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OREJOR!

he study reported herein constitutes a portion ol the test program

oniucted during the period 1966-1968 and tunded by Project 4A013001A91L,
In-House Laboratory Initiated [esearch Frogram," Item S, sponsored by the
Secretary ol the Army (R&D) |

he tests were conducted by personnel of the former kRemote Sensing

3

Section (RSS) ot the Mobility and dnvironmental (#&E) Division, U. S. Army

rngineer Waterways Experiment Station (WES), under the general supervision
of Messrs. W. G. Bhockley and S. J. Knight, Chiel and Assistant Chief, re-
spectively, M%E Division, and Dr, b, K, Freitag, rormer Chief', Mobiliiy
Research Branch (MKB), now Chief, Oi'lice of Technical Programs and Plans,
wkES, Mr. B. K, Davis, former Chiefl, RSS, directed the.ctudy with the as-
sistance of Dr. H. Nikodem and Mr. A, N. Williamson. This report uas
written by Mr. Williamson.

Acinowledgment is made.of' the cooperation and assistance provided by
Mr, A. J. Green, Research Projects Gréoup, MRB, and by other MRB staf't mem-
bers, who were responsible flor sample preparation and other portions of the
test program.

COL John R. Oswalt, Jr., CE, COl lLevi A. Brown, CE, and COL Ernesi D.
Peixotto, CE, were Lirectors of the WES during the investigation and prepa-
ration of this report. Messrs., J, B, Tiffany and . R. Brown were Tech-

nical Directors.



AT NI T
FORBWO!L

ORATREONS e s

O\

RSTON FACTORS, M:l

SUMMARY= = Lot it

PART

PAR'

PART

PART

TAB!

1] INTRODUCT 1ON

Background . .

. .

Purpose and Scope

AEAL KATIONALE

[IT: TEST EQUIPM

Equipment ., .
lest Program .

Iv: REDUCTTON

Data Reduction
Test Results .

AN
MK
sl

Analysis of Data .

Ve CONCT,US ITO?

Conclusieons:s i

IS . ANI

Recommendations .

[[I'TERATURE CITED . .

1Sl

PTATES 1-5

e e e
e s e
(! (
(¥ )
CH O Y
e s e
« o .
"

e o e
¢« o e

1\...":’ I
eioce e
e o .

—cr

)

CONTENTS

UINL

[




o

N

no

@

e

no

NOTATTO

Chamnel location of Coto photopeak in reference spectrum

Channel location of CoOO photopeak in soil spectrum
Center-to-center distance from source to detector, cm

Unity center-to-center distance from source to detector, cm
Center-to-center distance from source to detector for reference
measurements, cm

Center-to-center distance from source to detector L. r measure-
ments on soil, cm

A given center-to-center distance from source to detactor, cm

A center-to-center distance from source to detector greater than
o em

Base of Naperian logarithm (2.71828)

initial photon energy, Mev

“nergy of scattered photon, Mev

Average proportional change required in the vertical direction to
achieve coincidence cr near coincidence of soil and reference
spectra

Average proporticnal change required in the horizontal direction
to achieve coincidence or near coincidence of the soil and refer-
ence spectra

Ratio of the channel location of the photon counts Nl to the
average cnannel location of the photon counts for all reference
measurements

Ratio of the channel location of the photon counts N2 to the
average channel location of the photon counts for all reference

measurements
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OOINERSION FACTORS, METKIC TO BRITTSH UNITS OF MEASUREMENT

Led oy

Metrice units of measurement used in this report can be converted to British

imits ac tollows:

Mltiply

centimeters
millireters
square centimeters
cubie centimeters
meters

CrAmSs

israms per cubic centimeter

By

0.3937
0.03937
0.155
0.061
3.2808
0.0022
62,13

xi

To Obtain

inches

inches

square inches

cublc inches

feet

pounds

pounds per cubi: foot



SUMMARY

A study was conducted to determine the fleasibility of using measure-
ments made with a multichannel gamma-ray spectrometer and a cobalt 60 ra-
diation source for accurately determining soil density and resolving the
density profile of layers., Measurements were first made on aluninum and
steel plates to establish a standard reference for computing soil density.
Two samples of air-dry sand were constructed at different densities to
depths of approximately 120 and 125 cm in a pit 51.82 m long and 3.5k m
wide. Measurements were made at depth intervals of 12.7 em in each of six
access holes located in the samples., The densities determined were com-
pared with densitics determined by nonnuclear means.

Results of this study indicate that density can be measured accu-
rately by the method described herein provided (a) the thickness throuch
which the measurements are made is accurately measured, and (b) the source
strength and detector are suitable for the distance over which the density
is measured. The combination of source and detector that was used per-
mitted defining soili density profiles.

As a result of this study, it is recommended that the method de-
scribed herein be used for nondestructive soil density measurements where
the density beneath the surface of a sample must be known.

xiii



PENKTRATION RESISTANCE OF SOILS

GAMMA-RAY TECHNIQUES IFOR NONDESTRUCTIVE MEASUREMENTS
OF SOIL DENSTIY AND DENSITY PROFILE

PART T: INTRODUCTION
Background

1. PRapid determination of soll moisture and soil density, particu-
tarly under field conditions where laboratory equipment is minimal, has
presented a challenge to soils engineers for many years. Therefore, the
annomcement by the Civil Aeronautics Administration (CAA) in 1950l of the
development of nuclear equipment for measuring soil moisture and density
ctimulated considerable interest among soils engineers.

2, The U. S. Army Encineer Waterways Fxperiment Station (WES) re-
ported evaluation of thls nuclear equipment as early as 1955.2 It was
found to be costly, unreliable, and not particularly rapid.

3. The instruments were subsequently modified and evaluated in field
tests reported by the CAA.?’2+

+

the WiS” to determine the suitability of the modified nuclear equipment for

A second investigation was then conducted at

measuring moistures and densities of airfield base courses and subgrades.
Particular consideration was given to the reliability and durability of the
cquipment and the accuracy of the measurements. It was determined that the
orobes used with this equipment were not adaptable to airficld studies be-
cause the measuremcnts were still timé”%onsuming and the density measure-
ments were still not as accurate as those obtained by direct sampling

mc thods.,

4, There followed other studies in which laboratory and field meas-
urements were made with nuclear instruments of various descriptions., How-
ever, it was not until 1960 that a report recorded satisfactory tests in
which this type of instrumentation was uscd to monitor compaction on air-
ficld pavement construction.6 In that study, three surface probes were

used to make in situ moisture and density measurements. The accuracy was
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sufficient for controllins compaction, and the time required for determin-
ing the moicture and density of sand was vwaduced onc«third.

5. Sensors evaluated in studies discussed thus far contained a de-
tector and a source of samma radiation in one assembly., T[he source was
ceparated from the detector by a lead shield so that only scattered gamma
rays could be detected. Since scattering of samma rays is caused by col-
lision of jamma-ray photons with electrons, placing the senzor adjacent to
the soil allowed measurements of the electron density of the soil., A
changee in electron density of soil is closely related to a chanpe in bulk
or in situ density.

