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MEMORANDUM

TOs A, O, Neiser
Assistant State Highway Engineer

The attached progress report on '"The Application of Nuclear
Techniques to the Measurement of Molsture and Density of Highway Con-
struction Materials™ by R, C. Deen, Research Engineer Senior, and J. D,
Shackelford, Civil Fngineering Trainee, represents an evaluation of
nuclear and conventional density-measuring methods. Inasmuch as mois-
ture measurements are required for converting to dry demsity values this
determination has been included.

Mr, Deen presented a paper on this research project to the
Kentucky Highway Conference earlier this year, He gave a brief sumary
to the Research Committee at the February 26 meeting.

The authors have made a rather detailed statistical analysis of
the laboratory and field test data. They have made maximum use of the IBM
electronic computer available to them, You will note that eleven (11)
findings are summarized beginning on page 62 of the report, 1 believe that
items 4, 6, and 9 best show the status of nuclear versus conventional test-
ing, The Nuclear-Chicago apparatus predicted field sand cone densities
to within + 6.0 pounds per cubic foot. The same apparatus used in the
laboratory under more uniform and controlled conditions predicted labora-
tory densities to within + 5.8 pounds per cubic foot. This was an ime
provement of + 0,2 pounds per cubic foot for the laboratory testing.

Item O notes that in comparing the best rubber balloon tests with the sand
density that the prediction was within + 6.7 pounds per cubic foot in 85
percent of the cases. B

We might conclude that the nuclear method was + 0.7 pound per
cubic foot better in predicting the sand cone densities than the rubber
balloon density test, The primary advantages for the nuclear test methods
would be speed of testing and non-destructive testing (for backscattering
equipment),
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We are continuing our research with the Nuclear-Chicago equip-
ment. The depth of material evaluated is a highly significant factor
in tests conducted on thin layers, but this may be most influential when
the different layers are built up of different kinds of materials.

Respectfully submitted,

e

W. B. Drake
Director of Research

WBD:d1

Att,

cc: Research Committee Members
Bureau of Public Roads (3)
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INTRODUCTION

In recent years much attention has been directed toward the
application of neutron and gamma ray techniques to soil moisture and
density measurements. This application of radiological measurements
of these characteristics of materials of highway construction, of course,
is of great interest to the highway industry since the performance of
the total pavement system is highly dependent upon the condition of the
embankment, subgrade, and base components of this system. An im-
portant measure of the state of condition of unconsolidated earth materials
is their unit weights and moisture contents. The highway engineer undoubt-
edly would welcome any method or technique which would provide more
rapidly and easily this essential information that may be used in the
control of the construction of the embankment, éubgrade, and base.

The application of the neutron and gamma ray techniques to this purpose
appears to offer some promise for the engineer and thus is worthy of
his cofrisideration.

This approach had its start in 1896 when Antonine Henri Becquerel
(1) discovered the gamma ray in his observations of the radioactivity of
radium. Subsequent research culminated in the isolation of the element
radium by Madame Marie Curie (2} in 1898. Gamma rays are produced

by the disintegrating atoms of radioactive materials. Some 45 naturally



occurring materials and a large number of artificially prepared ma-
terials are sufficiently unstable to result in gamma ray emission. The
penetration of gamma rays decreases as the density of the material ex-
posed thereto increazes. Certain aspects of this fact have been used
in developing equipment for enginee ring measurements and inspections.,
The first successful industrial application of gamma rays was accom-
plished in France in 1925 by Henri Piton, who inspected a defective ship
turbine of such a size that x-rays were of no value. Dr. Robert F. Mehl
of the Naval Research Laboratory developed and intrpduced this method
of nondestructive inspection to the United States in 19&29, Gamma rays
are now widely used by the Navy in detecting flaws in large castings.
Penstock sections up to 12 feet in size have been imspected on the Estes
Park and Shasta Dam projects. Perhaps the largest radiographic weld
inspection job to date was the 1,100-mile Trans~-Arabian oil pipe line.
In 1932, Sir James Chadwick reported to the Royal Society of
London (3) the discovery of a new subatomic particle, the neutron,
Enrico Fermi and his collaborators (4) distinguished between the slow
moving or thermal neutr(@cn and the high energy neutron. In 1939, Otte
Hahn and F. Strassmann (5} of Germany observed that when uranium
was bombarded with high energy neutrons, some of the neutrons were

absorbed by the uraniurm nuclei; the excited nuclei thus formed underwent



a reaction whereby each split into two nuciei of smaller mass, at the
same time ejecting neutrons. This confirmed obserations made by
Fermi and others in the early 1930's. This "fission' process can
take place in many different ways and the possibility of a self-sustain-
ing nuclear reaction arcse when Frederic Joliot and associates (6)
observed that each fission releases, on the average, more than two
additional neutrons. A chain reaction can be maintained by either the
fast or thermal neutrons and eventually this line of re search led to the
development of the atomic pile, the atomic bomb, and all that came

after it (7).

Chadwick had noted early in his investigation that there was
a certain inte raétion between neutrons and hydrogen atoms. Fermi
also ohserved this phenomena and this behavior has been used to
control the rate of reaction in atomic pile’s-,' It became apparent to
many investigators that this neutron-moderating or madulating capa-
city of hydrogen might be used as an analytical method for detecting
hydrogen and, because of the presence of hydrogen in water, for de-
tecting water.

During the 1940°'s, much work was done to develop equipment and

techniques of interpretations whereby these principles might be used in



subsurface exploration. Geologists and engineers concerned with locat-
ing oil deposits have been particularly active in the development of
radicactivity well-logging methods (8,9). Measurable radicactivity may
be found in all kinds of rock, and the relative intensity of the emitted
gamma rays can be determined by means of an ionization chamber
lowered into a bore hole. The rock also may be bombarded by gamma
rays from a source which is lowered into the hole along with the detecter
;but shielded from it {See Fig. 1}). The resulting gamma ray logs are
usualiy supplemented by a leg of radioactivity induced by lowering a
neutron source into the bore hole. The ionization chamber in this case
is designed to respond to this induced radioactivity. In combination

the gamma ray log and the neutron log give estimates of the relative
porosity and the concentration of hydrogen-bearing fluids in the strata
{See Fig. 2). By injecting radicactive tracers into the pore fluids

and observing the rate of decrease in radiocactivity as the tracers move
from the bore hole, estimates of relative permeability can also be
made.

The use of gamma ray and neutron techniques in subsurface ex-
p‘l.oration and by investigators in the highway field (10,11} scon after
World War II indicated the feasibility of these nuclear techniques for
the analysis of soil moisture and density in hi.ghw;ay work, The techni-

gues were rather cumbersome, however, becauge of the lack of portable
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equipment. Accordingly, in the early 1950's, much attention was given

to the development of equipment considering an optimum balance between

efficiency, safety, and portability. As a result, several pieces of equip-

ment have been, and are being, developed by commercial interests as S
well as educational and governmental agéncies,

The conventicnal types of nuclear moisture~-density apparatus
now being used or investigated for use in the highway field are of such
types that spot determinations of meisture and density can be quickly
made {See Fig. 3). Currently the problem is being pursued further
and the Dresser Industries, Inc., has developed and used an instrumen-
tation (See Fig. 4) such that a centinuous profile of moisture and density
is obtained as the apparatus is moving over the embankment or subgrade
(See Fig. BJ.

