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THE MEASUREMENT OF SOIL MOISTURE AND DENSITY
BY NEUTRON AND GAMMA-RAY SCATTERING

FOREWORD

For the past several years the Civil
Aeronautics Admimstration has taken a deep
interest 1n the development of equipment and
methods for measuring soil moisture i the
field, either 1n an embankment during con-
struction or under a pavement after con-
struction For the latter purpose it 1s par-
ticularly important to have a device which
will give continuous readings at the same
pownt without the necessity of removing suc-
cessive soll samples

Early attempts todevelopa suitable de-
vice were centered around a heat diffusion
type of moisture cell This involves a low-
energy constant-rate source of heat, which
1s placed in the soil, and a means of meas-
uring the temperature rise at the source of
heat after a definite heating period This wn-
dicates the insulating effect of the soil, which
in turnvaries with its moisture content Ex-
periments with this type of cellhave been con-
ducted at the CAA Technical Development
and Evaluation Center, Indianapolis, Indiana,
and are still in progress

Discussions with members of the staff
of the College of Engineering, Cornell Uni-
versity, indicated a possibility also of de-
veloping a practical instrumentfor measuring
both so01l moisture and soil density by meas-
uring the influence of these properties on the
propagation of neutron and gainma rays The
preliminary investigations covered inthis re-
portwere carried out under contract between
Cornell University and the Civil Aeronautics
Administration Professor D J Belcher
was the project director, with Dr T R
Cuykendalland Dr H § Sack as consultants

Although considerable additional de-
velopment and refinement are needed 1t seems
safe to say thata potentially useful and practi-
cal tool for the so1l engineer has been pro-
vided

SUMMARY

The influence of moisture and the den-
sity of materials on the propagation of gamma
and neutron rays aroused the interest of those
concerned in moisture and density studies

A research and development contract be-
tween the Civil Aeronautics Admumstration
and Cornell Uniwversity has resulted in the
development of a device for measuring the
moisture and density of soils

The apparatus, consisting of a radio-
active source and detector, 1s given access
to the soil by being lowered into a one-inch
metal tube driven into the ground Fast
neutrons emitted by the source are converted
by tmpact with water molecules to slow
neutrons The number of slow neutrons 1s
proportional to the water content of the sur-
rounding so1l A sumilar arrangement, util-
lzing gamma-ray emanation, measures sotl
density

The me thod permits measurement of
water regardless of state, 1t 15 sensitive over
wide ranges of moisture content, 1t success-~
fully measures moisture inlayers of stratified
soi1l, and 1t enables observations to be taken
at any desired depth and at short intervals, 1t
lends 1tself to continuous and automatic re-
cording

Laboratoryand field checking of the re-
sults of test measurements show that the ac-
curacy of the neutron and gamma-ray methods
of determination equals or exceeds that of
standard procedures The apparatus 1s rela-
tively mmexpensive, and by observing simple
precautions, 1s without hazard to health

INTRODUCTION

Over a span of approximately 50 years
the records and literature on the subject of
so1ls contain descriptions of various types of
apparatus that have been developed far the pur-
pose of determining so1l moisture The lack
of knowledge 1n the field of so1l moisture can
be attributed to a lack of adequate means of
measurement rather than a lack of interest
Because of the limitations of moisture meas-
uring devices little 1s known, 1n a definite
sense, of the movement of moisture 1n soils
This s particularly true 1n unsafurated soils
The movement of moisture through sou by
percolation, by capillary and by vapor trans-
fer 1s little known except by analogy and in-
ference When wn the frozen state, the soil
conditions defy study



An essential to the satisfactory study
of values and trends in soil moisture 15 the
need for continuing observations of the same
so1l throughout 1ts seasonal cyclic changes
Destructive sampling with an auger intro-
duces many uncertainties i most soil for-
mations because of theirr hetierogeneous nature
This type of an wnvestigation, although sim-
ple, 1s expensive and also lacks continuity,
especially over critical periods of rapid rise
and fall of the groundwater table To date,
the problem of installing measuring devices
without materially altering the adjacent soil
conditions has been met with but lumited
success

Most of these early instrument methods
have been related to the variations in elec-
trical resistance offered by soils n varying
degrees of saturation In general, these have
presented overwhelming difficulties, partic-
ularly wn the calibration of the equipment at
its 1nstallation site A number of improve-
ments over the direct measurement method
have been developed These, 1n general,
substitute for the direct (electrode) contact
with the soi1l, blocks of material that absorb
and giwve up moisture 1n a way that 15 related
to the changes in the moisture of the sur-
rounding soiul The electrodes embedded 1n
these blocks are used to measure the re-
sistance of the material i1n the block and the
variations in the moisture content This ar-
rangement very much simplifies the calibra-
tion of the installation and also insures uni-
form contact between the electrodes and the
measured media

In the field installation of this type of
moisture recorder 1t 1s necessary to select
a representative soi1l column and to install
the electrodes or moisture blocks individually
at critical pownts that should he determined
by inspection Where the measurements are
desired atdepths below four feet, the problem
of installation becomes difficult because of
the need for an adequate excavation and the
resultant disturbing of the soil and the con-
sequent change in 1its drainage properties

