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Table 1

Ligt of Reportg Investisated

A, Reports Covering the NMeutron Moisture Method

1. Belcher, D, J,; Cuykendall, T. R,; and Sack, H, S,; The Measurement
of Soil Moisture and Density by Neutron snd Gamma-Ray Scattering., Technical
Development Report No, 127, Civil Aeronsutics Adminisitration Technical Devel-
opment and EBvaluation Center, Indianspolis, Indisna, Cctodber, 1950,

2, Belchsr, D, J,; Cuykendall, T, R,; and Sack, H, S,; Nuclear Metsrs
for Meaguring Soil Density and Moisture in Thin Surface Dayers, Technieal
Development Report No, 161, Civil Aeronantics Administration Technical Devel-
opment and Evaluation Center, Indianapolis, Indiamna, February, 1952,

3. Carlton, Paul F,; Beicher, D, J,; Cuykendall, T, R,; and Sack, H, 3,;
Modifications and Tests of Radicactive Probes for Measurineg Soil Moisture and
Density. Technical Development Réport No, 194, Civil Aercnautics Administra-
tion Technical Development and Evaluation Center, Indianapolis, Indiana,
March, 1953,

4, S8pinks, J, W, T,; Lane, D, &.: and Torchinsky, B, B,; "& New Method
for Moisture Determination in Soil", Canadian Journal of Technology, Vol, 29,
April 3, 1951, pp. 3714,

5. Swanson, R, W,; Instrumentation of a Field Survey Meter for Soil
Moisture Determination, Thesis, M, S, in Yuclear Enginesring, North Carolina
State College (Underwood, Van Bavel), 1954, 59 pp.

6, Gardner, Wilford; and Kirkham, Don; "Determination of Soil Moisture
by Weutron Scattering," Soil Scisnecs, Vol. 73, Yo, 5, May, 1952, pp. 391-401,

7. Piepsr, G, F,, Jr.; The Measurement of Moisture Content of Soil by
the Slowine of Neutrons, Thesis, Cornell University, June, 1949,

8., U, 5, Army Corps of Fnginesrs, Field Teatas of Nuclear Ingtruments
for the Measurement of Soil Moisture and Density. Miscellanecous Paper No,
4-117, Vicksburg Infiltration Project, Forest Service, U, S. Department of
Agriculture, for Waterways Experiment Station, Vicksburg, Mississippi;
March, 1955,

9. TYates, B, P,, Soil Meoisture Determination by Neuiron Scattering,
Thesie, Cornell University, September, 1950,



10. Hood, B, E., Jr,; Determination of Soil Moisture Content by Measure-
ment of Neutron Scattering. Thesis, North Carolina State College, June, 1953,

11, Goldverg, Irving; Trescony, Louis J,; Campbell, Jamss 5., Jr,; and
Whyte, Gordon J,; Meagurement of Moisture Content and Density of Soil Magses
Usine Radioactivity Methods, Paper preparsd for presentation at the 1954
Pacific Coast Regional Confersnce on Clays and Clay Technology, June 25-6, 1954,
University of California, Berkelsy,

12, Horonjeff, Robert; Goldberg,; Irving; and Trescony, Louis J.; The
Use of Hadioasctive Material for ths Meagurement of Water Content and Density
of Soil. Paper prepared for presgentation at the Sixth Annual Street and
Highway Conference, February 3-5, 1954, University of Califeornia, Los Angeles.

B. Reports Covering the Gamma Ray Density Method

1, Belcher, D, J,; Cuykendall, T, R,; and Sack, H, S,; The Measurement
of Soil Moisture and Density by Neubtron and Gamma Ray Scatterine. Technical
Development Report No, 127, Civil Aeronautics Administration Technical Devel-
opment and Evaluation Center, Indianapolis, Indiana, Cctober, 1950,

2. Belcher, D, J,; Cuykendall, T, R,; and Sack, H, 5,; Nuclear Meters
for Mespuring S0il Density and Moisture in Thin Surface Layers. Technical De—
velopment Report No, 161, Civil Aeronautics Administration Technical Develop-
ment and Zvaluation Center, Indianapolis, Indiana, February, 1952,

3. Carlton, Paul F,; Belcher, D, J,; Cuykendall, T, R,; and Sack, H,S,;
Modifications and Tegsts of Radioactive Probes for Measuring Soil Moisture and
Density, Technical Development Report No, 194, Civil Aeronautics Administra-
tion Technical Development and Bvaluation Center, Indianapolis, Indiana,
March, 1953.

