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SUMMARY 

A study was conducted to determine the feasibility of using measure- 
ments made with a multichannel gamma-ray spectrometer and a cobalt 6o ra- 
diation source for accurately determining soil density and resolving the 
density profile of layers. Measurements were first made on aluminum 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 '}1.82  m long and 3>5^ m 
wide. Measurements were made at depth intervals of 12.7 cm in each of six 
access holes located in the samples. The densities determined were com- 
pared with densities determined by nonnaclear means. 

Results of this study indicate that density can be measured accu- 
rately by the method described herein provided (a) the thickness through 
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 soil 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 



RgNETPATIQN RESISTAiJCE OF SOILS 

GAMMA-RAY TECHNIQUES FOR NONDESTRUCTIVE MEASUREMENTS 

OF JOXL DENSITY AND DENSITY PROFILE 

PARI  Tt     INTRODUCTION 

Background 

)., Rapid deteniiination of soil moisture and soil density, particu- 

larly under field conditions where laboratory equipment is minimal, has 

presented a challenge to soils engineers for many years. Therefore, the 

announcement by the Civil Aeronautics Administration (CAA) in 1950 of the 

development of nuclear equipment for measuring soil moisture and density 

stimulated considerable interest among soils engineers. 

2. The U. S, Army Engineer Waterways Experiment Station (WES) re- 
2 

ported evaluation of this nuclear equipment as early as 1955.  It was 

found to be costly, unreliable, and not particularly rapid. 

3. The instruments were subsequently modified and evaluated in field 
3 k 

tests reported by the CAA. '  A second investigation was then conducted at 
5 

the WES to determine the suitability of the modified nuclear equipment for 

measuring moistures and densities of airfield base courses and subgrades. 

Particular consideration was given to the reliability and durability of the 

equipment, and the accuracy of the measurements. It was determined that the 

probes used with this equipment were not adaptable to airfield studies be- 

cause the measuremonts were still time-consuming and the density measure- 

ments were still not as accurate as those obtained by direct sampling 

methods. 

h.    There followed other studies in which laboratory and field meas- 

urements were made with nuclear instruments of various descriptions. Row- 

ever, It was not until I.960 that a report recorded satisfactory tests in 

which this type of instrumentation was used to monitor compaction on air- 

field pavement construction.  In that study, three surface probes were 

used to make in situ moisture and density measurements. The accuracy was 

1 
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sufficient for controlling compaction, and the time requit'ed for determin- 

ing the moisture and density of sand was reduced one-third« 

5. Sensors evaluated in studios discussed thus far contained a de- 

tector and a source of gamma radiation in one assembly.  The source war, 

separated from the detector by a load shield so that only scattered gamma 

rays could be detected. Since scattering of gamma rays is caused by col- 

lision of gamma-ray photons with electrons, placing the sensor adjacent to 

the soil allowed measurements of the electron density of the soil, A 

change in electron density of soil is closely related to a change in bulk 

or in situ density. 

6. The tochnicues used in the latter studies, however, still were 

not completely satisfactory because the volume of soil contributing to thc- 

donsity 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 ir\to 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 during 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 large- 

volumes of sand. Tests were conducted in two phases. In the first, meas- 

urements were made on aluminum and steel plates to establish a standard 

reference for computing soil density. In the second, measurements were 

made on two large samples of air-dry sand constructed 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. lairing preparation of the samples, a limited number of density 

measurements wore made by weighing a known volume of sand that had been 

removed.  These measurements were subsequently compared with the gamma-ray 

density measurements made. 

• 



PART II: RATIONALE 

9. The number of photon counts N  that are detected per unit time 

from a radioactive source placed a unit distance away from a detector de- 

pends on the characteristics of the source and detector, the test geometry, 

and background radiation.  If the source Is one with a relatively long half. 

life, and the source and detector characteristics, the test geometry, and 

background radiation remain unchanged, N  may be assumed to be a constant. 

10. When a material is placed between the source and detector, the 

number of photon counts detected N becomes, according to Tambert's ab- 

sorption law, 

N = N exp(-Tlpx)*- (1) 

where N is 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 material 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 coefficient 

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 measure- 

ments of N and N . 
o 

12. Unfortunately, such a direct approach to the determination of 

densities of materials is not practicable, because it is not always pos- 

sible to keep the source at a unit distance, nor is it possible to main- 

tain a constant N . Consequently, the approach that was taken in this 

study was somewhat indirect. 

* exp(-T]px) = e"   , where e is the base of the Naperian Logarithm 
(2.71828). 



L3.    The effect of distance between the source and detector was eas- 

^   Lly handled,  since the number of photon counts follows the inverse square 

law.    Therefore, provided all other factors remain constant, 

N, .(D^/D^NJ (2) o 

is the distance between the source and detector. 

lU. The main problem, that of maintaining a constant N , had to be 

handled in the following mannen 

a. A spectrum of the number of f^amma-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 ^amma-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 spectrum for the reference 

material so that only radiation from the gamma-ray source 

would bo considered in subsequent determinations. 

b. Spectra for soil between the source and detector were then 

obtained in a similar manner. 

c. Che spectrum for the reference material that had counts most 

nearly the same as those measured through soil was compared 

with each of the soil spectra; and the average proportional 

change in the vertical direction K. and the average pro- 

portional change in the horizontal direction h. necessary 

to achieve coincidence or near coincidence of the two spec- 

tra were noted. By this technique, the number of counts 11 
s 

measured when soil was the attenuating material was equal 

to K.T.N , /.'here U      is the number of counts measured for 
i i r '      r 

aluminum and steel, the reference materials. 