Widespread adoption of a test method is contingent upon proof
of its reliability and practicality in obtaining the essential enginee ring
information. In the hope that the reliability and practicality of instru-
ments utilizing the nuclear method might be demonstrated and thereby
expedite the numercus field moisture and density determinations that
a“Lre made in the control of earthwork construction in the state, the
Kentucky Department of Highways purchased in early 1961 the apparatus
manufactured by the Nuclear-Chicago Corporaticn. The instruments

were assigned to the Division of Research for evaluation. In the spring



Fig. 3. Hidrodensimeter Moisture-Density Apparatus.




Fig. 4. Continuously Recording Nuzlear Moisture-

Density Logging Unit.
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of 1961, a field study was initiated whereby data would be obtained to
provide a correlation and comparison between the moisture and density
measurements as cltained by the nuclear method, the sand cone method,
and the rubber bzlloon method. D ata would also be available for the
preparation of calibration curves for the Nuclear-Chicago density-moisture
probes., The R esearch Division was also very fortunate in having available
during part of the field testing program two additional sets of nuclear
moisture-density instruments. The Troxler nuclear moisture-density
apparatus manufactured by Troxler Electrical Laboratory and distributed
by Testlab, Inc., was made available by L. E. Gregg and Associates,
Consulting Engineers of Lexington, Kentucky. The Hidrodensimeter
apparatus, manufactured by Viatec {Pty.) Limited of South Africa and
distributed in this country by Tellurometer, Inc., of Washington; D, C.,
was loaned by the Department of Civil Engineering, University of
Kentucky. A field and laboratory investigation was undertaken to evaluate’
and compare the three commercial sets of nucl‘ear moisture-density

apparatus.

'



DESCRIPTION AND OPERATION OF EQUIPMENT

The Nuclear-Chicago d/M-Gauges and accessories available

for study consisted of:

1.

The two depth probes were not used in this investigation since the pro-

ject was concerned only with moisture-density determinations made

Portable electronic scaler with own power source and
built-in recharger,

Surface density probe with a 3~millicurie cesium-137
source and built-in standard reference,

Surface moisture probe with a 4-5 millicurie radium-
beryllium source,

Paraffin wax standard reference for use with the sur-
face moisture probe,

Depth density probe with a 3-millicurie cesium-137
source, and

Depth meisture probe with a 4-5 millicurie radium-
beryllium source.

at the surface.

"The Troxler instruments and accessories available were:

Surface density probe without source,

Depth meisture probe without source,

Surface moisture adapter,

One 5-millicurie radium-beryllium source for
use in either probe, and

Battery charger.

o
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Portable electronic scaler with own power source,
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Some accesscries which would have been of some use in the investiga-
tion, but which were not available, included:

1. Amnother radicactive scurce for either the density
or moisture prche,

2. Moisture reference polyethylene block, and
3. DC-DC converter necess ary to operate scaler from
an aufemobile battery.

With only one radioactive source available for this equipment, some
inconvenience was experienced when the source had to be changed from
one probe to the other. REach time the source was changed the operator
came into close contact with the radioactive material which is not
desirable safety wise.,

The Hidrqdez‘z.fai.meter apparatus used in this investigatio!n consisted
of;

1. Portable electronic scaler with own power
source and recharger, '

2. Combination surface density and moisture probe
with a 10-millicurie radium-beryllium source, and

3. Woodenr box with ehielding and paraffin in the bottom
to store probe and to use as a standard reference.



Scalers

The Nuclear-Chicago electronic scaler (See Fig. 6} is constructed
g0 that the umnit can be cperated from either its own 6-volt wet cell
battery or from a 110-120 volt AC line., An automatic recharge circuit
is built imto ﬂ;e scaler so that the battery is being recharged whenever
the scaler is connected to a 110-120 volt AC line. The battery can be
charged either automatically or manually. On automatic charge, the
battery is recharg.ed at high or low rate depending on the condition of
the battery; on manual charge, the battery is recharged at a continuously
high rate until disconnected. The scaler is equipped with a battery test
which lights if there is sufficient charge on the battery for operation.

Pulges received by the scaler are counted on five decade vtubes.,
From 1 to 99999 counts can be recorded. The Nuclear-Chicago scale-r
has an automatic timer with one and two minute time cycles, or counts
can be taken using a stop watch. The clock in the timer is powered by
electricity. By using the test circuit in the scaler, the one and two
minute time cycles can be accurately calibrated by counting the AC
cycles when the unit is connected to a 110-120 volt AC line. When
using the test circuit while operating off the battery, the scaler counts
vibraticns frem an oscillator in the scaler. The count is approximate ty
7200 per minute but is not accurate encugh for timer calibration., The

- 172 =
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"Reseat! Eutton is pushedlto zerc the decade tubes,and the "Start!"
button is pusheddown to start the automatic timer. The count is
read on the tubes from left to right.

The'Nuclear-Chicggo scaler is provided with a variable high
veltage control so that the operator can control the voltage being fed to
the probe. The voltage to be used is determined by a ptateau curve
which will be discussed later.

The Troxler electronic scaler (See Fig. 7) is also equipped
with its own power source. By using the charger provided, the battery
can be recharged and the unit can be operated from an AC outlet. A
DC-DC converter is available for this unit which perfnits operating
this equipment from an automobile storage battery. A volt and rate
meter is on the p;é.n.el. of the scaler. This allows the operator to check
battery voltage, high voltage being fed to the probe, and the instananeous
coun.tl rate.

The Troxler scaler is equipped with a one-minute automatic
timer, or a stop watch may be used to time ccounts. The automatic
timer is started by turning the '""Start"(or one-minute timer) knob clock-
w%.se until it comes to rest against a stop. The knob is released and the
automatic timer is in operation. By turning the knob the cperator winds
the clock in the timing device. A '""Reset' button is proﬁded to zero
the decade tubes. Five decade tubes are also used in this scaler which

are read in the same manner as those in the Nuclear-Chicago scaler.

A
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A high voltage selector switch is provided 1n order to allow
the operator to select the proper circuit for the probe being used. The
Troxler density probe requires approximately 800-900 volts while
the moisture probe requires approximately 1300-1400 velts depending
upon the plateau curve for sach probe. The high voltage selactor should
be in the "Off"" position when connecting or disconnecting a probe to
prevent arcing due to high voltage which can be harmiful to the operator
and damaging to eguipment, 'Ihis is true for all these pieces of equip-
ment. A high voltage coarse and fine adjustment control is provided
to adjust the voltage on the high voltage circuif.

The Troxler unit has a gain control which allows the operater to
control the sensitivity (range of amplitude) of the detector tube. This
is most importani in the moisture probe because low energy neutrons
are all that are desired tc be detected. The Nuclear-Chicago and
Hidrodensimeter scalers have th:e gain centrol but it is an internal ad-
justment. By having the gain control available to the operator, it is
possible to adjust the reference count te be the same each fime so that
the count-ratio method of analysis is not necessary. The Troxler scaler
is designed so that the face of the scaler can be tilted which makes the
decade tubes easier to read.