L. Vomocil, J, A,, "In Situ Measurement of Soil Pulk Density," Agri-
cultural Bngineering, Vol. 35, No. 9, September,, 1954, np. 651-4,

5. Berdan, D,; and Bernhard, R, K,; Pilot Studies of Soil Dengity Meas-—
urements by Means of X_-Rays., Pregented at the Fifty-third Annuval Meeting of
the American Socisty for Testing Materiels, June 26-30, 1950,

6. U, S, Army Corps of BEngineers, Field Tests of Nuclear Instruments
for the Measurement of Soil Moigture and Density. Miscellanscus Paper No,
4117, Vicksburg Infiltration Project, Porest Service, U, 5, Department of
Agriculture, for Waterways Experiment Station, Vicksburg, Mississippi,
March, 1955,




7. Hostidea, Harold B,; "Radioisotopes and Nuclear Reactions Applied to
S50il Mechanics Problems,” Symposium on the Use of Radioisotopes in Soil Mech-—
anics, ASTM Special Technical Publication No, 134, American Society for Test-
ing Materials, Presented at a meeting of Committee D-18 on Soils for Dngin-
esring Purposes, Cleveland, Ohio, March 5, 1952,

8. Bernhard, B, K,; and Chasek, M,: Soil Density Determination by Direct
Transmission of Gamma Rays. Presented at the Fifty-eighth Annual Meeting of =

the American Soclety for Testing Materials, June 26-July 1, 1955; 18 pp.

Q. Milesg, M, E,.: Bnerey Distribubion of Gamma Bays Scattered Around a
Soil Density Probe. Thesis, Cornell University, June, 1952,

10, Goldberg, Irving; Trescony, Louis J,; Campbell, James S5,, Jr.; and
Whyte, Gordon J,; Measurement of Moisture Content and Density of Soil Massesg
Using Radioasctivity Methods, Paper prepared for presentation at the 1954 Pa-
cific Coast Regional Conference on Clays and Clay Technology, Juns 25-6, 1954,
University of California, Berkeley.

11, Horonjeff, Robert; Goldberg, Irving; and Trescony, Louis J,; The Use
of Radicactive Material for the Measurement of Water Content end Density of
S0il. Paper prepared for presentation at the Sixth Annual Street and Highway
Conference, February 35, 1954, University of California, Los Angeles,




Table 2

Advantages of the Neutron Moisiure Method Cited by Authors

Determinations are made in
sitnu (it is unnecessary to re—
move samples for analysis).

Continucus readings are pos-
sible at the same point,

- Method determines total water
regardless of physical or chem-
ical state.

Moisture contents at various
depths can be determined,

Continuous and automatic re-
cording is possible,

Accuracy and precision sgual
or excesd those of standard pro-
cedures,

Movement of molsture in soils
may be follaowed,

The method possesses equal
sensltivity over the entire
range of meisture,

The method is more rapid than
conventional methods,

Both surface and depth measure-

ments are possible,
Bquipment is readily portable,

Method yields moisture content
per unit volume directly.

Method is independert of soil
type.

Number of authors citing

12



Method is independent of soil
temperaturs,

Method is independent of soil
texture,

Me thod is independent of soil
compogition,

Method is independent of soil
compaction,

Method is independent of soil
structure,

Method is independent of the
concentration of soil solution
(salts),

Volume of soil being measured
is likely to assure a represent-
ative sample,

The methed is simple,

Desired vertical or horizontal
préecision can be attained by ef-
fective design of shielding zeo-
nstry,

The same Pprocedure can be used
tc debtermine the asphalt content
of & bitwrinous pavement mix,



Table 3

Adventages of the Gamma Ray Density Method Cited by Authors

Determinations are made ip pitu
(it is unnecessary to remove samples
for analysis),

Continuous readings are possible
at the same point,

Dengities at various depths can be
determined,

Continuous and sutematic recording
is possible,

Accuracy and precision equal or &X~
cesd those of standard procedures,

Changes of density with compaction
may he followed,

The methed is more rapid than con-
ventional methods,

The method is independent of soil
type.