6. The technicues used in the latter studies, however, still werc
not completely satisfactory because the volume of soil contributing to the
density measurements made in this manner could not be clearly defined since
it was bulbous and varied in size with the moisture content and density of
the soil. Furthermore, if the techniques used were modified to permit
measurements with a sensor inserted into the soil rather than with a sen-
sor resting on the surface, the measurements would be subject to error in-

troduced by rearrangement of the soil airing the insertion process,

Purpose and Scope

7. This study was conducted to investigate the feasibility of using
measurements of direct gamma radiation for determining the density of larpge
volumes of sand. Tests were conducted in two phases, 1In the first, meas-
urements were made on aluminum and steel plates to establich a standard
reférence for computing soil density. In the second, measurcments wecre
made on two large samples of air-dry sand constructcd to different densi-
ties. At six locations in each sample, measurements were made at various
depths to obtain a profile of density within the sample.

8. During preparation of the samples, a limited number of density
measurements were made by weiching a known volume of sand that had been
removed, These measurements were subscquently compared with the gamma-ray

density mecasurements made.



PART II: RATIONALL

9, The number of photon counts Wo that are detected per unit time
from a radiocactive source placed a unit distance away from a detector de-
pends on the characteristics of the source and detzotor, the test momctry,
and background radiation., If the source is onc with a relatively long half-
life, and the source and detector characteristics, the tect georetry, and
background radiation remain unchanged, No may be assumed to be a conctant,

10, When a material 1is placed between the sourcc and detector. tha
number of photon counts detected N becomes, according to Tambert's au-

sorption law,
=u exp(=Tpx)* (17

where N 1s the number of counts detected per unit time from a radioactive
source a unit distance away, and T , p , and x are, respectively, the
mass attenuation coefficient, density, and thickness of the material be-
tween the source and the detector,

11, The mass attenuation coefficient of a matcrial varies as a func.
tion of the energy level of the source of radiation. However, if the
energy level of the source and the chemical composition of the material be-
tween the source and detector are known, the mass attenuation ccefficient
of the material can be determined from published tables, The thickness of
the material can be measured directly. Thus, it would appear that the only
remaining unknown, the density, could be computed directly from measurc-
ments of N and No .

12, Unfortunately, such a direct approach to the determination of
densities of materials is not practlcable, because it is not always pos-
sible to keep the source at a unit distance, nor 1ls it possible to maine
tain a constant N° . Consequently, the approach that was taken in this

study was somewhat indirect.

Npx

* exp(-Tpx) = e~ , where e 1s the base of the Naperian logarithm

(2.71828).



13, The effect of distance between the source and detector was eas-

ily handled, since the number of photon counts follows the inverse square

law., Therefore, provided all other factors remain constant,

n, = (Di/n‘;)wl (2)

where 1 1is the distance between the source and detector,

14, The main problem, that of maintaining a constant No , had to be

handled in the following manner:

2.

A apectrum of the number of gsamma-ray counts versus channel
number (energy level) was measured for various thicknesses
of a reference material, in this case aluminum and steel
plates, placed between a garma-ray source and detector., A
measurement of the spectrum of the background radiation,
made with the source removed from the test area, accompanied
each measurement on the reference material. The background
spectrum was subtracted from the speetrum for the reference
material so that only radiation from the gamma-ray source
would be conscidered in subsequent determinations.

Spectra for soll between the source and detector were then
obtainced in a similar manner,

The spectrum for the reference material that had counts most
nearly the name as those measured through soil was comparcd
with each of the soll spectra; and the average proportional
change in the vertical direction Ki and the average proe-
portional change in the horizontal direction Li necessary
to achiev:e coincidence or near coincidence of the two spece-
tra were noted, By this technigue, the number of counts Ns
measured when soil was the attenuating material was equal

to y where Nr is the number of counts measured for

W, 0o B
i i'r
aluminum and steel, the reference materials,

Thus, for unit listancc ro ’

-

g = N exp (-ﬂspsxs) (3)



and
N, = N, exp ('nrprxr)

For distances other than unity, equation 2 yields

=
it

| NO(DO/DS)2 exp (-f]spsxs)

and

=
1

. NO(DO/Dr)E exp (-T,p,x r)

(6)

When equations 5 and 6 are substituted for NS and Nr , respectively, in

N, = KiLiN (paragraph lkc), then

NO(DO/DS)2 exp (-Np.x ) = KL,N (1>O/DT)2 exp (-T\rprxr)

or
exp (-ﬂspsxs) = K T. (D /1 ) exp (-T\rprxr
15. With No thus eliminated, the soil density is
-Np X, = In KL, + 2 1n (DS/Tr) - Mox,
or
= e x, - In KL, -2 1n(Dq/Dr)
and
£ ,“—-1 n K 21n (> /0
Py = £ T]rprxr - 1n iLi + 2 1n (‘r/bs)

(7)

()



PART TII: TEST EQUIPMENT AND PROGRAM

Iquipment

Grmma-ray spectrometer

16, The spectromeber used in these studiecs is a multichannel system
that counts the number of gamma-ray photons that are detected within a
known lensth of time and arranges the counts according to energy level,
Principal componcents of the system (fig. 1) arc described briefly below:
detailed deseriptions are given in reference 7.

17. Sodium iodide detector assembly. The sodium iodide (Mal) de-

tector assembly (figz. la) is composed of a cylindrically shaped Nal crystal,
12.7 em¥* in diameter and 12,7 em high, mounted in a sealed enclosure with
an optically coupled photomultiplier tube. When a gamma-ray photon strikes
the crystal, the photon's energy is converted to light, the intensity of
which is proportional to the cnergy level of the gamma ray. The crystal is
activated with thallium to ensure maximum conversion of energy to light.

The photomultiplier tube detects the intensity of this 1light and produces
an elcetrical pulse with an amplitude proportional to the intensity of the
lisht and, hence, the energy level of the pgamma.ray photon.

18. Pulse-height analyzer, The pulse-height analyzer (fig. 1b) re-

ceives the clectrical pulses from the deztector and sorts them into magnetic
ferrite core memory storage channcls on the basis of their amplitude. The
pulse-height analyzer has 400 storage channels, but only 200 of thesé were
nced in this study. The term "channcl"” refers to the location of the en-
crioy level band within the 200 channuls used for accumulation of radiation
data in the pulse-hcight analyzer. fach channel will store the number of
pulses with energies over a range of 0,014168 lev, Thus, from the bottom
of chunnel 1 to the top of channel 199, the numver of detected pulses
ctored + 11l ranse in energy from O to 2.819 Mev. Channel O (zeron) is used
to record *he lensth of time during which counting has “aken place (live

rime). The pulse-height analyzer sorts and stores data for a preselected

A table of factors for converting metric units of measurement to British
anits iz iven on page xi.



NoT REPRODUCIBLE

squatoduo. i

awo.ajzoads Aex-vwus)

J039030D

pELY

POGUNOW-32UuTqed) g

_— -
b A TalS MAMD
WO W L YDA T

A’

——
W OLYITOEE I0VLT0A

- .