'hi.-, for unit distance T    , 
o 

Ns s No exP (-V.x.) (3) 

• 



and 

N    = N    exp M p x  \ (k) r        o      ^ V    rrr r/ 

For distances other than unity, equation 2 yields 

N
s
aMVM2exp("nBpsxs) (5) 

and 

When equations 5 and 6 are substituted for N  and N , respectively, in 
S L 

N    = K.IJ.N    (paragraph I'+c), then 
s        1 i r - 

No(Do/Ds)2 exP ('\08*s) - KiLiNo (Do/Dr)2 exP (-\PrXr) (7) 

or 

exP (-VS
X

S) 
= KiLl(D

SAr)2exP(-VrXr) 

15.    With    N      thus eliminated, the  soil density is 

(8) 

or 

-T] p x    - In K.L,   + 2 In (l.   A;  ) - Tl p x (9) 's's s i i \  s'  r/       rrr r w 

T] p x    = Tip x    - In K.L.   - 2 ln(D /D   ^ (10) 's^s s       rrr r i i \  s'   r^ 

and 

Ps  ' Tlfr [\Prxr " ln KiLi ^ 2 ln ("r/D
5)] (11) 



PART TU:     TEST EQUIPMENT AMD PROGRAM 

Equipment 

1V i mma - ray s pc- ctiv )meter 

16. The  spectrometer used in these studies is a multichannel system 

that counts the number of gamma-ray photons that are detected within a 

known Length of time arid arranges the counts according to energy level. 

Principal  components of the system (fif;.   l)  are described briefly below: 

detailed descriptions are given  in reference 7. 

17. Sodium iodide detector assembly.     The sodinm iodide  (llal)  de- 

tector assembly (fig,  la)  is composed of a cy] indrically shaped NaT crystal, 

12.7 cm* in diameter and 12.7 cm 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 energy level of the gamma ray.    The crystal is 

activated with thallium to ensure maximum conversion of energy to light, 

Che photomultiplier tube detects the  intensity of this  light and produces 

an electrical pulse with an amplitude proportional to the intensity of the 

Light and,  hence,  the energy level of the gamma-ray photon. 

L8.     Pulse-height analyzer.    The pulse-height analyzer  (fig.   lb)  re- 

ceives the electrical pulses from the detector and sorts them into magnetic 

ferrite core memory storage channels on  the basis of their amplitude.    The 

pulse-height analyzer has UOO storage  channels, but only 200 of these were 

used in this  study.    The term "channel"  refers to the  location of the en- 

ergy level band within the 200 channels  used for accumulation of radiation 

data in the pulse-height analyzer.     Each channel will store the number of 

pulses with energies over a range of 0.014168 Mev.    Thus,  from the bottom 

of channel   1  to the top of channel 199,  the number of detected pulses 

stored . ill range in energy from 0 to 2.819 Mev,    Channel 0 (zero)  is used 

to record 'he  length of time during which counting has taken place  (live 

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

A table of factors for converting metric units of measurement to British 
units is given on page xi. 
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pei-iod of live time, after which it ceases to accumulate additional iata 

and either continues to store the data it has already accumulated or auto- 

matically releases the stored data to the paper-tape perforator. 

19. Pead-time indicator.    Each time the pulso-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, 

called 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 ah 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 spectrum, 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-tape 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 photomultipl ier 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. 

2U.    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 of 0,01 percent.    This ensures proper func- 

tioning of the spectrometer with input voltage variations from 95 to 130 

VOltS AC. 

Radiation source 

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

8 



Co      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 war. 

stored in a lead container with walls approximately 10 cm thick to reduet.- 
60 exposure of personnel to Co      radiation to a minimum. 

Apparatus for non- 
nuclear density measurements 

26.    Samples for nonnuclear density measurements were taken with a 

gravimetric device consisting of a rectangular thin-walled box, two spoons, 

a scoop, a pan, and a brush (fig. 2).    The box was open at the top and bot« 

torn ana contained 1168.2 cm    of material when the height of the material in 

the box was 5*09 cm. 

S 

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

Test Früp-ai: 

27.    The test program was divided into two phases.    In the first 

phase, gamma-ray photons that passed from the Co      source to the Nal crys- 

tal detector through materials cf 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.^3 cm square, 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 1-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.U cm thick 

(equivalent to an aluminum thickness of 16.H x 2.83 = ^6.b cm). Subse-

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

10 



3.8-cm-thick aluminum plates, to a total thickness equivalent to 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 equivalent to an aluminum thickness of '.>i. 1 cm. 
With the steel plates remaining in position, subsequent measurements wore 

made following the addition of ;ach of five 3»' -• thi-k aluminum plates, 

to a total thickness equivalent to an aluminum thickness of i'6.1 cm. 
32. Each measurement of radiation through the referr i '.at".; wao 

accompanied by a measurement of background radiation takes for a IC-min 

live time with the source removed from the test area. 

Second phase 

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

through two samples of Yuma sand, each constructed to a uniform 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 si:es are nearly uni-

form, with 95 percent of the particles being between 0.07 and 0.30 mm in 

diameter. All of the particles are between 0.06 and 0.5 mm in diameter. 

A gradation curve and classification according to the Unified Soil Classi-

fication System appear in fig. 3* Sand used in these tests was obtainei 

from stockpiles located at the WES. Prior to uce, it '.-.'as div- sv-d •' f roots 

and other Foreign material ar.d air dri-;d to a moistur-. ntent <C at 1 v :-:i-
mately 0.1'• percent. 

3U. Sample preparation. Samples were prepared it a -oncrete pit-

located in the Mobility Research Branch (MRB) large-scale test facility. 

