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NUCLEAR METERS FOR MEASUFUNG SOIL 
DENSITY AND MOISTURE IN THIN SURFACE LAYERS 

SUMMARY 

The measurement of sol1 density and 
moisture at varymg depths by means of 
nuclear mstruments was descrlbedprevrously 
mClvllAeror,autxcs Admm~strat~onTechmcal 
Development Report No 127. The present 
report describes the development of new 
meters that measure density and moisture 
of the surface layer of 5011. Usmg the same 
radloactlve sources and same counter tubes 
as used m the depth probes, but with a 
different geometric design. these prelm-anary 
models prove to be promlsmg under both 
laboratory and fwld condltlons. Further 
studies are bemg made to xnprove their op- 
eratlonal characterlstlcs. particularly that 
of sensltlvlty. When perfected. they can be 
used advantageously for compaction control 
and related purposes 1x1 all types of earth 
c0nstruct10n They are efficient. conven- 
lent, and economical It takes about fifteen 
mmutes to take measurements and obtamth? 
results on a complete set of dens sty and 
moisture readmgs 

INTRODUCTION 

The scattermg of gamma rays and of 
neutrons has been employed as the basis of 
a new method for the measurement of sol1 
density and moisture at varymg depths by 
means of Instruments developed by Corney 
Unlverslty under contract with the CAA. 
The sane basic methods are mcorporated 
in new designs of Instruments in an attempt 
to measure the density and moisture of the 
surface layer as reqwred ,n field construc- 
t1on In the p r e sent report. prelunmary 
models and their performance are desczlbed. 
Studies are underway which have the obJec- 
tlve of mnprovmg the performance of these 
mltlal models 

The densltymeterprevlously described 
consists essentially of a short cylmdrlcal 
probe contammg a gamma-ray source and a 
detector This 1s lowered mto an access 
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tube, one Inch m diameter. driven Into the 
sol1 * Experiments show that the de n s 1 ty 
deterrmnatlon IS made over a volume of sol1 
approxxnatmg a sphere 16 Inches m dwmxeter 
The sensltlvlty of this probe type of solI 
density meter 1s fully adequate for field 
lnvestlgatlons. Its operation 1s simple. 
HOWeVer, a 1 on g w 1 t h the measurement of 
density at depth, there 1s a need of measur- 
mg density of the relatively thm s u r f a c e 
layer. and usually It 1s desirable to avold 
drlllmg holes m the surface Such meas- 
urements are Important control procedures 
in e art h fills for alrport, road, and dam 
c0nstruct10n. Therefore. the development 
of an znstrument that does not requre pene- 
tratlon of the surface was undertaken. 

Wmilarly, m addition to measurement 
of moisture at varymg depths, which 1s 
satlsfactorlly accomplished by the morsture 
probe, the development of a moisture meter 
slmllar to the new density meter was 
attempted ,n or d e I to me et the ne e d of 
determmmg s 011 moisture of the surface 
layer 

The surface meters and the probe 
meters use the same radloactwe s o u I c e s 
respectively. and the s our c es are Inter- 
changeable They are sister meters 
Indlvldually. each set has Its own speclahzed 
sphere of operation. collectively, they 
measure ~011s at all posItIons ln the field 

THE SURFACE DENSITY METER 

Descrlptlon 
The design of the sol1 density umt for 

surface appllcatlon 1s shown xx Fig. 1, and 
the Instrument Itself 1s illustrated m F,g. 2 
In external appearance, the umt resembles 
a flatlron attached to a thm alummum plate 
The gamma-ray source and the Geiger- 
Mueller counter tube are posltloned 
E~X Inches apart and separated by a 
triangular-shaped sheet of lead 1 l/4 riches 
thuzk The source 1~s near the apex of the 
triangle, the counter tube lies parallel to the 

* A satlsfactorymethod has beendeveloped 
for placmgthe access tube ,n mtunate contact 
with the sol1 m stone-free, but very dense, 
dry clays. This 1s described in a forth- 
commg report on recent modlflcatmns of the 
probe Instrument. 
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Fig 1 Surface Density Meter 

base A handle 1s provided for convenience 
III movmg the unit from place to place The 
whole assembly weighs 14pounds A 
Vlctoreen lB85 thyrode counter tube and a 
I-rmll~ur~e cobalt-60 source are Installed 
in the umt 