HOLYBDANFo Sav¥ i

P

Te
-
¥ i
A ! -
- =
« i
B
=
LI o L MO WLHL W T O 3
O = b A 4 =H I MMl & T e W B =T R —
- = L
L ]
el " e 5.9
Yy ) ™ y
ree ® j.ﬁ vev s da e
. . * i seswes
. d i Tty
HET AT
HOLw IO N —

£ HTHIH-FF TN
T L-Cw 30

OPTPOT umIpPOg

‘e




period of live time, after which it ceases to accumulate additional data
and either continues to store the data it has already accumulated or auto-
matically releases the stored data to the paper-tape perforator.

19. Tead-time indicator, EXach time the pulse-height analyzer ac-
cepts a signal from the detector, it is disabled for a short time during

which it will not accept any additional input signals. During this period,
calied the dead time, the signal that has been accepted is sorted and
stored in the proper channel according to signal amplitude. The dead-time
indicator shows the percentage of the total time that is dead time, thereby
providing an indication of the approximate photon flux at the detector.

20, Visual-readout indicator. After the pulse-height analyzer has
stored all the information on the gamma-ray spactrum, the readout indica.

tor provides the operator with a visual indication of the number of counts
stored in each channel,

21. Punch-type-read control unit. The digital information from the
pulse=height analyzer is converted to the proper format by the punch-type-
read control unit to allow the stored data to be punched out on paper tape

for computer analysis.
22, Paper-taps perforator. The paper-tape perforator receives in-
formation from the punch-type-read control unit and punches this informa-

tion on paper tape along with a buzz code for leader control. The buzz
code signal separates individual runs on a single tape.

23. High-voltage power supply. Precision voltage required for op-
eration of the photomultiplier tube in the detector assembly is supplied
by the high-voltage power supply. This voltage is precisely controlled to
maintain a stability of 0.005 percent per hour, or 0.05 percent per day,
and has a ripple component of less than 5.0 millivolts,

2k, Voltage regulator. Except for the voltage to the high-voltage
power supply, all voltages to the system are regulated with the line volt-

age regulator to an accuracy cf 0,01 percent. This ensures proper funce
t.ioning of the spectrometer with input voltage variations from 95 to 130
volts AC.
Radiation éburce

25. A 10-millicurie source of cobalt 60 was utilized in this study.




Co60 emits gamma radiation with an energy level of 1.33 Mev. Except during
the short periods of time when it was being used for measurements, it was
stored in a lead container with walls approximately 10 cm thick to reduce

exposure of personnel to 0060 radiation to a minimum.

Apparatus for non-

nuclear densitx measurements

26. Samples for nonnuclear density measurements were taken with a
gravimetric device consisting of a rectangular thine-wallei box, two spoons,
a scoop, a pan, and a brush (fig. 2). The box was open at the top and bot-
tom ana contained 1168.2 cm3

the box was 5.09 cm.

of material when the height of the material in

Fig. 2. Apparatus used to obtain sand samples
for density determinations

Test Frogran

27. The test program was divided into two phases. In the first
phase, gamma=1ay photons that passed from the Co60 source to the Nal crys-

tal detector through materials of known physical properties were measured



to establish a reference for measurements on soils. In the second phase,
measurements were made on two samples of air-dry Yuma sand that were con-
structed to different densities. The data from these measurements per=-
mitted computation of the mean density of horizontal layers of soil located
between the source and the detector.
First phase

28. The first phase of the test program consisted of establishing
the relation between the spectrum of gamma=-ray counts versus channel number
(energy level) for a reference material, and the mass attenuation coeffi-
cient, density, and thickness of that material.

29. Reference material. Reference spectra were measured on aluminum

and steel plates, 3.8 cm thick and approximately 30.48 cm syuare, placed
between the source and the detector. Aluminum plates were used because the
plates and information on the physical properties of aluminum were readily
available. The aluminum plates were augmented by a denser material, steel,
because the total thickness of aluminum that could be measured, and thereby
the range of measurements that could be defined, was limited by the dis-
tance separating the source from the detector. By comparing the number of
gamma-ray counts transmitted through steel and aluminum plates, it was
found that a l-cm thickness of steel was equivalent to a 2.83=-cm thickness
of aluminum.

30. Measurement procedure. Reference measurements were made by

sorting and storing gamma-ray counts with the pulse-height analyzer for a
live time of 10 min. The Co60 source and the detector were separated by a
distance of 159.7 cm. The source was surrounded on five of six sides with
steel plates to form a shield with walls approximately 15 cm thick. The
unshielded side provided a window through which the energy could be radi=-
ated in the direction of the detector. Extraneous radiation passing
through the window of the shield was reduced to a minimum by placing the
aluminum and steel reference plates in the space between the source and
the detector so they would cover the window.

31. Radiation was first measured through a steel plate 16.4 cm thiék
(equivalent to an aluminum thickness of 16.4 x 2.83 = 4L6.4 cm). Subse-

gquently, radiation was measured following the addition of each of three

10



3.8-cm=-thick aluminum plates, to a total thickness ejuivalent tc an alumi-
num thickness of 57.8 cm. The three aluminum plates were then replaced by
a 3.8-cm-thick steel plate, and radiation was measured. The thickness of
the two steel plates was ejquivalent to an aluminum thickness of 57.1 om.
With the steel plates remaining in position, subsezuent measurements were
made following the addition of cach of five 3.8-cm-thick aluminum piates,
to a total thickness ejuivalent to an aluminum thickness of 76.1 cm.

32. Each measurement of radiation through the reference plates was
accompanied by a measurement of background radiation taken for a 1C-min
live time with the source removed from the test arez.

Secord phase

33. Soil tested. In the second phase, radiation was measured
>

through two samples of Yuma sand, each constructed to a wniform density and
moisture content. The first sample was prepared to a lower density than
the second, so that the ability to distinguish different densities by
gamma-ray measurements could be assessed. Yuma sand is a wind-sorted fine
sand containing predominantly quartz. The particle sizes are nearly uni-
form, with 95 percent of the particles being beiween 0.07 and 0.30 mm in
diameter. All of the particles are between 0.06 and 0.5 mm ir diameter.

A gradation curve and classification according to the Unified Soil Classi-
fication System appear in fig. 3. Sand used in these tests was obtained
from stockpiles located at the WES. Prior to use, it was divested of roots
and other foreign material arnd air drisd tc a meisture content of approxi-
mately O.5 pefcent.

34, Sample preparation. Samples were prepared in a concrete pit

located in the Mobility Research Branch (MRB) large-scale test facility.
The pit is 51.82 m long, 3.54 m wide, and 1.68 m deep, with tracks down
each side to allow movement of test carts and instrument platforms down the
length of the test area without disturbing the sample. The first sample
was constructed to a height of 121.8 cm, and the second to a height of
124.5 cm from the bottom of the pit.

35. ©Sand was placed in the pit in thin layers with a spreader
(fig. 4) designed to travel along the tracks and distribute the sani uni-

formly cver the surface of the sample. The density of the sample was

1k
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controlled by adjusting the rate of flow of the sand and the distance the
sand fell from the spreader to the top surface of the sample being cone
structed. A predetermined density could be obtained, provided the rate of
travel over the test pit was constant.