The Hidrodensimeter electronic portable scaler {sse Fig. 8)

contains a lead-acid battery. The scaler has its cwn built-in charger
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so that the battery is recharged when gonnected toa 110-120 volt AC
source and the master scaler switch is in the "Charge! position. A

light on the panel indicates that the battery is being charged. No provision
is made to operate the scaler from an AC scurce, however cable and clips
are provided so that an external 6-volt battery may be used.

A vol.tmeter is mounted on the panel which will give a direct
reading of the battery voltage when the ""Test Battery' button is de-
pressed and of the high voltage being fed te the probe when the "Test
HV" button is depressed.

The function selector switch has three positions, The "Test"
position is used to check the scaler to see if it is coun.tin.g properly.
This circuit allows the scaler to count vibrations from an oscillator
in the scaler. When the function selector switch is in the "HV x 1,
Geiger (Density)' position, there is a maximum of 1000 volts available
to the single-pin Geiger input and also tc the probe input. The single-
pin Geiger input allows the scaler to count impulses from an auxiliary
Geiger tube., In this position the scaler and the probe circuits are
automatically switched to energize and detect impulses from the Geiger
tube. The "HV x 2, Probe (Moisture)" position gives a maximum of
2000 volts to the boren trifluoride tube in the probe. The switch also
switches the input circuit so that only impulses from the preamplifier

that is conrected to the neutron detector tube are counted.



The high veltage can be adjusted by a coarse and fine adiustment,
Again the voltage used depends on the platean curve of the probe.

The couut is registered on five decade tubes that read left to right
with a range of 1to 99999 counts. The decade tubes in the Hidrodensi-
meter are mounted at an angle to make reading the tubes easier. Also
the case cover is arranged so that it can be used as a shade which makes
reading tlhe tube s more convenient on bright days.

The scaler is equipped with "Reset", "Step", and "Start' buttons.
The "Reset' button is used to zero the decade tubes. ‘This scater has
no built-in timer so a stop watch is necessary in order to proparly
operate this equipment. It requires the cperator to press the stop watch
and the "Start" button at the same time to start the count, and in ocrder
to get accurate results he should also stop the stop wateh at exactly the
same time the "Stop” button is pressed.

The count rate of the probe is a function of the voltage on the
detector tube. It is important then to control this voeliage in order to
obtain reliable data. When the counts per unit time are plotted against
the voltage, a curve similar to the curve sheown in Fig., 9 results, This
chrve is characterized by a definite plateau on which the count does not
change appreciably over a wide range of voitage (50 to 150 voikel, The
operating voltage is selected as being cne-third across the plateay from
the low voltage end. By using this method, slight Suctuations in veliage

will net greatly influence the court,
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Meisture Probes

The moisture probes of all three picces of equipment work on the
same principle. DBy this method the hydrogen ion concentraticn in the
material is measured. This is dcne by bombarding the material with high
speed neutrons. When these neutrons strike hydrogen nuclei contained
in the material, they are siocwed down (their energy is reduced} and then
these low energy or thermal neutrons are detected by a device designed
to count only slow speed neutrons. A Geiger-Muller tube is used in the
Troxler moisture probe and boron trifluoride tubes in the Hidrodensi-
meter and Nuclear-Chicago probes, The count observed on the scaler
is directly related to the hydrogen ion concentraticn, Figures 3, 10, and
1l show the different probes in operation.

To measure moisture contents, the aasﬁmptiom is made that there
are no compounds in the seoil (or other material being bombarded) that
contain hydrogen and that there is no water of bydration, All of the
hydrogen contained in the material is thern in the form of free water.

This apparatus can, however, be used on other maierials if the quattiiy
of hydrogen in forms other than free water is known., The free water
content can be determined by subtracting the known content of hydrogen

in other ferms from the total hydrogen content,
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The radioactive source in all three probes of eguipment is
radium-beryllium. Gamma rays from the radium bombard the beryi-
lium which in turn releases high speed neutrons, To determine the
hydrogen content, the back scattering technique is used; that is, the
material is bombarded and the probe then counts the slow speed neutrons

that bounce back into the range of the detector tube s (See Fig, 12}.
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Density Probes

In measuring densify the material is brﬂmbarded with gamma rays
which have no charge. These gamma rays are either absorbed by the ma-
terial or pass through the material. In passing through the material, the
gamma rays do not travel in a straight line but are reflected as they
strike the nuclei of the atoms. The gamma rays will continue this random
movement until they pass out of the material or are absorbed hy collision
with the electrons of the material., Theoretically the abscrption of gamma
rays is done in one of the three following wéys depending on the energy
level of the gamma rays: 1} pair production, 2} photo-electric effect, and
3) the Compton effect{l12). Since the density of the material determines
the amount of absorption, the number of gamma rays that travel from the
radioactive scurce tc the detector tubes is 'in‘velrs:esl.y proportional to the
density of the material,

Two different principles are employed in the equipment used in
density determinations in this study., One was the back-zcattering
technique which is the same principle used in moisture determinations,
This method is used in the Nuclear-Chicago and the Hidrodensimetor
probes. The cther is the direct transmission technique used in the
Troxler equipment. [n this method the scurce and detector tubes are

arranged sc that the material to be bombarded is between them, The
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count is then a measure of the gamma rays that pass through the ma-
terial rather than a count of the gamma rays that ave scattered back to
the probe (see Fig. 13).

The Nuclear—Chicago density probe (See Fig. 14} uses a 3 milli-
curie cesium-137 source, which is a synthetic isctope. Since it is a
synthetic isotope, the Atomic Energy Commission requires that users
obtain an AEC license. This source essentially produces only gamma
rays of an energy level desirable for density measurements.

The Hidrodensimeter uses the same radium-beryllium scurce for
density measurements as it does for moisture. The detecter tube arrange-
ment in this probe is designed so that the distance between the radio-
active source and the detector tubes can be varied by pulling amd,_f’car
pushing a rod at one end of the probe (See Fig. 3). This allows the
operator to vary the depth of influence of the probe; the nearer ths
source to the detector tube , the greater the depth of influence, This is
of value in highway work when depsity control of thin lavers of material
is desired.

The Troxler probe (See Fig. 15) uses the same type and strength
source for density and moisture determinations. For this study cunly
one source was received with the equipment and this had to be changed
from one probe to the other. Ordinarily a separate radium-beryilicm

source is provided for each probe. The Troxler density probe is designed

AT
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to use the direct transmission technique in density determinations. In
using this probe, a steel rod is driveﬁ into the material to be measured
and withdrawn. The source is then lowered into the hole and the count
results from gamma rays that pass through the material. The distatce
between the source and the detector tubes has tc be known since the
distance that the gamma rays have to travel will also influence the count.
This is done by knowing the depth that the source is lowered helow the
ground level. The calibration curves are based on this dimension rather
than the actual distance between the source and the detector tubes.,
Theoretically, the Troxler apparatus can also use the back-
scatter method, but after some preliminary te sting it was decided that

this equipment was not properly de signed for this technique.

ol



: Standafd References

There are two ways that the count taken on a material can be
correlated with density or moisture in terms of pounds of material per
cubic foot. One method is to relate the actual count to the density or
moisture content. The other method involves taking a reference count
on a standard reference each time the probe is used. Then the actual
count observed is divided by the reference count, and this count-ratic
is correlated with density and toisture content.

