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

FOREWORD 

For the past several years the Clvll 
Aeronautrcs Admmwtratmn has taken a deep 
Interest L” the development of equ,pme”t and 
methods for measuring sol1 morsture L” the 
f,eld, e,ther L” a” embankment durmg con- 
struct,“” or under a pavement after con- 
structmn For the latter purpose It 1s par- 
twularly wportant to have a de v L c e whwh 
w,ll g,ve continuous readmgs at the same 
potnt without the “ecesslty of removing suc- 
cess1ve so11 samples 

Early attempts to develop a suttable de- 
vice were centered around a heat d,ffusro” 
type of mo,sture cell Thrs rwolves a low- 
energy constant-rate source of heat, whwzh 
LS placed L” the ~011, and a means of rneas- 
ur~ng the temperature r,se at the source of 
heatafter a defmtte heatrng permd Th,s I”- 
dtcates the msulatmg effect of the ~011, which 
L” turnvarwswith Its molsture content Ex- 
pernnents wLth this type of cell have been con- 
ducted at the CAA T e c hn 1 c a 1 Development 
and Evaluat,on Center. Indranapolrs, IndIana. 
and are still 1” progress 

D~scussmns wtth members of the staff 
of the College of Engmeermg, Cornell Unl- 
versrty, mdvzated a possrblllty also of de- 
velop1ng apractKall”strume”tformeasur~“g 
both so11 mowture and sorl density by meas- 
urmgthe mfluence of these propertws on the 
propagatmnof neutron and gamma rays The 
prelunmary mvestqatmns covered ~“thrs re- 
portwere carrled out under contract between 
Cornell Unwerslty and the Clv,l Aeronautxs 
Admmwtratron Professor D J Belcher 
was the pro,e c t dwector. with Dr T R 
CuykendallandDr H S Sack as consultants 

Although constderableaddltronalde- 
velopment and refmement are needed ,t seems 
safe to saythatapotentrallyuseful and practr- 
cal tool for the sot1 engineer has been pro- 
vtded 

SUMMARY 

The mfluence of moisture and the den- 
sltyofmaterlals on the propagatro” of gamma 
and neutron rays aroused the r&rest of those 
concerned L” moisture and density studtes 

A I e s e a r c h and development contract be- 
tween the Clvll Aeronautrcs Admmrstratmn 
and Cornell Unwersrty has r e s ul t e d UL the 
development of a de v 1 c e for measuring the 
mo,sture and denstty of so,ls 

The apparatus, consrstrng of a radm- 
active source and detector. IS g,ve” access 
to the soil by bemg lowered u-,to a one-mch 
metal tube dr Lven Into the ground Fast 
neutrons emttted by the source are converted 
by rmpact w,thwater molecules to slow 
neutrons The number of slow neutrons 1s 
proportmnal to the water content of the sur- 
roundmg sol1 A stmllar arrangement. uttl- 
cz1ng gamma-ray ema*at10*, measures so11 
dens ,ty 

The me tho d perrmts measurement of 
water regardless of state. ,t ,s senslt,ve over 
wtde ranges of mo,sture content. ,t success- 
fully measures mowture ,“layers of stratlfted 
~011. and Lt enables observatmns to be taken 
at any desLred depth and at short mtervals. It 
lends rtself to continuous and automatw re- 
cordmg 

Laboratory and fwld checking of the re- 
sults of test measurements show that the ac- 
curacyof the neutron and gamma-ray methods 
of determtnatro” equals or e x c e e d s that of 
standard procedures The apparatus 1s rela- 
twely mexpensrve. and by observmg smple 
precautmns, 1s wlthout hazard to health 

INTRODUCTION 

Over a span of approxunately 50 years 
the records and literature on the SubJect of 
soils conta,” descrlptmns of var,ous types of 
apparatus that have been developed far the pur- 
pose of determmr,g sorl mowturc The lack 
of knowledge L” the f,eld of so,1 mo,sture can 
be attrtbuted to a lack of adequate means of 
measurement rather than a lack of tnterest 
Because ofthe lunrtatmns of mo,sture meas- 
urtng devices 1Lttle 1s known, 1” a deft”,te 
sense, of the movement of morsture I” so,ls 
This 1s partwularlytrue I” unsaturated so& 
The movement of moisture through sorl by 
percolatmn, bycaplllary and by vapor trans- 
fer 1s little known except by analogy and ,n- 
ference When L” the frozen state. the so,1 
cond,t,ons defy study 
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An essential to the satisfactory study 
of values and trends m so11 moxsture us the 
need for contmumg observatmns of the same 
sol1 throughout ,ts seasonal cycle changes 
Destructive sampling with an augermtro- 
duces many uncertamtles m most sol1 for- 
matIons because of their heterogeneous nature 
This type of a” mvestlgatmn. although sun- 
pie, LS expensive and also lacks co”t,nu~ty. 
especmllyover crltwal permds of raptd ruse 
and fall of ths groundwater table To date, 
the problem of mstallmg measuring devtces 
wIthout matermlly altermg the adJacent sot1 
condltlons has been metwtthbutllmtted 
success 

Most of these early mstrument methods 
have been related to the varmtmns m elec- 
trlcal resistance offered by so& m varymg 
degrees of saturatmn I” general, these have 
presented overwhelmmg dlfflcultles. part,=- 
ularly m the caltbratm” of the equipment at 
Its installation site A number of Improve- 
ments over the dwect measurement method 
have been developed These, m general. 
substxtute for the direct (electrode) contact 
wrth the ~011. blocks of maternal that absorb 
and give up moisture m a way that 1s related 
to the changes m the m o 1 s t u r e of the sur- 
roundmg so,1 The electrodes embedded ,n 
these blocks are used to me as ure the re- 
slstance of the materml m the block and the 
var,atmns m the moisture content Thrs ar- 
rangement very much snnpllf~es the callbra- 
tlon of the mstallatvan and also msures um- 
form contact between the electrodes and the 
measured media 