The method is independent of soil
tempsrature,

Both surface and depth measurements
are possible,

Egquipment is readily vportable.

The method yields bulk density di-
rectly,

The volume of soil being measured
is likely to assurs a representative
sample,

The method is eimpls,
Desired vertical or horizontal pre-

clsion can be attained by effective
design of shislding geometry.

-6 -

Number of authors citing

11



Table &

Limitations of Neutron Moisture Method Cited by Authors

Number of authors citing

Soils containing largs quantities 2
of chlorides require special cali-~
bration,

i

Temperaturs range is 35 to 90 de-~ 1
gresg I,

Chemically bound water is included, 1

One thousand counts are required 1

for less then 2% counting error,
Thig takes 100 minutes at low moigt-
ure contents,

Mucks require special calibrations, 1

Different metals for access tubing 1
require special calibrations,

Too much time is required for 1
moisture tests,

The method is worthless for thin _ 1
layers, R

The eguipment costs too much, 1

The equipment is difficult to pro- 1
cure,

The equipment is difficult to op- 1
erate,

Meximum depth is only 30 ft, 1

Nons reported, 6



Table »

Iimitations of Gamma Ray Density Method Cited by Authors

The equipment costs toe much,

The squipment is difficult to
procurs,

The equipment is difficult to
operats,

The method is worthless for
thin layers,

Maximum depth is only 18 inches,

Maximum depth is only 30 feet,

The squipment is too sensitive to
"minor disturbances’ close to the

counter ftube,

The sguipment is not sensitive
enough,

Too little is known about the
effects of surface irregularities,

The presence of rocks affects
the results,

Temperature range is 35 to 90
degrecgy F,

None revorted.

Funber of authors citing
1

1



Table 6

Frequency of Laboratory and Field Use

A. DMoisture
Laboratory use only,
Field use only,

Both,

B, Density
Laboratory uss only.
Field use only.
Both.

Not gteled.

Fumber of suthors citing



A, Moisture

Hadivm-beryllium
Radium D-beryilium

Polonium-beryllium

B, Density

Cobalt 60
Radium

XZ-Rays

Table 7

Types of Sources Employed

e 10 -

Number of authors citing



Table 8

Strengths of Moisture Sources Used

A, Badium-Bsryllium

6 millicuriss
9 millicurieg
100 millicuries

B, RadiumD -Beryllium

25 millicuries

C. Polonium-Beryllium

100 millicuries

150 millicuries

- 11 -

Number of

authors citing



1.5

70

A, Cobalt 60

millicurie
millicurise
millicuries

miliicuries

B, Radium

millicuriesn

Table 9

Strengtha of Density Sources Ussed

Numbsr of authors c¢iting

- 12 -
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Tyves of Access Tubing

Number of authors citing

A, Moiature

Aluminum 7
Stainless Stesl 3
No tubing (auger hols) 2
Wot reported 1

B, Density

Aluvminum 3
Stainless steel 3
No tubing (auger hole) 1
Not reported b

- 13 -



Types of Detectors

A, Moigture

Hhodium foil
Silver foil
Indivm foil
Boron 10 trifiuoride filled tubs

Boron 10 lined counter tube

B, Density

Victoreen 1B85 Geiger tube
Anton 106 counter tube
X-day film

Seintillation counter
Pocket Dosemeter

Boron 10 %rifluoride

¥ V-

Number of suthors citing



Table 2

——

Dimensiong of Moisture Probeg

Numbsr of suthors citing

Less than 2" 0D, 1,76% 1ID 1
1 1/32" oD 2
1t ID 1
9" x 1" 0D 1
63/64" 0D 1
Less than 15/16" 0D 1
29/32" 1D 1
3/4% 0D, 3/4" less 0.050" ID 1
7 5/8"x 6 1/M4" x2 1/2" surface type 1
Not reported 3

~ 15 -



Table 13

Dimensions of Dengity Probes

Humber of authors citing

14 x 1" QD 1
1% ID 1
63 /64" 0D 3
0,90" 0D, 0,83" ID brass tubing 1
9 14" x 8 x 1 11/16" surface typs 1
Not reported 5

-~ 16 -



Table

W

Typves of Reference Standards

A, Moisture

Water
Paraffin
Alunipun-lead-~paraffin spherse

Not reported

B, Density

Concrete
Aluminum~lead-paraffin sphere
Fixed distance from known source

Not reported

- 17 =

Number of auvthors citing



Table 15

Sizes of Samples Used for Calibration

A, Moisturs

55 gallons
25 gallons
Less than 25 gallons
Calibrated in fisld

Not reported

B, Density

55 gallons
liess than 55 gallons
Varied

Yot reported

- 18 -

Numbsr of authors cilting



10

12

15

18

A,

inches
incheg

inches

B,

inches
inchssg
inches
inches

inches

C.