The count-ratio method has been used exclusively. This has
been done for two reasons. Taking a standard reference reading each
time provides a running check on the eciuipmentu If the standard reference
coun.t is considerably different from past counts, something is not func-
tioning properly or the ope rator is not using the proper technique in the
operation of the equipment. Secondly, by using the count~ratic method
compensation is made for differences in courts due to variables, such
as temperature, humidity, charge on the batitery, etc., that are uncon-
trolable in the normal use of the equipment.

The Nuclear-Chicago d/M-Gauge uses 2 paraffin standard reference
for the moisture probe (See Fig. 16). The density probe uses a hole in
the shielding mechanism as a standard refererce (See Fig. 12). The
density reference cowt is taken in the carrying case (See Fig. 17) with

the source in the shielded position.
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Fig. 16. Standard Reference Setup for Nuclear-
Chicago Surface Moisture Probe.

Fig. 17, Standard Reference Setup for Nuclear-
Chicago Surface Density Probe,

i ]



- 30 =

The Troxler density probe had no standard reference provided.
Air was used as a reference with the probe in position for a sig~inch
depth reading (See Fig. 18). The Troxler moisture prcbe has a poly-
ethlyene block de signed for use as a reference but was not available. A
sealed wooden block, about 8 x 8 x 11 inches in size, was used és a re-
ference during this investigation (See Fig. 19). This seemed to be satis-
factory since all that is needed is a reference with a relatively constant,
high bydrogen content.

The sfandard reference for the Hidrodensimeter is in the storage
and carrying box (See Fig. 20). There is a layer of paraffin for the
moisture reference and underneath is a lead sheet for .the: density re-
ference. Since moisture and density determinations are made by one
probe, moisture and density values can be obtained faster with t;ne Hi-

drodensimeter than either of the other two pieces of equipment.

T
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Fig. 20. Standard Reference Setup for Hidrodensimeter
Moisture~Density Probe,




‘Safety Pretautions-

Since radiation in excess quantities is known to bring about bodily
harm, it is necessary to apply certain precautionary measures when using.
these sets of equipment. Monitor film badges, which are developed and
analyzed monthly, were worn by the operators, One can be seen on the
trouser cuff of the operator in Fig. 3.

The Nuclear-Chicago probes are designed so that when lifted by
the handle the radioactive material is brought into a shielded position.
The only way that this equipment can be stored in their boxes is with the
carrying handle in this up position.

The Hidrodensimeter source is completely shielded only when it
is in its storage box. When out of the box, there is no protection on the
bottom side of the probe.

The Troxler equipment has no provision for complete shielding
in the moisture probes, The radio_active‘ material used with the density
probe can be pulled up into the probe to partially shield it, but the probe
is not designed in a way that the operator will be certain to position the

source in this manner,



Conventicenal Methods

Several methods have been devised to measare the unit weight of
materials for control purposes. All of these mefhodss however, reguire
a physical measurement of volume and weight, Moisture is determined
by drying a sample of the mate rial or by weighing the amcunt of water
added.

Two of these methods were selected to use in compariscn against
the nuclear equipment in the field. The sand-cone method was selected
because it is a widely accepted methed of field control and the rubber
balloon method was used since it is the method of field control used in
Kentucky. A 4-3/4 inches diameter sand cone and two Rainhart riubber
balloon apparatuses were used. On one of the rubber balloen units, the
air pressure was applied by mouth. On the other urit the air pressure
was applied by means of a rubber pressure buibk. In testing, three,
four, and five pounds per square inch pressures wWere used on the unit
with the pressure bulb.

The suggested procedure for saud cone unit weight determinations
given by the American Scciety for Te stiﬁg Materialis (13} was followed
except that a steel plate with a 3~ 1/2 inches diameter hole in it was used

to seat the cone and the cone was 4-3/4 inches in diameter.

w 34 -
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The suggested method of test by the rubber balloon method (14}
was used except that the air pressure varied and a steel base piate with
a 3-1/2 inches diameter hole was used.

In the laboratory, samples were prepared in galvanized tubs
approximately 23 inches in diameter and 11 inches deep. The unit weight
of material in the tub. was determined by weighirg the amount of water
required to fiil the tub and comparing this to the weight of material in
the tub. The unit weight of block samples used in this study was deter-

mined by immersicn in water.

ke



PROCEDURE

Iield Investigation

Several highway construction sites in Central Keuntucky were
visited during the spring and summer of 1961 for the purpcse of chtain-
ing data that would 2id in evaluating and calibrating the nuclear moisture -
density equipment. The sites visited were in varicus stages of construc-
tion so that data from different materials -- subgrade, dense-graded
aggregate base, and portiand cement concrete -- were obtained.,

After a test site had been selected it was cavefully leveled and
smoothed to present a plane surface to the instruments that Weuld‘be
placed upon it. When the surface was prepared, readings were taken
with the various nuclear moisture-density probes. All available probes
were placed over the same point for purposes of gathering data.

‘As soon as all nuclear moisture-density data had been obhserved
and recorded, a hole approximately 3-1/2 inches in diameter and four
to six inches deep was dug. The material removed from the hole was
placed and sealed in a moisture tight can for return to the laberatory
where the moisture content on the entire sample was determined by
Hdrying to a constant weight in an oven., The volume of the resulting
hole was determined by the rubber balloon method and by the sand

cone. With this infoermation the in situ unit weight and moisture

ke
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content could be determined by conventional methods. In the case of

portland cement concrete pavements, the fieid unit weights were deter-

mined from measurements made oﬁ cores removed froem the pavements,
In taking the nuclear moisture-density readings the following pro-

cedures were used.

Nuclear-Chicago

The prcbe was connected to the scaler and the proper high voltage
selected. The scaler was turned on and allowed to warm up for approxi-
mately five minutes. At the beginning of a work day, three two-minute
counts were taken on the standard reference and recorded. The probe
was seated at each test site and one two-minute c&umtwas taken; then .
the probe was rqtated 90 degrees and a second count taken, If the two
readings were within tolerable limits (* 1-1/2 1bs. f'jfta)g the readings
were recorded and the probe moved 1o the next site. If the readings were
not within the allowable range, the probe was again rotated 90 degrees
and another two-minute reading taken. This was repeated until suffi-
cient readings were acquired to give a good average value for the count.

At the end of a test period, three two-minute reference f;oui:-,ti,sa
were again taken and recorded. These were averaged with those taken
at the beginning and this value was used as the standard zount to compute
the count-ratics. There was no pattern followed as tc which probe
(moisture or density) was used first at any given test sute. Normally,
the probe that was connected to the scaler was used first

Sy
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Lidrodensimeter

With this apparatus the time required was considerably reduced
because only one probe was used for both moisture and density readings.
Also the scaler needs only thirty seconds to warm up according te the
instruction manual. Three two-minute counts were taken on the reference
at the start of the work day before measurement readings were obtained.
The density reference was taken with the rod "full in", i.e. the sorce
and detector tubes as near each other as the design of the equipment
would permit. The probe was seated at the test site and ome two-minute
count was taken of moisture, density "full in' and density "'full out'’.
These were recorded and the probe rotated 90 degrees and the counts
repeated. At the end of the testing pericd three two-minute counts were
taken against the reference to be averaged with those taken at the start

and used in count-ratio calculations.