In the fwld mstallatmn of thts type of 
moxsture recorder It 1s necessary to select 
a representatwe sol1 column and to mstall 
the electrodes or moisture blocks mdlvtdually 
at crltlcal pomts that should be determmed 
by mspectmn Where the measureme”ts are 
des Lred at depths below four feet, the problem 
of mstallatm” becomes dlfflcult because of 
the need for an adequate excavatmn and the 
resultant dlsturbmg of the sod and the con- 
sequent change in Its dramage propertIes 

The ever-present need for mformatmn 
on SOLI mo IS tu r e characterrstLcs has been 
enlarged by the need for more accurate ,n- 
formatmn m subgrade sollmolsture as a means 
of p r o v ,d ,n g better des,gn mformatmn for 
pavements With the recent avallabtllty of 
radmactlve matermls. the problem of deter- 
mmmg sod m o L s t u r e was revwwed m the 

light of the ablllty of some of these matermls 
to react mdmectly. althoughw~th great se”s~- 
twlty. to motsture The interest of the Cw.1 
Aeronautws Admmwtratmn and staff members 
of the Englneerlng College of Cornell Um- 
versitycombmed to study the posslbllltvzs of 
usmgnuclear materials tomeasure so~lnw~s- 
ture contents l”prL”c1ple. the neutron meth- 
od of countmghydrogennucle~seemed to hold 
considerable prormse Among the favorable 
characterLstrcswas the fact that the neutrons 
would detect the presence of water regardless 
of state so that whether the water was I” a 
form of a ltqutd. <vapor or solxd meant that ,t 
would be p o s s lb 1 e to make observatmns a? 
any tune of the year Secondly. It appeared 
that there would be equal sens ltwlty over the 
entlre ran,ge of moisture and, thwd. that It 
does not depend upon the mstallatmn of elec- 
trodes at varmus depths m the soul column 
The neutrons thathave the ablltty to count the 
hydrogen nuclei contamed 1” water partwzles 
rcadlly penetrate stamless steel and alurmnum 
metals so that the sunplrclty of the mstalla- 
tmn seemed a desirable attrtbute The fact 
that the measurements could be made by 
lowermg a small untt mto the water-proofed 
stainless steel tube md,cated that a low-cost 
mstallatmn could be made. especmlly with 
reference to the mfmlte vartatmn 1” the nun,- 
ber of levels at whwh moisture determma- 
tmns could be made It also largely removed 
the questmnof selectmg a representative site 
smce the tubes could be u-&talled and with- 
drawn almost at w,ll and ,n great numbers, 
tf necessary Fmally, measurements can be 
made m short-time mtervals of the order of 
one-half hour or less, thus recordmg rela- 
t,vely rapId changes m motsture content 

One ofthe requrs,tes of a 50~1 morsture 
measurmg device 1s that It be adaptable 1” all 
types of soul, rangmgfrom clays through stlts, 
sands and gravels, as well as ,n stratIfled 
and heterogeneous deposits, such as glacial 
drift contammg material sizes rangmg from 
clay to boulders The problem of tnhomo- 
genettws 1s notconfmed to that of grat” s,zes 
but lt also Includes varmtmns I” density of 
the sml, the p r e s en c e of organic matter, 
suchas vegetatmn and ,norgan,c salts of mag- 
nesnxm, potassium and other metals The 
latter LS partvzularly important I” the dry 
areas west of the M~sslss~pp~ Rover The 
organic materials are often assocmted with 

low-level ground that 1s. at the same tune. 
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topographxallyfavorable to aIrport locatmns 
The alkalt so& of the west. contammg the 
morganlc salts, are also concentrated tnthose 
areas that are predommantly level 

Destructive samplmg has introduced one 
of the chwf uncertamtles mto fteld studws 
The use of an auger of 2-mch dtameter may 
well change the dramage propertes of the 
surroundmg so11 throughout a Z-foot radms 
of ,“flue”ce. Further sampling at a later 
date must avold thw mfluence In domg so. 
varmtmns m the sol1 may mtroduce sign,fl- 
cant el-l-015 Thw problem becomes mag”~- 
fled many times when samplmg beneath pave- 
ments 

Representatwe srtes for samplmg are 
-portant Whena” auger bormg 15 made or 
a res,stance “n,t mstalled, it LS deswable to 
lmowwhat appllcatmn these observatmns ~111 
have beyond the tmmedxate s,te I” many L”- 
stances particularly I” auger sampling. Lg- 
““rance of surroundmg subsurface mequal~- 
ties gtves false values to the data obtamed 

Under some condltmns ,t 15 lmposslble 
to obtam sat,sfactory moisture samples by 
the auger method Where water can dra,” 
freelydownthe testhole from seepage planes, 
these d,ff,cult,es w,ll occur It has also bee” 
vtrtually lmposstble to o b t a I” samples for 
st”d,es of water 1” the form of vapor or ice 
I” so11 

The Ideal condltlon for makmg soil 
mo,sture studies extsts when nondestructtve 
test,“gca”beused, when moisture 1” the so11 
Itself can be measured, and when the sol1 IS 
u,d,sturbed and f I e e from unnatural influ- 
ences 

The advantages of the nuclear method 
closely par a lle 1 the Ideal described The 
simple tube. placed vertically I” the soul 
column, Introduces a m,“,mnm of change I” 
envwonment S I” c e the tube IS placed I” a 
drrlled hole of slightly smaller diameter. the 
mtlmate contact between the outer tube wall 
and so11 el,m,“ates any unnatural tendency for 
verttcal dra,“age downward a 1 on g the tube 
wall The tube prowdes access to the sot1 at 
any practxal depth to whwh It LS drLven and 
a”unlrm,tedopportu”~tyfor makmg measure- 
ments of the same so11 at any permd of the 
year lnexpenswe to mstall. It can be with- 
draw” or abandoned wlthout appreciable loss 
of ttme or Investment 

0” the basrs of the need for a solutmn 
t” the problem and the prom,se mherent I” 

the nuclear method, a” exploratory contract 
was a r range d between the CAA TechnIcal 
Development and Evaluatmn Center and Cor- 
nell unwers1ty Thts contract contemplated 
a” lnvestlgatronofthe feastb,lltyof th,s meth- 
od of measuring so,1 mo,sture The report 
of the development work follows 

