new technique by both CDH and contractor personnel in the field 
has been good. CDH District VI (Denver) now has a Model 5846 probe that is being 
used for routine compaction control of hot asphalt and for setting roller patterns ef
ficiently. CDH District III (Grand Junction) has a Model 5846 on order and plans to use 
it as an accessory to the density-moisture gages they now have in the field. 
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Figure ll. Model 5846 calibration and specific gravity conversion curves. 
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The Nuclear-Chicago Corp. has not supplied CDH project personnel with usable cali
bration curves for either the prototype or the Model 5846. The curves supplied were 
based on the company soil and concrete standards and were intended to be temporary, 
pending the completion of N- C Corp. asphalt standards of correct size, weight and uni
formity. 

CDH calibration standards compacted by hand in the Central Laboratory proved to be 
too small and nonuniform. Calibration standards being used at present were cut from 
the test sections with a diamond blade concrete saw. They measure 12 by 24 in. and 
are preserved in the Central Laboratory. Figure 11 shows the calibration curve for a 
Model 5846 based on these standards, as well as the specific gravity conversion curve 
for use in the field. The latter curve is useful because all data sent to the CDH field 
crews concerning laboratory maximum density for asphalt concrete are in terms of 
specific gravity. 

To obtain a relatively high density area for a calibration standard, new sections of 
asphalt concrete (labeled D and E) were constructed in the space between the original 
three sections. Figure 8b shows Model 5846 being operated on section E. Specifica
tions for these new sections were as follows: 

Section D-¾-in. maximum size; 60 percent minus No. 4 sieve, 6.0 percent asphalt; 
and 

Section E-¾-in. maximum size, 45 percent minus No. 4 sieve, 6.0 percent asphalt. 

Roller passes on these sections varied from O to 12 passes of a 14-ton steel wheel 
roller. Maximum density obtained was 141 pcf and provided the necessary high density 
calibration standard. 

Figures 12 through 15 show compaction growth curves developed in the field using 
the Model 5846 probe. These curves illustrate how readily a roller pattern may be 
established using the nuclear method, especially since each test takes less than 5 min 
to perform. These curves also show that pneumatic rolling has virtually no effect on 
pavement density after at least three passes of the steel wheel breakdown roller. 

CONCLUSIONS 

1. Nuclear density tests for hot asphalt surface courses are possible and practical 
during compaction. 
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2. Asphalt concrete temperatures up to 300 F may be tolerated during testing. 
3. The effective zone of influence of the production model probe described in this 

paper has been arbitrarily set at 1 ¾ to 2 in. deep. 
4. Nuclear results do not correlate well with conventional results on open-graded 

mixes having a significant amount of surface air voids. 
5. Nuclear results correlate reasonably well with conventional results when testing 

the closer graded mixes used by the Colorado Department of Highways. 
6. The nuclear method is preferable to the conventional method because (a) the com

plete nuclear density test is accomplished in less than 5 min, whereas the conventional 
test takes much longer; (b) the nuclear test is performed on the asphalt while it is still 
hot, thus allowing additional compactive effort to be applied while the asphalt is still hot 
should the test fail; (c) roller patterns are quickly set using the nuclear probe; (ct) over
rolling of asphalt pavements may readily be determined and corrected using the nuclear 
method, thus saving the contractor time and money should he be working under end
result specifications; and (e) the nuclear method is nondestructive. 



Aggregate Production with Nuclear Explosives 
SPENST M. HANSEN and JOHN TOMAN, University of California, Lawrence Radia-

tion Laboratory, Livermore, California 

•THE DEVELOPMENT of nuclear explosives in recent years has made available a new; 
cheap, and powerful energy source. Project Plowshare is a research program to de
velop industrial and nonmilitary applications of nuclear explosive energy. The tech
nical investigations are conducted by the University of California Lawrence Radiation 
Laboratory, Livermore, and sponsored by the U. S. Atomic Energy Commission. 

Underground experiments in hard rock have established the rock-breaking capabili
ties of nuclear explosions and have provided pertinent effects data. Breaking rock for 
the manufacture of crushed stone aggregate is an obvious application, and one within 
the present technical capability of Plowshare. 

EFFECTS OF UNDERGROUND NUCLEAR EXPLOSIONS IN ROCK 

Figure 1 summarizes the gross effects from underground nuclear explosions at 
various depths of burial for a given yield. The greatest potential for aggregate pro
duction exists at depths of burst deeper than normally used for explosive excavation 
(Fig. lb). 

Formation, description, and phenomenology of nuclear explosion craters and cylin
drical chimneys of broken rock from contained nuclear explosions are described else
where (see References) and will not be repeated here except as relevant to aggregate 
production. Experiments in rock which directly relate to aggregate production include 
seven chemical and seven nuclear explosions. Essential data from these are summa
rized in Appendices A and B. 

Tonnage of Rock Broken 

Results of underground and cratering explosion experiments in rock have provided 
tonnage data as a function of yield and depth of burst, and are the basis for the family 
of curves shown in Figure 2. These curves permit the prediction of broken rock ton
age as a function of explosion yield and depth of burst. Specific curves are dependent 
on rock physical and chemical properties and will vary somewhat for different rock 
types. 

From the shape of the curves, it is clear that for each explosion yield there is a 
depth of burial at which the maximum of broken rock can be produced. For hard rock 
the scaled depth of burst for optimum rock breaking is slightly greater than 200 

ft/kt1/J· 4
: 

(1) 

where Dob' is scaled depth of burst, Dob is depth of burst of explosive in feet, and W 
is yield of explosion in kilotons (kt) . 

Experimental Results Pertinent to Aggregate Production 

1. Pre-Schooner Charlie. -The Pre-Schooner Charlie experiment, at a scaled 
depth of burst of 210, produced a pile of rock resembling a crater entirely above the 
original ground surface. The other Pre-Schooner experiments, Alfa, Bravo, and 

Paper sponsored by Special Corumittee on Nuclear Principles and Applications. 
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(al lbl 

(c) 

Figure l. Effects of nuclear explosives buried at various depths : (a) optimum crater

ing depth (scal ed Dob of 140 ft/kt 3/3 •4 ); (b ) ma.~:Unwu rock breakage depth (scaled Dob of 

2l 0 f t/kt3/3 • 4 ); and (c ) c ont a i nment depth (scaled with 300-ft buffer overlying top of 
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Figure 2. Tonnage curves of rock broken by underground explosions. 
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Schematic cross-section of Pre-
Schooner Charlie crater. · 

Delta, which were buried at shallower 
depths, formed normal craters with a de
pression extending beneath the original 
ground surface. The Pre-Schooner Charlie 
explosion shattered the overlying rock and 
imparted sufficient velocity to hurl rock 
upward nearly vertically from the true 
crater (Fig. 3). The resultant rubble 
mound consists of fallback of explosion
broken rock. The increased volume of the 
rubble results from the increase in bulk 

_of hroken rock as compared to pre
explosion rock. Figure 4 is a preliminary 
cross-section through the Charlie experi-
ment showing the true crater boundary and 
contained mass of broken rock. 

Pre-explosion in-situ density was about 165 pcf. Estimates of bulk density of the 
rubble are about 100 pcf, giving a swell factor of approximately 1. 6. Swell factor (S), 
used here as equivalent to the sometimes used bulking factor, is defined as the ratio 
of in- situ bulk density (Di) to final bulk density of the rubble (Dr), or S = Di/Dr. Swell 
factor may also be defined as the ratio of final postshot volume (Vf) to in-situ volume 
(Vi), or S = Vf/Vi. Estimates of bulk density and swell factor for the rubble produced 
by the Pre-Schooner Charlie explosion are based on data obtained by the Nuclear 
Cratering Group, U. S. Army Corps of Engineers, from the excavation of the Pre
Schooner Delta Crater (8) and on field observations by the authors. 