Troxler

The probe was connected to the scaler and counts taken against
the standard reférence until they became relatively constant, indicating
that the scaler was warmed up. The gain control was full open on the
moisture probe; the density probe standard reference count was adjusted
by the gain control so that it was constant from one day to the next.
Usually, four or five readings were required after warm-up to make

this adjustment.
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Since the material is somewhat disturbed by the Troxler density

probe, the moisture reading was taken first, A steel rod was then driven

into the material and density counts were taken with the source at depths
of three,six,and nine inches. Two one-minute readings were taken at
each position with both the moisture and density probes and additicnal
readings were taken if necessary in order to obtain a goocd average.

The standard reference count was taken again aflter the measure-
ment readings were completed. The average of the before and after
reference counts was used as the standard reference for the count-ratio

computations.

Laboratory Testing

Several materials -- expanded shale, limestone, and silica
sand -- were used to prepare laboratory samples. Each material was
placed in the calibrated tub. in a dry condition by rodding or by using 2
vibrator. The unit weight was determined and readings taken with the
nuclear moisture-density equipment in the same manner as in the field.
After taking readings of the material in the dry condition, the sample
was saturated with water and sufficient time allowed for uniform water
distribution. Since the laboratory samples were grarnlar in nature,
this was quite easily done. Readings were then taken on the saturated

material.

Faiac
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Readings were alsc taken on block samples. The Nuclear-
Chicago and Hidrodensimeter moisture and density readings were taken
the same as those taken in the field. With the Troxler density probe, in-
stead of dropping the radioactive source down into a hole it was piaced
along the side of the material., The Troxler moisture reading was-taken
in the same manner as in the field.

The Nuclear-Chicago apparatus was used for a repeatability
study. The probe was connected to the scaler and the reference count
taken as before except that one-minute counts were used. The probe was
then placed on a concrete floor and five one-minute counts taken. The
probe was rotated 90 degrees and five additional counts obtained. This
was continued until the probe had been rotated 360 degrees. The re-
ference count Wé.S taken and the count-ratio computed. This procedure
was followed for both the moisture and dens.i.ty probes. Teo check the
repeatibility from one day to another the procedure was repeated on

different days over a period of several weeks.



RESULTS AND CONCILUSIONS

Cemparison of Density Probes

An attempt was made to fit the field and laboratory ceunt-vatic
data obtained by three nuclear density probes to three mathermatical

models of the foerm

V= Cqt C1x, {1}
_ . A
y= ¢t opx teg X, and (2}
. 2 (-
y=cytexteyx +egx (3}
where

y = dependent count-ratio,

x = independent count-ratio, and

Cq» €15 ©2 and cq = constants to be determined by the analysis.

The equations resulting from the regrescion apalysis ave tabulated in
Table 1. A typical graphical representation of Models 1 and 2 for one
set of data is shown in Fig. £1.

A measure of the degree to which the data fits the given equation
is indicated by the ''squared correlation coefficient’, a coeificlent of
1.0 indicating a perfect fit. The "standard ervoy of estimate’ is a
measure of the width of the zene irn which the data are Aistribuled on

cither side of the line of regressico; approximate.y 68 paraent of the
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Dependent
Count-Ratio

Hidrodensimeher In
Hidrodensimeter Out
Troxler 3"
Troxler H"
Troxier GV
Hidrodensimeter Im
Hidrodensimeter COut

Eidrodensineter In
Hidrodensimeter Cut
Troxler 37
Troxier 6"
Troxier 9%

Hidrodensimeter In '

Hidrodensimeter Out

Hidrodensimeter In
Tidrodensimeter Oub
Troxler 3"
Troxler &6
Troxler 9"
Hidrodensimeter Tm
Hidrodensimeter Cut

¥ ¥ denotes a Muclear-Chicago Count-Ratio
¥ denotes & Hidrodensimeter Count-Ratic

Independent
Count-Ratic

Nuelear-Chicago
Muclear-Chicago
Muclear~Chicago
Fuclear-Chicage
Yuclear-Chicago
Troxler 3"

Troxier 3"

Huelear-Chicago
Muclear-Chicago
Mielear-Chicago
Kuclear-Chicage
Nuclear-Chicago
Troxler 3%

Troxier 3"

Maclear-Chicago
Muslear-Chieago
Telesy-Chicags
Nuclear~Ghicage
Huclear~Chicago
Troxlar 3"

Troxler 3"

7 denotes a Troxler Count-Ratic

Bouations valid only for the following ranges of the inde

Wuclear-Chicage Count-Ratio:

Troxler 3" Count Ratio:

Table 1.
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Regression Bguation®

0,706 + 1.186X
0,241 + 1,209%
~0,054 + 0.416XK

‘—O .121;. + 0 0497){

~0.124 + 0.373XK
0,509 + 2,301%
0s423 + 2A4HT

0,097 + 2,906% =
0,135 + 150K -
0,084 + 0.073X +
0.093 - 0,110% +
0,111 - 0.286% +
0.212 + 7.1252 -
05096 + A-TMZ -

00226 + 2:352}{ -

"'O-:'Qil—i)' + 3:57& -

~0,0L5 + G,620%
~0.041 + 0.456%
~0,010 + 0,611¥
~0.155 + 11,.131%
~0,464 + 10,822

O.A to 1.0
G,L to D5

Summary of Regression Anal

of Density Probes.

pendent variable:

Comparison

Squared

Correlation

Coefficient
0,842
0.880
0,965
0,947
0,904
0,748
0.849
1.114%2 0,906
1,927%2 0,882
0.250%% 0,985
0.389%% 0.986
04,2272 0,983
7 L0865 0,895
3.20922 0,820
0.367%2 - 0.311%3 0,506
5,080%2 + 1,170%° 0,884
_ 0JL82%2 + 030552  0.986
_ 0.366%2 + 0,314%0 0,988
- 073X 4 049882 0,988
_ 20,3022 + 13,0023 0,897
~ 23,7022 + 20,1473 0.887

Standard
Error of Estimate
{Comwnt-Ratio)

0 .082
0,072
0.015
0,020
0,021
0,103
0,080

0,065
0,072
£.C10
0.010
0.009
0.068
0,073

0,066
OeO’?B
0,010
0.010
0,008
0.068
0.072

""Zf =
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data falls within + 1,00 standard error and 85 percent within T1.44
standard errors. The most de sirable curve reialing two variables then
is one with a maximum correlation coefficient and a mivunum standard
error of estimate.