PHYSICAL BASIS OF THE 
NEUTRON METHOD 

The physxal phenomena that form the 
bas ,s of the new method for the determmatmn 
of mo,sture content and density of ~011s are 
the scattermgofneutrons or gamma rays and 
the loss I” theu energy durmg this process 
It ,s well known that the mteractlon between 
neutrons and other materials LS. wtth the 
exceptm” of a few speclflc substances. very 
weak These neutrons, therefore. can travel 
for a long t,me before they are destroyed 
However. durmg thew lIfetIme they collide 
wtth the nuclet of the material through whtch 
they travel and are scattered 1” all dwectrons 
At the same time, ,n each coll~sm” or scat- 
terlngprocess theylose some of their energy 
The scattermg L.S partwularly strong and the 
loss of energy marked It the neutrons collide 
wIthhydrogen atoms Thus, If we have a 
source offastneutrons. and If these neutrons 
travel away from the source, they ~111 be 
scattered by the maternal surroundrng the 
source and a great number xv111 return to the 
source or to Its unmedtate vicmlty Those 
neutrons whwh have been scattered by hydro- 
genatomswlll have lost most of their energy 
and return as slow neutrons The m”re hydro- 
gen atoms there are present the more slow 
neutrons ~111 return to the vun~ty of the 
source A schematrcplcture of thrz sltuatmn 
L.S gtve” mFlg 1. where the scattertngs 
from other than hydrogen nuclet. s,“ce they 
are les 5 important, are left out Thus L” 
countmg the number of slow neutrons at. or 
“ear to, thesource, onew~llobtama measure 
of the “umber of hydrogen atoms present It 
1s also a fact that thts scattermg and slowmg 
down p r o c e s s LS practically ,“depende”t of 
whether or not the hydrogen 1s bound chemt- 
ally Inpartwular. It 1s Independent of 
whether water. whxh contams two hydrogen 
atoms per molecule, LS I” the vapor. llqutd, 
or soltd state 

Such a dewce for measurmg the moms- 
ture content consists the” of a source of fast 
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Fig 1 Showmg How Neutrons EmItted by 
the Source are Scattered by 
Hydrogen Nucle, WithIn the So,1 
Mass and Return to the Detector 

neutrons, e g , a mixture of radrum and 
beryllium, a detector for slow neutrons. 
r,gldly placed near the source, e g , a rho- 
d,um foil or a bo ran counter. and an elec- 
tron,= de Y , c e for countmg and. ,f desired. 
recordmg the number of slow neutrons reach- 
mg the detector per second Such an assembly 
of source and detector can be lowered mto a 
small diameter (one Inch) metal tube placed 
I,, the soul. and can be connected by a cable 
to the countmg mechanism which LS placed 
above the sol1 surface 

Tomeasure densItyof sollthe scattermg 
properties of gamma rays can be used If 
gamma rays emttted by a source, e g , radwm, 
pass throughamaterlal, these rays ar2 scat- 
tered as a consequence of thetr u-ateractmn 
with the atoms of the material The acatter- 
mg 1s the stronger, the greater the number 
of electrons that are contamed m an atom 
Smce to a good approxlmatmn. for the con- 
stttutmn of ~011. the number of electrons 1s 
proportumal to the density of the substance. 

,/ 

a heavy substance ~111 scatter more than a 
light one The method LS then agam to meas- 
ure the gamma rays whxh are scattered back 
from the materml to the vxmlty of the source 
In the case of gamma-ray s c at t e r 1 n g. the 
theory of the effect has not been as well studled 
and the phenomenon 1s very complex However, 
lt can be shown that, contrary to the case of 
neutrons. no effect wrll be found ,f detector 
and source are at the same place, and thus 
the distance between detector and source IS 
a very essenttal parameter m the construc- 
tlon of the dev,ce 

This apparatus for the determmatmn of 
the dens L t y then consists of a gamma-ray 
source, e g , a we a k radium preparatmn. 
and a detector for gamma rays, e g , a 
Geiger counter. mounted at a well-defmed 
d,stance fromthe source. and separated from 
the source bylead. ,n order to prevent direct 
gamma rays from the source reachmg the 
detector Agam, th,s assembly can be mounted 
msuchawaythat lt can be lowered m a metal 
tube and be connected by a cable to an elec- 

tronlc count rate meter 
Smce the theoretxal constderatmn of 

ocattermg of neutrons and of gamma rays 
und e r these cond,t,ons presents a dlff,cult 
problem, countmg rates cannot yet be cal- 
culated m advance for a specific arrangement 
Therefore, lt 1s necessary to obtam caltbra- 
tmn curves to relate the readmgs w,th the 
actual motsture content or wLth the densxty 

Most of the laboratoryexperlments and 
the fteld tests have beenmadewlththe snnple 
arrangements as prevmusly described It 1s 
evrdent that If thw methodwere to be applwd 
u, the fwldfor routme measurements. further 
developments m mstrumentatmnwould be de- 
sIrable Smce the art of detectmg and meas- 
urmg neutrons, gamma rays. etc , 1s ad- 
vancmg raptdly. developments III thus field 
~111 also be of help 1x1 the future mstrumenta- 
t,on of the dev,ce here dIscussed HOWeVer. 
,t 1s believed that the results obtamed with 
the equipment. as developed so far, are suf- 
fvzlently slgnlficant to permit a Judgment of 
the usefulness and the posstbllltes of this 
new method 

EXPERIMENTAL LABORATORY 
PROCEDURE 

, A program of laboratory experLments 
was set up to determme if the number of low 

’ -_x _ 77 7 
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energyneutrons scattered back from the sol1 
mass surroundmg the neutron source could 
effectively be used as ameasure of soI1 
morsture In order to carry out a series of 
experLments I” a raptd, well-controlled, and 
smxple yet adequate manner, certam proce- 
dures were used, as follows 