The ever-present need for information
on soll moi1sture characteristics has been
enlarged by the need for more accurate in-
formation in subgrade soil moisture as a means
of providing better desi1gn information for
pavements With the recent availabiulity of
radioactive materials, the problem of deter-
mining so1l moisture was reviewed in the

lIight of the ability of some of these materials
to react indirectly, althoughwith great sensi1-
tivity, to moisture The interest of the Civil
Aeronautics Admimistration and staff members
of the Engmeering College of Cornell Uni-
versity combined to study the possibilities of
using nuclear materials to measure soil mois-
ture contents TInprinciple, the neutron meth-
od of counting hydrogennuclel seemed to hold
consiuderable promise Among the favorable
characteristics was the fact that the neutrons
would detect the presence of water regardless
of state so that whether the water was ma
form of a liquid, vapor or solid meant that 1t
would be possible to make observations aty
any time of the year Secondly, 1t appearel:f
thatthere would be equal sensitivity over the
entire range of moisture and, third, that it
does not depend upon the installation of elec-
trodes at various depths in the soil colurmn
The neutrons that have the ability to count the
hydrogen nuclei contained 1n water particles
readily penetrate stainless steel and aluminum
metals so that the simplicity of the installa-
tion seemed a desirable attribute The fact
that the measurements could be made by
lowering a small unit 1nto the water-proofed
staimnless steel tube mndicated that a low-cost
mnstallation could be made, especially with
reference to the infimite variation 1n the num-
ber of levels at which moisture determina-
tions could be made It also largely removed
the question of selecting a representative site
since the tubes could be installed and with-
drawn almost at will and in great numbers,
if necessary Finally, measurements can be
made 1n short-tume intervals of the order of
one-half hour or less, thus recording rela-
tively rapid changes 1n moisture content

One ofthe requisites of a so1l moisture
measuring device 1s that 1t be adaptable 1n all
types of soil, ranging from clays through silts,
sands and gravels, as well as in stratified
and heterogeneous deposits, such as glacial
drift containing material si1zes ranging from
clay to boulders The problem of inhomo-
geneities 1s not confined to that of grain sizes
but 1t also includes wvariations i1n density of
the so1l, the presence of organic matter,
such as vegetation and inorgamc salts of mag-
neswum, potassium and other metals The
latter 1s particularly important in the dry
areas west of the Mississippt River The
organic materials are often associated with
low-level ground that i1s, at the same time,



topographically favorable to airportlocations
The alkali soils of the west, contaming the
morganic salts, are also concentrated inthose
areas that are predominantly level

Destructive sampling has introduced one
of the chief uncertainties into field studies
The use of an auger of Z-inch diameter may
well change the drawnage properties of the
surroundmg so1l throughout a 2-foot radius
of influence. Further sampling at a later
date must avoud this influence
variations 1n the soil may mtroduce sigmfi-
cant errors
fied many times when sampling beneath pave-
ments

Representative sites for sampling are
wmportant Whenan auger boring 1s made or
a resistance unit installed, 1t 1s desirable to
Inow what application these observations wll
have beyond the unmediate site
stances particularly in auger sampling, 1g-
norance of surrounding subsurface mmequali-
ties gives false values to the data obtained

Under some conditions 1t 15 umpossible
to obtain satisfactory moisture samples by
the auger method Where water can dramn
freely down the testhole from seepage planes,
these difficulties will occcur It has also been
virtually impossible to obtai1n samples for
studies of water 1n the form of vapor or 1ce
1n soi1l

The 1deal condition for malang soil
moisture studies exists when nondestructive
testing can be used, when moisture 1 the soil
itself can be measured, and when the soil 1s
undisturbed and free from unnatural influ-
ences

The advantages of the nuclear method
closely parallel the wdeal described The
simple tube, placed vertically n the soil
column, mntroduces a minumum of change 1n
environment Since the tube 1s placed 1n a
drilled hole of shghtly smaller diameter, the
intimate contact between the outer tube wall
and so1l elirminates any unnatural tendency for
vertical drainage downward along the tube
wall The tube provides access to the soil at
any practical depth to which it 1s driven and
anunlimited apportunity for making measure-
ments of the same soil at any period of the
year Inexpensive to wnstall, 1t can be with-
drawn or abandoned without appreciable loss
of tume or nvestment

On the basis of the need for a solution
to the problem and the promise wmherent 1n

In downg so,

This problem becomes magni-

In many -

the nuclear method, an exploratory contract
was arranged between the CAA Technical
Developmentand Evaluation Center and Cor-
nell University This contract contemplated
an mnvestigation of the feasibility of this meth-
od of measuring soil mowsture The report

of the development work follows

PHYSICAL BASIS OF THE
NEUTRON METHOD

The physical phenomena that form the
basis of the new method for the determination
of moisture content and density of soils are
the scattering of neutrons or gamma rays and
the loss 1n their energy during this process
It 15 well known that the interaction between
neutrons and other materials 15, with the
exception of a few specific substances, very
weak These neutrons, therefore, can travel
for a long time before they are destroyed
However, during their lLifetime they collide
with the nuclet of the material through which
theytraveland are scattered in all directions
At the same time, wn each collision or scat-
tering process theylose some of their energy
The scattering 1s particularly strong and the
loss of energy marked 1if the neutrons collide
with hydrogen atoms Thus, |f we have a
source of fastneutrons, and if these neutrons
travel away from the source, they will be
scattered by the material surrounding the
source and a great number will return to the
source or to 1ts immediate vicinity Those
neutrons whichhave been scattered by hydro-
gen atoms will have lost most of their energy
and return as slow neutrons The more hydro-
gen atoms there are present the more slow
neutrons will return to the vicinity of the
source A schematic picture of this situation
1s given 1n Fig 1, where the scatterings
from other than hydrogen nuclei, since they
are less important, are left out Thus 1n
counting the number of slow neutrons at, or
near to, the source, one will cbtaina measure
of the number of hydrogen atoms present It
15 also a fact that this scattering and slowing
down process 1s practically independent of
whether or not the hydrogen 1s bound chemi-
cally In particular, it 1s independent of
whether water, whtich contains two hydrogen
atoms per molecule, 1s 1n the vapor, liquid,
or solid state