In use. the mstrument 1s placed III 
close contact with the sol1 surface much as 
one mght place a flatlron on a table The 
G-M tube IS connected by sutable cable to 
a scaler and record7 such as described III 
the prevxous report Gamma rays from the 
source are prevented from reachxng the 
counte I drectly by the lntervenlng le ad 
tr1ang1e They do, however. penetrate the 
so11 mass lust under the base plate, are 
scattered III all dlrectlons by the scnl. and 
those scattered toward the G-M tube are 
detected by that device The cauntmg rate 
1s a function of the density of the me d lum 
under the lead block and of several param- 

21bld 

Fig 2 Density of the Rolled Fill 1s Bang 
Measured by the Surface Meter 
A Two- to Three-Mmute Count IS 
Necessary T hx s Instrument, To- 
gether W 1 th the Electromc Scaler 
(Right Background) and the Standard 
(Left Background) can be C a r r 1 e d 
Convemently m a Small Vehicle as a 
Mob&z Unit to Make Measurements 
III Construction Fields 

eters that are flxed in any one design 
Unfortunately. t hl s function 1s qute com- 
plex Attempts to predict, from theore- 
tlcal conslderatlons, the results of varying 
the parameters have not been successful. 

Varlatlons of Design Parameters 
Laboratory studies were made employ- 

Ing technques sxmlar to those de s c r 1 be d 
previously Pits or bins, each 2 by 8 feet 
by 1 3 feet deep, were fllled with ~011s 
compacted to approximately the de s 1 r e d 
densltles Determlnatlon of the de n s 1 t 1 e s 
was m ade m two ways from the known 
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weight and volume of the 5011, and by the 
conventmnal sand method After the work 
had progressed to the point where It was 
apparent that smaller samples could be 
used, they were prepared m wooden boxes 
12 by 12 inches by 9 Inches deep 

Later. four concrete blocks of t hl s 
size were cast, havmg densltles of 136. 106, 
120. and 123 pounds per cubic foot respec- 
tlvely These made very convement density 
standards The lighter weight blocks were 
rather porous, therefore, attempts are now 
underway to procure a set of fme-gramed 
permanent blocks to cover the desired range 
of density values It 15 contemplated that 
blocks of less porous and more uniform 
material would prove to be more helpful for 
callbratmn m future experiments 

As panted out m the previous report, 
the distance between the source and detector 
tubes 1s an important parameter because of 
Its effect onthe shape of the curve that shows 
the relatmnshlp between density and countmg 
rate Curves of this relation were con- 
structed for distance parameters of 4 l/2, 
6, 6 l/2. and 7 Inches. It was found that for 
all these values the slope of the callbratmn 
curve was not umform For the smaller 
distance, the c&w tended to become rather 
flat at low densities. while for the larger 
distances, a flattenmg was observed at high 
densities A value of 6 mches appeared to 
be the best compromise 

Calibratmn curves also were made In 
whlchthe G-M tube was movedvertlcallywlth 
respect to the base plate See Fig 1 for 
mode of adJustment A posltion close to the 
sol1 gave the best results 

Sensltlvxty 
Prelmnnary observatmns lndlc ate d 

thatcare must be takento assure an xntlmate 
contact between the soil and the base plate 
of the mstrument With such care, a number 
of laboratory measurements resulted m the 
calibration curve shown m Fig 3 It 1s seen 
that the countmg rate varies with change of 
densitymthe manner to be expectedand mdl- 
cates the possibility that this method may be 
employed satlsfactorlly for the density 
determmatmn of thm layers wlthout the need 
of mechamcally penetrating the layer Thus, 
a convenient control device for embankment 
constructmn may be provided 

Exammatmn of Fig 3 shows that the 
sensltlvlty of this prellmmary model of a 
surface density meter 1s only about one-half 
that of the probe type. This reductmn of 
sensltivlty 1s sermus, principally because 
the G-M counter IS not an Instrument of high 
precision 