2. Neptune . -The Neptune experiment was conducted at Rainer Mesa, Nevada Test 
Site, on a hillside with an average slope of 27 deg and at a scaled depth of burst of 189, 
measured normal to the average preshot slope. A cross-section of the Neptune crater 
is shown in Figure 5. Virtually all of the rubble ejected, plus additional slide material, 
was concentrated at the downhill edge of the crater and in a slide which terminated about 
800 ft down the slope. No lip developed on the uphill side of the crater, but well-defined 
lips were formed along the sides. Neptune was fired at somewhat less than the scaled 
depth of burst for maximum rock breakage. 

3. Danny Boy. -The Danny Boy nuclear cratering experiment (0. 42 kt) conducted 
in basalt at the Nevada Test Site (18) yielded at least 100, 000 cu yd of rock rubble and 
produced a crater (Fig. 6) approximately 214 ft across and 62 ft deep, measured at the 
preshot ground surface. The scaled depth of burst of 142 was about correct for optimum 
crater size. The explosion did not break as much rock as it would have with deeper 
burial. 

--
~...---, APPROXIMATE TRUE CRATER n AXIS OF SYMMETRY 

50 
SCALE•FT 

a-DATA POINTS ON TRUE CRATER 

Figure 5. Schematic cross-section of Neptune crater . 
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Figure 6. View across Danny Boy crater showing general nature of explosion-broken rock 
(note man standing at upper center of photograph). 

Figure 7. Rubble mound (diameter of approximately 164 ft) produced by Sulky explosion. 
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Figure 9. 

Figure 8. Edge of rubble mound formed by Sulky explosion. 

Trench cut partially into Sulky rubble m0cmd, showin13 size dist.rihllt.inn nf 
rock fragments; vertical bank approximately 25 ft high. 
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Rock size distribution data obtained by screening an 800-ton sample obtained from 
the crater lip indicates that the rubble produced by the explosion would be suitable for 
use as aggregate after sizing and/or crushing to meet standard specifications. A 200-
to 400-ton/hr crusher, capable of accepting rock up to 28 by 40 in. in size, could handle 
at least 70 percent of all explosion-broken rock without secondary blasting. The Danny 
Boy experiment also provided data that established the relationship between pre
explosion joint and fracture frequency and rock fragment size. 

4. Sulky. -The Sulky nuclear explosion experiment took place on Buckboard Mesa, 
Nevada Test Site, on Dec. 18, 1964. The explosion was detonated in hard dry basalt 
at a depth of about 90 ft. The approximate yield of the explosion was the equivalent of 
87 tons of TNT. 

A mound of rubble was formed (Figs. 7 and 8) with a maximum height of about 25 ft 
above the preshot ground surface and a diameter of over 160 ft. The explosive in the 
Sulky experiment appears to have been buried slightly too deep for maximum rock 
breakage, in spite of its calculated scaled depth of burst of 184. This is believed to 
have resulted from difficulties in scaling to very small nuclear explosive yields and 
from the low content of gas-forming constituents (water and carbonate) in the basalt 
medium. Radiation levels were sufficiently low that personnel were able to move freely 
about the rubble mound within a few days, and excavation of trenches and removal of 
broken rock began within a month. Trenches were cut by the U. S. Army Corps of 
Engineers with an International TD-25 bulldozer along radial lines into the mound. 
Figure 9 shows one of these trenches. 

Fragment Size Distribution of Broken Rock 

Factors that influence the overall rubble size distribution and maximum rock frag
ment size and shape include: (a) characteristics and frequency of natural fractures, 
(b) physical properties of the in-situ rock, (c) explosion yield, and (d) depth of burial. 
Typical fragment sizes based on data obtained by the U. S. Army Corps of Engineers 
from the Danny Boy and Pre-Schooner experiments in basalt on Buckboard Mesa, and 
on Lawrence Radiation Laboratory data from the Hardhat experiment in granite, are 
as follows: 

Passing 6-ft sieve, 100 percent; 
Passing 5-ft sieve, 95 percent; 
Passing 4-ft sieve, 88 percent; 
Passing 3-ft sieve, 75 percent; 
Passing 2-ft sieve, 60 percent; 
Passing 1-ft sieve, 40 percent; 
Passing 6-in. sieve, 30 percent; 
Passing 4-in. sieve, 25 percent; 
Passing 2-in. sieve, 20 percent; 
Passing 1- to %-in. sieve, 16 percent; 
Passing 1-in. sieve, 14 percent; 
Passing (,"-in . sieve, 12 percent; 
Passing 1,2-in . sieve, 10 percent; 
Passing 1/a-in . sieve, 9 perce11t; and 
Passing No. 4 sieve, 7 percent. 

The distribution of preshot fractures, including the development of joint sets, is 
probably the most important single factor determining the final size distribution of 
explosion-broken rock. Fracture characteristics, such as lateral extent, amount of 
recementation, and spacing between break surfaces, are also significant. Fractures 
provide preferred sites for separation and/or breakage, and tend to limit the maximum 
dimensions of each rock fragment. Extensive subsurface geologic investigations of the 
Buckboard Mesa were conducted for the Pre-Schooner series. The U. S. Army Corps 
of Engineers reports that about 90 percent of the joints and natural fractures measured 
in vertical holes were closer than 5 ft and 50 percent were less than 1 ft (1, pp. 33-34). 
Explosion-broken basalt fragments on Buckboard Mesa usually show evidence of two or 
more sides of weathering and surface alteration, indicating these postshot fragment 
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boundaries were preshot fracture planes. Well-developed, but unseparated, natural 
fractures are seldom observed transecting postshot rock fragments. 

Physical properties of rock in place, including crushing strength, shear strength 
and tensile strength, affect overall fragmentation and the formation of new fractures. 
Fragment size distribution differences between broken granodiorite (strong, hard crys
talline rock) in the Hardhat experiment (2) and varieties of volcanic tuff (relatively soft, 
low crushing strength rock) in the Rainier experiment (24, 26) illustrate the effect of 
physical properties on size distribution of rubble. - -

At depths of burst in the cratering range and near the maximum for rock breakage, 
shattering of rock overlying the explosion and the upward velocity imparted are de
pendent on both yield and depth of burial. Impact breakage of rock fragments from 
downward fall is also dependent on these factors. 

ENGINEERING CONSIDERATIONS 

Production of crushed stone from nuclear aggregate quarries will require modified 
methods of quarry development and rock handling. In some instances, advantages of 
lower cost, greater versatility and reduced development lead time will result; in others, 
nuclear quarrying will be less advantageous than conventional methods, or will not be 
applicable at all. 

The emplacement and detonation of a nuclear explosive at a suitable site can produce 
millions of tons of broken rock more quickly than can conventional means. This broken 
rock can be sized and utilized directly as rough aggregate, or it can be used as raw 
material for the manufacture of processed aggregate. The larger sized fragments 
might serve to advantage as riprap or anchor rock. 

Figure 10 . Multiple explosion quarry: (a) rubble mined out after first explosion, and 
(b) quarry after second explosion with rubble not yet mined. 
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Figure 11. Aggregate quarry by directed nuclear explosion: (a) explosion placement and 
throwout zone; and (b) completed quarry showing location of ejected rubble. 

Major engineering works, including dams, military installations, and interstate 
highways, are frequently located in areas remote from population centers and developed 
sources of aggregate. Nuclear aggregate quarrying might free such projects from 
construction delays caused by aggregate shortages, as well as from excessively high 
aggregate costs as a result of long hauls. 

Site Selection 

Sites suitable for the establishment of nuclear aggregate quarries will need to meet 
a number of requirements. Many of these are also requisite to conventional quarry 
development, and include: (a) the presence of rock with the desired chemical and phys
ical properties, (b) minimum overburden or waste rock cover, (c) favorable topography, 
and (d) suitable natural fracture characteristics and fracture distribution. Nuclear 
quarry sites will also require greater thicknesses of suitable aggregate rock and will 
be restricted by safety problems arising from the use of nuclear explosives. The most 
important site limitations are expected to arise from possible seismic and shock damage 
to the surrounding area. Considerations of safety are briefly summarized in a later 
section. 