The pit is 51-82 m long, 3.5U m wide, and 1.68 m deep, with tracks 

each side to allow movement of test cart? and instrument piatf rms th 

length of the test area without disturbing the sample. The first U-

was constructed to a height of 121.8 cm, and the second to a hei.ph+ . >f 

12U.5 cm from the bottom of the pit. 

35« Sand was placed in t'iie pit in thin layers with a .:pr- a ter 

(fig. k) designed to travel along the tracks and distribute the can 1 uni-
formly over the surface oF the sample. The density of th" sample v.a/-

11 
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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 con- 

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 wore formed in it 

for the radioactive source and the detector. The holes for the source were 

formed with aluminum tubes 7.6 cm in diameter and with walls 0,hQ  cm thick. 

Wooden frames 30.5 cm square and with walls 1,3 cm thick were used to form 

the access holes for the detector. The tubes and frames were in sections 

15.2 cm long that could be joined by tongue-and-groove construction. Aa 

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 
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Fig. 5' Location of access holes 

sides 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 taker from locations 
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idjacent to the detector access holes for determinations of density by con-

;,t * • Mi •vtl. i.'. Th'• omall samples were obtained by pushing the density 

(n ) into the sar. t until the lower surface of the collar of the box 

.an i: nntaet with the sand. At this point, the level of sand in the 

..a.- ap; roxhr.ately 0.25 em higher than the desired upper level and about 

below th.e upper surface of the collar. The excess sand in the box 

•an -a••••fully r v e d to the desired level by using a short spoon designed 

that th- Jon :ut the sand to the desired level when the shoulders of 

i - . re ' r. contact with the upper surface of the box. A scoop was 

us<v i t rom/ve the sand remaining in the box to within 0.25 cm of the 

I \ lover level. This sand was carefully placed in a pan. A spoon 

•••. i -er than the first one was then used to remove the sand that re-

•• a" <"I :: th- box ard convey it to the pan. Grains of sand that adhered to 

t . p ;ui i Ion * spoon were brushed into the pan. The known volume 

( It . ) of sat. i in the pan was then weighed and the density computed. 
. Mamma-ray measurement technique. For the gamma-ray measure-

.13, the 1 .eight of the source and the detector within the access holes 

• .a i i 1 •• -hanged while a constant source-to-detector distance was main-

tain, i. Th'.:' v/as accomplished by suspending the source and the detector 

fr •• a movable beam positioned across the pit. Clamps attached to sue pen-

sion -ab.les facilitated prepos.itioning the source and the detector to the 

i • ir- ! depths. 

U(;. To define the gamma radiation passing through layers of soil, it 

v.-a.: : assary to ensure that the rource and the detector were accurately 

align in the same horizontal plane. This was done by positioning the 

raiioactive source at the same elevation as the midpoint of the Nal crystal 

•p. ' i. i-tee tor assembly. The Nal crystal was 12.7 cm high and was located 

in the b ttom of the ietector assembly. Therefore, optimum alignment of 

th sour •• and the detector was achieved when the source was positioned in 

til ae • on. hole 6.35 cm higher than the bottom of the detector assembly. 

Th- '• ' t. la! m- asurem^nts were made in each access hole with the bottom of 

th Jet" :tor 6.U :m from the bottom of the pit and that of the source 12.7 

- from th- i ttom of the pit. Subsequent measurements were made each time 

;. an I detector were raised 12.7 cm. 



Ul. 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 progressed to a 

final height of 121.8 cm, measurements were repeated on these three layers 

and were made on two additional 12.7-cm layers above the original height of 

51.0 cm. 

k2. After sample No. 2 sad been construct"! to an average height of 

118.1 art, nine layers were measured at increments of 12.7 A final 

layer was measured 6.h 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 it. excess of 15 per-

cent, which indicated that excessive radiation was impinging or. the detec-

tor, prohibited measurements any nearer the top surface of the soil 

samples. 

1+3. Test procedure. Two gamma-ray measurements, each for a 10-mi.n 

live time, were made at each detector an I source height. One was a back-

ground measurement made vjith the detector suspended at the desired height 

in the access hole, but with the Co source removed from the test area. 

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 Uc). 
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PART IV:    REDUCTION AND ANALYSIS OF DATA 

Data Reduction 

Spectra correction 

kk.    Cialn and base-line shift.    The output of the gaimna-ray spectrom- 

eter was a s poet rum of the number of photon counts accumulated during a 

moasirement of prerset  10-mln live time versus channel number.    Each channel 

contained an energy ran^e of 0.0lUl68 Mev so that the peak counts for Co    , 

which has an energy of 1.33 Mev, were normally located In channel 93.9 

(1.33 + O.OIU168 ■ 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 

program   designed to relocate the counts in their proper channels. 

U5.    The computer pro-am was written for measurements taken for a 

100-mln 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 wore not computer corrected, they had to be multiplied by 10 for 

comparison with the various soil measurements. 

h6.    Background radiation.    The gamma-ray spectra of the radiation 

from the Co      source were records of the photon counts not only frot.. the 

radioactivt source, but also from all other sources of radioactivity that 

constituted the background.    The background counts were found to vary ovev 

a •.•.ide ran^e,  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 background spectrum in each cliannel 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- 
•      60 

twoen 90 and 100 were used because the peak counts for Co     were always 

contained within these limits, re,gardless of spectrum shifts due to gain 

and base-line variations. 