A quantity (about eight to ten cub,= feet) 
of the so11 to be used was taken to the labora- 
tory, spread out to air-dry, and then mlxed 
thoroughlywlth the desired quantity of water 
The well-mxed sorlwas then carefully packed 
Into cylmdrlcal drums, m most cases 17 
mches in diameter and 23 Inches high Par- 
txular attentmn was patd to msure as unl- 
form a dens Ity as posstble An alummum or 
stainless steel (the type of tube makes a 
sltght difference I” the caltbratlon curve) tube, 
15/16-1nchmstde diameter. pomtedand sealed 
at the lower end, was ins e r t e d comctdent 
wrth the central axis of the drum 

BrLef studleswere made of sod masses 
I” other sizes of drums m order to corre- 
late the laboratory measurements, mvolvmg 
llmlted volumes, with fxld observatmns where 
an LnfmLte sol1 mass prevads Studtes wrth 
glacial drift were made on samples burlt up 
ln 55-gallon drums so that stones of varmus 
sizes could be placed at a serves of known 
1ocat,ons 

The moisture content of the so,1 mass 
was determmed by t a k in g several, usually 
four, samples from different posrtmns m a 
drum and then welghmg and drymg them I” 
the standard manner The dens,ty of the sol1 
was determmed from the “et weight of the 
ftlled drum and Its volume 

A measure of the number of slow neutrons 
was obtamed by placmg one or more small 
cylmders (0 875-Inch diameter by 1 Inch by 
0 003-Inch wall) of rhodtum metal follwlthm 
the so~lmass and subsequently measuring the 
degree of radmactlvrty rnduced m the foil by 
its selective capture of slow neutrons Thrs 
method 1s simple. dependable. and requires 
a mmlmum of expensive equipment The de- 
tails of the procedure follow 

- 3 mll Rhodum Foil 

100 mg Ra Be Source 
- 

An assembly consisting of a n e u t r o n Fkg 2 Assembly of Neutron Source and 
source and suitable cylmdrlcal holders for Detector Fool Holders Wtthm a Tube 
the rhodtum foils was mserted Into the alu- Sectmn 
m~num tube and lowered to the desLred post- 
tion Such an assembly LS shown mF~g 2. tor had r e ached “radioactive equtltbrlum” 
wherr one fool ho 1 de r symmetrrcally sur- (20- to 30-mmute Interval) the fo,l ,n rts 
rounds the source, other holders are Imme- ho lde r was raprdly wLthdrawn and sltpped 
dtatrdlyabove and below After the foil detec- over a Celger counter mounted mslde a lead 
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sheld provtded to reduce background counts * 
The de g r e e of actrvtty of the foil, propor- 
tmned to the slow neutron mtenslty at the 
place where the foil had been exposed, was 
determmed from the rate at whxh beta rays 
from the foil cause the counter to “count ‘I 
The counting rate, III counts per mmute. 
properly corrected for background c o unt s. 
was then plotted for successive experiments 
as a function of the sol1 moisture and a call- 
bratmn curve for the so11 was thus obtamed 

In order to obtam precise results, the 
time mtervalbetween removal of the detector 
foil from the proxlmlty of the source and the 
time at which countmg of the foil actlvtty 1s 
started must be determmed by stop-watch 
techmque. and be held constant to about +1/2 
second 

The special equipment employed was a 
neutron source, * + a Thyrode lB85 GeLger 
counter manufactured by the Vtctoreen Instru- 
ment Corp , a Model No 161 pulse ampldrer 
and scaler manufactured bythe Nuclear Instru- 
ment and Chemical Corp , and an ordinary 
telephone message register 

It 1s not possible to place the Geiger 
counter mthe so11 adJacentto the detector fotl 
because the mtense gamma rays emltted from 
the rad lurn would mask the neutron count 
However. III a few tests, apolonn~m-beryllium 
mixture, havmg very weak gamma-ray em- 
mlssmn, was used as a neutron source For 
these tests It was possible to place the rho- 
d\um foil permanently around the C&ger counter 
and to locate tt adJacent to the neutron source 
Then the Geiger counter contmuously recorded 
the beta actrvrty hutlt up m the foil under the 
Impact of slow neutrons The need for w,th- 
drawmg the foil for me as u r e me nt LS thus 
avorded and a contmuous automatic readmg 
can be taken This method has been used for 
the telemetermg tests to be descrtbed later 
Unfortunately. a polonium-berylllummlxture 
decays toone-half Its mltml strength m about 
four months 

* Extraneous radlatmn from contammatmn, 
cosmtc rays. etc , cause a certam number 
of r e s I d u a 1 counts, known as ‘I background 
co”“ts 0’ 
* * 100 mrlllcurles of radmmimtxed wtth 
beryllmm pow de r and sealed III a capsule 
l/2-Inch diameter by 3/4 Inch long 

Smce radmactlveprocesses are random 
processes. theexperlmental prec~smn 1s de- 
termmed by the total number of counts In 
fact, d N LS the number of counts taken during 
a given experiment. @LS the meanerrnr 
attachedto this measurement and. therefore, 
fi/N 1s the percentage error In most ex- 
perlments approxtmately 16,000 counts were 
takenfor maxImum moisture (saturatmn) the 
percentage error LS of the order of one per 
cent and accordmgly higher If fewer counts 
(lower mmsture) are measured HnWXer, 
It IS doubtful whether the overall prectsmn 
IS as good as one p,& cent because the stablllty 
of the c o un t e r tube and other equipment IS 
probably not better than two per cent 

Smce there LS always the posstblllty of 
changes III sensltlvlty of the counter tube, or 
of the ampllfvzr system. It IS essential to 
check the arrangement from time to txme by 
means of a standardtzmg arrangement. I e , 
by an arrangement m whtch one can expect 
to fmd the same number, and same qualItyof 
5 1 ow neutrons at all times This has been 
achvzved for the moisture measurmg devtce 
by msertmg the assembly m a paraffin cylm- 
der approximately 13 Inches m diameter and 
13 mches high At regular Intervals a check 
was made by msertmg the assembly mto this 
block D u r in g the ordmary lIfetIme of the 
counter tube the results obtamedwlththe stand- 
ardwere always the same wIthIn the statLstl- 
cd error 