An examination of Table 1 shows that the use of a cubic eguation
(Model 3 above) did not significantly increase the accuracy of the curve
over that obtained using Model a There Wwasg, however, a rather signifi-
cant decrease in accuracy if a linear equation (Model 1) is used, It
was also noted that the Hidrodensimeter count-ratics correlate rather
poorly with count-ratios obtained by bath the Nuciear-Chicage and
Troxler equipment, sugge sting that the Hidrodensimeter probe did mot
measure density as well as the other two probes {See secticn o "Labora-

tory Calibration of Probes™ for further discussion.)

Comparison of Mcistare Probes

The data obtained with the three moisture probes in the field
and laboratory were fitted to the same models used in the analysis of
“the degsity probes. A tabulation of the resuiting equations is given in
Table 2 and typical graphical representations of Mode'ls 1 and & are
shown in Fig. 22. Thke relaticmship between the Hidrodensimeter and

Nuclear-Chicago data appears to be somewhat better than the relaticnships

]--ﬁplir."h
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Giiel

Bependent Independent Regression Eguation® Sguared Standard

Count-Ratio Count-Ratio Corralation Error of Estimate
Coeffieient (Gount-Ratic)

Hidrodensimeter Nuclear-Chicage Y = 0,200 + 1,329K 0,985 0,034

Troxler Wuclear-Chicage 2% = 0.655 + 0.707K 0.887 0,059

Hidrodensimeter Troxler Y = -0.739 + 1.549% 0.939 0,069

Hidrodensimeter Wuclear-Chicago T.= 0,179 + L,571X - 0,386X2 0.987 0,032

Troxler Muclear-Chicage 2 = 0,590 + L.184X ~ 059722 0,947 0.041

Hidrodénsimeter Troxler T = 0,352 ~ Le2A4Z + 1689272 0.949 0.050

Hidrodensimster Nuclear-Chicago T = 0,171 + L.750E —.1,075%2 + 049503 0,987 0,033 :
Troxler Wuolear Chicage Z = 0.577 + LJ7L5E - 2.144%% + 1,081X3 0,959 0,037 =
Hidrodensimeter Traxler F = 1,28, - 5.0042 + 6454172 - 2,01573 0,971 0,042 !

% ¥ denotes a Nuclear-Chicago Count-Ratio
v denotes a Hidredensimeter Count-Ratlo
7 denotes a Troxler Count-Ratio

Equations valid only for the following ranges of the independent veriablesr
Muclear-Chicago Count-Ratio: 0.4 te 1.0
Troxler Count-Ratio: 0.1 to 0.5

Table 2. Summary of Regression Analysis Comparison
of Moisture Probes. ‘
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between the Troxler data and both the Hidrodensimeter and Nucicar-
Chicago data. This seems to indicate that the Troxler apparatus is
not as effective in measuring moisture as the cther two probes (See

section on "Laboratory Calibration of Probes').

Laboratory Calibration of Probes

Making use of the count-ratic data obtained by the three sels
of nuclear moisture-density equipment oa the samples prepared in the
faboratory, calibration curves wWere prepared. Thess Can he usad to
obtain a value for the moisture content and density when the appropriate
count-ratic is known. In the case of the density probes the counf-ratio

data was fitted to models ¢f the form

c1

y=cot Togw (4}
— I =f;.._}:__..”= ik ,___,S:ué__ﬂ - (5)

YF € Y ojog x (logx)

y= ot eix (6)

y=egt apE ey, (7

y = ¢ + ¢y log x, and (8}

&
y = Cyh e log Xt Gy (log =i £y

1=



- 4T -

where
v = count-ratio,

x = wet density in pounds per cubic feet {laboratory
prepared samples), and

Cos €1 and cp = constants to be determined in the analysis.

A summary of the regression cquations is given in Table 3. For each
probe the equation of best fit and smallest standard error of estimate
was selected as the most appropriate to use for calibraticn., These
equations are pre sented graphicatly in Figs. 23 through 28.

An examination of the data given in Table 3 indicated that the
Troxler den.sity prcbe predicted the laboratory density more satisfac-
torily than the other two. The determination of densities by the Hidro-

densimeter was the least reliable of the three probes inve stigated.

It will be recalled that this was suspected when the three density probes

were compared to each other.
To obtain moisture calibration curves the lahoratory data were

fitted to mathematic al models cf the form

y = Cq b C1%, and (103
Yy = Cq b CyX T c.zxzZ {11}

where
y = count-ratio,

x = moisture coutent in pounds per cubic foet {lahoratory
prepared sampled, aud

P



Probe Rerression Bquation® Spuared Standard Error

Correlation of Estimate
Gosfficient (Count-Ratio) (lbs/fou Ft)

tzelear-Chicago X = -4.052 + 9.680/1og D 0.967 0.035 ha?
Hidrodensi~ater In ¥ = —5.465 + 1-AD/og D 0.943 0.056 4.0
Hidrodensimeter Out ¥ = 5197 + 12.77/1eg D 0,870 0,068 6.1
Troxler 3" 7 = -1.606 + 3.790/1og D 0,992 0.007 2
Troxler 6% 7 = —1.369 + 2.197/log D 0.971 0,012 Lads ;
Troxier 9" 7 = -1,268 + 2,837/log D 0.973 0,009 3.8 ;
Tuclear-Chicago 7 = -8.206 + (26.75/1cg D) - 17.50/{1ag D)2 0.969 0,035 4.0
Hidrodensimeter In ¥ = 20,91 + (76.45/leg D) - 62.40/(1og D)2 0.945 0,064 45
Hidrodengimeter Out ¥ = 7.3 + (65.68/10g D) = 54.97//lop D)2 0.873 0,078 7.3
Troxler 3" 7 = 0,325 - {1,385/1cg D) - 5.221/(lag D}2 0.993 0.007 2.2
Troadar G 7= «5.168 + (18.55/1og D) - 15.49/(Llog )2 0,982 0,010 1.3
Troxler 9" T = 42,978 - (14,33/10g D} + 17.32/(log D)2 0.9% 000k 2.3 :
Maclear-Ghicage % = 1.674 - 0.0083D .95 0,043 5.3 B
HKidrodensimeter In T = 3,065 - 0,0L35D 0,843 AN -ird b2
Hidrodensireter Out T = 2.221 - 0,C106D0 0.869 0.068 Tel
Troxler 3" 7 = D.665 - 0.0037D 0.963 0.016 L3
Troxier &' 7 = 0.552 - 0,0091D 0.977 .01 7.5
Troxler 9" 7 = 0.427 - 0.0027D 0.925 0,017 6.2
fglsar-Chicage £ = 2,975 - 0,01930 + 000004502 0,971 0.034 40
Hidrodensimeter In ¥ = 3,831 - 0,02620 + 0,00005102 0,944 0.064 L6
Hidrodensimeter Cut ¥ = 2.81% ~ 0.0204D + D.00004002 0.872 0,078 9.3
Troxler 3" 7 = 1.097 - 0.01065 + 0,.000031D2 0.995 0,006 1.7
Troxler 6" 7 = 0670 - DL0053D + 0.000070D2 0.982 0,010 3.3
Troxler 3" Z = 0,8,5 - 0,01050 + 0.000C3507 0.274 Q.005 2.8 1
Tnelear-Ehicago L= 5.970 - 2,28%10g D 0,969 0.0% a0 oy
Hidrodensimeter In T = 0,219 - 3.7951cp D 0944 0.056 4.0
Hidrodensimeter Out T = 7,000 — 2.9541on B 0.871 0.068 5,6 £
Troxler 3" 7 = 2,342 . 0,225k0g B 0.988 0.009 3.2
Troxler 6" % = 1,801 - 0,78Jog D 0.978 0.010 3.2
Troxier 9" Z = 1.531 - 0.6891cg D C.966 0.011 48
Fuclear-Ghicago X = 6.492 ~ 3.37%1log D + C.284(log D)7 0.969 0.035 J A
Hidrodersimeter In ¥ = 6.2 — 0,8900og D - 0.712(leg D)2 0.944 0.064 L7
HiArodensimeter Out ¥ = 4,007 - 0.37%l0g D - 0u620{1oz D)7 0.872 0.079 7.3
Trozler 3" 3 = 5.377 — 4.123%0g D + 0.769(1ng B)? 0.993 0.007 2.7
Troxler &" 7 = -0.191 + 1.185)oz D - 0.486{1og B%E 6.981 0.010 3.3
Troxler G 2 = 7.193 - 6.2861og D + 1.381(log D) 0.995 0.005 3.1