Method for computing sand density   ps 

U7.    rince 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, ^anana 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   ^ » Pw i and   x     and the 

mass attenuation coefficient, density, and thickness of the aluminum as 

11      t  p p   i and   x .  , equation 8 can be written: 

exP(-VsX
S - Ww ■ Vfl^) = hh^rAf eXP(-VrXr)      (12) 

to include the additional attenuation of aluminum and wood.    Then 

-11 px    -Tl.p.x-llpx    = -11 p x   + WK.L. ^ + 2 Infc) /D \ 's'^s s       aroil ai       wKw w W r V i i^ \ s/ rf 

and 

p- = ^nr I-TL.P^x^ - ^.P,.^. + ii px  - in(K.L. W 2 WD /D \| {ik) 

(13) 

s TlV [-VoAi - \pwxw + VT*T - ln(KiLi) + 2 ^(^s)] 

U8.    The terms   \ . ^ . ^ . \ » Pp » P^ » Pw . \;,  > * w '    r 
and   D      in equation ih remained constant for all measurements in this 

study, while    D    , x    , K.   , and    L.    could differ for each measurement. ssi 1 
The methods used to determine the values for both the constant and variable 

terms are discussed in the paragraphs that follow. 

U9.    Determination of   TL    .    The mass attenuation coefficient of 

the aluminum plates    I]     was determined from measurements made  in the firr;t 

phase of this study.    Each time a 3.8-cm-thick aluminum plate was placed 

between the source and detector,  the Co      counts diminished according to 

the equation 

N2 * M-L exp^-T^x \ (15) 

where 

N.   ~ number of photon counts for a thickness of an attenuating material 

Np = number of photon counts for an additional thickness    y.     of the 

attenuating material 
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Since p _ and x  were known (p =2.6? g/om } x --3.8 cm), T] < could 
o(. 

ordinarily be computed from üquation I',! by aubstitutinK the poak Ho  counts 

obtained in the reference measurement a for N, and M . 
60 

50.  .he family of reference 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 peak counts remained located near the same channel for 

thicknesses equivalent to aluminum between 57.8 and J6.2  cm, but shifted to 

higher numbered channels for thicknesses less than 57.8 cm. Because of the 

shift in channel locations of the Co  peak counts, it was necessary to ad- 

just the number of counts in 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 peak for all measurements. Thus equation 15 must 

be written 

L2N2 = L^ exp (-Tlrprxr) (l6) 

and 

^ ,]" (W¥2) (17) 
r r 

where 

L,    - ratio of the channel location of the photon counts    N,    to the 

average channel location of the photon counts for all reference 

measurements 
Tp  - ratio of the channel location of the photon counts    K?   to the 

average channel  location of the photon counts for all reference 

measurements 

51.    The channel location of the Co     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 l)  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. 

b.    If the channel containing the greatest number of counts had 

fewer than  1 percent more counts than either the next higher 

ov next  lower channel, the peak counts were considered lo- 

cated midway between the channel containinc the createst 

number of counts and the channel containing less than 1 per- 

cent fewer counts. 

c    Tn the spectrum for an equivalent aluminum thickness of 60.9 

cm, which contained peak counts in both channels 93 and 95» 

the peak was considered located in channel 9^> since channels 

93 and 9^ contained nearly the same number of counts. 

d.    ]'he location of the peak counts was not determined for the 

spectra for an equivalent aluminum thickness of 72.3 or 76.1 

cm.    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 
60 these measurements with the Co      source were not signifi- 

cantly £r<jater than the backf^round spectra for these 

measurements. 
60 

52.    The location;.; of the peak Co     counts determinec. in this manner 

for the eiiflrb reference spectra that were considered and the average channel 

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

Equimlent location of 
Aluminum Cobalt 60 Peak     . ,,       cr£/p 

Thickness, cm   Counts, Channel       i      U  , Counts     r *        '" 

h6.k 97.5 1.03 8356 
50.2 96.0 1.01 U9lt* 
5I1.O 95.0 1.00 2918 
57.8 9^.0 0.99 nU"7 

57.1 95.0 1.00 19:1 
60.9 9^.0 0.99 1^3H 
6U.7 93.0 0.9P &; 
68.5 9l».o 0.99          38U          ___ 

Avg   9O Avg   0.05289 

0.05^26 
0.05235 
0.05155 

0.06L52 
0.05062 
0.0V701 

53,    The average Tocation of the Co     peak counts was channel 9U.8. 

ihe value for   I .    is the ratio of the Co     peak location of each spectrum 

to 9U.8.    The number of counts    II   was taken directly from table 1 for each 
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spectrum except for   N    for an equivalent aluminum thickness of kG.k cm, 

which is the average of counts in channels 97 and 9^«    The mass attenuation 

coefficient of the reference places    T\     was computed by equation 17 for 

each thickness of aluminum (not equivalent thickness).    Then the average 
2 

mass attenuation coefficient for all aluminum thicknecses, 0.0529 cm /g, 

was used in equation ih to compute the sand density. 

5h.    Evaluation of    I]  .   .    Since the aluminum plates and the aluminum 
_^ Q' go 

tubes forminß the source access holes were both measured with Co    » TJ        in 
2 

both cases was considered equal to 0.0529 cm /g. 

55•    Determination of   \  ,    The mass attenuation coefficient for 

sand and that for aluminum for an energy level of 1.25 Mev are available 
o 

in published tables.  Therefore, the mass attenuation coefficient for sand 

at the energy level of Co  (E = 1.33 Mev) could be detomincd by the 

equation 

yi.25)    yi.33) 

V1-555 = V1-^ (l8) 

whore 

11 (1.25) ■ mass attenuation coefficient of sand when E = 1,25 Mev, 
S 2 equals 0.0567 cm /g (from reference 8) 

T,   (1,25)  = mass attenuation coefficient of aluminum when    E - 1.25 

Mev, equals 0.051+8 cm /g (from reference 8) 

y\ (1.33) ■ mass attenuation coefficient of sand when   E = I.33 Mev, 
s 2 equals 0.05^7 cm /g (from equation l8) 

''1 (1.33) ■ mass attenuation coefficient of aluminum plates when 
r ? 