Nuclear explosive quarrying techniques might make possible the use of sites where 
overburden or overlying rock cover prohibits the economic use of conventional explo
sives, and thus would relax this requirement for quarry site selection. This might be 
done by using nuclear explosives to strip off the overburden or by directed explosion 
quarrying (Fig. 7). 

Quarry Layout 

Several nuclear quarry designs have been considered and evaluated. Three ap
proaches to nuclear aggregate quarry development on horizontal terrain that appear 
technically feasible are shown in Figures 10 and 11. The multiple explosion quarry 
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Figure l2. Aggregate ~uarry on a sidehill slope. 

(Fig. lOb) is simply a follow-:-up modification of the single explosion quarry (Fig. 10a). 
The directed explosion quarry is shown in Figure 11 (19). This approach utilizes 

a depression which could be formed by a smaller explosion buried at cratering depth, 
followed by a larger, more deeply buried explosion. The asymmetric placement of the 
larger explosion in relation to the depression causes the throwout to be directed as 
shown in Figure lla. The final quarry shape, with the large mass of rubble expelled 
from the quarry, is shown in Figure llb. 

Explosions qn a sidehill slope, buried at maximum rock-breaking depth, will produce 
more usable rubble for aggregate than will the same yield explosion on horizontal 
terrain. This is partly because gravity collapsed of the fractured zone on the uphill 
side of the crater adds to the total tonnage of rock broken. Also, a larger percentage 
of the rubble ends up outside the crater on the downhill side and rubble remaining in
side the crater can be more easily removed by means of a trench cut in the downhill 
crater lip. The volume of rubble in the Neptune slide area alone is at least equivalent 
to the total volume of broken rock that would be expected from a comparable explosion 
at optimum cratering depth of burial on flat terrain. It is likely, therefore, that hill
sides will offer preferred sites for nuclear aggregate quarries (!t'ig. 12). 

Explosive Emplacement 

Nuclear explosive packages can be emplaced by drill holes or underground drifting. 
At relatively shallow depths and with smaller diameter explosives, drill-hole emplace
ment from the surface offers cost advantages. In some instances, however, particular
ly when very large explosive packages are required, underground drift emplacement 
may be cheaper. Such a determination must be made on the basis of individual circum
stances. 

Standard equipment and excavation methods can likely be utilized to remove the 
broken rock, or new techniques might be developed. However, specific procedures 
can best be determined by those involved in aggregate production and marketing. A 
detailed discussion of this and of subsequent sizing, crushing, and other. rock processing 
steps necessary for the production of marketable rough and processed aggregate is be
yond the scope of Lhi8 papc1•. 

Because of the short time required to bring a nuclear aggregate quarry into produc
tion and the relatively small capital outlay which may be completely amortized on the 
basis of aggregate for a specific short-term project, long quarry life is not essential. 
Therefore, the aggregate source may be located close to the point of consumption, if a 
suitable site can be found. In such cases, considerations of long-term production and 
marketing will not be important factors in determining quarry location. Since aggre
gate is a hi~h-bulk, low-unit value commodity, the cost of transportation becomes a 
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major factor in the total delive r ed aggregate price . On a per- ton basis, using the 1964 
aver age market price fo r crus hed s tone of $ 1. 42 at the quarry (28), a haulage of from 
approximately 20 to 30 mi at $0. 05 to $ 0. 08/ton- mi doubles thequarry pr i ce . 

COST OF USING NUCLEAR EXPLOSIVES TO BREAK ROCK 

AEC Charges for Nuclear Explosives 

During May 1964, the U. S. Atomic Energy Commission published a revised sched
ule of charges for nuclear explosives (9). These charges include the explosive itself 
and its arming and firing , but do not include safety studies, site preparation, and costs 
of emplacement and support. The nuclear explosive charges are $350 , 000 for a 10-kt 
yield and $ 600, 000 for a 2- megaton yield. Interpolations for intermediate yields are 
based on a straight line drawn between these two charges on semilogarithmic paper 
and are to be considered only approximations (Fig. 13). 

The cost of energy on a per-unit basis from nuclear explosives is substantially 
lower than that from conventional explosives. The comparison is summarized in 
Table 1. 

TABLE 1 

APPROXIMATE COST OF 
EXPLOSIVE ENERGY 

Explosive 

TNT 
Dynamite 
Ammonium nitrate-fuel oil 
Nuclear: 

10-kt 
100-kt 
1-megaton 
2-megaton 

I ,000 

~ 900 

0 
.,, 800 
0 . .,, 
C 700 : 
" 0 

~ 600 

'" ~ 500 
<( 
:,; 
U 400 

'" > :;; 3 300 

ll. 
~ 200 

100 

0 

-

-

-
i----~ 
... 

-

I 

I 

$1 Million 
BTU's 

115. 00 
100.00 
30.00 

8.75 
1.12 
0.145 
0.075 

I JI 

---
' I I I I 

Nuclear explosives can be designed to 
optimize particular characteristics such 
as explosive package size, cost, and 
radioactive by-products. Trade-offs be
tween desirable properties often must be 
made in the selection of a nuclear explo
sive device for a project. Of particular 
interest for applications in aggregate 
production, as in many industrial applica
tions, is the explosive package size. The 
minimum explosive sizes published by 
the Atomic Energy Commission are 10-kt 
yield with a cylindrical canister 12 in. in 
diameter for emplacement in a 13-in. I.D. 
drill hole and 100-kt yield with a cylin
drical canister 18 in. in diameter for em
placement in a 19- in . I. D . drill hole . 
These minimum sizes do not necessarily 
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Figure 13. Projected charges for thermonuclear expl osives . 
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TABLE 2 

COST ESTIMATES FOR BREAKING ROCK WITH NUCLEAR EXPLOSIVES 

Explosion Approx. Million Tons Approx. Total Cost of 

Yield Explosion 
of Rock Emplacement Costs Rock 

(kt) Charge Broken and ($) Broken 
($) other Costsa ($/ton) 

10 350,000 6 million 200,000 550,000 0.092 
20 390,000 11 million 225,000 615,000 0.056 
50 425,000 25 million 250,000 675,000 0.027 
70 450,000 33 million 275,000 72i'i, 000 0.022 

100 475,000 43 million 300,000 775,000 0.018 

asafety costs not included; must be evaluated separately for each individual 
site, and may be prohibitively high in some instances. 

correspond to the nuclear explosive charge data summarized in Table 1, since charges 
for explosives with special characteristics, including minimum size, can be expected 
to be somewhat higher. 

Per-Ton Costs of Breaking Rock with Nuclear Explosives 

Cost estimates given in Table 2 are believed to be reasonable approximations for 
breaking rock with nuclear explosives for aggregate quarrying on a repeating, produc
tion-line basis. Included in these cost estimates are AEC charges for nuclear explo
sives and their arming and firing, emplacement and related engineering costs for site 
development, and support and other miscellaneous costs. Not included are the direct 
costs of safety studies and expenditures for the indemnification of any resultant postshot 
damage. Expenses resulting from considerations of safety vary greatly and are highly 
dependent on the specific project, the region in which it is carried out, and whether or 
not it is a single explosion or one of a series. 

As may be noted, the per-ton cost of rock breakage with nuclear explosives is com
parable to or lower than with conventional techniques. The advantage increases with 
the use of larger yield explosives. The cost estimates are only of breaking rock and 
do not include major items such as site acquisition, extracting rubble from the quarry, 
or any subsequent treatment necessary including crushing, sizing, screening, and 
washing. 

SAFETY CONSIDERATIONS 

Any use of nuclear explosives will require careful attention to problems of safety. 
To date, the Atomic Energy Commission and the Lawrence Radiation Laboratory have 
gained experience from the detonation of more than 100 nuclear explosives underground 
at the ~iovad:l Test Site n.nd cl!:;C"'.vhc~e. Data. ~thered from these tests ~nt:I from fnllow
up investigations have provided a basis for reliable preshot assessments of potential 
hazards from shock and radioactivity. Techniques have been developed for avoiding or 
minimizing most of these .. 