Table 16

Badii of Moigture Measurement

Minimum

Maximum

Mot reported

- 19 -

Number of authors eciting



13

18

'A"

inches

inches

B.

inches
inches

inches

Cn

Tabie 17

Radii of Density Measurement

Minimum

Max imum

Not reported

Number of authors citing

- 20 -~
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Methods of Varying Moisture Parameter

Number of guthors citing
Air drying, adding known amounts 2
of water, and mixing thoroughly.

Saturating, then drying little by 1
little in sacks in oven.

Moistening so0il to desired degres, 3
weighing, drying, and weighing again,

Hand shoveling {"best and fastest 1
method™ ),
Trom 1000 to 1200 1b, soil mixed 1

in Lencaster, Range from oven-dry
to 27 1b, waler per cubic foot,

"Batch mixer", 1

Tegts run in fleld under natural 1
soil conditions,

"Conventional method", 1

Not reported, 1

w 21 —



Tabhle

19

Methods of Varying Density Parameter

Vibrating scil with concrets
vibrator.

Hand tamping.

"Using soils of different mois-
ture content®,

Varying wet dsnsity in pounds
per cubic foot by varying soil typs,

From 1000 to 1200 1b, scil mixed
in Lancaster, Rangs from 75 to
133 pounds per cubic footb,

Varying bulk density ("Enown
mass and known volume") as well
a3 water content.

Tests conductsed in field under
natural soil conditions,

Not reported.

- 22 -

Number of anthors citing

1



Table 20

Time Required for Measurement

Number of authors citing

A, Moisturs

3 minutes 3
% minutes 2
G minutes 1
30 minutes 2
Several hours 1
B, Density
3 minutes b
C. Xot reported 10

- 23 -



Control Tests Used for Neutron Moisture Method

Number of authors citing

Use of "loss on heating" samples. 5

Oven-drying 1500 g. from center 2
of drum,

Oven-drying 4 samples at 4 dif- 1

ferent levels,

Weighing and drying duplicats 1
100-g. samples, then returning
these to gross sample,

Core sampling, weighing, then 1
oven-drying,
Fot reported, 2

- 24



Table 22

Control Tests Used for Gamma Ray Density Method

Fumber of authors citing

"eighing samples’,” 1
"Volume changs’ 1
"Weight and volume measurements,” 1

Het weight and volume of drum: 2

contenta,

Core sampled, volume and wéight 1

determined,

Sand cone method, 1
"Conventional 'sand' method." 1
"Weight/volume plus sand density 1

tests,"
Standard samples,” 1

Not reported. b

- 25 -~



Table 23

Special Features and Observations

Associated with Moisture HEguipment

Number of authors citing

Employed telemstering, 2

Base plate design for surface 1
measurements.,

Different methods of placement 1
of access tubes were tried out.

The closer the source to the 1
counter tube, the better, Inti-
mate contact is hest.

None reported. 7

- 26 -



Table 24

Special Features and Observations

Aspociated with Density Equipment

Number of suthors citing

Bmployed telemetsring, 1

Base plate design for surface 1
measurements,

Different methods of placement 1
of access tubes were tried out.

Source and detector in two 1
separate probss,

Apparatus "very simple;" measures 1
depths to 60 feet.

Energy distribution studied, 1

None reported. | 5

- 27 -



Table

25

Brfects of Scil Type, Condition, Amendments, etc,,

on Moisture Determinaticons

Texture or composition has
neglikible €fféct.

Humus, rich in organic material,
had no effect on determinations,

Effect of sand was negligible,

Effect of glacial drift was
negligible,

Influencs of scil type was
negligible (sand, clay loam, silt,
gravelly clay sand),

All soil textures used (quartz
sand, Onslow fine sandy loam,
Cecil clay) fell on same curve
when expressed on volume basis,

Bffect of organic material must -
be considered but may be negligibls.