Fig 3 Ratm of Countmg Rates Versus Wet 
Density of Sol1 (For Surface Density 
Meter) 

By employmg a source of suit able 
strength and countmg for twc- or three-“mute 
intervals, It 1s possible to reduce the purely 
statIstIca error m the G-M tube readmgs 
to a satisfactorily small value However. 
other errors Inherent m the countmg system 
make it difficult mpractlcaluse to reduce the 
error of a given readmg below 1 l/2 per cent 
This amounts to an uncertamty of about * 4 
pounds per cubic foot m the density observa- 
tmns It 1s concluded that the sensltlvlty of 
the prellmmary design of the density meter 
1s not so great as 1s desirable for a fully 
satisfactory mstrument Modlflcatmns that 
may improve the sensltlvlty are described m 
a later sectlon of this report 

Effective Region 
A measure of the effective depth of 

sol1 bemg surveyed bythe surface-type meter 
was obtained by the followmg procedure A 
slit sample of about 110 pounds per cubic 
foot density was prepared m a sxxtable con- 
tainer which could be either suspendedm air 
orplacedontopof a block of sandstone 
Readmgs of the densitymeter were madewlth 
the container m each of the two p o s 1 t 1 on s 
and for varmus thicknesses of silt sample 
Changing the density of the matenal under 
the slit layer from practxally 0 to 170 pounds 
per cubic foot produce a marked change m 



the counting rate If the slit laye r was too 
thm to be wholly responsible for scattermg 
gamma rays to the detector From these 
experiments It IS concluded that, If the 
s 011 layer has a density of 90 pounds per 
cubic foot or more, marked changes m the 
density of the sol1 b inches or more below 
the density meter affect the reading less 
than 1/2per cent, below 4 inches, less 
than 1 per cent. and below 2 Inches, perhaps 
as much as 10 per cent For all practical 
conslderatlons. the penetratmn of the present 
surface density meter 1s restricted to a 
4-mch layer of soil 

Experiments also were carried out to 
determme the area of surface surveyed by 
the instrument Salt of density about 118 
pounds per cubic foot was prepared m a bm 
2 by 4 feet by 1 foot deep, and the meter was 
placed at the center The sol1 was then cut 
away m vertical sectmns a little at a tune 
so that the meter was successively 21. 18, 
9, 7, 5, 4, and 2 inches fromthe edge of the 
so11 mass Based on several experiments 
of this type, It 1s concluded that the meter 
does not survey the so11 mass more than 2 
Inches beyond the base plate. 

The fact should not be overlooked that 
the llmlted volume of s 011 surveyed is in 
some ways a disadvantage For example, 
a large stone nearly centered under the base 
plate and Just under the surface would result 
m an excessively large density readmg For 
this reason plans have been made for a new 
meter whxh, It 1s expected, ~111 overcome 
this disadvantage Meanwhile. it also should 
be noted that all conventmnal methods are 
not measurmg volumes much larger than 
the nuclear mstrument which can be conven- 
lently moved around to take as many readings 
as desirable Each readmg takes only 2 to 
3 minutes 

Effect of Surface lrregularltles 
The effect of small surface z-regular- 

ltles, such as grooves, ridges. or pits 
resulting in air gaps between sol1 and base 
plate, 1s not well understood at present 
From theoretical conslderatmns, It is 
clear that abnormalltles that lie lust below 
the base plate give ruse to very muchgreater 
discrepancies than equivalent factors deep 
m the soil layer. 

S o m e simulated ,rregularlt,es ha v e 
been studled For example, a groove l/4-mch 
deep and l/4-mch wide was drawn ac r o s s 
the soil surface, and the countmg rate was 
determmed for various posltmns of the den- 
slty meter with respect to the groove Ob- 
served varlatmns m counting rate were small, 
and because of the low sensltivlty of the 
present design, the results were somewhat 

ambiguous 
Inother experiments. a very thin 

layer of fine dry material was dusted on the 
surface and the density meter was rubbed 
back and forth to make firm contact The 
results weye inconclusrvr At present, the 
determination of the magnitude of error 
caused by surface lrregularltles remans a 
dlfflcult problem. 