Such a device for measuring the mois-
ture content consists then of a source of fast
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Fig 1 Showing How Neutrons Emitted by
the Source are Scattered by
Hydrogen Nucle1 Within the Soil
Mass and Return to the Detector

neutrons, e g , 2a mixture of radium and
beryliium, a detector for slow neutrons,
rigwdly placed near the source, e g , a rho-
dium foil or a boron counter, and an elec-
tronic device for counting and, if desired,
recording the number of slow neutrons reach-
ing the detector per second Suchanassembly
of source and detector can be lowered into a
small diameter (one inch) metal tube placed
in the soil, and can be connected by a cable
to the counting mechanism which is placed
above the soil surface

Tomeasure density of soil the scattering
properties of gamma rays can be used If
gamma rays emitted by a source, e g, radwum,
pass through a material, these rays are scat-
tered as a consequence of their interaction
with the atoms of the material The scatter-
ing s the stronger, the greater the number
of electrons that are contained 1n an atom
Since to a good approximation, for the con-
stitution of soil, the number of electrons 1s
proportional to the density of the substance,

a heavy substance will scatter more than a
light one The method 1s then again to meas-
ure the gamma rays which are scattered back
from the material to the vicimity of the source
In the case of gamma-rayscattering, the
theory of the effect has notbeen as well studied
and the phenomenon is very complex However,
it can be shown that, contrary to the case of
neutrons, no effect will be found if detector
and source are at the same place, and thus
the distance between detector and source 1s
a very essential parameter 1 the construc-
tion of the device

This apparatus for the determination of
the density then consists of a gamma-ray
source, e g , a weak radium preparation,
and a detector for gamma rays, e g , a
Geiger counter, mounted at a well-defined
distance from the source, and separated from
the source bylead, in order to prevent direct
gamma rays from the source reaching the
detector Again, this assembly can be mounted
i suchawaythat it can be lowered 1n a metal
tube and be connected by a cable to an elec-
tronic count rate meter

Since the theoretical consideration of
scattering of neutrons and of gamma rays
under these conditions presents a difficult
problem, counting rates cannot yet be cal-
culated in advance for a specific arrangement
Therefore, 1t 1s necessary to obtain calibra-
tion curves to relate the readings with the
actual moisture content or with the densaty

Most of the laboratory experiments and
the field tests have beenmade withthe simple
arrangements as previously described It s
evident that if this method were to be applied
in the field for routine measurements, further
developments 1n instrumentation would be de-
Since the art of detecting and meas-
uring neutrons, gamma rays, etc , 15 ad-
vancing rapidly, developments in this field
will also be of help in the future mstrumenta-~
tion of the device here discussed However,
1t 1s believed that the results obtained with
the equipment, as developed so far, are suf-
ficiently significant to permait a judgment of
the usefulness and the possibilities of this
new method

sirable

EXPERIMENTAL LABORATORY
PROCEDURE

- A program of laboratory experiments
was set up to determine if the number of low



energyneutrons scattered back from the soil
mass surrounding the neutron source could
effectively be used as a measure of so1l
moisture In order to carry out a series of
experiments n a rapid, well-controlled, and
sumple yet adequate manner, certain proce=-
dures were used, as follows

A quantity {about eightto ten cubic feet)
of the so1l to be used was taken to the labora-
tory, spread out to air-dry, and then mixed
thoroughly with the desired quantity of water
The well-mixed soi1l was then carefully packed
into cylindrical drums, n most cases 17
inches 1n diameter and 23 inches high Par-
ticular attention was pald to insure as un:-
form a density as possible An aluminum or
stainless steel (the type of tube makes a
slightdifference 1n the calibration curve) tube,
15/16-1nch inside diameter, pointed and sealed
at the lower end, was 1nserted cowncident
with the central axis of the drum

Briefstudies were made of so1]l masses
in other sizes of drums 1n order to corre-
late the laboratory measurements, involving
limited volumes, withfield observations where
Studies with
glacial drift were made on samples built up
in 55-gallon drums so that stones of various
sizes could be placed at a series of known
locations

an infinite so1l mass prevails

The moisture content of the so1l mass
was determined by tak 1ng several, usually
four, samples from different positions n a
drurmn and then weighing and drying them 1n
the standard manner The dens:ity of the soll
was determined from the net weight of the
filled drum and its volumne

A measure of the number of slow neutrons
was obtained by placing one or more small
cylinders (0 875-inch diameter by 1 inch by
0 003-inch wall) of rhodium metal foil within
the soil mass and subsequently measuring the
degree of radicactivity induced in the foil by
its selective capture of slow neutrons This
method i1s simple, dependable, and requires
a minmrmum of expensive equipment The de-
tails of the procedure follow

An assembly consisting of 2 neutron
source and suitable cylindrical holders for
the rhodium foils was inserted into the alu-
rmnum tube and lowered to the desired posi-
tion Such an assembly 1s shown in Fig 2,
where one foll holder symmetrically sur-
rounds the source, other holders are imme-
diately above and below After the foil detec-