Effect of organic material is
compensated for by the large mois-
ture contents of these soils,

Chlorides may exsrt an effect
if present in large quantities,

Vo effects reported,

Number of authors citing

- 28 -



Table 26

Effects of Soil Type, Condition, Amendments, ste.,

on Density Determinations

Fumber of authors citing

Independent of soil type 2
Rocks may affect the readings 2
Ho effects reported 8

29 -



Table 27

Imorovements in Moisture Method Suggested by Author

Use boron type counters,
Use scintillation counters,

Use a weaksr source (less than
250 millicuries radium-beryllium),

Use a stronger source {greater
than 25 millicuries radium D ~
beryllium),

Use a lenger counting time,

Use a compact, battery-operated
gcaler, Make field improvements,

Study the size of the sphers
being measured.

Improve fthe geometry used
(better probe design).

Develop an instrument for depth
measurenent from the surface,

Hone suggested,

Number of authors citing

- 36 -



Table 28

Improvements in Density Method Suggested by Author

Fumber of authers citing

Use horon type counters, 1
Use scintillation type counters, 2
Use compact, battery-operated scaler, 1
Use smaller, more rugged equipment, 2
Use count rate meter, 1
Decrease crystal height-diameter 1

ratio to increage ratio of low gammas,
Improve design of probe, 1

Uze absorber around detector to 1
limit gamma energies,

Increase the sensitivity, 1

Eliminate the effect of rocks. 1

Study the effect of soil moisture on 2
the density readings,

Study the size of the sphere being 1
measured,

None suggested, 3

- 31 -



Table 29

Accuracy of Moisture Messurements

Number of authors citing

+ 0.13 to 0,15 lbfeu ft, 1
+ 0.8 1b/cu. ft. 2
+ 0.9 1b/eu. f£%. 1
+ 1 1b/cu, f£t. ‘ 2
+ 2,09 by volume or 1.,4% dy weight, 1
& 2% 1
+ 1% 1
Not reported, 3

-~ 32 -



Table 30

Accuracy of Density Measurements

Number of authors citing

0,5 1b/cu, ft, 1
1.60 to 1,74 1b/cu, ft. 1
2 1b/cu, ft, 1
3 1b/en, £%, 1
L 1v/eu, ft, 1
5 1b/cu, ft, 1
5.5 1b/eu, ft, 1
0.7 by weight 1
1,5% 1
Not reported 2

- 33 -



Table 31

Safety Precautions for Moisturs Tests

Othey Than Film Badee, Monitor, and Health Examinations

Number of authors citing

3-ft, distance, not shislded, 3
for short intervals,

6-ft, distance for longer in- 1
tervals when using drums,

30~inch distancs, 1

2-ft, distance, 1

Wire cages, 2

2 1/2-inch lead container 1
for probe,

2-inch lead container for probe, 1

"Only a few obvious precautions.! 1

Not reported. 2

~ 3 -



Table 32

Safety Precautiong for Dengity Tests

Other Than Film Badse, Monitor, and Health Examinations

Number of anthors citing
3-f5. distance, not shielded, 1
for short intervals,

6~f4, distance for longer in- 1
tervals when using drums,

2--ft, distance. 1
Wire cages, 3
1 1/2 inches of lead, 1
Not reported. 5

-~ 35 -



Table 33

Frequency of Solls Used

Number of authors citing

Memphis silt loam 3
Briensburg silt loam 1
Clarion €ilt loam 1
Monona silt loam 1
Wabtash 8ilt loam 1
Norfolk fine sandy loam 1
Onslow fine sandy loam 1
Quartz sand 2
River sand 1
Fine river sand 1
0'Neil sand 1
Sand, not specified 2
Sandstons f1l1l 1
Gumbo clay 1
Uecil clay 1
Sandy clay 3
Silty clay 3
Commerce slilty clay 1
Putnam d¢lay 1
Clay loam 1
Sil%, not spscified 2
Glacial drift 1

- 36 -



Table 34

Freguency of Soil Textures Used

Fumber of authors citing

Sand 7
Silt 2
Clay 3
511t loam 7
Silty elay L
Sandy loam 2
Sandy clay 3
Olay loam 1
Sandstone 1
Glacial drift 1

- 37 -