The assembly for the measurement of 
density (see Fig 3) conslstedof a four mllll- 
curve radmm source and a Geiger counter of 
the same type as described earlier Between 
the source and the Geiger tube 1s a lead block 
as mdlcated I” the figure The assembly LS 
lowered Into the tube penetratmg the so~lmass, 
and the countmg rate determined at the de- 
slredposltmn mthe sol1 by the same, counter, 
scaler, and regtster In order to caltbrate 
the system, a very weak source of gamma 
rays was placed m a rtgorously reproductble 
pos,tmn with respect to the Geiger counter 
As long as the counter 1s countmg correctly, 
readmgs takenwIth this standard must be the 
same 

Fig 4 LS a photograph of the scaler- 
arrangement. and Fig 5 of the drums and 
tubes Fig 6 shows the assembly used m 
the moisture determmatmn, the tube has been 
cut awayto show the arrangement of the neu- 
tron source on tts support, the lower toll 
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Fig 3 Assembly for Density Measurements by Gamma-Ray Scattermg 

holder and the center foil holder which has 
been partrallypulled out so as to make VIS able 
the source FLg 7 shows the assembly for 
densrty measurements, the Connally termm- 
ated lead c yl lnde r between the source and 
counter tube can clearly be seen 

RESULTS OF LABORATORY TESTS 

Moisture Content 
In the diagrams whvzhfollow. the length 

of tQe v e r t L c al lme mdlcates the probable 
statlstlcal e r r o r of the readrngs while the 
horleontal lmes mdlcate the range of the mols - 
ture determlnatmns obtamed by the standard 
method The following factors were studred 

(1) Sensltlvlty, Accuracy, Reproductbtllty 
From Fxg 8. whtch shows the results of a 
great number of measurements wtth silt. 
taken over an extended permd of time. tt 1s 
clear that the sens,tlvlty of the met hod LS 
more than adequate It can be seen that these 

pomts lye on a smooth curve wtthm the error 
of the mo L s tu r e determmatmn and that the 
statlstxal preclsmn of the countmg rate 1s 
htgher than the preclsmn of the ordmary mats- 
ture determmatmn 

Smce thus method measures moisture 
content m pounds of water per cubic foot of 
volume. the comparison of these results with 
the motsture content expressed In percentage 
of dry weLght requires that the density of the 
material be known Under normal condltmns, 
when the density remams constant, the den- 
slty factor can be ellmmated by takmg one 
moisture observatmn and then convertmg the 
caltbratmn curve Into countmg rate versus 
moisture LII percentage of dry weight 

(2) The effect. lf any. of the type of sol1 
on the shape of the curve (FLg 8) has not yet 
been thoroughly explored However, F,g 8 
mcludes results obtamedwlthsandand glacxal 
drift to show that the dependence on the type 
of so,1 LS negllglble 







Fig., 6 Assembly Used in Moisture 

Determinations. rhe Center 

Foil Holder Has Been Partially 

Pulled Owt so as to Make Visible the 

Neutron Source and its Support 

Fig. 7 Assembly TJsed in Density 

Determinations 
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Fig 8 Counting Rate vs Moisture Content 

be made 
(6) Another factor that may alter the call- 

brat,on curve IS the presence of organtc mat- 
ter ,nthe so,1 Organw matter conrams hydro- 
gen ( “I the form of hydrocarbons, for mstance) 
and e~nce the new method cannot dlstmgulsh 
be tw e en hydrogen “I water or in any other 
chemtcal compound, an excesswely htgh 
countmg rate may be observed Measurements 
of a sample of a high groundwater so11 with 
a hlghlydeveloped organrc top sol1 contam~ng 
about 75 per cent moisture gave a readmg that 
falls on the caltbratlon curve, thus showu-,g 
that the mfluence of organ,= matter, to the 
extent present in thhls sot1 sample, at least. 
LS negllglble 

(7) Some prelwn1nary experiments were 
made wtth the ObJectlve of mvest,gat,ng the 
ability of th,s method to dIfferentlate between 
dlfferentmolsture contents occurrmg ,n rela- 
twely th,n horizontal strata By means of a 
partwzular arrangement of source and detector, 
It was po s s I b 1 e to measure accurately the 
morsture content of a layer of four to 51x 
Inches, Independently of the moxsture content 

of adJacent layers, provtded the measured 
layerwas nottoo dry It 1s felt that there are 
a number of other posstbllttles. such as 
sh,eld,ng arrangements, and varxattons ,n 
the geometry of the assembly that may st,ll 
further nnprove the usefulness of thts meth- 
od for the study of thm layers These factors 
are possible fzelds for future study 

The arrangement of equipment was as 
n,d,cated,nF,g 3 Fig 11 shows the count- 
mg rate as a function of density observed 
wIthvarIous types of so& ofvarlous moisture 
content The fact that the counting rate de- 
creases as the dens,tymcreases us consistent 
w,th the s,mple theory of gamma-ray scat- 
terrng This f,g”re shows that the sens~twty 
of this method IS very great The results are 
reproductble wlthtn the statlstxal error 

Agam. thw method measures the den- 
sity as an average over an extended volume 
Experlmentatlonwlth drums of varzous s,zes 
andwtthone arrangementof so”rceandGelger 
counter showed that for so11 weights greater 
than 85 pounds per cubtc foot this region 1s 
less than 18 mches “I d,ameter However. 
the experiments Indicate that the phenomena 
are muchmore complex m the case of gamma- 
ray scattermg than obtains for neutron scat- 
termg. accordmgly. some details have still 
to be clarlfwd. although as a whole, the meth- 
od e.eems to be practical 

FIELD TESTS 

Two sets of tests were made to check 
the performance of the new device under field 
condltlons In the f,rst test the laboratory 
equipment w h I c h 1s manually operated wae. 
used to explore the profile of a sol1 to none 
feet below the surface In the second test, 
euplormg a soul-layer of 4-foot thvzkness, 
automatx equrpment specially deslgned for 
th,s purpose was used, and the counts were 
telemeteredfrom the fteld statton to the lab- 
oratorywhere the results ,vere automatw,lly 
recorded 