E = 1.33 Mev, equals 0.0529 cm ^g (from paragraph 53^ 

56,    Determination of   fl   .    In the same manner, the mass attenuation 

coefficient of wood    TT   was determined by the equation 

yi.25)       Vl.33) 

where 

Tl (l,25) -■ mass attenuation coefficient of wood when   E = 1.25 Mev, 

equals 0.0607 cm /g (from reference 3) 

21 



r (1.33) mass attenuation coefficient of wood when E = 1.33 Mev, 
W p 

equals 0.0586 cm ~/g (from equation 19) 
57- Determination of p̂, , p . , and p . The purity of the alumi-

num used in the gamma-ray measurements was not known, so density values pub-

lished in available tables could not be used. Therefore, the density of the 

aluminum plates Pr was determined from gravimetric measurements and found 

to be 2.67 -/em\ rhis value was also used as the density of the aluminum 

tubes p . The density of wood p,. was also determined by gravimetric 
Oit " 

measurement to be 0.50 g/cin . 

58. Determination of x^, , x^ , xr , and Dr . The thicknesses of 

the walls of the aluminum tubes x , of the wood x , and of the refer-ee g w 
ence nlates xr were measured in a conventional manner. The distance D^ 

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

these parameters were as follows: 

x . - 0.^83 cm 

x = 1.27 cm 
w 

x = 64.7 cm 
r 

D = 159.7 cm 
r 

59. Evaluation of D and x . The center-to-center distance from 
s s 

source t o l e t ec to r f o r measurements on the s o i l D and the thickness of s 
the soil x were measured at the time gamma radiation was measured. 

s 
60. Evaluation of . To determine the value for , 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 Up. A typical soil measurement 

(run :'o. L 52-1731) and the reference measurement (x 10) for an equivalent 

aluminum thickness of 6U.7 cm are shown in fig. 7. This particular refer-

ence spectrum was selected because the counts defining it were close to 

those measured through sand and the channels defining this spectrum always 

contained a greater 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 
Channel Measurements Soil 

No. (x io) 

i+680 

Measurement       1 

2^76           i 90 
91 5120 2629             1 
92 5580 3098 
93 6250 3618 
9^ 6130 36^2 
95 5770 3286             ' 

Reference 
Channel   Measurements 

No. (x 10) 

96 
97 
98 
99 
100 

5160 
3780 
2880 
1660 

6^10 
Avg    1+331. 

Soil 
Measurement 

2570 
16U2 
I39S 
816 
213 

2308.0 

6l.    The value of    K.   , the average proportional change  in the verti- 

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 (avg) 
K.   =J,^< (20) 

i TTT^T 

where 

N (avg)  - the average of the number of photon counts contained within 

channels  90-100 detected in a 10-min live time for soil 

measurements 

:;  (•J.v;';,)   - the average of the number of photon counts contained within 

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

reference measurement 

For run No.  1732-1731 

N (avg)      p^ n 

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

reference spectrum on each of the soil spectra and, while maintaining hori- 

zontal alignment 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, K. was 

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. Evaluation of L. . The average proportional change in the 

horizontal direction L. required to achieve coincidence or near coinci- 
1   ^ 

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

h - r ^ 
v 

where 

C -• channel location of Co  photopeak in the soil spectrum 

C = channel location of Co  photopeak in the reference spectrum, 

equals 93-0 for the reference spectrum used in this study 

The criteria stated in paragraph 51 were used to determine the location of 

the peak Co  counts in the reference spectrum and in the soil measurements. 

By using run ;Jo. 1 "32-1731 for an example, the peak counts were determined 

to be located in channel 93*5. Therefore, 
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T s - 93.5   . -. m (23) 

6k,    Summary.    ConstantD used to compute the density for all  moarure- 

values determined for run No .  1732. .1731  are ciiramar 

a.     Photon ^ourit . 

Channel 
No. 

Source in Position 
(Hun No.  1732) 

9,597 
9,165 
9,U06 
9,623 
9,766 

10,126 

Source Removed 
(Run Ho. 1731) 

90 
91 
92 
93 
9k 
95 

7,121 
6,536 
6,308 
6,005 
6,12lt 
6,81*0 

96 
97 
98 
99 

100 
Total 

10,))21 
10,852 
12,i+63 
15,U26 

126,898 Tol 

7,851 
9,210 

11,065 
1)* ,610 
19,8)10 

al     101,510 

b.    Constants: 

\ = o 0529 cm /g P .  = 2.67 f^/cm3 

Oft 

\ - 0 0586 cm /g Dr = 159.7 cm 

Tla; = 0.0529 cm2/c 

T]   =0.05^7 can /g 
5 

Pr = 2.67 g/cin 

Pw = 0.50 g/cm3 

x    = bk ,7 cm r 

x,   = 1.27 cm 

x  .  = 0.1+8 cm 
011. 

cr = 93.0 

Variables: 

D    = lkl.6 cm       K,   = 0.53      L,   - 1.01 

x    = 120.8 cm 
s CE - 93.5 

d.    Result of Computation; 

p^ = 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 ta'tle 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 plates 3 and 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 U. The final measurements on sample 2 were 

made approximately 3*76 cm beneath the surface of the sample (source height 

120.7 cm). The densities measured at this depth were nonuniform and varied 

from I.36 to 1.6l g/cm . Measurements at all other depths were between 

1.1+5 and I.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 measurement s were made on the three layers closest to the 

26 



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 cm had been reached. These measurements are compared in plate 5» 

The density can be seen to have increased slightly in all holes after the 

initial measurements were made. This increase probably was caused by an 

increase in static pressure in the lover level of the pit nc  the sample 

was constructed. 