!
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Fig 2 Assembly of Neutron Source and
Detector Foul Holders Within a Tube
Section

tor had reached "radigactive equilibrium'
(20- to 30-minute 1nterval) the foil n 1its
holder was rapiudly withdrawn and slipped
over a Geiger counter mounted inside a lead



shield provided to reduce background counts *
The degree of activity of the foil, propor-
tioned to the slow neutron intensity at the
place where the foi1l had been exposed, was
determined from the rate at which beta rays
from the foil cause the counter to "count "
The counting rate, in counts per minute,
properly corrected for background counts,
was then plotted for successive experiments
as a function of the soil moisture and a cali-
bration curve for the soi1l was thus obtained

In order to obtain precise results, the
time interval between removal of the detector
foll from the proximity of the source and the
time at which counting of the foil activity 1s
started must be determined by stop-watch
technique, and be held constant to about :kl/Z
second

The special equipment employed was a
neutron source, * ¥ a Thyrode 1B85 Gelger
counter manufactured by the Victoreen Instru-
ment Corp , a Model No 161 pulse amplifier
and scaler manufactured by the Nuclear Instru-
ment and Chemical Corp , and an ordinary
telephone message register

It 1s not possible to place the Geiger
counter imthe so1l adjacent to the detector foil
because the intense garmma rays emitted from
the radium would mask the neutron count
However, inafew tests, a polomum-=-beryllium
mixture, having very weak gamma-ray em-
mission, was used as a neutron source For
these tests 1t was possible to place the rho-
dium foi1l permanently around the Geiger counter
and to locate 1t adjacent to the neutron source
Then the Geiger counter continuously recorded
the beta activity built up i1n the fo1l under the
impact of slow neutrons The need for with-
drawing the foil for measurement s thus
avowded and a continuous automatic reading
can be taken This method has been used for
the telemetering tests to be described later
Unfortunately, a polonium-beryllium mixture
decays to one-half its 1mitial strength 1n about
four months

¥ Extraneous radiation from contamination,
cosmic rays, etc , cause a certain number
of residual counts, known as "background
counts "

#* % 100 millicuries of radium mixed with
beryllium powder and sealed in a capsule
1/2-inch diameter by 3/4 inch long

Since radioactive processes are random
processes, the experimental precision 1s de-
termined by the total number of counts In
fact, 1f N 1s the number of counts taken during
a gwen experiment,
attached to this measurement and, therefore,
]/ﬁ/N 1s the percentage error In most ex-
periments approximately 16,000 counts were
taken for maximum moisture (saturation) the
percentage error 1s of the order of one per
cent and accordingly higher if fewer counts
(lower mmsture) are measured However,
it 15 doubtful whether the overall precision
1s as good as one peT cent because the stability
of the counter tube and other equiprent 1s
probably not better than two per cent

Since there 1s always the possibility of
changes 1n sensitivity of the counter tube, or
of the amplifier system, 1t 1s essential to
check the arrangement from time to time by
means of a standardizing arrangement, 1 e ,
by an arrangement in which one can expect
to find the same number, and same quality of
slow neutrons at all times This has been
achieved for the moisture measuring device
by inserting the assembly 1n a paraffin cylin-
der approximately 13 inches in diameter and
13 inches high At regular intervals a check
was made by inserting the assembly wnto this
block During the ordinary lifetime of the
counter tube the results obtained with the stand-
ardwere always the same withun the statisti-
cal error

The assembly for the measurement of
density (see Fig 3) consisted of a four milli-
curie radium source and a Geiger counter of
the same type as described earlier DBetween
the source and the Geiger tube 15 a lead block
as indicated in the figure The assembly 1s
lowered into the tube penetrating the soi1lmass,
and the counting rate determined at the de-
sired postitioninthe soil by the same, counter,
scaler, and register In order to calibrate
the system, a very weak source of gamma
rays was placed 1n a rigorously reproducible
position with respect to the Gelger counter
As long as the counter 1s counting correctly,
readings taken with this standard must be the
same

Fig 4 1s a photograph of the scaler-
arrangement, and Fi1g 5 of the drums and
tubes Fig 6 shows the assembly used in
the moisture determination, the tube has been
cutawayto show the arrangement of the neu=-
tron source on its support, the lower foil

VN 1s the mean error



A B G D E F
0
: : B
Q
F- GOAXIAL GABLE
A-SOURGE HOLDER (AL) B-caP (aL) G-LEAD PLUG
q @ 0 125" PIN
T NN T A _ T
NN B T i °
BN N SOURGE o —loso" . T 4
l_ . kov7o o 52 3 50 > f-o 75“j ‘
0 60 > 0 37 105"— O - & 65'
1 26 1
BRASS TUBING
(o 90" 0b-0 70" 1D} LUCITE INSULATOR
BRASS TUBING ET
(0 90' 0D-083' D) SOLDER 35
0 SHOULDER

0125 PIN—-\

VICTOREEN 1885
THYRODE

E- AMPHENOL
CONNEGTOR

075" 5 25"

& 50

Fig 3 Assembly for Density Measurements by Gamma-Ray Scattering

holder and the center foil holder which has
been partially pulled outso as to make visible
the source Fig 7 shows the assembly for
density measurements, the conically termin-
ated lead cylinder between the source and
counter tube can clearly be seen