T es t s Wxth Manually-Operated Laboratory 
Equtpment 

For this test a place was selected approx- 
unately 100 feet d L s tant from the buLldIng 
where the laboratory tests were performed 
Excavation atthe site subsrquentto the meas- 

h 
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Fig 10 Counts Per Mmute YS Morsture 
content 

urements showed that the sod consists of a 
4-foot 1 aye r of gravelly loam underlam by 
medlumsand with occasmnal mtn~r strata of 
sandy clay approxmately one mch L” thxk- 
ness. wh,ch turned at about eight feet Into 
clean sand down to the water table at 9 to 
9 5 feet A 9-foot s t a I “1 e s s steel tubmg, 
1-,“ch ~““er dtameter. 1 25-Inch outstde 
dmmeter, * was provtded on one end with a 
soltdpo,“t A hole was drllled with a” auger 
downto approxmatelys,xfeet The SteelpIpe 
was ,“serted Into this hole and then driven 
down for the remanning three feet In the 
drilling. the auger struck rocks I” the upper 
hormon resultmg I” a loos e fit between the 
outstde of the steel pope and the sol1 Thts 
space was fllled with sand as well as pas- 
s lble While drlllmg the hole, so11 samples 
were take” at regular mtervals for welghmg 
and drymg For the motsture determmatwn 
the assembly used L” the laboratory test was 

*Tubes of different wall thlcknessesmay 
weld drfferent cahbratron curves 

F,g 11 Countmg Rate vs Wet Density of 
SOllS 

lowered Into the hole and observatmns were 
made at different predetermmed posdmns 
In the most complete run. measurements were 
take” every SIX Inches After each exposure 
of one-half hour the rhod,um fo,l was w,th- 
drawnandquckly carried to the countmg de- 
vice L” the laboratory Care was take” that 
always exactly the same tr”e (60 seconds) 
elapsed betweenthe withdrawal of the foil and 
the begmnmg ofthe countmg For the density 
measurements the count rate meter was placed 
“ear the hole and the density-measurmg as- 
sembly(Flg 7) dwectlyconnected by a coax& 
cable, so that readings were taken O” the spot 
Several runs were taken O” different days 

The observatmns expressed L” counts 
per m,“ute were transformed by means of the 
laboratory caltbratmn curves mto values of 
motsture content u, pounds of water per cubic 
foot of sol1 and mto 50~1 density L” pounds per 
cubr foot These results. plotted as a func- 
tmn of the d,sta”cc below the surface, are 
show” I” F,g 12 for measurements ,nadc 0” 
one partwular day Other runs. made withtn 
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DENSIT', 
OF WATER PER CLi FT OF SO,l IN LBS PER CU FT 

Fig. 12 Moisture and Density Logs - E'ield 

Test Hole 

onror two days during which there was little 

probability for a change in moisture, gave 

practically identical results. 

Fig. IS The Excavation at 'Test Site, The 

Tube for Moisture and Density 

Measurements is Seen on One Wall 

were> in general, lower Lhan those obtained 

withthe new device, the maximum difference 
being 10 pounds percukic 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 t,he locations 

where stones are present. 
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F,g 14 Morsture Content Log - Fwld Test 
Hole 

The mo,sture content, expressed ,n 
terms of pounds of water per un,t werght ,n 
Fig 12, has been transformed Into units of 
moisture content expressed as a percentage 
of dry we lght by means of the dens Ity values 
takenfromthedensrty curve of Fig 12 This 
more conventmnal curve 1s shown m Ftg 14, 
where the smooth curve represents values 
determmed bytheneutrondevxe, the symbols 
represent moisture as given by the standard 
techntque T h I s figure demonstrated that, 
wtthm the spread of values obtamed by sam- 
plmg, good agreement IS obtamed It IS not 
clear wh e the r the “smooth” aspect of the 
curve from the nuclear device, as compared 
to the varlatmn of the standard measurements, 
LS due to Inherent dlfftcultles of the dryrng 
and welghmg met hod, or 1s a result of the 
fact that the nucleardevice reads an average 
moisture over a radius of perhaps s,x Inches 
or even more 

Tests with Automatic Equlpment 
The “fwld station” was chosen 50 feet 

away from a bulldmgso that 110 volt 60 cycle 
power could be made avatlable at the s1t.e It 
was one m11e d 1 s tan t from the laboratory 
where the results were recorded The so11 
consIsted of a 4- to 4 5-foot thick clay layer 
over shale The steel tube was Inserted to 
a depth of four feet below the surface The 
source-detector assembly cons 1s ted of a 
polonmm-beryllum, source and a Vxtoreen 
Geiger counter surrounded by a rhodmm foil 
and placed close to the source but separated 
from ,t by a block of lead See Fig 15 The 
assembly IS connected by a coax~,l cable to 
the electronic countmgdevtces A cahbratlon 
curve was taken b y ma k L n g s~~~ultaneous 
measurements w~thth~s assembly and the one 
normally used m the laboratory Though 
called a “gamma ray free” sour c e, scune 
gamma +ad,atlon IS present and causes a 
relatwely large background Wtth the fresh 
source, m a sodcantamu,g 20pounds ofwater 
per cubw foot, the total number of counts per 
m lnut e was approxunately 7, 000. of whxh 
2,400 v,ere due to the background It must 
alsobe stressedthatthe strengthofthe source 
1s cont,nuallydecreasmg. the number of counts, 
under ldentwal cond,t~ons. decreases approxl- 
mately 0 5 per cent per day, and the results 
have to be adJusted accordmgly 