Air-Gap Design 
By Inserting small spacers under the 

corners of the base plate, It was possible to 
study the effect of changes mthis parameter 
Curves of air-gap thickness versus countmg 
rate were obtained for several soil densltles 
and for three dl f f e r e nt values of distance 
between the gamma-ray source and detector 
The varlatlon of counting rate with thickness 
of air gap between base plate and sol1 surface 
was found to mcrease and then level off when 
the gap was about 7/16 mch Thus, ,rregu- 
larltles mthe air gapof approximately* l/16 
Inch should produce practically no effect on 
the readmgs at this elevated position 

Optimum condltmns were chosen for 
the de s 1 gn of a flatlron mcorporatmg the 
air-gap principle This Instrument was 
double-ended, m that two lead triangles with 
two sources were used with the counter tube 
located between them T hl s desagn had a 
very large air background count and a low 
sensitivity Tests to ascertain the cause of 
the excessive scattered background count are 
mcomplete, and it 1s generally felt that the 
promise of this design does notwarrant more 
attention at this time 

FIELD OBSERVATIONS WITH 
THE DENSITY METER 

In order to observe the performance 
of the surface density meter under a typlcal 
s et of field condltlons, the equipment was 
takentothe site of a rolled-earthembankment 
d u r 1 n g construction Personnel who were 
supervismg constructmn of the embankment 
asslsted in making a series of density meas- 
urements durmg a three-day Interval 

Because of gross Irregularities caused 
by the penetration and wlthdrawal of the feet 
of the sheeps’-foot rollers. It was the 
practice of the personnel not to take density 
samples directly on the surface of the layer 
bang compacted As a regular procedure, 
a bulldozer was called m to scrape away the 
loose fill ontop m order to provide a workmg 
surface lying Just below the penetration depth 
of the rollers Although this surface appeared 
smooth from a distance, the extreme rocky 
nature of the fillresulted msmallplts 
and wavmess m the surface left by the 



TABLE I 

Wet Density Measurements on a Rolled-Earth Embankment 

site Density Meter 
(pounds per 

cubic foot) 

Conventional 
Sand Method 
(pounds per 

cubic foot) 

Bl 149 151 
BL 139.5 142 5 
B3 142.5 138 
B4 138 not taken 
B5 135 135 5 

128’ 
128 

Remarks 

1 

2 

3 

4 
5 

Remarks 
1 Some dlfflcultles were encountered with the counter tube 
2 Only one readmg was taken, the surface was too rough 
3 A large stone was found very close to the surface, directly under the base plate, 

one dimension of its largest surface was approximately 3 Inches, the other about 1 l/2 
inches 

4 Widely scattered readings were obtained. presumably caused by unrelieved surface 
Irregularities 

5. A stone somewhat larger than that of test B3 was found close to the surface 

bulldozer blade The density meter was 
placed in turn m several positions wlthm an 
area of about 6 by 6 feet. In each case, the 
surface m contact with the meter was given 
further treatment by pattmg down any up- 
standmg hump, scraping with a steel straight 
edge. or dustmg with fme material from the 
fill. Several suchareas were workedthrough- 
out the embankment 

observations made 
A second field trip was made to mves- 

tlgate the behavior of the modlfled mete r 
containing an air gap a.5 prevmuslydescrlbed 
The density measurements gave very mcon- 
slstent values. and therefore the air-gap 
design IS considered unsatisfactory 

Conventional density measurements 
were made by the sandmethod used routmely 
by “any agencies The excavatmn for such 
measurements was made m most c as e s at 
the identical positmn prevmusly occupied by 
the density meter In order to check density 
readmgs closely and to obtain mformatmn 
on any abnormalltles which might have been 
present 

As a whole the mmtlal design (as shown 
in Fig. 1) gave reasonably goodresults under 
field condltlons, although further improve- 
ments are necessary The tests made on 
the embankment provided a good opportumty 
to evaluate the merits and de f e c t s of the 
device The convemence and economy In 
operatmg the mstrument under field condo- 
tions were generally recogmzed, the maJo= 
ObJective to be achieved is to mcrease Its 
sensitivity 