RESULTS OF LABORATORY TESTS

Moisture Content
In the diagrams which follow, the length
of the vertical Line indicates the probable
statistical error of the readings while the
horizontal lines indicate the range of the mois -
ture determinations obtained by the standard
method The following factors were studied
(1) Sensitivity, Accuracy, Reproducibility
From Fig B8, which shows the resulis of a
great number of measurements with silt,
taken over an extended period of time, 1t 1s
clear that the sensitivity of the method 1s
more than adequate Itcan be seen that these

points lie on a smooth curve within the error
of the moi1sture determunation and that the
statistical precision of the counting rate 1s
higher than the precision of the ordinary mais-
ture determination
Since this method measures moisture
content 1n pounds of water per cubic foot of
volume, the comparison of these results with
the moisture content expressed \n percentage
of dry weight requires that the density of the
material be known Under normal conditions,
when the density remains constant, the den-
sity factor can be eliminated by taking one
moisture observation and then converting the
calibration curve into counting rate versus
moisture 1n percentage of dry weight
{2) The effect, 1f any, of the type of so1l
on the shape of the curve {(Fig 8) has not yet
been thoroughly explored However, Fip 8
includes results obtained withsand and glacial
drift to show that the dependence on the type
of so1l 15 negligible
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One canexpectthatfor low moisture
contents the volume over which an average is
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contents . Experiments in drums of different

sizes have shown that for a moisture content
higherthan 13 pounds of water per cubic foot
any increase of size beyvond 17 inches diameter

does not increase the number of counts, but
for low moisture contents the number of counts
increases slightly if a bigger drum is used.
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the laboratory me

Though
surements are not quﬂiﬁ?
precise for this purpose, & corrected calibra~-
tion curve can be drawn and is seen in Fig.
8 as a broken line. This, then, would be the
ca Efbratéan curve that holds for field tesis.
The calibration curve and the correction for
the extended scoil=medium will change with
changes in the geometric arrangement of
source and detector, and the wall thickness
and material of the tube. The curve given in
Fig. 8 is obtained with the detector {oil cen-
tered around the source, and with an alumi-
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nurn tube of 1/32~inch wall thickness.
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{4} A further point of importance is the

influence of inhomogeneities; , for ex~

ample. Severalcurves were run with glacial

in a 55~galion drum in which rocks

well~defined size and shape were placed at
known pasiti@ns near hows
the variations of the counting rate as the

the tube. Fig. 9
measuring device was moved up or down.
The locati
indicated. Since

on and size of the rocks is also
this method gives an aver~-
age of moisture content ocver moderately
large volumes, it can be expected that the
influence of inhomogeneities is small; in fact,
it can be seen from Fig. 9 that, though some
fluctuations are present, the indicated mois~
ture is still within 1.25 pounds {one per cent
dry weight) of the average.

(5} Itcanbeexpected that in certain parts
of the country a considerable amount of salt
will be present in the soil. Chlorine, which
is one of the main constituents of the inor-

> in L.aboratos

shows a

captures

ganic salts that mav be pres ‘fm‘
strong interaction withneutrons; it
them, and thus reduces the number of neu~

if chlorin

trons that can reach the detector.
is present, the use of the normal calibration
curve (Fig. 8} will result in an incorvect
{low} moisture determination. In Fi
solid line is again the curve of ¥
crosses indicate the measurer

5 1bs ./

same type of soil to which ab
salt of the following composition has been
added: 40 per cent CaCly; 30 per cent NaCil;
20 per cent MgS504; 10 per cent NaSOy4. It
can be seen that the effect of the salt is rela-
tively small and since the amount added in
these experiments is much higher than can be
reasonably expected in the field, it can be
assumed that the presence of salts will not
influence appreciably the precision of the
measurements. If more salt is present than
in saline soils, a new calibration curve should
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Fig. 6 Assembly Used in Moisture
Determinations. The Center
Foil Holder Has Been Partially
Pulled Out so as to Make Visible the
Neutron Source and Its Support

Fig. 7 Assembly Used in Density
Determinations
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be made

(6) Anotherfactor thatmay alter the cali-
bration curve 1s the presence of organic mail-
ter inthe sp1l Organic matter contains hydro-
gen (i the form of hydrocarbons, for instance)
and since the new method cannot distinguish
between hydrogen in water or in any other
chemical compound, an excessively high
counting rate may be observed Measurements
of a sample of a high groundwater soil with
a highly developed organic top soil containing
about 75 per cent moisture gave a reading that
falls on the calibration curve, thus showing
that the influence of organic matter, to the
extent present in this soll sample, at least,
15 negligible

(7) Some preliminary experiments were
made with the objective of investigating the
ability of this method to differentiate between
different moisture contents occurring in rela-
tively thin horizontal strata By means of a
particular arrangement of source and detector,
it was possible to measure accurately the
moisture content of a layer of four to s1x
inches, independently of the moisture content
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of adjacent layers, provided the measured
layerwas nottoodry It i1s felt that theére are
a number of other possibilities, such as
shielding arrangements, and variations 1n
the geometiry of the assembly that may still
further \mprove the usefulness of this meth-
od for the study of thinlayers These factors
are possible fields for future study

Density

The arrangement of equipment was as
indicated mFi1g 3 Fig 11 shows the count-
ing rate as a function of density observed
with various types of soils of various molsture
content The fact that the counting rate de-
creases as the density increases 1s consistent
with the simple theory of gamma-ray scat-
tering This figure shows that the sensitivity
of this method 1s verygreat The results are
reproductible within the statistical error

Apain, this method measures the den-
sity as an average over an extended volume
Experimentationwith drums of various sizes
and with one arrangement of source and Geiger
counter showed that for soi1l weights preater
than B5 pounds per cubic foot this region 1s
less than 18 inches in diameter However,
the experiments indicate that the phenomena
are muchmore complexn the case of garmmma-
ray scattering than obtains for neutron scat-
tering, accordingly, some details have still
to be clarified, althoughas a whole, the meth-
od seems to be practical