Shock and Seismic Effects 

Experience from underground explosions, together with a theoretical understanding 
of pertinent phenomena, permits the reasonably accurate prediction of shock magnitude 
as a function of distance from the explosion. Table 3 gives a summary of damage 
categories based on peak surface velocity, a quantity found to be the most effective 
measure of shock damage ( 4) . These data permit an estimate of the damage threshold 
distances for equipment and structures in the vicinity of a given shot. Variations in 
the wave form, seismic path, and particular structures add significant uncertainty to 
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STRUCTURAL DAMAGE THRESHOLDS FOR BUILDINGS AND EQUIPMENT 
NEAR UNDERGROUND NUCLEAR EXPLOSIONS 
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Type of Structure Type of Damage 

Peak Surface 
Velocity Threshold, 

Major Damage 
(cm/sec) 

Corresponding 
Scaled Distance 

in Granitea 

Residential (old) 
Residential, 

concrete block 
Cased drill holes 

Mechanical equip
ment (pumps, 
compressors, 
generators, etc.) 

Prefab metal 
buildings on 
concrete pads 

Rigid steel tanks, 
50 gal to several 
thousand gallons 

utility poles 

Plaster cracking 

Cracking 
Vertical displace

ment, horizontal 
offset 

Skids bent, shafts 
misaligned 

Cracked pads, 
distorted steel 

Buckling 
Falling 

10 

20 

40-50 

100 

150 

~300 
~300 

(ft/kt1/3) 

2,500 

1,250 

750-550 

375 

250 

125 
125 

aDistances are for structures resting directly on a hard crystalline rock such as 
granite, with the explosion detonated in the same medium, and do not include a 
safety factor. They are, therefore, a minimum and apply only to this ideal case. 
For most industrial applications, distances would probably be substantially in
creased (doubled or more) to provide a safety factor and to take into account pos
sible presence of different and less favorable geologic conditions. 

the values listed in Table 3 . Prediction of damage will require the detailed evaluation 
of specific sites. Protection of personnel and portable equipment can be assured by 
moving them a safe distance from the detonation. Damage to stationary equipment and 
structures can be estimated before the shot, and the cost of the expected damage can 
be written off as a production cost. 

Air blast is a major consideration for nuclear explosives at very shallow depths of 
burial or in the atmosphere. However, for shots buried at maximum rock-breakage 
depths, the zone of air blast damage can be expected to lie well inside the region of 
expected seismic damage. 

Radioactivity 

All nuclear explosives have some radioactive by-products. The amounts and types 
of activity are dependent on the energy yield and type of explosive. At the scaled depths 
of burst utilized for aggregate production, the venting to the atmosphere would carry 
only about O. 1 percent of the total fission radioactivity produced and would be a manage
able hazard. Based on experience from the Danny Boy and Sulky experiments, a small 
amount of highly vesiculated rock melt with low specific radioactivity would be dis
tributed throughout the rubble. The small amount of this material and its low level of 
radioactivity is not expected to be a hazard to personnel or to restrict in any way the 
utilization of the rock broken by the explosion. 
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In some instances it may be necessary for operating personnel to wear respirators 
or to take other standard precautions. However, the continued development of rela
tively clean nuclear explosives will tend to reduce even further the radioactivity safety 
problems encountered in the open-pit mining of aggregate. 

The possibility of groundwater contamination by radioactive fission products has been 
extensively investigated. The radioactive materials trapped in solidified rock melt at 
the base of the original explosion cavity and distributed throughout the rubble will prob
ably not cause serious groundwater contamination problems (23). 

CONCLUSIONS 

Breaking rock with nuclear explosives for use as rough aggregate or as raw material 
for the manufacture of processed aggregate is now technically feasible, as has been 
demonstrated by underground experiments in hard rock. Limitations arising from 
safety considerations are not excessive and will permit the use of nuclear explosives 
at many sites. 

The greatest spur to the introduction of nuclear explosives as a tool for breaking 
rock in the multibillion-dollar aggregate-using industries will be the great potential for 
increasing the availability of high-quality crushed stone aggregate and doing so cheaply. 
Under favorable circumstances, the total per-unit cost of crushed stone from a nuclear 
explosion quarry, after sizing and all necessary processing, can be lower than the cost 
of a similar product produced by conventional methods. 

Technical questions still remain to be answered in such areas as the use of multiple 
nuclear explosives and methods of removing broken rock from the nuclear explosion 
quarry. These will be solved in due course as commercial applications develop and 
industrial experience with nuclear aggregate quarrying is obtained. 
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Appendix A 

NUCLEAR CRATERING EXPERIMENTS IN ROCK 

(Listed in Order of Increasing Scaled Depth of Burst) 

Cratering Depth (Scaled Depth of Burst Less Than 200) 

Buckboard No. 11-Explosive type, TNT; yield, 20 tons; scaled depth of burst, 81; 
depth of burial, 25. 5 ft; rock type, basalt; apparent crater radius, 44. 7 ft; apparent 
crater depth, 24.9 ft; firing date, Sept. 14, 1960; location, Buckboard Mesa, NTS. 

Pre-Schooner Delta-Explosive type, nitromethane; yield, 20 tons; scaled depth of 
burst, 132. 5; depth of burial, 41. 8 ft; rock type, basalt; apparent crater radius, 
46 .1 ft; apparent crater depth, 25. 6 ft; firing date, Feb. 27, 1964; location, Buck
board Mesa, NTS. 

Buckboard No. 12-Explosive type, TNT; yield, 20 tons; scaled depth of burst, 135; 
depth of burial, 42. 7 ft; rock type, basalt; apparent crater radius, 57. 0 ft; apparent 
crater depth, 34. 7 ft; firing date, Sept. 27, 1960; location, Buckboard Mesa, NTS. 
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Danny Boy-Explosive tf:pe, nuclear; yield, 0.42 J: 0.08 kt (1 kt equivalent to the ex
plosive release of 10 calories of energy and approximately equal to the energy re
leased by the detonation of 1,000 tons of TNT); scaled depth of burst, 142; depth of 
burial, 110 ft; rock type, basalt; apparent crater radius, 107 ft; apparent crater 
depth, 62 ft; firing date, March 5, 1962; location, Buckboard Mesa, NTS. 

Pre-Schooner Bravo-Explosive type, nitromethane; yield, 20 tons; scaled depth of 
burst, 159; depth of burial, 50. 2 ft; rock type, basalt; apparent crater radius, 49. 0 
ft; apparent crater depth, 25. 5 ft; firing date, Feb. 13, 1964; location, Buckboard 
Mesa, NTS. 

Pre-Schooner Alfa-Explosive type, nitromethane; yield, 20 tons; scaled depth of burst, 
184; depth of burial, 58. 0 ft; rock type, basalt; apparent crater radius, 50. 3 ft; 
apparent crater depth, 22. 9 ft; firing date, Feb. 6, 1964; location, Buckboard Mesa, 
NTS. 

Sulky-Explosive type, nuclear; yield, 87 ± 4 tons; scaled depth of burst, 184; depth of 
burial, 90 ft; rock type, basalt; average rubble mound radius, 79 ft; average rubble 
mound height, 21 ft; firing date, Dec. 18, 1964; location, Buckboard Mesa, NTS. 

Buckboard No. 13-Explosive type, TNT; yield, 20 tons; scaled depth of burst, 186; 
depth of burial, 58. 8 ft; rock type, basalt; apparent crater radius, 36. 8 ft; apparent 
crater depth, 16. 2 ft; firing date, Aug. 24, 1960; location, Buckboard Mesa, NTS. 

Neptune-Explosive type, nuclear; yield, 115 ± 15 tons; scaled depth of burst, 189 
(normal distance to nearest surface); vertical depth of burial, 109. 5 ft; shortest 
distance to surface, 98. 5 ft; rock type, welded tuff; apparent crater radius, 100 ft; 
apparent crater depth, 35 ft; firing date, Oct. 14, 1958; location, Rainier Mesa, 
NTS. 