36. During preparation of a sample, access holes were formed in it
for the radicactive source and the detector. The holes for the source were
formed with aluminum tubes 7.6 cm in diameter and with walls 0.4% em thick,
Wooden frames 30.5 cm sjuare and with walls 1.3 cm thick werc used to form
the access holes for the detector, The tubes and frames were in sectlonc
15.2 cm long that could be joined by tongue=-and=-groove construction. As
the sand in the pit neared the top of the tubes and frames, sections were
Joined until the final height of the sample to be tested was reached.

37. Prior to placement of the first layer of sand, sections of
tubes and frames were placed vertically in the pit at the locations shown

in fig. 5, with the tubes along the center line and the frames on opposite

4
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- 51.82 M 1
Fig. 5. Location of access holes
sldes of the tubes. In this arrangement, a source access hole was common

to two detector access holes. The wooden frames were situated so the
thickness of sand between a frame and the aluminum tube was 121.9 cm, Dur-
ing preparation of the sample, the tubes and frames were temporarily covered
to prohibit sand from entering the access holes.

38. Nonnuclear density measurements. During construction of the

large samples of sand, a few small samples were takern from locations

13



adjacert to the detector access holes for determinations of density by con=-
ventional metrods. The small samples were obtained by pushing the density
% (fig. 2) into the sand until the lower surface of the collar of the box
/as in firm contact with the sand. At this point, the level of sand in the
box was approximately 0.25 cm higher than the Jesired upper level and about
1.27 cm below the upper surface of the collar. The excess sand in the box
L1y removed to the desired level by using a short spoon designed
that the spoon cut the sand to the desired level when the shoulders of
the spoon were in contact with the upper surface of the box. A scoop was
used to remove the sand remaining in the box to within 0.25 cm of the
iesired lower level. This sand was carefully placed in a pan. A spoon
.8 cm longer than the first one was then used to remove the sand that re-
sained in the box and convey it to the pan. Grains of sand that adhered to
the scoop and long spoon were brushed into the pan. The known volume
(1168.2 cmb) of sand in the pan was then weighed and the density computed.

2

. Camma-ray measurement technijue. For the gamma-ray measure-

ments, the height of the sovrce and the detector within the access holes
had to be changed while a constant source-to-detector distance was main=-
tained. This was accomplished by suspending the source and the detector
from a movable beam positioned across the pit. Clamps attached to su:pen-
sion cables facilitated prepositioning the source and the detector to the
lesired depths.

LC. To define the gamma radiation passing through layers of soil, it
was necessary to ensure that the cource and the detector were accurately
aligned in the same horizontal plane. This was done by positioning the
railoactive source at the same elevation as the midpoint of the NaIl crystal

in the detector assembly. The Nal crystal was 12.7'cﬁ high and was located

in the bottom of the detector ascembly. Therefore, optimum alignment of

he source and the detector was achieved when the source was positioned in
the access hole 6.35 cm higher than the bottom of the detector assembly.
The iritial measurements were made in each access hole with the bottom or
the detector 6.4 cm from the bottom of the pit and that of the source 12.7
m from the bottom of the pit. Subsequent measurements were made each time

+he source and detector were raised 12.7 cm.
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41. Five layers were measured in sample No. 1. An initial measure-
ment was made of the first three 12.7-cm layers with the sample constructed
to an average height of 51.0 cm. After construction had progrecsed to a
final height of 121.8 cm, measurements were repeated on these thrce layers
and were made on two additional 12.7=-cm layers above the original height of
5150 cm;

4o, After sample No. 2 had been constructed to an average height of
118.1 cn, nine layers were measured at increments of 12.7 cm. A final
layer was measured 6.4 cm above the level of the ninth measurement in four
of the six access holes. Because of a slight nonuniformity in the height
of the sample on one end, the final measurements for holes 1 and 6 were
made 7.6 cm above the ninth measurement. Dead times in excess of 15 per-
cent, which indicated that excessive radiation was impinging on the detec-
tor, prohibited measurcments any nearer the top surface of the :oil
samples.

43, Test procedure. Two gamma-ray measurements, each for a 1C-min

live time, were made at cach detector and source height. One was a back-
ground measurcment made with the detector suspended at the desired height
in the access hole, but with the Co6O source removed from the test arca.
The other was similar to the first in all respects, except it was made with
the source placed in its access hole at a height that would position it at

the same elevation as the midpoint of the Nal crystal (paragraph LO).
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PART IV: REDUCI'ION AND ANALYSIS OF DATA

Data Reduction

Spectra correction
L, Gain and base-line shift. The output of the gamma-ray spectrome
cter was a spectrum of the number of photon counts accumulated during a

measurement of preset 10-min live time versus channel number. Each channel
contained an energy range of 0.014168 Mev so thut the peak counts for 0060,
which has an energy of 1,33 Mev, were normally located in channel 93.9
(1.33 + 0.014168 = 93,9), However, instrumentation variations in gain and
base line caused the peak to shift to adjacent channels, For this reason,
the spectra measured on the sand samples were corrected with a computer
progz'amY designed to relocatu the counts in their proper channels.

45, The computer program was written for measurements taken for a
100-min live time and the measurements in this study were taken for a 10-
min live time. Thus, the output of the computer program was 10 times the
number of counts measured in each channel., Since the reference measure-
ments were not computer corrected, they had to be multiplied by 10 for
comparison with the various soil measurements.

W6, Backeround radiation. The gamma-ray spectra of the radiation
from the Com—source were records of the photon counts not only fror. the
radioactive source, but also from all other sources of radioactivity that

constituted the background., The background counts were found to vary ovev
1 wlde range, so that it was desirable to minimize their contribution
prior to analysis of the data, This was accomplished by subtracting the
number of counts of the backeround spectrum in each channel between channel
90 and channel 100 from the number of counts in the corresponding channel
of the spectrum measured with the radioactive source, The channels be-
tween 90 and 100 were used because the peak counts for 0060 were always
contained within these limits, regardless of spectrum shifts due to gain
and base-line variations,
Method for computing sand density pg

47. Since aluminum tubes and wooden boxes were used to form holes in
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the samples for access to the source and the detector, gamma radiation from
the source was attenuated by the aluminum and wood as well as by the soil
prior to reaching the detector. If the mass attenuation coefficient, den-
sity, and thickness of the wood are expressed as T]w s P, s and x  and the
mass attenuation coefficient, density, and thickness of the aluminum as

T]az > Poy o and Xyp * equation 8 can be written:

. 2
bt 'nspsxs - TL""'wxw - nalpaﬂxaz) - KiLi(Ds/Dr) GXP(-TLrprxr) (12)

to include the additional attenuation of aluminum and wood. Then

'nspsxs - natpal.xal = TP Xy = ~Tho %, + 1n(KiL:L) i 1n(Ds/Dr) (13)

and
1 /D
Pg = “sxs [' Lyipalxal S I bPp Xy - ln(KiLi) ve 1n(Dr s)] ()