FIELD TESTS

Two sets of tests were made to check
the performance of the new device under field
conditions In the first test the laboratory
equipment which 1s manually operated was
used to explore the profile of a soil to nine
feet below the surface In the second test,
exploring a soil-layer of 4-foot thickness,
automatic equipment speclally designed for
this purpose was used, and the counts were
telemetered from the field station to the lab-
oratorywhere the results were automatically
recorded

Tests With Manually-Operated Laboratory
Equipment

For this testa place was selected approx-
imately 100 feet distant from the bullding
where the laboratory tests were performed
Excavation at the site subsequent to the meas-
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urements showed that the soil consists of a
4-foot layer of gravelly loam underlain by
medium sand with occasional minor strata of
sandy clay approximately one inch in thick-
ness, which turned at about ei1ght feet into
clean sand down to the water table at 9 to
9 5 feet A 9-footstainless steel tubing,
l=inch inner diameter, 1 25-inch outside
diameter, * was provided on one end with a
solid point A hole was drilled with an auger
down to approximately six feet The steelpipe
was inserted into this hole and then driven
down for the remaining three feet In the
drilling, the auger struck rocks in the upper
horizon resulting 1n a loose fit between the
outside of the steel pipe and the so1l This
space was filled with sand as well as pos~-
sible While drilling the hole, soil samples
were taken at regular intervals for weighing
and drying For the moisture determnatieon
the assembly used in the laboratory test was

* Tubes of different wall thicknesses may
vield different calibration curves
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Wet Density of

lowered into the hole and cobhservations were
made at different predeterrmined positions
In the most complete run, measurements were
taken every si1x inches After each exposure
of one-half hour the rhodium foil was with-
drawn and quickly carried to the counting de-
vice 1n the laboratory Care was taken that
always exactly the same time (60 seconds)
elapsed between the withdrawal of the foil and
the beginning of the counting For the density
measurements the count rate meter was placed
near the hole and the density-measuring as-
sembly (F1g 7)directly connected by a coaxial
cable, so that readings were taken on the spot
Several runs were taken on different days
The observations expressed n counts
per minute were transformed by means of the
laboratory calibration curves into values of
moilsture content in pounds of water per cubic
foot of so1l and into so01l density 1n pounds per
cubic foot These results, plotted as a [unc-
tion of the distance below the surface, are
shown 1n Fig 12 for measurements made on
one particular day Other runs, made withun
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one or two days during which there was little
probability for a change in moisture, gave
practically identical results.

In order to judge the reliability of this
method, it was desired to compare the results
with moisture and density determinations
made by standard methods. For this purpese,
a hole, 4 by 3 by 9 feet, was excavated as
showninFig. 13. As the hole was excavated,
one or two samples of approximately 75 grams
were taken every six inches for the meoisture
determination. Inordertodetermine the den~
sity, a steel tube, eight inches long and of
three inches inner diameter, was pressed to
its full length into the undisturbed wall, at a
given depth, and then carefully faken out
without disfurbing the scil contained in the
tube. The weight of the soi
divided by the volume of the tube, was taken
as the soil density in that region. The unit
weights thus obtained at four different depths

id rawn,

Fig. 13 The Excavation at Test Site. The
Tube for Moisture and Density
Measurements is Seen on One Wall

were, in general, lower than those obtained
with the new device, the maximum difference
being 10 pounds per cubic foot. * This is as-
cribed to the fact that the volume used in the
direct method is too small for obtaining a
good average, particularly in the locations

where stones are present.

* it should be mentioned here that at the start
some difficulties were encountered in getting
reliable results with the new density measur-
ing instrument, and thatthe curve reproduced
inFig. 12was finally the result of a series of
measurements in a second steel tube of the
same length inserted into the soil three feet
away fromthe first. The difficulty seemedto
reside in the fact that, during the process of
placing the firsttubing, the soil in its imme~
diate neighborhood, perhaps over one or two
inches, was disturbed. Care was taken to
avoid this in placing the second tube, and it
is believed that these results are reliable.
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The moi1sture content, expressed n
terms of pounds of water per unit weight n
Fig 12, has been transformed into units of
moisture content expressed as a percentage
of dry weight by means of the density values
takenfrom the density curve of F1g 12 This
more conventional curve 1s shown 1n Fi1g 14,
where the smooth curve represents values
determined by the neutrondevice, the symbols
represent moisture as given by the standard
technique Thi1s figure demonstrated that,
within the spread of values obtained by sam-
pling, good agreement 15 obtamed It 1s not
clear whether the '"smooth' aspect of the
curve from the nuclear device, as compared
to the variation of the standard measurements,
15 due to inherent difficulties of the drywng
and weighing method, or 1s a result of the
fact that the nuclear device reads an average
moisture over a radius of perhaps six inches
or even more

Tests with Automatic Equipment
The '"field station'" was chosen 50 feet
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away from a building so that 110 volt 60 cycle
power could be made avallable at the site It
was one mile distant from the laboratary
where the results were recorded The so1l
consisted of a 4- to 4 5-foot thick clay layer
over shale The steel tube was 1nserted to
a depth of four feet below the surface The
source-detector assembly consisted of a
polonmum-beryllium source and a Victoreen
Gelger counter surrounded by a rhodium foil
and placed close to the source but separated
from it by a block of lead See Fi1g 15 The
assembly 1s connected by a coaxial cable to
the electronic counting devices A calibration
curve was taken by making simultaneous
measurements with this assembly and the one
normally used in the laboratory Though
called a ''gamma ray free'' source, some
gamma radiation 1s present and causes a
relatively large background With the fresh
source, 1n a soll containing 20 pounds of water
per cubic foot, the total number of counts per
minute was approximately 7, 000, of which
2,400 were due to the background It must
alsobe stressed that the strength of the source
15 continually decreasing, the number of counts,
under 1dentical conditions, decreases approxi-
mately 0 5 per cent per day, and the results
have to be adjusted accordingly