Some Idea of the roughness of the sur- The rocky nature of the embankment 
face can be obtamed from exammatmn of the represented about the worst possible condo- 
photograph, Fig 2 In nearly all cases, tmn and, hence, provided a most crucial 
many stones of dimensmns up to two mches test for the mstrument It is believed that 
were found upon examination of the soil under the device ~111 perform better m less stony 
the density meter SOllS 

Table I presents the complete set of 
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Fig 4 Surface Masture Meter 

THE SURFACE MOISTURE METER 

Descrlptmn 
A drawng of the surface mstrument 

for the determmatmn of mmsture content 
1s shown in Fig 4. and the mstrument It- 
self IS pictured ,n Fig 5 A Geiger counter 
tube 11es between two neutronsources 
(RaD plus Be) separated from them by 
sufflclent lead to form a shield agamst the 
weak residual gamma rays emltted by any 
xnpur,tles ,n the sources A sliver foil 
surrounding the counter IS selectively 
senslt,ve to slow neutrons, capture of the 
slow neutrons by the sliver makes It 
radmactlve. and the beta decay of the f 011 
IS measured by the Cager counter About 
f ,ve mmutes waltmg t em e 1s required for 
equlllbr,um to occur 

Neutrons penetrate the so11 mass. are 
scattered by the nuclei therln. and III 
collls~ons with hydrogen nuclei lose energy 
very rapldly The relative number havmg 
low energy, as determmed by the silver for1 

Fig 5 Measuring So11 Moisture m the 
Surface Layer of an Earth Dam With 
the D o u b 1 e-Source Instrument A 
Sectmn and an ElevatIonVIew ofTh,s 
Moisture Meter are Shown ln Figure 
4 A Three-Unute Count 1s Re- 
qulred After Equlhbrlum 1s Reached 

and Geiger counter, are proportmnal to the 
number of hydrogen atoms (mostly 1x1 the 
form of water) p r e s e nt u, the so11 The 
sensltlvlty of the sys tern 1s mcreased by 
covermg the tube and sources with paraffin, 
as mdlcated 11, Fig 5, which reflects many 
neutrons that otherwlse escape Into the air 

Callbratmn 
The rat,o of countmg rate, obtamed 

when the meter was placed on the surface of 
a sample of known moisture content, to the 
rate determmed for a standard block as a 
functmn of the moisture content 1s shown III 
Fig 6 Either two- or three- minute counts 
were taken as they were III moisture probe 
observations The so,1 samples were pre- 
pared ,n boxes III the laboratory zn the con- 
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Fig 6 Ratm of Counttlng Rates Versus 
Moisture Content (For Surface 
Mmsture Meter) 

ventmnal manner, Memphis slit bemg the 
prmclpal material used A thick slab of 
paraff1nform.5 a most satisfactory reference 
standard 

As 1s the case for the moisture probe, 
the sensltlvlty decreases markedly at very 
low nxxstures It 1s expected that when 
measurements of moisture above 18 pounds 
per cubic foot are available, a shght flatten- 
mg at higher moisture content also ~111 be 
found However, from an exammatlon of 
this curve, It would appear that an accuracy 
of+ 1 pound of water per cubic foot 1s 
possible Confirmation of t h I s, however, 
must awalt the results of further studies on 
the performance of thus prelxmnary model 

Effective Regmn 
To understand the effective sphere of 

the mstrument, observatmns were made m 
the changmg of counts as affected by the 
changmg of the volume of sol1 Only rather 
sketchy experiments have been made to the 
present txne The moisture meter was 
placed on the surface of a mass of sol1 about 
2 by 4 feet by 1 foot deep The sol1 w a s 
trxnmed away so that the edge of the sol1 
mass approachedthe edge of the meter frame, 
and It was found that when this distance be- 
came 3 mches a very slight change m countmg 
rate occurred Far a l-Inch distance, the 
change was more than 5 per cent 