Indescrtbmg the electron,c equrpment, 
,t should be emphasized that the a,m of this 
test was only to prove the feas,bLllty of tele- 
metermg and contmuously recordmg of rno~s - 
ture content ,n sol1 and not to develop a fmal 
apparatus for that purpose Therefore, the 
equipment here used wa; chosen prmar~ly 
from a pomt of VL~W of avallablllty or sun- 
pl,c,ty of constructmn at low c o.i t-“bread 
board models:: and IS not. therefore, mdLca- 
t,ve of a field model The pulse amplrfler 
and scaler used mthe laboratory experiments 
were placed, ,n a protectwe box, near the 
tube andwere connected to the source-detector 
assembly by a coax,al cable The output of 
the scaler went to a relay, which amplttude- 
modulated a l-watt, 144-MC contmuous wave 
oscrllator, feedmg Into an antenna mounted 
on a convenient flagpole outside the bulldmg 
The transm,tter was located ,n the bulldIng. 
and c on n e c t e d to the relay by an ordmary 
electrw cable Ftg 16 LS a photograph of 
thefreld statmn. showng the tube, the scaler 
mthe box. the assembly held beslde the tube. 
and the connectmg cables 
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t-- LEAD PLUG 

Fig. 15 Polonium-Beryllium Moistu -e 

Detection Device 

The pulsed r ad i o wavi’ (r>ne pulse for 

every 64 counts in the Geiger counter) was 

received in t,he laboratory abou”. one milt 

away, by a receiver sei”n on thy tauie at the 

left in Fig. 17. The ciemociuiatcd pulse is 

amplified (pulse amplifier of a commercial 

scaler) then fed into a count-rate meter (home- 

huiiit , using a mechanical relay) the output 

voltage of which was measured and recorded 

byanEsterline-Angus Kecorder [far right:< ). 

Thed~flertionoftheneedlp of the recorder is 

direcilyi7roportional to the number of counts 

received per minute. At both the transmitter 

and receiver stations mechanical registers 

were added (seen in m id d I e 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, the equipment 

vias turned on; at about 1315 the finai adjust- 

mentof the voltages was made, the assembly 

yaised to 42 inches and a slight increase in 

counts noted. ‘1’he reading-was 0.74 divisions, 

I: n the top shelf in Fig. 17 may be s e e n 

a u x i 1 i a r y equipment such as loudspeaker 1 

power supplies, etc. 



which cnrrcsponds to aboi~t 18. 4 pou.nds of 

water per colic Fuel., according to Ihe :-ali- 
bration curve I At X.330 the assembly was 

raised to 36 inches; the counts remained 

practically the s am e; the moisture content 

did not change. At 1400 ir was raised to 30 

inches and the counts dropped sharply* but 

due ta the long-time constant of activation and 

decay of the rhodium foil, a time of 20 to 25 

minutes elapsed before equi.libriumwas reached 

and the reading could be taken The tape regis- 

tered 0.68, corresponding to lb.0 pounds of 

water. At 1430 the assembly was raised to 

24 inches, the deflection was slightly less 

than 0.66, equaling 15.2pounds 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 

ai, the field statian; no c0unt.s cor;ld bc Irans- 

mitkd, hence ihe sharp dip in the deflection. 

A few rninlrtes later power *as restored. At 

1530 the assembly was raised to a &joint IL 

in c he s belo%- the surface with no change in 

indicated moisture. For 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 t, ho s e obtained earlier. 

At 1720 the experiment was terminated. 

Radiation Hazard 
The moisture-measuring d e v i c TV en\- 

ploying the radium-beryllium source pmit.5 

radiations which are dangerous to the health 

of personnel; therefore, suitable aafibty pro- 

cedures were established. T h c s e :t I-<‘ n<>l 

difficult to carry out and do not r;ignif’ic-ant13 
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Ftg 18 Recordmg of Morsture Content 
Taken During Telemetermg Test 

complicate so11 monsture studies Personnel 
workmgon the proJect were required to obey 
the followmg regulatmns 

(1) The uns h,elde d radium-beryllwm 
source shall be kept at least three feet away 
from any part of the body durmg the short- 
time mtervals It 1s not m the sot1 or ,n the 
lead storage contamer 

(2) Personnel shall not rema,n for extended 
p e I ,ods of t,me (one hour or more) m the 
vnnrty of the sotl-fIlled drum while the ra- 
dtum capsule us mplace Workmay be carned 
out safely for very long permds UI the regmn 
beyond a 6-foot radws 

(3) Personnelshall wear suntable “radm- 

tmn mondmrs” of an u,nwatmn chamber or of 
a photographw f 11m type Fleadmgs of the 
mnuatmn mon,to r shall be recorded after 
each period III which the radwm sc.urce has 
been used 

In order to comply w,th regulatum (1). 
the radnun capsule has flttmgs so that ,t ,,,a~ 
be p,ckedup smtablymouoted mthe assembly, 
or otherwise “handled” as desired. by a tong 
arrangement at the end of a 3-foot handle 
Smce It takes but a mmute or two to transfer 
the source from Its lead-walled contamer to 
the so11 n-iass. the followmg table flu&rates 
how regulatmn (l),ieduces the hazard to negll- 
glble proportmns 

Distance (feet) from 
unshwlded source 45 30 20 1.0 
to body 

Tune (mmutes) to 
recetve exposure 
equwalent to about 60 35 18 3 
one-tenthsafe dally 
dose 

Inthe fwld there 1s no hazard when the 
capsule 1s In the Sal unless personnel s,t or 
stand for a long pertod (more than one hour) 
dwectly bver the tube passmg mto the soul 
The so11 mass acts as a satisfactory shxeld 

Government regulatmns for the handlmg 
and shlppmg of polonnun-beryllmm sources 
do not requ,re any special safety measures 
The gamma-ray source used ITL the density 
measurements was much too weak a source 
to requwe special handlmg Nevertheless, 
thepersonnelonthls pX,JeCtWST&- warnednot 
to carry etther of these sources unshwlded 
III the pocket or otherwIse m close contact 
wltb the body 

lhe radium-beryll~umsourceused mthe 
studwe was a mc,re Intense source tbah nec- 
essaryfor adequate performance of the soil- 
moisture equpment. aweaker source ~111 ob- 
vmuslyfurther mmtm,ze the rad,atLon hazard 