Analysis of Data 

70. From the measurements in this study, an estimate can be made of 

the minimum and maximum allowable thicknesses of the sample, the optimum 

thickness of the sample consistent with the accuracy desired, the suitabil- 

ity of the Co  source for these measurements, the thickness of the layer 

that affects the density measurement, and the accuracy and suitability of 

nuclear density measuremente relative to nonnuclear measurements. 

Sample thickness 

71. Minimum. The minimum sample thickness is controlled by the 

photon flux that can impinge upon the detector without adversely affecting 

either its cain or stability. The maximum flux for the detector used in 

this study is approximately 10,000 counts/sec, 

72. To determine the minimum sample thickness, valuer for a typical 

measurement (run No. 1732-1731» paragraph ok)  were substituted in equa- 

tion 5» (Note: In this and subsequent determinations, the number of count) 

in each channel of the computer output was divided by 10 so that the actual 

counts from the source and backcround are considered.) 

a. Lot N  equal the sum of counts stored in channels 001 
^      s 

through 199 divided by the live time (• 00 sec). N   93 

counts/sec. All channels must he considered rin^e the 

detector responds to radiation from all sources. 

b. Substitute in equation 5 to obtain 

K'^Am-ri   exp -(0.05U7)(1.5)(120.8)     (2*0 
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c. Assume a constant    \D , where   \D ■ D   • x^  . — ' s       s 
d. Substitute values from paragraph 61+, \D = lkl,6 

-  120.8 = 20.8  . 

e. Let    D   » x    +20.8   and    N    = 10,000 (paraeraph 71), and ■■" s        s s 
obtain values for   Tj     and   po    from paraßraph 6k. 

f. Substitute tliese values in equation 5 to obtain: 

,2 

(r-r2o) 10,000 «N^h    rSS-Hl     exp -(0.05U7)(1.5)(xs)        (25) 

p 
c.    Solve .jiiuation 2'* for   N D       and substitute this value in M o o 

equation 25.    Then by iteration, a value for   x      can be 

found that will solve equation 25.    Solving for   x      in this 

manner yields 73.7 cm, the minimum sample thickness. 

73.    Maximum.    The number of counts that will be detected from a ra- 

dioactive source within a Given live time will decrease as the sample thick- 

ness increases.    On the other hand, an increase in sample thickness will 

have no effect on the number of counts detected from the background.    There- 

fore, at some sample 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. 

7U.    If the soil sample, in this case sample 2, is assumed to have 

the same density and moisture content throughout and the background radia- 

tion remains 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    -- 'SD + x = 20.8  + x 
— s 
b. Let    N    - N ,,   - N. - s        s-tb        b 

whore 

N   ,   = total number of counts in channels 90 through 

100 for measurement with the   Co '      source in 

position, equals 12,690 

II.   ■ 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   1    , p,,   , and    :•: 
"• ESS 

(parafi-aph 6U). 
2 

d. Substitute tliese values in equation 5 and solve for   N D    . — 2 
e. Substitute this value for   N D     in equation 5 and replace — oo 

the value for   x    from run No. 1732-1731  (120.8 can) with 

other values to determine what    N     would have been if the 

sample thickness had been some thickness    x  .    In table h 

predicted values for    N      arc chov/n for various sample thick« 

necscc    x      between lOO.OO and 1!;1.25 cm. 
0 

75. Statistically, the number of counts detected within a certain 
7 10 live time obeys the Poisson distribution.   '       Therefore, the standard de- 

viation   o   of the number of counts    N    Is 

a = VF" (26) 

Statistical uncertainty exists for both soil and back^round measurements, 

i.e. measurements made with and without the radioactive source in position, 

so that both    N ^,     and   11,     must be considered.    Therefore, s+b b * 

Since   N.    will remain constant independent of a chanGinc   x,,   , and at 

the same time    N  ,.    decreases vith increasinc values of   x    , aM   will de- s+b s  *    II 
crease as   x      increases.    Table h shows values for   a„   for various values s 11 
of   x    . 

6 
76. The maximum thickness is reached when the number of counts   II 

equals the standard deviation   0    .    Therefore, from table Ut the maximum 

thickness is found to be approximately 151.12 cm. 

77«    Optimum.   As the snmplo thickness   x     is incroared,  the error 

in density measurements can be expected to increase.    By uciiif; the various 

values for   x    , TL , and   0..    listed in table U, the error can be pre- 
8 8« 

dieted.    In equation 5: 

a.    Again let   D    = 2f\ö + x    . 
* s s 
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Subs t i tu t e the value for N previously computed (para-

graph ?Ud). 
Lot T,o = 0.051+7 (from run No. 1732-1731)-

o 

Substitute the various values for xg , Ng , and oN in 

equation ) and solve for predicted density • 

Determine the error in percent density by the equation 

PpflfO = [(1-5 " p)/1'5] 100 (p-8) 

(This statement assumes the actual density of the sample to 

be 1.5 g/crrr.) 

The results of computations of and ^p(^) ^or various sample thick-

nesses x are listed in table h. 
s 

"0. Optimum thickness is achieved when the sample thickness is small 

nou;:h to permit source counts to exceed the standard deviation, yet not 

small enough to damage the detector crystal. For any particular test situ-

ation, a maximum thickness must be chosen that is consistent \d.th the ac-

curacy required. For the measurements discussed herein, the predicted 

error in densitj was approximately 0.53 percent. 