Studies of effective depthwere made by 
placmgthe moisture meter on a layer of mast 
sollcontamed In a large alummum tray The 
counting rate was determmed for two cases, 
the tray suspended m ar or restmg ontop of 
a thlckslab of paraffm A marked difference 
In countmg rates was found for a sol1 thxk- 

ness of 2 Inches, about 5 per cent difference 
for 4 mches, and no effect for a sol1 layer 6 
Inches thick 

The effective volume of so,1 measured 
by the moisture meter varxs shghtly with 
the moisture content, becommg larger for 
drier ~0x1s Erperlments of the above type 
have not yet been made for verydry samples 
However. from results obtamed m the sub- 
surface studies. It 1s believed that the 
effective sol1 mass measured 1s not eve r 
SIX Inches thick and one square foot m 
area 

FIELD OBSERVATIONS WITH 
THE MOISTURE METER 

Although still m a prelxmnary develop- 
ment stage, the surface model of the mo,s- 
ture meter was mcluded m the equipment 
taken on a fxld trap and was used m a series 
of measurements made on sandy beaches 
A few readmgs also were taken durmg the 
second trip to the embankment site 

A real test of the performance was 
not obtalned, smce the locatmns surveyed 
In beach areas tended to be either very wet 
or ve r y dry and required extrapalatlon of 
the callbratlon curve at the high moisture 
end However, estxnatmg an extrapolation. 
the moisture meter read well wlthm the 
experImenta error as compared to conven- 
tlonal oven-dried samples Exact agree- 
ment was obtamed for samples m the 3 to 
5 per cent moisture range This 1s beheved 
fortuitous smce the callbratlon curve does 
not admit a respectable precxslon m this 
region Four observations were made m the 
5 to 8 per cent range, three of whxh were 
wlthm experxnental error 

The moisture contents m the rolled 
fill fell m the normal range, and the few 
measurements made by the meter generally 
agreed with the oven-dried results HOW- 
ever. an exact comparison of these readmgs 
wlththe laboratoryvalues thatwere expressed 
m percentage of sol1 weight IS rather difffl- 
cult because, as explamed prevmusly, the 
density measurement durmg the second trip 
was made with the ar-gap meter whxh gave 
Irregular readings It 1s evident that more 
fxeld observatmns In 5011s contammg mols- 
tures of normal range are necessary 

In general, the moisture meter per- 
farmed qu,te well, and It 1s believed that, 
after further modlflcatmns, It ~111 be a fully 
satisfactory mstrument 

PROGRAM FOR FURTHER 
DEVELOPMENT 

As mdlcated previously, the perform- 
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ante of the density meter 1s not consldered 
f “1 ly satisfactory. and lately It has been 
found to be highly sensltlve to certam design 
parameters 

Recent tests show that the Geiger 
counter 1s not fully shielded from scattered 
rays which have not entered the sol1 mass 
Reductmn of t hl s unwanted background 1s 
expected tti Increase the sensltlvlty SOIll‘? 
modlflcatmn of the source system, In order 
to partially direct the gamma rays Into the 
s 011 mass, may be shown to be desirable 
from studies m which the shape of the lead 
block 1s varied at the regmn of the source. 

In the prehmmary model, the source 
1s not adequately secured m a fixed posltlon 
with respect to the base plate, and small 
changes have caused Irregular results 
Redesign of the source holder 1s planned so 
that the posltlon of the capsule 1s fixed. but 
the assembly can be easily removed for 
storage purposes 

It 1s believed that the wmg-hke portmns 
of the base plate serve no usefulpurpose and 
should be removed 

To overcome the lm-atatlon of small 
volume of sol1 surveyed, It 1s planned to m- 
corporate m a new design two s o” r c e s 
equally spaced on either side of the Geiger 
counter. as IS done in the moisture meter 
Somewhat deeper penetratmn of the radlatmn 

may be secured, where desirable. by modl- 
flcatmn of source holder and counter 
shleldmg 

The previous dlscussmn mdlcates 
certam of the major modlflcatmns which It 
1s belleved desirable to study m the design 
of a more sat1sfactorymstrument for surface 
density measurements 

Concrete plans for further xnprovement 
of the surface model of the moisture meter 
must awalt the results of more extensive 
performance tests 
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