Indescribing the electronic equipment,
it should be emphasized that the aim of this
test was only to prove the feasibility of tele-
metering and continuously recording of mois-
ture content 1n so1l and not to develop a final
apparatus for that purpose Therefore, the
equipment here used was chosen primarily
from a pownt of view of availability or sim-
plicity of construction at low cost-'"bread
board models-= and 1s not, therefore, indica-
tive of a field model The pulse amplifier
and scaler used inthe laboratory experiments
were placed, 1n a protective box, near the
tube and were connected to the source-detector
assembly by a coaxial cable The output of
the scaler went to a relay, which amplitude-
modulated a 1-watt, 144-Mc continuous wave
oscillator, feeding into an antenna mounted
on a convenient flagpole outside the building
The transmitter was located in the building,
and connected to the relay by an ordinary
electric cable Fig 16 1s a photograph of
the field station, showing the tube, the scaler
in the box, the assembly held beside the tube,
and the connecting cables
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The pulsed radio wave (one pulse for
every 64 counts in the Geiger counter) was
received in the laboratory about one mile
away, by a receiver seen on the table at the
left in Fig. 17.
amplified {pulse amplifier of a commercial
scaler)then fed into a count~rate meter (home -

The demodulated pulse is

16

Fig. 16 Field Station in Telemetering Test

built, using a mechanical relay} the output
voltage of which was measured and recorded
by an Esterline~Angus Recorder (far right¥ ).
The deflection of the needle of the recorder is
directly proportional to the number of counts
At both the transmitter
and receiver stations mechanical registers

received per minute.

were added (seen in middle foreground of
Fig. 16) inorder to permit frequent checking
of the correct functioning of the equipment.

Fig. 18 is a record taken over a 4.5~
hour interval of continuous operation. One
division corresponds to 14.1 register counts
per minute {885 neutron counts per minute},
Shortly before 1300 hours with the assembly
45 inches from the surface,
was turned on; at about 1315 the final adjust-
ment of the voltages was made, the assembly

the equipment

raised to 42 inches and a slight increase in

counts noted. The readingwas 0.74 divisions,

* On the top shelf in Fig. 17 may be seen
auxiliary equipment such as loudspeaker,
power supplies, etc.



which corresponds to about 18.4 pounds of
water per cubic foot, according to the cali-
bration curve. At 1330 the assembly was
raised to 36 inches; the counts remained
practically the same; the moisture content
did not change. At 1400 it was raised to 30
inches and the counts dropped sharply, but
due to the long-time constant of activation and
decay of the rhodium foil, a time of 20 to 25
minutes elapsed befare equilibrium was reached
and the reading could be taken. The tape regis~
tered 0.68, corresponding to 16.0 pounds of
water. At 1430 the assembly was raised to
24 inches, the deflection was slightly less
than 0.66, equaling 15. 2 pounds of water. At
1500 it was placed at 18 inches with only a
very slight increase in deflection; the mois-
ture content remained practically unchanged.
At about 1520 the power failed in the building

Fig., 17 Receiver and Recording Equipment Used in Telemetering Test

at the field station;no counts could be trans-
mitted, hence the sharp dip in the deflection.
A few minutes later power was restored. At
1530 the assembly was raised to a point 12
inches below the surface with no change in
indicated moisture. ¥or a check, the assembly
was lowered again, every half-hour, in 12-
inch steps, and at the end raised again to 12
inches below the surface; the record indicated
identical results to those obtained earlier.
At 1720 the experiment was terminated.

Radiation Hazard

The moisture-measuring device em-
ploying the radium-beryllium source emits
radiations which are dangerous to the hecalth
of personnel; therefore, suitable safety pro-
cedures were ecstablished. These are not
difficult to carry out and do not significantly
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Taken During Telemetering Test

complicate soll moiwsture studies Personnel
working on the project were required to obey
the following regulations

(1) The unshielded radium-beryllium
source shall be kept at least three feet away
from any part of the body during the short-
time intervals i1t 15 not in the soil or mn the
lead storage container

{(2) Personnel shall not reman for extended
periods of time (one hour or more)} n the
vicinity of the soil-filled drum while the ra-
dium capsule 1s inplace Workmaybe carried
out safely for very long periods in the region
beyond a 6-foot radius

(3} Personnelshall wear suitable "radia-
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tion monitors" ofan ionization chamber or of
a photographic f11m type Readings of the
1onization monitor shall be recorded after
each period 1n which the radium source has
been used

In order to comply with regulation (1),
the radium capsule has fittings so that 1t may
be picked up, suitably mounted 1n the assembly,
or otherwise "handled” as desired, by a tong
arrangement at the end of a 3-foot handle
Since 1t takes but a munute or two to transfer
the source from its lead-walled container to
the soi1l mass, the followwng table illustrates
how regulation (l)/feduces the hazard to negh-
gible proportions