Intermediate Depth (Scaled Depth of Burst Between 200 and Containment) 

Pre-Schooner Charlie-Explosive type, nitromethane; yield, 20 tons; scaled depth of 
burst, 210; depth of burial, 66.1 ft; rock type, basalt; rubble mound radius, 130 ft; 
average rubble mound height, 15. 9 ft; firing date, Feb. 25, 1964; location, Buck
board Mesa, NTS. 

Blanca-Explosion type, nuclear; yield, 19.0 ± 1.5 kl; ocaletl tlevll1 of i.Jursi, 312; 
vertical depth of burial, 988 ft; shortest distance to surface, 835 ft; rock type, 
welded tuff; depth of collapse crater at surface, 25 ft; approximate tonnage of rock 
broken, 22 million tons; firing date, Oct. 30, 1958; location, Rainier Mesa, NTS. 

Containment1 Depth (Buffer of Rock 300 Ft Thick Overlying Collapse Chimney) 

Shoal-Explosion type, nuclear; yield, ii.~ kt; sea.led depth of burst (tor contarnment 
l l l t 

explosions measured in units of feet/ W 13 rather than feet/ W 13 · 4 used for cratering 
and intermediate depth explosions), 520; depth of burial, 1,205 ft; rock type, granite; 
cavity radius, 84 ft; chimney height, 356 ft; approximate tonnage of rock broken, 
7 50, 000 tons; location, Churchill County, Nevada. 

Hardhat-Explosion type, nuclear; yield, 5. 0 kt; scaled depth of burst, 550; depth of 
burial. 939 ft: rock tvoe. irranodiorite: cavitv radius. 63 ft; chimney height, 281 ft; 
approximate tonnage ·o-f rock broken, 250,000 tons; location, Climax Stock, NTS. 

Rainier-Explosion type, nuclear; yield, 1. 7 kt; scaled depth of burst, 663; depth of 
burial, 899 ft; rock type , welded tuff; cavity radius, 65 ft; chimney height, 386 ft; 
approximate tonnage of rock broken, 500,000 tons; location, Rainier Mesa, NTS. 

1 Containrnent is used here to mean that gross explosion effects, such as surface subsid
ence, the ejection of rock fragments, and rubble mound formation, are prevented from 
developing at the surface by rock overlying the explosion. Contained, therefore, does 
not necessarily mean that radioactive by-products from the explosion do not reach the 
surface by seepage through fractures or other means. In other words, the explosion but 
not necessarily all of the radioactivity, is contained, Containment can usually be 
achieved by a buffer zone from 300 to 500 ft thick, depending on rock characteristics, 
overlying the gravity collapse rubble chimney. 
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Appendix B 

SUMMARY OF HARD ROCK CRATERING DATA 

Dob' d %' d Da' d 
Scaled Volumee8 

Yleldb Deb Ra Da (10' cu yd/kt'"") 
Eventa 

(tons) 
Explosivec 

(ft) (rt/kt'''..j (fl) (rt/kt'/, ·~ (ft) (rt/kt'/,· 1 
Vbr'f Vt'g Va' Vfb'i ve,j 

Buckboard No. 11 20 TNT 25.5 Bl 44. 7 142 24.9 79 7 .83 8. 9 6.2 2. 7 8.25 
Pre-Schooner 

Delta 20 CH,NO, 41.8 132 46.1 146 25.6 81 14.0 15. 7 7 .46 8.24 14.86 
Bucl<board No. 12 20 TNT 42. 7 135 57 .0 180 34. 7 110 21.33 22.4 15.5 8. 9 23.0 
Danny Boy 420 Nuclear 110 142 107 139 62 80 14 . 5 16. l 7 .28 8 , 82 12.18 
Pro-Schooner 

Bravo 20 CH,NO, 50 . 2 159 49 . 0 155 25.5 81 19,43 20.5 8. 75 11 ,75 15.45 
Pre-Schooner 

Alfa 20 CH3N02 58.0 183 50.3 159 22.9 73 23 . 53 24.6 8. 74 15 . 86 17.14 
Buckboard No. 13 20 TNT 58.8 186 36.8 117 16.2 51 14,03 15.1 2 . 66 12.44 7 .16 
Neptune 115 Nuclear 98. 5 189 100 189 35.0 66 29 30 14. 7 15 , 3 22.sk 
Pre-Schooner 

Charlie 20 CH3N02 66.1 210 R-571 180 36. 9 38.0 51. 8 

• wuh tUCcepUon of Ncptuno, u.U ovo11ts t1:1bulcu.c.d wure fired lJ1 basalt on Buckboard Mes.,. at ABC Now.di.\. Teel Sito. 
bYft:ldn ot high mcplostvos shown are actual char ge weltht~ wllh J ton • 2. , 000 lb of cx:_ploslvo; Nuclctt.r y1olds ;1ro defined as 1 ton= 108 calories. 
CTwcnt;y- lon TNT cl'lll.rgcs urn rormod !rorn SS-lb blocks ol c:urt TNT (tlonslly of 1.53 gm/cu om) sl:llckod to a11proxlmate spherical chargO . Nitro-

methane (CH:tN02) is liquid used primarily as solvent; under conditions of confinement, it can be made to detonate with properties similar to TNT. 
The 20-ton charges were contAillcd in I ;ak-Ue:hl spherical cav,U4)S. 

d0ob', Ra', Da' are scaled dC)lth of l,lurs.l, appa.tonl crater racUua., and apparent crater depth, respectively; yield in kilotons to 1/:t.4 power is 
S1:"1l11g flletor: aaa lod dlm"'1aloru, ahown would be rc:iJ dlmcnaloM rur ylold o! I kt. 

0sc.aJ1nti: of volumes ~B 0,88 power ot yield for c1·rtlerhij_t ellote ts nal.ur:tl oonse,luenCJ.e tlf cubln~ (llrnonsioo.tt wWch 11.ro scaled t.o 1/1 .... powor ot ex-

plosive ylc.ld ; i.e., {1rt'/::a .,1a • kL1
1o

11111
• VoluntOli for comi,te tely conla.tnc<l nhol.!S aro directly pro('IOrilon.-..l to ylcld .tdn<".o chimney height rs llnoa.r 

fWlcllon or cavi(y r:ullus w llch acafos as r.toltl to 'J,. powor, 
l\fbr' fa tol.11.l .scaled volwne or In-situ rock broken and av.i.lla.blo ro.i- :lgg,to-ptc, It 11 c:t.lculutcd. u.s volume oC Lruc a.rater, Vt' , rntnus volum of 
lnltial aphOl'lcaJ cavity formed on detonation . Computed Vbr' is coneorvn.live since much broken rock in rupture zone outttldc!'true enter surface 
which is also aYi1.llablo for aggregate i& not Included . An in-situ density or 2.6 gm/ cu cm was used to determjne tonnage f.rom Vbr column for 
Figure 2. 

gyt' is scaled volume of true crater. It is assumed that apparent crater radius and true crater radius are equal , Vt' is calculated as volume of a 
right clrcul:tr c,one frustum plWi lowor cavlly hemisphere. flc', lowor ca.vlly raclfusJ Ra. 1 , and Doh' 'lrc frustum paramate.rJS:. 

hv:t' Is· ecaled iill)J'i'-rnnt en.tor volume, dotornilned from pre.shol :md postshot tOJJDl:fffllJhic m1tps of icr.11.lcr aret\ for actual orator. Actual volumes 
,nro 5Q3led to I kl by dlYldlng by IY ln kllOIQn••· ... 
lVfb' is scall?d. volurue of lallb:..ck rm1tcrJn.l or mnlerial wh.lch was placed in trajectory but landed inside crater; it is computed aS Vt' - Va'. 
lye' is scaled volum of eJveta or tn.:o1tt!rl:ll plnccd in trajccl9ry which lauds outside the crater. This is most easily available source of aggregate. 
An l\.ccur.a.tc dotormln:it.lon ol VO la dtllicult. App:lt'cnl Up \'Olurno.s trom lOpograpllle nU\ps mua.t bo used wllh supt,orUng data from trcnchc& cut 
through lip to dct rm1ne volu..me of lru.o llp. n1e slm1>le ~pprcmch U$cd ht-re Is to assume A 6Wt'll b.ctor for Vbr arid to conser-vc thJe mnsa, or 
Ve (S) Vbr - V11; . A owo.11 factor of 1.65 Is Udcd for Pre-Schooner D lt.i :ind t , 45 for llMcy Boy. In the nbscnce ol Held d.ta, S * 1.40 Is uaed 
for all other craters. 

lTrue crater radius, 1q has been csllmatod based on cross-section shown in Figure 4. 
kv e' shown (or Ncphmo Includes only mnh:rial in slide area since appro~ch used in note j is not applicable. 