48. The terns nr’“al’ns’m’pr’pai’pw’xai’xw’xr’
and Dr in equation 14 remained constant for all measurements in this
study, while DS » Xg K:l , and L1 could differ for each measurement,
The methods used to determine the values for both the constant and variable
terms are discussed in the paragraphs that follow,

49. Determination of T]r « The mass attenuation coefficient of

the aluminum plates ’Wr was determined from measurements madc in the first
phase of this study. Fach time a 3,8-cm-thick aluminum plate wa:c placed
between the source and detector, the Co60 counts diminished according to

the equation

N, = ) exp (-T\rprxr) (15)
where
I\Il = number of photon counts for a thickness of an attenuating material
N2 = number of photon counts for an additional thickness ¥, of the

attenuating material
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Since .. and  xwere knowm (pr = 2.67 g/cm3; X, = 3.8 cm), ﬂr %guld
ordinarily be computed from cquation 1Y% by substituting the peak Co™ counts
obtained in the reference measurements for N1 and. N2 . ‘o
50. The family of refercnce curves obtained by measuring the Co
radiation through various thicknesses equivalent to those of aluminum is
shown in fig., 6. Instead of all occurring in the same channel for each
measurement, the psak counts remained located near the same channel for
thicknesses equivalent to aluminum between 57.8 and 76.2 c¢m, but shifted to
hicher numbered channels for thicknesses less than 57.8 em. Because of the
shift in channel locations of the 0060 peak counts, it was necessary to ad-
Just the number of counts 1n the peaks for each measurement by the ratio of
the channel location of the peak counts for each measurement to the average
channel location of the pcak for all mecasurements. Thus equation 15 must

be written

LN, = L N, exp ( -T]rprxr) (16)
ani
) In (LlNl 1,2;-,2) (17)
T]r p.X
rr
where
Ll = ratio of the channel location uf the photon counts Nl to the

average channel location of the photon counts for all reference
measurements
T~ = ratio of the channel locatlon of the photon counts N2 to the
average channel location of the photon counts for all reference
mecasurements
51. The channel location of the Co6O peak counts in the reference
measurements was determined in the following manner:
a. [If the channel containing the greatest number of counts in a
reference spectrum (fig. 6 and table 1) contained at least
1 percent more counts than either the next higher or next

lower channel, the peak counts were considered located in
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the channel containing the greatest number of counts.

If the channel containing the greatest number of counts had

I

fewer than 1 percent more counts than either the next higher
or next lower channel, the peak counts were considered lo-
cated midway between the channel containing the greatest
number of counts and the channel containing less than 1 per-
cent fewer counts,
¢. In the .spectru.m for an equivalent aluminum thickness of 60.9
em, which contained peak counts in both channels 93 and 95,
the peak was considered lodated in channel 94, since channels
93 and 95 contained nearly the same number of counts,
d. The location of the peak counts was not determined for the
cpectra for an cquivalent aluminum thickness of 72.3 or 76.1
em,  The fluctuations in counts from channel to channel in
the spectrum for the former and the negative counts in the
spectrum for the latter indicate that counts accumulated for
these measurements with the 0060 source were not signifi.
cantly greater than the background spectra for these
measurements,
52, The locationsz of the pecak 0060 counts determinec in this manner
for the eijht reference spectra that were considered and the average channel

location of the peak counts for all of thesc spectra are tabulated below.

Equivalent [ocation of
Aluminum Cobalt 60 Peak 1 cm2 /
Thickness, cm Counts, Channel ©“i I , Counts 't ? &
50,2 96.0 1.01 L4914 8°8§‘2‘§§
54,0 95.0 1.00 2918 0'05155
5178 94,0 0.99 1747 )
57.1 95.0 1,00 191
60.9 9.0 0.99 103 g'ggégg
()hn / 93.0 0.98 b’C-‘ 0.0h701
68.5 2’*.0 0.99 384 1 '
Avg 94, Avg 0.05289
5%, The averaze location of the (’060 peak counts was channel 94,8,
The wvulue for ]i s the ratio of the 0060 peak location of each spectrum

0 94,8, The number of counts I was taken directly from table 1 for each
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spectrum except for N for an equivalent aluminum thickness of 46.4 cm,
which is the average of counts in channels 97 and 98. The mass attenuation
coefficient of the reference plstes Tlr was computed by equation 17 for
each thickness of aluminum (rot equivalent thickness). Then the average
mass attenuation coefficient for all aluminum thicknecses, 0,0529 cmz/g,
was used in equation 14 to compute the sand density.

54, Evaluation of N, + Since the aluminum plates and tlélg aluminum
tubes forming the source access holes were both measured with Co ™, 'ﬂa ; in
both cases was considered equal to 0.0529 cme/g.

55. Determination of T]S . The mass attenuation coefficient for

sand and that for aluminum for an encrgy level of 1.25 lev are available
in published ta.bles.8 Therefore, the mass attenuation coefficient for sand
at the enerpgy level of CoGO (E = 1.33 Mev) could be detcrmined by the

equation

N (1.25) 7 .(1.33) ,
Lwes: i uen) e

o
where

T\s(l.25) = mass attenuation coefficient of sand when = = 1,25 llev,
equals 0.0567 cm2/g (from reference 8)

nae(l.as) = mass attenuation coefficient of aluminum when E = 1.25
Mev, equals 0.0548 cme/g (from reference 8)

‘ns(l.33) = mass attenuation coefficient of sand when E = 1.33 Mev,
equals 0.05h7 cm2/g (from equation 18)

'Ilr(1.33) = mass attenuation coefficient of aluminwn plates when

R = 1,33 Mev, equals J,0529 cm?/g (from paragraph ©3)
56. Determination of Tk, « In the same manner, the¢ mass attenuation
coefficient of wood TE was determined by the equation

(.25 7 (1.33)
L e - Bl Weaki)) (19)

where )
1\”(1.25) = mass attenuation coefficient of wood when I = 1,25 Mev,
equals 0.0607 cma/g (from reference 3)
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N (1.33) = mass attenuation coefficient of wood when E = 1.33 Mev,

equals 0.0586 cmg/g (from cquation 19)

57. Determination of pr 5 pa[

num used in the camma-ray mcasurcments was not known, so density values pub-

, and pw . The purity of the alumi-

lished in available tables could not be used. Therefore, the density of the
aluminum plates p = was determined from gravimetric measurements and found
to be 2.67 g/umﬂ. rhis value was also used as the density of the aluminum
tubes pa; . The density of wood pw was also determined by gravimetric

measurement to be 0.50 g/cmj.

58. Determination of xaf s X X and Dr . The thicknesses of

the walls of the aluminum tubes Xyp ? of the wood X, o and of the refer-
L4

ence plates X, were measured in a conventional manner. The distance Dr

was measured at the time the reference measurements were made. Values for

these parameters were as follows:

X, 0.483 cm
o=l 0 iom
W
x = 64.7 em
T
Dr = 159.7 em

~

59. Fvaluation of Ls and Xs . The center-to-center distance from

source to detector for measurements on the soil Ds and the thickness of

the soil x_ were measured at the time gamma radiation was measured.