Distance {feet) from

unshielded source 45 30 20 1.0
to body
Tume (minutes) to
Tecelve exposure
equivalent to about 60 35 18 3

one-tenth safe daily
dose

In the field there 15 no hazard when the
capsule 15 1n the so1l unless personnel sit or
stand for a long pericd (more than one hour)
directly over the tube passmg into the soll
The so01l mass acis as a satisfactory shield

Government regulations for the handling
and shipping of polommum-beryllium sources
do not require any special safety measures
The gamma-ray source used in the density
measurements was much too weak a source
to require special handling WNevertheless,
the personnel on this project were warned not
to carry either of these sources unshielded
mn the pocket or otherwise 1 close contact
with the body

The radiurn-beryllium source used in the
studies was a more intense source than nec-
essary for adequate performance of the soil-
moisture equipment, a weaker spurce will ob-
viously further minimize the radiation hazard

SUMMARY AND CRITICAL EVALUATION
OF LABORATORY AND FIELD TESTS

The following conclusiwons can be drawn
from the test results described in "Results of
Laboratory Tests" and "Field Tests."



Concernming Moisture Determination.

(1) The neutron-scatterng method proves
to be areliable method for determining, with-
out disturbing the so1l mass, the moisture
content The precision 1s £1 pound of water
per cubic foot or better, corresponding to
about 1 per cent moisture content

{2) The laboratory method lends itself to
practical measurements 1n the field without
giving rise to any essential difficulties

{3) The results obtammed are averages over
a radius of approximately from 6 wmches for
high to 15 inches for low moisture contents,
a factthat should be kept 1n mind in analyzing
the readings obtained by this device

{4) The method permts exploration of the
profile by simple movement of the measuring
device 1nside a tube

{5) Differentsoils seem to have the same
calibration curve although this fact has still
to be thoroughly established The calibration
curve obtained by laboratory experiments can
be used for measurements in the field

{6) Inhomogeneities, such as ordinar-,
rocks 1n glacilaldrift, donot introduce serious
disturbances

(7) Addition of salts or humus 1n quantities
encountered under normal conditions will not
alter the calibration curve

(8) Withthe present equipment variations
of moisture occurring within a tume 1nterval
as short as one-half hour can be detected

(9) By usinga polonium-beryllium source,
readings can be continuously and automatically
recorded and telemetered from the test site
to a central station

Concerning Density Determination

(1) The gamma-ray scattering method
proves to be a reltable method for determining
density without disturbing the so1l mass, at
least if care 1s taken that the placing of the
tube does not disturb the soi1l mass near the
tube It 15 desirable to make efforts to elim=-
inate this sensitivity to so1l disturbances near
the tube and ways can be seen to achieve this
goal by changing the geometric arrangement
of the source~detector assembly

(2) Theprecision, at present, 1s £2 pounds
per cubic foot

(3) The readings represent averages over
a radwus of less than nine inches

(4) The metheod lends itself to the contin-
uous exploration of profiles by moving the
measuring device inside a tube penetrating
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the so1l The readings may be telemetered
and automatically recorded

{5) The calibration curve 1s independent
of the type of so1l

(6) Small inhomogeneities, suchas rocks,
donot seriwously disturb measurements, pro-
vided they do not occur in the immediate prox-
imity of the tube There 15 hope that this
shortcoming can be overcome (see (1) under
"Concerning Density Determination')

Summarizing, 1t can be said that both

methods have proven themselves inlaboratory
and field tests and promise to become satis-
factoryand veryuseful tools for the measure-
ment and continuous recordings of moisture
content and density of soils

POSSIBILITIES AND DESIRABILITY
OF FUTURE DEVELOPMENT

It 1s desirable that future development
work be conducted in four directions

A The theory of scattering of neutrons
and gamma rays should be further developed,
in order to permit a prediction of the effects
of certain field conditions without the need of
studying experimentally each change 1n con-
ditions This would save effort and, at the
same time, give a firmer basis to the new
method.

B Until suchatheory 1s developed, tests
under more varied conditions than have been
made up to now should be performed in the
laboratory as well as n the field In field
tests, locations should be chosen showing great
vartety in the type of soil, drainage conditions,
etc , and permitting access to an extent as
to assure good soil analysi1s by standard
methods

C More accurate information 15 needed
concerning the size of so1l volume over which
the moisture i1s measured, then methods
should be further studied to restrict one di-
mension of the volume over which slow neu-
trons are scattered backto the detector Cer-
tain source-detector geometrical arrangements
and certain ways of shielding the detector
seem to oifer promise of restricting the mois~
ture determination to reasonably thin layers
Similarly, much more work of this nature 1s
required in connection with density measure-
ments 1n order to develop a device which s
nottoo sensitive to minor disturbances close
to the tube

D The instrumentation of the device needs



further development although the manual pro-
cedure employed 1n these studies 15 well de-
veloped and 1s reliable Other methods of
detecting slow neutrons, such as boron counters
and scintillation counters, should be studied
and tried from the point of view of their use-
fulness and adaptability to the present prob-
lem The choice of the kind of source to be
used has to be discussed taking into consider-
ation costs, simplicity of instrumentation,
ease of operation and safety of personnel
The telemetering process, uf it i1s to be em-
ployed, has then to be adapted to the speciiic
problem

The question of continuous long-time
tests rmust be studied in view of possible
modifications that may be required Finally,
1t 1s clear that the studies completed so far
demonstrate the practical possibility of a de-
vice which brings about a great advance 1n
sollmoisture and density measurement tech-
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mques Eventually, engineering design and
development work s required in order to make
the device into a fully useful field instrument
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