Progress in Nuclear Excavation Technology 

MILO D. NORDYKE, University of California, Lawrence Radiation Laboratory, 
Livermore, California; and 

LOUIS J. CIRCEO, U. S. Army Corps of Engineers 

Several experiments conducted during the past year in the Plowshare 
Program and other developments related to nuclear cratering are de
scribed. Newly developed cratering curves in alluvium and basalt 
rock are presented, based on several high-explosive cratering pro
grams. Progress in the development of a theoretical model of crater
ing is summarized. Also described is a recent investigation into the 
phenomenology of subsidence craters produced by very deeply buried 
detonations in alluvium. High-explosive row charge detonations to 
produce channels are presented. Results from the Dugout experiment, 
the first row charge cratering detonation in rock, indicated that many 
of the concepts developed for row charges in alluvium are also valid 
in a hard rock medium. 

Two investigations into the survival of craters under the action of 
natural and dynamic forces are described, and economics of nuclear 
excavation are presented using newly released AEC charges for nuclear 
explosives. Advancement in the development of low-fission thermo
nuclear explosives is expected to reduce radioactivity levels consider
ably below 1962 Sedan levels. 

•THE PLOWSHARE Program was established in 1957 to investigate possible industrial 
applications of nuclear explosives. Currently under investigation are applications re
lating to excavation, mining, and isotope production. Large-scale excavation is per
haps the most promising use of nuclear explosives. The great energy released by a 
buried nuclear explosion shatters and imparts a sufficient velocity to the medium above 
the explosion not only to break up the medium, but also to eject it and produce a crater. 
A row of explosions spaced about one crater radius apart and detonated simultaneously 
will produce a ditch about the depth and width of a single crater. Such effects indicate 
a potP.ntial r::ip::ihility nf nnrlP.::ir P.xplnsivP.R for excavating large quantities of material 
for the construction of harbors, canals, and highway and railway cuts. Deeper burial 
in a hard rock medium would produce large quantities of broken rock which could, be 
used as aggregate. 

Over the past 13 years a considerable body of data on explosive cratering has been 
developed for application to nuclear excavation projects (1). These data were obtained 
from ten cratering programs using chemical high explosives and seven nuclear crater
ing detonations. The types of media studied have ranged from marine muck to hard dry 
basalt, although most effort has been devoted to craters in desert alluvium and basalt 
at the Nevada Test Site. Considerable effort has also been devoted to the study, with 
chemical explosives, of the use of linear explosives and rows of point charges. Basic 
nuclear excavation technology has previously been discussed (2). This paper summa
rizes information acquired during the past year which has contributed toward nuclear 
excavation technology uml indu::ilriul applications. 

DEVELOPMENT OF NUCLEAR EXCAVATION TECHNOLOGY 

Cratering in Alluvium 

Table 1 summarizes most of the pertinent nuclear cratering data obtained since 1951. 
Not shown is a large amount of data obtained from explosions at much larger depths 

Paper sponsored by Special. Committee on Nuclear Principles and Applications . 
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TABLE 1 

SUMMARY OF NUCLEAR CRATERING DATA FROM NEVADA TEST SITE 

Di mensions of Apparent Crater 

Shot Name Medium 
Yield Depth of (kt) Burst Radius Depth Volume 

(ft) 
(ft) (ft) (cu yd) 

Jangle S Alluvium 1.2±0 . 1 -3. 5a 45 21 1.65 x l0' 
Johnnie Boy Alluvium 0.5 ± 0.2 1. 75 61 30 5.3 X 10' 
Jangle U Alluvium 0.2±0.1 17 130 53 3. 7 X 10' 
Teapot ESS Alluvium 1 , 2 ± 0.1 67 146 90 9. 6 X 10' 
Sedan Alluvium 100 r 15 635 604 320 6.6 X 106 

Danny Boy Basalt 0 . 42 ± 0.08 110 107 62 3, 6 X 10' 
Ncptuncb Tuff 0 .115 0 .015 100 100 35 2.2 X 104 

a Detonated 3. 5 ft above sur!ace. bDetonated 100 ft beneath a 30-deg s lope, 

500 

400 

~ 300 
a:: 
a:: 
w 
f
<t 
5 200 

f
z 
w 
a:: 
~ 100 
c.. 
<t 

I 

~ 
I 

0 

0 

0 0,.,..: .. 
/ ,,, 

,o.,,,.. 8 

~ 

100 

• NUCL EAR, TUFF 

• NUC L EAR, ALLUVIUM 

0 W= 256 lb HE. 
0 W• 25601b HE. 
,. W = 40,000lb H. E. 

0 W • 1,000,000 lb H.E 

l• 

. 
1t5~., O' 

)I) ~I,• • ' - ~--- - --- 1 ~-- -\1 ..-- \--'- •--
\ --;-- '"~•, =• ~~ • •• '{' -• . 

'. ,--- ~-, . . . :-
--- I • . • --- ~--- -

200 300 400 500 600 

DEPTH OF BURST (ft/k/3
·
4

) 

55 

Lip 
Height 

(ft) 

10 
8 

20 
15-100 
15-30 

I 

~ 

700 

Figure l . Plot of chemical high explosive (H.E.) and nuclear explosive apparent crater 

radius data vs depth of burst; NTS desert alluvium, w1/3 •4 scaling. 

of burst. Nuclear and chemical explosive data points for desert alluvium have been 
plotted in Figures 1 and 2. The dashed curves are the last-square fits of the 256-lb 
chemical explosive data. Nuclear data are shown by the solid curves. The difference 
between the curves for the chemical explosive and those for nuclear explosive data is 
attr ibuted to the variation of explosion phenomena between nuclear and chemical ex
plos ives (3). 

Much data have also been obtained from the nuclear weapons tests conducted at the 
Nevada Test Site over the past several years. When a large nuclear explosion is 
detonated at a depth of burial much deeper than optimum, a large underground cavity 
is formed which ultimately collapses, resulting in a large subsidence crater at the sur
face of the ground. Figure 3 shows a schematic cross-section of such a crater as re
constructed from postshot drill-hole information. Figure 4 is a photograph of a typical 
subsidence crater a few seconds after it has collapsed. The data points for a large 
number of t hese subsidence craters whose scaled depths of burial vary from 300 to 700 

ft/kt
111· 4 have been plotted in Figur es 1 and 2. In some cases, the detonation poi nt was 

located in weakly cemented tuff; in others, it was located in alluvium. In all cases, the 
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Figure 2 . Plot of chemical high explosive (H.E.) and nuclear explosive apparent crater 

depth data vs depth of burst; NTS desert alluvium, W3/3 
•
4 scaling. 

major portion of the collapse chimney region was in alluvium. The nature of the 
medium surrounding the detonation point is indicated. 

PAE-SHOT SURFACE 

•OOo 

JqOO 

SC.O.LE IN FT .... - ~ 
0 !10 100 200 

Figure 3, Schematic cross-section of 
typical subs idence crater in alluvium. 

These subsidence cratering data for 
large-yield explosions have had a sig
nificant effect on our pl'euidiuus u.f 
the size craters expected at large depths 
of burial in desert alluvium. Jt should 
be noted that subsidence craters are 
only expecleu i11 a medium such as 
desert alluvium where no bulking during 
collapoo is observed. In a rock- type 
medium where bulking does occur, the 
volume of the underground cavity would 
not be transmitted to the surface as it 
is in alluvium, but would be distributed 
throughout the chimney region in the 
form of voids between the broken rock. 
With deep buriaL the collapse region 
would, in fact, not even reach the sur
face of the ground. 