¥ denotes a Muclear-Chicago Count-Ratio

¥ denctes a Hifrodensimeter Couni-Ratis

% demotes o Trewler Count-Ratio

D denotes Wst Density in pounde per cubie foat

Touations walf . only for & range of density of 20 to 160 pounds per cubic foot.

Table 3. Summary of Regression Analysis Laboratory
Density Calibrations.




Nuclear-Chicago Denstty Count-Ratio

Troxler 3" Density Count-Ratio
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Fig. 23. Wet Density Calibration Curve for Nuclear-
Chicago Surface Density Probe.
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Troxler b" Density Count-Ratio

Troxlar 9" Density Cownt-Ratio
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Fig., 25. Wet Density Calibration Curve for Troxler
Density Probe set at 6 Inches.
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Fig. 27, Wet Density Calibration Gurve for Hidrodensi-

meter Probe Set on "In" Position.
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and <, = constants to be determined,

A summary cf the re sulting equations is given in Table 4, with graphical
representations shown in Figs. 29, 30 and 31. The results of this
analysis suggest that the Hidrodensimeter eguipment s the moest reliable
of the three apparatuses to use for moisture determinations with the

Troxler equipment being the least effective,

Analysis of Field Data

The Nuclear-Chicago equipment was used to coliect a consider-
able amount of moisture-~density data in the {ieid during the 1961 con-

struction seascn. This field densgity data were fitted to models of the

form
V= Cg +-01X, (12)
- , 2 -
y= e, epxt Cpx {13}
y = C,t ) log %, - (14}
y = cgt cp log x T €3 {log X}Z {15}
where

y = Nuclear-Chicago density count-ratio,

b
il

wet density in pounds per cubic foot {sand cone and
core determinations), and

¢y €4 and Cy = constants to be determined.
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Probe

Kuclear-GChicago
Bidrodensimeter
Troxler

Waclear-Chicago
Hidrcdensimeter
Troxler

Regression Equation®

X = 0.0642 + 0,080V
Y = 0.2204 + 0,0342W
7 = 0.6658 + D.C127TH
X = 0.0313 + 0,0275W - 0.00019wg
Y = 0.2069 + 0,0561W - 0.00L13W;
7 = 0.6010 + 0.0296W - 0,00034¥W

% ¥ denctes a Muclear-Chicago Couni-Ratio
¥ denotes a Hidrodensimeter Count-Ratio
7 denctes a Troxler Count-Ratio
W denotes Moisture Content in pounds per cubic foot

Fquations valid only for a range of moisturs of ¢ to 30 pounds

Squared

Correlation

Coefficient
0,963
0,980
0.780

0.994
0,994
0,942

Standard Brror

of Batimate

{(Count-Ratio)
0,064
0,047

0134

0,026
0,029
0.072

per cubic foot.

Table 4. Summary of Regression Analysis Laboratory

Moisture Calibrations,
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The regression equations are summarized in Table 5, and the most
appropriate equation is shown in Fig. 32 as the field calibration curve.
The regression analysis shows that the Nuclear-Chicage has been used
to determine densities of a variety of materials in the field so that 85
percent of the determinations are within * 6.0 pounds per cubic foot of
those that result from the most reliable conventionai methods.

The field moisture data obtained with the Muclear-Chicage equip-=

ment were [itted to models

y = cg * €] x and (16}
= 2 :
y=c0+clx+c2x (17}
where
y = Nuclear-Chicago moisture count-ratic

% = moisture countent in pounds per cubic foot, and

€y C and ey = constants to be determined.

In Table 5, the resulting regression gquations are summarized. In the

field, 85 percent of the dete rminations fell within t 2.4 pounds per

¥

cubic foot. The equation of the best ¢t is shown graphically in Fig. 3.
During the field study, moisture -unit weight determinations were
also made by conventiomai methods -~ the sand cene and the rubber

balicon. The velumetric determinations of the test hole by the rubber

balloon apparatus were made by applying pressures of three, four 2ud



Probe Regression Equation®

Squared Standard Error
Correlation of Estimate
, Coefficient {Count-Ratic) (1bs

Density X = 1,483 - 0,0072D ' G .90L 0,035 .
Density X = 1,993 - 0.01%8D + 0,000035D2 0.931 0.030
Density X = 4.58] ~ 1,919120g D 0.919 0.032
Density X = 1.319 + 1.3061log D - 0,794(log D)2 0.92% 0.031
o Moisture X = 0,526 + 0.0187W 0,959 0,035
= Moisturs % = 0,036 + 0,0224W - 0,00010W2 0.968 0.032

# ¥ denotes a Nuclear-Chicagoe Count-Ratio

D denctes Wet Densiiy in pounds per cubic footb (sand cone

and core determinations)
W denotes Moisiurs Content in pounds per cubic foot

(sand cone and cors determinations)

Equations wvalid only in density rangs of 80 to 140 pounds per cublc foot and melsture
range of 0 to 30 pounds per cubic foot.

Table 5. Summary of Regression Analysis Field Calibrations
of Nuclear-Chicago Probes.
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Fig. 32. Field Calibration of Nuclear-Chicago Density Probe.
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five pounds per square inch by means of a rubber pressure bulbk., Oral
preséure was also used. The results of the regression analysis are listed
in Table 6. It ig seen that the use of oral pressure on the rubber ballcon
apparatus better duplicated the sand unit weight determinations. Com-
paring the results of analysis of field data given in Table 5 and Table 6,
in 85 percent of the cases the Nuclear-Chicago equipment predicted the
field unit weight to * 6.0 pounds per cubic foot whiie the oral-pressura
rubber balloon methed predicted sand cone unit weights to within 6.7

pounds per cubic foot.

Repeatibility

The repeatibility investigation indicated that the averages of
readings taken on different days vary less than readings taken on the
same day. The moisture probe count-ratics deviated by 10,001 maxi-
mum from one day to the next. Consecutive count-ratics differad as
much as 0.008.