-~

60. Evaluation of Ki . To determine the value for Ki , it was

necessary to multiply by 10 the counts in each channel of the reference
spectrum to adjust for the difference in the live time for which the com-
puter program was written (100 min) and the live time of the reference meas-
urements (10 min), as explained in paragraph L5. A typical soil measurement
(run No. 1732-1731) and the reference measurement (X 10) for an equivalent
aluminum thickness of 6L.7 cm are shown in fig. 7. This particular refer-
cnce speetrum was selected because the counts defining it were close to
those measured through sand and the channels defining this spectrum always
contained a sreater number of counts than the corresponding channels defin-

ing the soil spectra. The number of counts in each channel and the average
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counts of the two spectra are tabulated below.
Reference Reference
Channel Measurements Soil Channel Measurements Soil
No. (x 10) Measurement No. (x 10) Measurement
90 4680 2L76 96 5160 2570
91 5120 2629 97 3760 1642
92 5580 3098 98 2880 1398
93 6250 3618 99 1661 816
o4 6130 36k2 100 640 213
95 5770 3286 Avg L331.8 2308.0
61. The vslue of K, , the average proportional change in the verti-

i

cal direction required to achieve coincidence or near coincidence of the

soil and reference spectrum, was determined by the equation
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N (ave)

K_ - 8}
i T (ave)

(20)

where

IH(IVT\ = the averace of the number of photon counts contained within
channels 90-100 detected in a 10-min live time for soil
measurements

Ur(uvm) - the average of the number of photon counts contained within

channels 90-100 detected in a 10-min live time for the
reference mecasurement

For run o, 1732«1771

N (avg)
s _2308.0
i T {ave) " TELE 0.53 (21)

62, In practice, the value of K, was determined by overlaying the

reference spectrum on each of the soil ipectra and, while maintaining hori-
zontal alisnment of the two spectra, adjusting the reference spectrum in.
the vertical direction until it was in coincidence or near coincidence with
the soil spectrum. With the two spectra aligned in this manner, Ki wa,s
found by dividing a convenient number on the vertical axis of the soil
spectrum by the number on the reference spectrum directly underlying it.

63. Gvaluation of Li . The average proportional change in the

horizontal direction Li required to achieve coincidence or near coinci-

dence of the soil and reference spectra was found by the equation

CG
Li = T (4’2)
r

channel location of 0060 photopeak in the soll spectrum

= chunncl location of Co6O photopeak in the reference spectrum,

Q2
A (%)

equals 93.C for the reference spectrum used in this study
the ceriteris stated in paragraph 51 were used to determine the location of
the peak Joho counts in the reference spectrum and in the soll measurements.,
By using run o, 1732-1731 for an example, the peak counts were determined

to be located in channel 93.5. Therefore,
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i
O‘ «Q
1%

2935 .,
=555 .01 (23)

=

64, Summary. Constants used to compute the density for all meacurce
ments and valucs determined for run No. 1732-1731 are summarized below,

a. Photon count:

Channel Source in Position Cource Removed

lio., (Run No. 1732) (Run Mo, 1731)
90 9,097 7,121
91 9,165 64536
92 9,406 04308
93 9,623 4005
ol 9,766 6412k
95 10,126 6,8L0
96 10,421 7,851
97 10,852 9,210
98 12,463 11,005
99 15,426 14,610

100 20003 _19,80
Total 120, Total 101,510

b. Constants:

ﬁr = 0,0529 cma/g Poi = 2.67 ¢/cm’
m, = 0.0586 en/g D = 159.7 en
- 2 v -

Ny, = 0:0529 cm /e 7, = Ohl7 em
M, = 0.0547 en?/iz x, = 1.27 cm
pr = 2.67 r-;,»‘/cm3 Xaﬁ = O.h8 em

_ /o3 -
Py = 0.00 g/cm ¢, = 93.0

c, Varlables:

141.6 cm K 1.01

s i i
120.8 cm Cs

D

i}

[l
e
1
w
5

IH

n
O
w
T

X
S

d. Result of Computation:

Py = 1.50 g/cm3
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Test Results

65. Data from the gamma-ray tests are summarized in table 2 and
listed in detail in tatle 3. The access hole numbers identify the detector
locations during the measurements and correspond to the numbers in fig. 5.
Soil sample heights were measured from the bottom of the pit to the top
surface of the soil. The source and detector heights were measured from
the bottom of the source and the detector to the bottom of the pit.

66. The density measurements listed in tables 2 and 3 are presented
graphically in plates 1 and 2 as profiles of density versus source height
for the various access holes. A comparison of densities at various source
heights is graphically presented in pldates 3 and 4. Plate 5 shows meas-
urements made on sample 1 when it had been constructed to a height of ap-
proximately 51.0 cm compared with measurements made after the sample had
been constructed to its final height of approximately 121.8 cm.

Top layer measurements

67. Measurements made near the surface of the sample were inaccurate
because radiation from the source "leaked" over the top of the soil to the
detector. This leakage resulted in a combination of soil and air above the
soil affecting the measurement. Since the density of air is less than the
density of the soil, an increase in counting rate occurred that resulted in
an increase in the dead time to approximately 15 percent. A dead time of
15 percent was considered maximum for these measurements.

68. The errors resulting from measurements made near the surface of
the sample are evident in plate 4. The final measurements on sample 2 were
made approximately 3.76 cm beneath the surface of the sample (source height
120.7 em). The densities measured at this depth were nonuniform and varied
from 1.36 to 1.61 g/cm3. Measurements at all other depths were between
1.45 and 1.56 g/cm>.

Comparison of densities measured
during and after sample construction

69. Gamma radiation was measured at three heights during construction
of sample 1 and again at the same heights after completion of construction.

The initial measurements were made on the three layers closest to the
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bottom of the sample after it had been constructed to a height of approxi-
mately 51.0 cm. Final measurements were made after a sample height of
121.8 em lLiad been reached., These measurements are compared in plate 5,
The density can be seen to have increased slightly in all holec alter the
initial measurements were made. This increase probably wac caured by an
increase in static pressure in the lower level of the pit ac the cample

was constructed.

Analysic of Nata

70. From the measurements in this study, an estimate can be made of
the minimum and maximum allowable thicknessec of the sample, the optlimun
thickness of the sample consistent with the accuracy desired, the suitabil-
ity of the Co60 source for these measurements, the thickness of the layer
that affects the density measurement, and the accuracy and cuitability of’
nuclear density measurements relative to nonnuclear measurcments.