SUMMARY AND CRITICAL EVALUATION 
OF LABORATORY AND FIELD TESTS 

The followmg conclusmns can he drawn 
fromthe test results descrtbed m “Results of 
Laboiatory Tests” and “Fwld Tests.” 
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Coucernmg Mmsture Determmatmu. 
(1) The neutron-scattermg method proves 

to be a rel,able method for determuang, w,th- 
out d,sturblng the s o,l mass, the mo,sture 
content The prec,s,on ,s il pound of water 
per cub,c foot or better, correspondmg to 
about *l per cent moisture content 

(2) The laboratory method lends &elf to 
pract,cal measurements m the f,eld w,thout 
g,vmg r,se to any essent,al d,ff,cult,es 

(3) The results obtalnedare averages over 
a rad,us of approxunately from 6 uxhes for 
h,gh to 15 ,nches for low mo,sture contents, 
a factthat should be kept m mmd m analysrng 
the readings obtamed by th,s dev,ce 

(4) The methodperm,ts exploratmn of the 
prof,le byslmple movement of the measurmg 
dev,ce mslde a tube 

(5) D,fferent so,ls seem to have the same 
caltbratmn cur.,e although th,s fact has st,ll 
to be thoroughlyestabl,shed The cal,brat,on 
curve obtamed by laboratory experrments can 
be used for measurements ,n the f,eld 

(6) Inhomogenettles, suchas ord,nar; 
rocks in glac,al dr,ft. do not Lntroduce ser,ous 
drsturbances 

(7) Add,t,onof salts or humus ,n quant,t,es 
encounteredunder normal cond,t,ons ~111 not 
alter the caltbratron curve 

(8) W kththe present equ,pment var,at,ons 
of mo,sture occurrmg w,th,n a t,me mterval 
as short as one-half hour can be detected 

(9) By us,ng a polonmm-beryll,um source, 
read,ngs can be contmuouslyand automatxally 
recorded and telemetered from the test s,te 
to a central stat,on 

Concern,ng Densrty Determ,nat,on 
(1) The gamma-ray scatter,ng method 

proves to be a reliable method for determinIng 
density w,thout d,sturb,ng the so,1 mass, at 
least lf care ,s taken that the placmg of the 
tube does not disturb the so,1 mass near the 
tube It ,s des,rable to make efforts to elwu- 
mate th,s sens,t,v,ty to so,1 d,sturbances near 
the tube and ways can be seen to achreve thw 
goal by changmg the geometric arrangement 
of the source-detector assembly 

(2) Theprec,s,on. atpresent. ,s*2pounds 
per cub,c foot 

(3) The readtngs represent averages over 
a rad,us of less than n,ne mches 

(4) The method lends Ltself to the cont,n- 
uous exploratron of p r o f ,l e s by movu,g the 
measurmg dev,ce mslde a tube penetratmg 

the SOll The readmgs may be telemetered 
and automatrcally recorded 

(5) The caltbratmn curve ,s ,udependent 
of the type of so,1 

(6) Small,uhomogene,t~es, suchas rocks, 
donut sermusly disturb measurements. pro- 
vtded they do not occur m the ,mmed,ate prox- 
,mlty of the tube The r e IS hope that th,s 
shortcommg can be overcome (see (1) under 
“Concernmg Dens,ty Determ,nat,on”) 

Summar,z,ng, rt can be said that both 
methods have proven themselves ,u laboratory 
and f,eld tests and prom,se to become satis- 
factoryandveryusefultools for the measure- 
ment and cont,nuous recordrngs of mo,sture 
content and dens,ty of so,ls 

POSSIBILITIES AND DESIRABILITY 
OF FUTURE DEVELOPMENT 

It IS des,rable that future development 
work be conducted ,n four d,rect,ons 

A The theory of scattermg of neutrons 
and gamma rays should be further developed, 
,n order to perm,t a pred,ct,on of the effects 
of certau, f,eld cond,trons w,thout the need of 
studymg experimentally each change ,n con- 
dltlons Th,s would save effort and, at the 
same t,me. g,ve a f,rmer bas,s to the new 
method. 

B Unt,l sucha theory ,s developed, tests 
under more varted condltrons than have been 
made up to now should be performed NIL the 
laboratory as well as ,n the f,eld In f,eld 
tests. locatmns should be chosen show,ng great 
variety ,n the type of so,l. dramage cond,t,ons, 
etc , and perm,ttmg access to an extent as 
to assure good so,1 analys ,s by standard 
methods 

c More accurate mformatmn ,s needed 
concernmg the s,ze of so,1 volume over which 
the m o , s tu r e ,s measured, then methods 
should be further studred to restr,ct one d,- 
mens,on of the volume over which slow neu- 
trons are scattered backto the detector Gel-- 
tsmsource-detector geometrrcalarrangements 
and c e r t a L,, ways of shreldmg the detector 
seemtoofferprom,seofrestr,ctmgthe moLs- 
ture determmatron to reasonably th,n layers 
S,mLlarly. much more work of th,s nature IS 
requ,red ,nconnect,onw,th dens,ty measure- 
ments in order to develop a dev,ce wh,ch ,s 
nottoo sens,t,ve to m,nor d,sturbances close 
to the tube 

D The mstrumentatmnof the deuce needs 

. 
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further development although the manual pro- 
cedure employed In these studws LS well de- 
veloped and IS relrable Other methods of 
detectmgslowneutmns. suchas bomncounters 
and scmtlllatlon counters, should be studwd 
andtrled from the pomt of wew of their use- 
fulness and adaptabtllty to the present prob- 
lem The choxe of the krnd of source to be 
used has to be dlscussed takmg Into consrder- 
atmn c 0 s t 5, s implwlty of mstrumentatmn, 
ease of operatmn and safety of personnel 
The telemetermg process. tf It 1s to be em- 
ployed, has then to be adapted to the spectflc 
problem 

The questmn of continuous long-ttme 
tests must be studled in stew of possrble 
modLfxatlons that may be required Fmally, 
It 1s clear that the studtes completed so far 
demonstrate the practical posstbrllty of a de- 
wee w h 1 c h brings about a great advance m 
sollmolsture and density measurement tech- 

mques Eventually, engmeermg design and 
developmentwork LS required morder to make 
the dewce Into a fully useful fwld Instrument 
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