' adiation source suitability 

70. Penetration. The mass attenuation coefficient 7] of sand was 
• • /* r\ 

found to to O.O5U7 cm2/g when Co° with an energy level of I.33 Mev was 

used as the source of radiation. If a source with a lower energy level had 

been used, the mass attenuation coefficient would have been greater. For 

-\-unt>le, if cesium 137 with an energy level of 0.662 Mev had been selected 
8 

a_- the radiation source, the mass attenuation coefficient of sand would 

have been approximately 0.0778 cm ,/g. For the same live time, the number 

counts II that will be detected from a source through sand with a den-

;• it,. p and thickness x will be less for Cs1^' than for Co (see equa-

tion 1). As a result, the maximum allowable sample thickness would be de-

•r :ased from that determined with Co*''® as the source. 
30. Back-round ra<iiatic A typical spectrum of gamma radiation 

:'r "i lima rand in shown in fig. 8, where the natural radioactivity of the 

soil measured in a HO-min live time is presented. Even though the counts 

d. 
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per channel ore greater than those for a lO-ndn .live time, the shape of the 

spectrum is characteristic of baoj'.f.round measurements made for density deter- 

minations.    Exc'.-pt for photopcaks due to the natural l.y occurrlnr radioac- 

tive constituents in the soil, background radiation generally decreases ar 

energy level (channel number) Increases, BU that measurements with a source 

of radiation having a higher energy level, such as    Co '    (K ■■■ 1,33 Mev), 

result in lower statistical error in tre number of counts than meacure- 

ments with a lower enerry source, such t s Cs        (E «= 0.6fi2 Mev). 
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Layer thickness affecting measurement 

81. If a gamma-ray photon emitted from a source 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 

par una ray, E will be detected. However, if a collision should occur in 

the material, the photon will give up some of its energy to the electron 

and proceed with reduced energy (E1) along an altered path (CD in fig. 9) 

to the detector. The energy E* at D depends upon the initial photon 
B 

energy E and the scattering angle 8 as shown by the equation 
• fs 

E' = 1 + (1 - COS 0 ) (E/0.5110) ^ 

For small scattering angles, E1 « E . But as 9 increases, E1 diminishes. 

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 
137 energy of photons having lower initial energy, such as those of Cs , 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 

(fig. 11) at which two lines intersect at a given angle 0 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 

~ rind the scattering angles 0 along the various paths BCD 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, b\rt the method for determining 

the scattering angle is less direct. If a spectrum of the number of gcunma-

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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unseattered photons. Liquation 29 restated to give a solution for the 

scattering on.'.lo 9 is 

(30) 

By establishing a lower limit ior E' , only photons scattered, in an angle 

oi' 9 or less will be considered. This restricts the boundaries of the 

volume oi' 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: 

R = SD tan (31) 

31+. For density determinations, gamma-ray counts located in channels 

90 through 100 were considered. The lower limit for £' was therefore 

90 x 0.01M68 Mev = i.27512 Mev , and 9 = 10.6° . From equation 31, the 

thickness of the layer R affecting the measurements in this study was 

lU.O cm. Actually, the thickness is slightly greater, since equation 31 

is applicable only for a point source and detector. 

Comparison of nuclear and 
nominelear density measurements 

85. The density of soil at a munber of locations adjacent to the de-

tector access holes was determined by conventional nonnuclear methods. The 

values obtained in this manner are compared in the followin" tabulation 

with densi ty values determined by nuclear .tec!iniques: 

Difference 

Sample 
Ilo. 

Height 
i n 

.'Sample 
cm 

Access 
Hole 

No. 

Nonnuclear 
D e n s i t y 

g/em^ 

Nuclear 
D e n s i t y 

g/cirr 

g/crn 
(Nonnuclear 

N u c l e a r ) 

1 

CO 
0 _r\ 1 1.M+ 1.U2 0 .02 

U 1.1+3 1.1+1 0 .02 

2 3 8 . 1 1 1 . 5 1 1.1+7 0.0U 3 8 . 1 
U 1 . 5 0 1.1+9 0 . 0 1 

(Continued) 
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Sample 

h e i g h t 
i n 

Sample 
Access 

Hole 

Nonnuelear 
Dens i ty 

Nuclear 
D e n s i t y 

O 

D i f f e r e n c e 
/ 3 g/errr 

(Nonnuclear-
Ho. em No. r/ enr -/cm' Nuc l ea r ) 

2 - 3 - ' 1 1 .55 I . 5 2 0 .03 
2 1 . 5 6 1. >2 0.0)4 
3 
h 

I.1:/' 

• 5 <' 

i .';U 

1 . 5 3 

0 . 0 2 

0 .03 
5 1.56 1 .53 0 .03 
6 1.55 1 .1;9 0 . 0 6 

88 .n l 1 .5 ' , 1.1*7 o.oy 
h 1 .5^ .1. h 5 0 . 0 9 

8' . There is good agreement between the nuclear and nonnuelear den-

sities, suggesting that the two techniques might he complementary in -.nigi-

neering applications requiring both surface and subsurface dens it;/ measure-

ments in a section of soil. Whereas it is difficult 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 normally provide the Kmsity at ths 

spot where trie sample is taken, while nuclear techniques measure the aver-

age density of a volume of soil between the sourc • -ind detector. 
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SCOMMEIIDATIONS 

' ' u e l u r i o n r 

jaEur,'rn-Tits and cut-se»suent d e n s i t y d e t e r m i n a t i o n s 

•r i n , ' 11« .'.In • • >neius ienr a r • irawn: 
-ntr "Ui 1 e u sed as ail e f f e c t i v e means o f 

• r i n * ran i : -licit.;. p rov ided t h e t h i c k n e s s o f t h e sample 

; tl.at. ; -u»! -routu: r a d i a t i o n and d e t e c t o r i n s t a b i l i t y 

) not a i T ct ' : • :u -arur :n nt a c c u r a c y . 