Sample thickness

71. Minimum. The minimum sample thickness ic controlled by the
photon flux that can impinge upon the detector without adversely aflectine
elther its gain or stability. The maximum flux for the detector uced in
this study is approximately 10,000 counts/sec.9

72. To determine the minimum sample thicknesgc, values for a {ypic~i
measurement (run No. 1732-1731, paragraph OL4) were subctituted in equa-
tion 5. (Note: 1In this and subsequent determinations, the munter or counte
in each channel of the computer output was divided by 10 so ihat the actunl
counts from the source and background are considered,)

a. Let N_ ecqual the sum of counts stored in channels 00I
throug; 199 divided by the live time (000 wec). [ - 93
counts/éec. All channels must be considered rinnektho
detector responds to radiation from all sources.

b. Substitute in equation 5 to obtain

2
D
93 =N, (Iﬁ) exp -(0.0547)(1.5)(120.8) (2n)
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¢. Assume a constant AD , where AD =D - x . .
d. Cubstitute values from paragraph 64, AD = 141.6
- 120.8 = 20.8 .
e. let D =x_ + 20.8 and N_ = 10,000 (paragraph 71), and
obtain values for T  and p_ from paragraph 6k,

'« CJubstitute these values in equation 5 to obtain:

Lée]

2
D
10,000 = N (x—s—fT)—g) exp -(o.05h7)(1.5)(xs) (25)

L+ Colve equation 24 for NoD02 and substitute this value in
equation 25. Then by iteration, a value for x, can be
found that will solve equation 25. Solving for X in this
manner ylelds 73.7 cm, the minimum sample thickness.

73. Maximum. The number of counts that will be detected from a ra-
diouctive source within a given live time will decrease as the sample thick-
nesc increases., On the other hand, an increase in sample thickness will
have no effect on the number of counts detected from the background. There-
tore, at some cample thickness, the counts from the source will equal the
counts from the background. At any greater thickness, background counts
will exceed counts from the source,

7h. It the soil sample, in this case sample 2, is assumed to have
the same density and moisture content throughout and the background radia-
tion remaincs at a constant level, the maximum thickness of the sample for
density measurements in this soil material can be determined. Substitute
values from run No. 1732=1731 in equation 5 in the following manner:

a. Let D_=AD +x =20.8 +x

b. Tet N_=N_. =N
where

N total number of counts in channels 90 through

s+b
100 for measurement with the Co 1 source in
position, equals 12,690

Nb = total number of counts in channels 90 through

100 for measurement with the radioactive
source removed, equals 10,151
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c. From run No. 1732-1731, obtain values for '}S s Pg s and X
(parasvaph 64).
d. Substitute these values in equation 5 and solve for Nng .
e. Substitute this valve for NoDi in equation 5 and replace
the value for x from run No. 1732-1731 (120.8 cm) with
other values to determine what N_ would have been if the
sample thickness had been some th;c}moss ¥ . In table L
predicted values for N_ are chown for various sample thick-
negses x_  between ](')OTOO and 151.25 cm.,
5. Statistically: the number of counts detected within a certuain
live time obeys the Poisson distribution.7’lo Therefore, the standard de-
viation ¢ of the number of counts N 1is

c=VN (26)

Statistical uncertainty exists for both soil and background measurements,
i.e. measurements made with and without the radioactive source in position,
so that both NS +b and Nb must be considered. 'I'hercfore,ll

GN =V Ns+b * Nb (27)

Since Nb will remain constant independent of a changing X s and at

the same time Ns*-b decreases vith iIncreasing values of X, s Oy will de-
crease as X, increases. Table 4 shows values for oy for various values
of Xo oo

76, The maximum thickness is reached when the number of counts Ii_
equals the standard deviation oy Therefore, from table L, the maximw;
thickness is found to be approximately 151.12 cm.

77. Optimum., As the smmple thickness x_ 1is increaced, the error
in density measurements can be expected to incr;as s By using the various
values for Xg s ”s s and N listed in table ki, the error can be yre-
dicted. In equation 5:

a. Again let D_ = 20,8 + Xy
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b. Substitute the value for NoDi previously computed (para-
craph 7hd).

Let T _ = 0.0547 (from run No. 1732-1731).

o

d. Substitute the various values for X0 NS , and N in

equation 5 and solve for predicted density pp A

Determine the error in percent density by the equation

o

o5y = [@:5 - 0)/1.5] 100 (28)

(This statement assumes the actual density of the sample to
be 1.5 g/cm3.)
The results of computations of pp and pp(7) for various sample thick-
] (%

.

nesses x_ are listed in table L.

78. Optimum thickness is achieved when the sample thickness is small
cnoush to permit source counts to exceed the standard deviation, yet not
small enough to damage the detector crystal. TFor any particular test situ-
ation, a maximum thickness must be chosen that is consistent with the ac-
curacy required. For the measurements discussed herein, the predicted
error in density was approximately 0.53 percent.

Radiation source suitability

7G. Penetration. The mass attenuation coefficient N of sand was
found to be 0.0547 cme/g when Co60 with an energy level of i.33 Mev was
used as the source of radiation. If a source with a lower energy lewvel had
been used, the mass attenuation coefficient would have been greater. For
example, if cesium 137 with an energy level of 0.662 Mev had been selected
ag the radiation source, the mass attenuation coefficient Qf sand8 would
have been approximately 0.0778 cmg/gQ For the same live time, the number
~f counts N that will be detected from a source through sand with a den-
sity p and thickness x will be less for Cs137 thaan for Co60 (see equa-
tion 1). As a‘result, the maximum allowable sample thickness would be de-

. : : - 60
roased from that determined witn Co as the source.

30. Background radiatic. . A typical spectrum of gamma radiation

fyom Yuma sand is shown in fig. 8, where the natural radioactivity of the

5011l moacured in a L4O-min live time is presented. Even though the counts
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per channel arc greater than those for a 10-min live time, tho rhape of the
spectrum 1is characteristic of bacrground measurements made for density detere
minations. FExcupt for photopeaks due to the naturall; occurrinr radioac-
tive constituents in the soil, bacieround radiation penerally decreases as
energy level (channel number) incereases, so that measurements with a sourcc
of radiation having a hicher cnergy level, such as CoGO (B = 1,33 Mev),
result in lower statistical error in tre number of counts than measurc-

ments with a lower energy source, such ts Csl37 (1 = 0,602 Mey).
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Layer thickness affecting measurement

81. If a camma-ray photon emitted from a scurce has an initial en-
ergy E between 1 and 2 Mev and passes through a material placed between
the source and a detector (S and D, respectively, fig. 9) without colliding
with an electron whose binding energy is small compared to that of the
sarma ray, & will be detected. However, if a collision should occur in
t'ie material, the photon will give up some of its energy to the electron
and proceed with reduced energy (E') along an altered path (CD in fig. 9)
to the detector. The energy E' at D depends upon the initial Ehoton

energy E and the scattering angle © as shown by the equation
8, "

o
=T+ (L - cos 8)(£/0.5110) (29)

E'

For small scattering angles, E'# E . But as 0 increases, E' diminishes.
; L 60

The energy of photons having a high initial energy, such as those of Co -,

diminishes more rapidly as the scattering angle increases than does the

energy of photons having lower initial energy, such as those of Csl37,

as
shown in fig. 10.

82. The scattering angle 0 is formed at the intersection of the
lines extending to the location of the scattering event C from the source
S and from the detector D. In a plane, the locus of all points C
(He. 11) gt whicﬁ two lines intersect at a given angle 6 and extend to
points S and D , respectively, is an arc of a circle terminated at points
S and D. Rotating the arc around the line SD defines the boundary of the
material that affects measurements. It follows then that if the length of
SD and the scattering angles 6 along the various paths SCD are known, the
boundaries of the volume of soil or the thickness of the layer of soil R
affecting measurements can be determined.