Cratering in Basalt 

To obtain cratering data for hard rock 
that would be useful to the Plowshare 
Program, Project Buckboard was under
taken in the summer of 1960. This pro
gram consisted of ten 1, 000-lb and three 
40, 000-lb detonations in basalt (4). The 
site was a basalt-topped mesa inthe 
Forty-Mile Canyon area on the west side 
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Figure 4. Aerial view of typical subsidence crater taken several seconds after collapse . 
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of the Nevada Test Site. These data are plotted in Figures 5 and 6. Visual observation 
of the craters led to the conclusion that 1, 000-lb charges in a hard rock such as basalt 
do not result in meaningful apparent crater data, The apparent craters for the 40, 000-
lb charges, however, appeared to be much more relevant. It should be mentioned that 

the crater resulting from the intermediate shot at 136 ft/kt½· 4 was half in cinders and 
half in solid basalt. The effect of this on crater dimensions was somewhat difficult to 
estimate, but the unusually large dimensions of this crater relative to the other craters 
made this data point appear somewhat anomalous. 

In an effo1-t to obtain mo1·e and' better data in basalt, a cratering program was under
taken in the spring of 1964 by the U.S. Army Engineer Nuclear Cratering Group (5). 
This program, called Pre-Schooner, was conducted at the same site as the Buckboard 
series and consisted of four 40, 000-lb shots using the liquid chemical explosive, nitro
methane. These data are also plotted on Figures 5 and 6 . 

Shown in Figures 5 and 6 are curves fit to these data. The 1, 000-lb crater data and 

the data point for the anomalous Buckboard Cl'ater at 136 ft/kt%· 4 were given essentially 
no weight. Comparison of the 1, 000-lb and the 40, 000-lb crater data does not allow 
derivation of an empirical scaling exponent for basalt, but it does indicate that a scaling 

such as W 1/3 
• 

4 is adequate . 

Row Charge Data 

Alluvium. -Since Plowshare is interested in the utilization of craters for purposes 
such as canals and railroad and highway cuts, we are interested in the effects not only 
of point charges but also of rows of charges detonated simultaneously. 

Figure 7. Vertical aerial view of Pre-Buggy crater 111 An"" 5, NT3. 
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Figure 8. Vertical aerial view of Pre-Buggy crater H, showing effect of change of 
spacing from 1 radius spacing on the left to 1½ spacing on the right. 

In 1963, the U. S. Army Engineer Nuclear Cratering Group conducted the Pre-Buggy 
Program (6), consisting of a number of cratering shots utilizing 1, 000-lb charges of 
nitromethane. Each detonation consisted of five charges in a row detonated simultane
ously. In an extension of this program in July 1963, conducted by the Lawrence Radia
tion Laboratory and termed Pre-Buggy II (7), these cratering data were extended to 
two unique geometries: (a) two craters connected end-on in an attempt to explore the 
problem of connecting two craters, and (b) 13 charges using the same depth of burst 
but three different spacings. The Pre-Buggy area is shown in Figure 7. The two con
necting craters are shown in the Pre-Buggy II area and are labeled C' and C. The 13 
charges with three different spacings are labeled row H. 

The purpose of these row cratering experiments was to determine: (a) the effect on 
crater dimensions of variation in the spacing between charges, (b) the effect of spacing 
on the irregularity or cusping in the crater, and (c) the shape of the lip relative to the 
lip obtained with point charges, on both the sides and the ends of the crater. The con
clusions can be summarized as follows: 

1. Use of a spacing equal to approximately a single crater radius results in a 
smooth-sided crater with apparent dimensions about 10 to 20 percent larger than ex
pected on the basis of single charge data; 

2. Use of a spacing of about 1. 25 times a single crater radius results in a ditch 
with dimensions approximately equal to those expected from single charges; and 

3 . Use of a spacing of 1. 5 times a single crater radius results in a crater which is 
somewhat smaller than a single crater radius and quite irregular in cross-section. 
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These three spacings were used for row H, and the effect of the various spacings can 
be seen in Figure 8, an aerial view of row H, Pre-Buggy II. 

The other significant conclusion from these cratering programs is that when four, 
five, or more charges in a row are fired simultaneously under conditions that result in 
a uniform ditch, the lips on the sides of the crater are approximately 50 to 100 percent 
higher than would be expected from single crater lips, whereas the lip on the end of 
the crater is virtually nonexistent in alluvium. This effect, of course, is extremely 
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Figure 9. Dugout crater . 
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Figure 10. Cross-section and plan view of crater resulting i'rom JJugout detonation. 



significant when one is discussing the concept of making a long channel where it is 
necessary to connect a number of ditches . 
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Basalt. -Since most nuclear excavation applications will be in hard rock, it is re
garded as extremely important to extend row charge data to that medium. In June 1964, 
ihe Dugoul experiment, the first row cratering experiment in hard rock, was conducted 
on Buckboard Mesa at the Nevada Test Site (8). This project consisted of five spheres, 
each containing 40, 000 lb of nitroinethane. -

The center of each sphere was about 59 ft below the ground surface, corresponding 

to a scaled depth of burst of about 185 w%· 4 • The charges were spaced 45 ft apart, 
which corresponded to a spacing of slightly less than one crater radius. Five additional 
emplacement holes were drilled on line with the experiment to determine the damage 
incurred by emplacement holes adjacent to cratering explosions. 

The crater resulting from the detonation is shown in Figure 9, and a plan and cross
section view is shown in Figure 10. The average width of the center 60 percent of the 
crater is 136 ft. The average depth of the crater is 35 ft, and the length is 287 ft. The 
average lip height above the original ground surface is about 24 ft along the sides of the 
crater and 12 ft on the ends. The apparent crater has a volume of about 21 , 000 cu yd. 

The Dugout experiment produced several interesting conclusions regarding row 
cratering in a rock medium. Assuming that the 45-ft spacing is equivalent to the spacing 
of a single crater in this location, an enhancement of greater than 30 percent is seen 
in the crater dimensions of width and depth. This is similar to the enhancement ob
served in the Pre-Buggy series. The lip height along the sides was about 65 percent 
of the crater depth, also similar to Pre-Buggy. However, the lips on the ends were 
somewhat greater than those observed in alluvium. Perhaps the most significant re
sults are that the simultaneous detonation of a row of explosives will produce a linear 
channel with no cusps and that many of the concepts developed for row charges in 
alluvium appear to also be valid in a hard rock medium. 

Engineer ing Developments 

Over the past several years, several nuclear detonations have taken place at the 
Pacific Proving Grounds at Eniwetok and Bikini Atolls. Many of these shots were 
surface and near-surface bursts which resulted in craters, some of considerable size. 
Figure 11 shows three of the Pacific craters. The two large craters, Mike and Koa, 
were produced by high-yield detonations, and the small crater, Seminole, was a low-
yield shot. The Mike crater is over 1 mi in diameter. . 

In April 1964, a study was conducted at Eniwetok Atoll to investigate the long-term 
effects of wave action and weathering on craters (9). This study has indicated that no 
major changes have occurred in the craters, except for considerable silting up of the 
large craters shown in Figure 11. Minor slope failures have occurred and wave action 
has eroded the above-water lips of some craters. However, the craters have signifi
cantly altered the geomorphic balance of wave action, erosion, and deposition in the 
area. Burial at optimum depth will result in higher lips, steeper slopes, and more 
protection from external weathering conditions. 

In another study, an investigation is being conducted into the ability of cratered 
slopes to survive ground shock from adjacent detonations. The 100-kt Sedan crater 
was instrumented and photographed in conjunction with a nearby underground detonation 
to observe the slope reaction to the seismic shock. Preliminary results indicate that 
portions of the crater received ground shocks in excess ·of 1. 0 g. Only minor slope 
failures occurred, all in sections previously considered unstable, indicating that 
cratered splopes can withstand considerable ground shock from adjacent detonations. 
This becomes important when joining or extending nuclear channels. Only an insignifi
cant amount of the rockfall resulting from these minor slope failures rolled to the bot
tom of the crater where a roadway would ordinarily be located in a nuclear-excavated 
highway cut. 
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1''igure 11. Craters produced by near-surfaee de Lu11aLlo1u; at Pacific Proving Grounds, 
Eniwetok Atoll. 