" arur- 'ment r a a 1 " c l o se to t h e r u r f a c e of t i • sample have 

Limited vain "• u n l e s r s h i e l d i n g i s u sed to r educe the r a d i a -

t i o n "leakage" over t h e t op of t h e sample to t h e d e t e c t o r . 

:ommon< l a t i o n s 

[t i s v •onuri'jnded t h a t : 
a . h i s method I •> used more e x t e n s i v e l y f o r n o n d e s t r u c t i v e s o i l 

l e n s i t y measurements . 
I'lo more f e a s i b i l i t y s t u d i e s be made, s i n c e t h e b a s i s o f t h i s 

method i r a r imp le p h y r l c a l phenomenon and i s s u f f i c i e n t l y 

under r t o o d . 
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Table 1 

I h »ton Counts Per Channel   for Reference Curves 

Equiv- 
alent 

A 1'i.minur. Photon Counts for 
Thickness In dicate d Channel Number 

cm go 
6138 

91 

5333 

92 

1+98] 

9^ 

5356 

9^ 

5788 

95 

6639 

96 
7U82 

97 

8393 

9B 

8319 

99 

7U25 

100 

1+6. U 5815 
50.2 3276 3168 33)+0 3661 1+285 U783 U91U 1+71+6 3993 2966 2027 
5^.0 1877 2066 2120 21+28 2819 2918 2880 2385 1826 1085 626 
57.1 L252 1321 11+8.1 1691 181+8 1911 1Ö31 1298 938 563 302 
5^.8 1 VKO .1260 1377 1628 171+7 1705 1531 1193 852 522 253 

60.9 730 828 939 1083 1031+ 1066 88U 6I+9 U92 256 108 
6U.7 v,8 5L2 558 625 613 577 516 378 288 166 61+ 
68.5 288 293 320 371 38U 35^ 257 226 207 118 36 
72.3 163 163 193 266 217 226 Ll+0 161 108 59 30 
76.1 98 67 88 130 130 115 81 66 80 56 -15 

Table 2 

Summary of Results of Nuclear Density Measurements 

Soil 
in g/cnr Sample Source Density 

Sample        Height Height 
cm 

for Indicated Access Hole No, 
.;o.             cm 1 

1.1+1 

2 

1.1+2 

3 

1.1+1 

1+ 

1.1+3 

5 

1.1+2 

6 
l              51.0 12.7 1.1+3 

25.^ 1.1+0 1.1+2 l.i+2 l.J+3 1.1+2 1.1+2 
38.1 1.1+3 1.1+3 1.1+3 1.1+1+ 1.1+1+ 1.1+1+ 

121.0* 12.7 1.1+1 1.1+2 1.U3 1.1+3 1.1+2 1.1+5 
25.^ 1.1+2 1.1+3 1.1+3 1.1+1+ 1.1+3 1.1+5 
38.1 1.43 1.1+1+ l.J+5 1.1+6 1.1+5 1.1+6 
50.8 1.1+2 1.1+3 1.1+2 1.1+1 1.1+0 1.1+1+ 
63.5 1.1+3 1.1+1+ 1.1+2 1.1+3 1.1+1 1.1+3 

2           12U.5 12.7 1.1+5 1.1+7 1.1+8 1.1+7 1.1+8 1.1+6 
25.i+ 1.50 1.1+8 1.I+9 1.1+7 1.1+8 1.50 
38.1 1.1+7 1.1+9 1.50 1.1+9 1.1+8 1.1+7 
50.8 1.51 1.51 1.51 1.51 1.51 1.1+8 
63.5 1.52 1.52 1.51+ 1.53 1.53 1.1+9 

76.2 1.53 1.1+9 1.53 1.53 1.1+8 1.1+9 
88.9 1.1+7 l.l+B 1.1+9 1.1+5 1.1+6 1.1+8 

101.6 1.1+7 1.1+9 1.1+8 1.1+8 1.50 1.1+7 
111+.3 1.50 1.53 1.52 1.51 1.56 1.56 
120.7* 1.55 1.52 1.61 1.36 1.58 1.1+1+ 

121.9 ('m for holes 1 and 6. 
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COMPARISON OF DENSITIES 
AT VARIOUS SOURCE HEIGHTS 
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'•• •■""••' A study was conducted to determine the feasibility of using measurements made 
with a multichannel ganma-ray spectrometer and a cobalt 60 radiation source for accu- 
rately determining soil density and resolving the density profile of layers.    Measure- 
ments were first made on aluminum and steel plates to establish a standard reference 
for comparing soil density.    Two samples of air-dry sand were constructed at different 
densities to a depth of approximately 120 and 125 cm in a pit 51.82 m long and 3.51t m 
wide.   Measurements were made at depth intervals of 12.7 cm in each of six access holes 
located In the samples.    The densities determined were compared vith densities deter- 
mined by nonnuclear means.    Results of this study indicate that density con be measured 
accurately by the method described herein provided  (a) the thickness through 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 permitted defining soil density profiles.    As a re- 
sult of this study. It is recommended that the method described herein be used for 
nondestructive soil density measurements where the density beneath the surface of a 
sample must be known. 
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