83. The length SD can be measured, but the method for determining
the scattering angle is less direct. If a spectrum of the number of gamma-
ray counts versus energy level (channel number) is measured, discrimination
between unscattered photons and photons scattered through small angles can
be accomplished by selecting for analysis the number of counts within a

certain energy range (group of channels) around the peak energy of
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Fig. 9.

Gamma=:'ay photong
passing through a material in
which scattering occurs

1.4
CURVES CALCULATED FROM
-\\ B = t5s ST

1.2
> \
!
H)
§
£ 1.0
z N\ a—cosALT 60

(€ = 1.233 MEV)

[-]
E
<
g os N
5 N
3
[}

0.6

cesim 1
(€ = 0.662 Mi:V) \
0.4
) 10 20 0 40
SCATTERING ANGLE # ,DEG

fig. 11. Volum2 of mat=rial

af'fecting measurcment

Efrtects
ol scattering angle
on scattered photen

energy for CotO and
csl37

Fig. 10,

33



unscattered photons. Equation 29 restated to give a solution for the

~

scattering angle 0 is

= 5 | D L
® = cos l[}- O')llQST — )] (30)
EE
By establishing a lower limit for E' , only photons scattered in an angle

of 8 or less will be considered. This restricts the boiundaries of the
volume of soil affecting the measurement being taken; and the thickness of
the layer R that affects the measurement can therefore be determined by

the following equation:
. 6
R =:SD tan -2' (31)

8. For density determinations, gamma-ray counts located in channels
90 through 100 were considered. The lower limit for E£' was therefore
90 X 0.014168 Mev = 1.27512 Mev , and © = 10.6° . From equation 31, the
thickness of the layer R affecting the measurements in this study was
14.0 em. Actually, the thickness is slightly greater, since equation 31
is applicable only for a point source and detector.

Comparison of nuclear and
nonnuclear density measurements

85. The density of soil at a number of locations adjacent to the de-
tector access holes was d2termined by conventional nonnuclear methods. 'The
values obtained in this manner are compared in the followin- tabulation

with density values determined by nuclear techniques:

Meiah i Difference
A ., Nonnuclear Nuclear 3
= TEERE Denaity Density g/cm
Sample  Sample Hole 3 3 (Nonnuclear -
No. cm No. o/cm «/cm Nuclear)
1 50.8 1 1.h44 1.h2 0.02
L 1.43 1.41 0.02
2 8.1 1 1451 3y 0.04
Y 150 1.49 0.01
(Continued)
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Difference

Height : 1 .
25 % Nonnuclec Muclear e
in Access 5 7 g/cm
= = i Density Density
Sample  Sample liole - - (Nonnuclear-
Tt g 4 / D -
o. om No. o/em o/cm Nuclear)
2 £3.5 1 1.55 1.52 0.03
2 1256 1.52 0.0k
3 ST 1.5k 0.02
)l ] .I_)" ],.';?, \).03
; 1.56 152 0.03
& 1.55 1.49 0.06
88.9 1 1.54 1.47 0.0¢(
Y 1.54 1.45 0.09

86. There is pood agreement between the nuclear and nonnuclear den-
sities, suggesting that the two techniques might be complementary in enci-
neering applications requiring both surface and subsurface density measure-
ments in.a section of soil. Whereas it is difficu:t to obtain subsurface
density measurements with conventional techniques, gamma-ray measurements
are feasible if access holes can be provided. It is important to remember,
however, that conventional measurements normall; provide the density at the
spot where the sample is taken, while nuclear techniques measure the aver-

age density of a volume of soil btetween the source and detector.



PART V: CONCLUSIONS AND RECOMMENDATIONS
Conclusions

87. Based on the measurements and subsequent density determinations
reported herein, the following conclusions are drawn:

a. OGamma-ray measurements can be used as an effective means of
measurine sand density provided the thickness of the sample
ie such that backercund radiation and detector instability

io not affect the measurcment accuracy.
b. Measurements made close to the surface of the sample have
limited value unless shielding is used to reduce the radia-

tion "leakagse' over the top of the sample to the detector.

Recommendations

88. It is recommended that:
a. This method be used more extensively for nondestructive soil
density measurcments.

b. MNe more feasibility studies be made, since the basis of this
mothod is a cimple physical phenomenon and is sufficiently

understood.
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1 Counts

Table 1

Per Channel for Reference Curves

Tqdv-
alent
Aluminum Photon Counts for
Thickness Indicated Channel Number
em 90 91 92 93 9k 95 9% 97 98 99 100
Lok 6148 5329 4981 5356 5788 6639 Tu82 8393 8319 Th25 5815
50.2 3276 3168 330 3661 4285 L783 Lolh L7h6 3993 2966 2027
5k, 0 1877 2066 2120 2k28 2819 2918 2880 2385 1826 1085 626
57.1 252 1321 1481 1691 1848 1911 1631 1298 938 563 302
57,8 1140 1260 1377 1628 1747 1705 1531 1193 852 522 25)
50,9 730 828 939 1083 1034 1066 884 6k9 492 256 108
Bl 7 LK8 512 558 /25 613 577 516 378 288 166 N
68.5 288 293 320 371 WL 3}B|L 257 226 207 118 36
72.3 162 163 193 266 217 226 140 161 108 59 30
76,1 98 67 88 130 130 115 81 66 80 56 <15
Table ?
Summary of Fesults of Nuclear Density Measurements
Soil 3
Sample Source Density in g/em
Sample Height Height for Indicated Access Hole No.
N0, em cm T 2 3 N 6
| 51.0 1257 Tl 1.42 gt 1.43 1.L2 1.43
25,4 1.40 1,42 1.42 1.43 1.42 1.k2
38.1 1.44 1.L3 1.43 1.44 1.k 1,44
121,8% 12,7 1.4 1.42 1.43 1.43 1.,L2 1.45
25.4 1.h2 1.43 1.43 1.ky 1.43 1.45
38,1 1.43 1.h4 1.5 1.46 1.45 1.46
50,8 1.k2 1.43 1.k2 1.41 1.40 1.4k
63.5 1.43 1.4k4 1.42 1,43 1,41 1,43
2 124.,5 12.7 1,45 1.47 L.48 1.47 1,48 1.46
25.4 1.50 1,48 1.49 1.47 1,48 1.50
38,1 1,47 1.49 1.50 1.49 1,48 1.47
50,8 1.51 1.51 1.51 1.51 1.51 1,48
63.5 1.52 1.52 1.54 1,53 1.53 1.49
76.2 1.53 1.49 1.53 1.53 1.48 1.49
88.9 1.47 1.48 1.49 1.45 1.46 1.48
101.6 1.k7 1.49 1.48 1.48 1.50 1.h7
11k, 5 1,50 1.53 1,52 1.51 1.56 1.56
120, 7% 1.55 1.52 1.61 1.36 1.58 1,44

*¥ 121.9 em for holes 1 and 6.
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