Theoretical Calculations of Cratering Mechanics 

In an effort to develop a more fundamental understanding of the cratering process 
and the interaction of the various parameters encountered in nature, considerable ef
fort has been devoted to the development of a theoretical calculation of the cratering 
process. Present work is based on a two-phase model (3) which considers first the 
hydrodynamic growth of a spherical cavity resulting from the explosion, When the 
rarefaction would be expected to return to the cavity from the earth's surface, this 
model is nu lunger valid. The second phase of the cavity growth is the so-called gas
acceleration phase resulting from the adiabatic expansion of the cavity in the upper 
hemisphere with a resultant long-term acceleration of the overlying medium. 

The first phase is calculated on a one-dimensional hydrodynamic plastic-elastic 
computer code called SOC (10). The output from this code establishes the initial con
ditions of the cavity size, cavity pressure, and particle velocity of the medium between 
the cavity and the ground surface that are required for the second phase of the calcula
tion. 
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For this second phase, the overburden material is assumed to be a homogeneous, 
incompressible, viscous fluid. The upper cavity surf.ace is subdivided into elemental 
surface areas , and mass zones are defined which subtend these area s. By applying 
Newton's Second Law with simple empirically calibrated frictional force to each mass 
element and assuming that the cavity gas behaves adiabatically , the cavity evolution, 
mound development, and the formation of the lip through upfhrust are numerically 
simulated. 

These calculational models have been applied (11) to the O. 5-kt chemical cratering 
explosion, Scooter, and have reproduced observedground motions extremely well. In 
addition, the models have been used to calculate a O. 5-kt chemical explosive source at 
a variety of depths of burst . Assuming a r easonable angle of repose for alluvium of 

45 deg, crater radii for scaled depths of burst from about 30 to 200 ft/kt% ' 4 have been 
predicted which compare very favorably with observed crater radii for chemical ex
plosives in alluvium. Further, the apparent crater depths for shallow depth of burst 
craters have been reasonably well calculated. 

RELATED DEVELOPMENTS 

Nuclear Device Charges 

The AEC has encouraged industry and other groups to participate in the Plowshare 
Program by analyzing the possible uses of nuclear explosives in their specific fields. 

TABLE 2 

ESTIMATED UNIT COSTS OF EXCAVATION IN HARD ROCK 

Projected Depth of Cost of Operations Total Apparent Crater Dimensions Unit Yield Emplacement and Salety 
(kt) Charge Burial Hole'~ costb Cost 

Diameter Depth Volume Cost 
($) (ft) 

($ ) ($) ($ ) (ft) (ft) (cu yd) ($ / cu yd) 

10 350,000 280 84,000 200 , 000 634,000 540 155 660,000 0.96 
100 460,000 550 165, 000 300,000 925,000 1,070 310 5,160,000 0 . 18 

2, 000 600,000 1, 330 400 , 000 500,000 1, 500,000 2, 580 750 72,220,000 0 . 02 

flNauurning drilling costs of $300/ft, 
l>vml"ies greatly from one site to anotherj for this comparison a t)'1lical cost averaged over a number of' charges in a row has 

been assumed . 

Figure 12 . 
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To allow such investigations, the Commission in 1958 released, within the limits per
mitted by national defense and security, a schedule of cost estimates for nuclear ex
plosives and related services, including safety studies. 

Since that time, improvements have been made both in the design of nuclear explo
sives and in their emplacement, as well as in the technology of the explosion and its 
effects. One of the most significant technological advances has been in the development 
of thermonuclear explosives with very low fission yields. 

Consequently, in 1964 the AEC revised its estimates and now projects a charge of 
$350,000 for a nuclear explosive with 10-kt yield and $600,000 for a nuclear explosive 
with 2-megaton yield (12). Interpolations may be made for other yields based on a· line 
drawn between these two charges (13, Fig. 13). These charges cover nuclear materials, 
fabrication and assembly, and arming and firing services. Significant related services 
which are not covered by these projected charges are safety studies, site preparation 
including construction of holes, transportation and emplacement of the devices, and 
support. Costs of safety studies, which were included in the 1958 charges, have not 
been included in the new charges since they can be accurately estimated only for each 
individual situation. 

It is expected that these projected charges are sufficiently representative of the 
future situation to warrant their use in feasibility studies. Although the projected 
charges might be used as a basis for discussion of costs to be assumed by the AEC in 
such projects, it should be recognized that the costs to be assumed by the AEC as finally 
negotiated might be significantly different from the projected charges. 

Using these charges and assuming related excavation costs, it is significant to note 
the estimated costs of nuclear excavation. As shown in Table 2, excavation in the 10-kt 
range produces unit excavation costs which are competitive with conventional excavation 
costs. However, using larger yields, the unit cost is reduced rapidly to a few cents 
per cubic yard in the megaton range. This emphasizes the great economic benefits to 
be derived from nuclear explosive techniques for large-scale excavation . 

.Radioactivity 

As mentioned previously, recent technological advances have developed thermo
nuclear explosives with very low fission yields. In addition to economy in device 
charges, reduced fission yields greatly decrease the amount of radioactivity produced. 
This will significantly increase the radiological safety of nuclear excavation. 

Figure 12 illuotrateo the advances bein~ made in this area. The 1962 fallout pattern 
is based on the Sedan event. The infinite dose is that which downwind residents would 
receive, assuming continuous residency following a 100-kt nuclear detonation. The 
roentgen contour is approximately equal to the maximum lifetime dose allowed to the 
general population by the Federal Radiation Council. 

As seen in Figure 12, the range to the O. 5-roentgen isodose line for a cratering ex
plosion like Sedan would be about halved if present explosives had been used. Use of 
nuclear explosives and emplacement techniques which will be developed in the foresee
able future will effect an even more dramatic reduction of such a fallout pattern. These 
reductions mean that the amount of radioactive material in future fallout patterns from 
a 100-kt cratering explosion will be about a factor of 100 less than the amount in the 
1962 Sedan fallout pattern. 

SUMMARY 

A large quantity of cratering data has been obtained over the past 13 years in a num
ber of media. One medium in particular, NTS desert alluvium, has been exhaustively 
explored with both chemical explosive point charges, nuclear point charges, and 
chemical explosive row charges. One other medium, basalt, has been explored to a 
lesser extent with large-yield chemical explosive charges, and cratering curves have 
been determined. These two media, in general, are expected to bracket most types 
of media to be encountered in nature; therefore, the range of crater dimensions to be 
expected for many nuclear excavation projects will, in all probability, fall between 
these two types of media. The Dugout experiment, the first r·ow clial'ge uaiering ex-
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periment in hard rock, indicates that many of the concepts developed for row charges 
in alluvium are also valid in a hard rock medium. 

Two investigations into the survival of craters under the action of natural and dy
namic forces indicate that craters are not severely affected by wave and water action 
over long periods and that cratered slopes can survive large seismic forces without 
experiencing serious slope failures. 

A theoretical model of explosive cratering is being developed, based on a hydro
elastic-plastic model and a late-phase gas-acceleration model. Results to date are 
very encouraging and indicate an ability to duplicate both observed surface motions and 
empirical crater dimension curves for alluvium. 

Nuclear excavation costs in hard rock are estimated to be competitive with conven
tional excavation in the 10-kt r ange, rapidly decreasing to a few cents per cubic yard 
in the megaton range. Advancement in the development of low-fission thermonuclear 
explosives in the near future is expected to reduce radioactivity levels 100-fold below 
1962 Sedan levels. 

In all , many significant developments have occurred during the past year which have 
brought nearer the fulfillment of such applications as Project Carryall and the construc
tion of a new sea-level Isthmian Canal by nuclear methods. 
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