The density probe count-ratios on consecutive counts varied
as much as £ 0,012 and the maximum deviation from the average on
different days was only +t 0.002. Variations {rom cne count t6 the next
car be reduced by taking louger counts. This study iudicated that the
change due to use of equipment from oune day to the mext was not sufficient

to cause significant error in count-ratio determinaticns,



Pressure on
Rubber Balloon

3 psi
4 psl
5 pei
Oral

¥ Y denotes wet unit weight determination
¥ denotes wet unit weight determination

Regression Eguation®

6,316 + 1,061X
—4,.521 + 1,042
0.538 + 0,999%
~5.748 + 1.C54%

s

o

minations,

Squared
Correlation
Coefficient

0,867
0.867
0.854
0.898

Table 6. Summary of Regression Analysis Comparison
of Conventional Methods of Unit Weight Deter-

Standard
of Bstimate
{1bs/cu ft)
5 -4—7
5,35
5.43
AN

by sand cone in pounds per eubic feet.
by rubber balloon apparatus in pounds per cubic foot.
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Film Badges

The monthly reports on the film badges worn by the operators
indicated that the maximum radiation exposure was 59 mrem per mouth
which was well within the allowable safety range, now accepted at 96
mrem per week. It was feared at the onset of this comparison study
that the badges would show a considerable increase because some of
the sources were not shielded. lthough the radiation level was above
average, it was still well within the safety range., When werking with
nuclear moisture-density equipment in which the radicactive scurce is
adequately shielded, such as in the Nuc-lear-Chicago apparatus, there

appears to be no danger whatsoever to the coperators,

Summary

As a result of the observations and analysis made in this inves-
tigation the following findings are summarized.

1. Forpurposes of measuring wet densities, the equipment
under study ranked in the following order, from the most satisfactory to
t1:1e least satisfactory:

1. Troxler Equipment
2. Nuclear-Chicago Equipment

3. Hidrodensimeter Equipment

e
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2. In the case of moisture determinations the equiprment ranked
in the following manner:
1. Hidrodensimeter Equipment
2. Nuclear-Chicago E}qu‘i.pmeﬁt

3, Troxler Equipment

3. Since it is desirable to know the dry unit weights for field
control purposes, it was of interest to rank the three nuclear apparatuses
according to their ability to predict dry densities, This ranking was done
on the basis of an approximation of a tmaximum' error that could bg ex~
pected in a drly density deté rmination by combining the ‘standard error of
estimate of the wet density with that of the moisture content détermina—
tion. The resulti:_ng Ijating was:

1. Nuclear-Chicago Equipment
2. Troxler Equipment

3. Hidrodensimeter Equipment.

4, Analysis of field data indicated that im 85 percent of the cases,
the Nuclear-Chicago apparatus predicted the density to within £ 6.0
p"ounds per cubic foot of the unit weight determined by the sand cone
method and core method.

5. For moisture determinations the Nuclear-Chicago eguipment
predicted in 85 percent of the cases the moisture centent as determined

by the sand cone method to within = 2.4 pounds per cubic foot,
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6. In the laboratory the Nuclear-Chicago apparatus predicted
the densities in 85 percent of the cases to within t 5.8 pounds per cubic
foot.

7. For laboratory prepared samples, the Nuclear-Chicago equip-
ment predicted moisture contents to within 12.0 pounds per cubic foot
in 85 percent of the cases.

8. In comparing the rubber balloon wet unit weight determinations
with those obtained by the sand cone method, the pressures used in the
apparatus ranked in the following order:

1. Oral pressure
2. 4 pounds per square inch
3, 3 pounds per square inch

4. 5 pounds per square inch

9, In 85 percent of the cases the oral-pressure rubber balloon
method predicted the unit weights to within T 6.7 pounds per cubic foot
of those determined by the sand coue method.

10. The Nucliear-Chicago d/M gauges were found able to reproduce
from day to day density and moisture measurements to well within accept-
able tolerances.

11. Taking ordinary safety precautions, there appears te be no

danger to the operators using the Nuclear-Chicago equipmeunt.



DISCUSSION

In making comparisons between the measurements of unit weight
and moisture content as made by the conventional methods and those made
by the newer nuclear method, there are certain aspeéts of the problem
which should be recognized, First, the sources of error inherent to any
method must be considered. Unfortunately, as any one familiar with
soil testing can fully appreciate, there is no method which is perfectly
accurate and reliable.

In the conventional methods there is some uncertainty regarding
the various weight measurements and volume determinétions. The con-
ventional methods currently in use are destructive to the extent that a
test hole must be dug. In digging this hole there is a possibility c.>f dis~-
turbing and deforming the material around the hole, thus giving an
erroneocus volume to use in computations. In transferring the material
from the hole to cans, there is a possibility of some moisture evaporat-
ing. The seriousness of this problem is dependent on the type of soil
being investigated. It is never known to what extent the rubber balloon
fé.lls the hole. This may be dependent upon such factors as the pressure
applied to the apparatus as well as the air permeability of the soil. In
the case of the sand cone method, repeated calibrations of tfle same
sand with the same apparatus will result in different values of the sand's

65~
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bulk unit weight. There is; also the problem asscciated with geating
the apparatus over the hole for volume determinations.

These difficulties and sources of error have their counterparts
in the nuclear method. The radioactive source is not likely to emit
gamma rays or neutrons at a uniform rate. There is the same problem
of seating the probes. Since the material nearest the probe exerts the
greatest influence upon the results obtained it is necessary that the probe
be in intimate contact with the material being tested so that the gamma
rays or neutrons travel within the material and vet through the air gap.
Various measuring accuracies, or inaccuracies, associated with the
conventional methods are analogous to the variations in applied voltage,
timing cycle, re solution time of the detector tubes, and other comm -
ponents of the m;cleétr method.

Since the nuciear method is a mnondestructive ty];;e: of investigation,
the operator can not visually inspect the mater izl being measared. Large
voids or pieces or rock cam go andetected and, if they are within the
sone of influence of the probe, can affect the count. It is for this reason
that, after a reading is taken with the probe in one pesiticn, the probe
is rotated 90 degrees and a second reading obtained. If the counts differ
appreciably and the probe has been seated properiy in both positions,
the difference is usually attributed to some extraneous material or void
within the zone of influence. Rarely will this extranecus effect be the
same in both positions of the probe.
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There are, of course, ways in which sdme of these srrors can
be minimized. In the case cf the conventional methods, the larger test
holes minimize the error due to any erronecus measurements of weight
or volume. Similarly, in the nuclear method, if a count is taken over
a sufficiently long pericd, the inaccuracies due to the non-uniform emis-
sion rate are reduced. Using the countmratiq method, i.e., comparing
actual counts to a standard count made each day, the influence of the
variation of the varicus components of the nuclear equipment is minimized.

In addition to the errors inherent to the particular method of mea-
surement, some consideration should be giveun to the kind of material being
measured. Comparison of the results obtained by the nuclear and con- |
ventional methods would be of most significance in moisture-density
determinations on a completely uniform soil-water system. Generally,
this ideal condition is probably most nearly appreoached in the laboratory .
where specimens can be prepared under controlled conditions. In the
field, however, there are usually significant variations in the soil-water
system from point-to-peint due to a number of factors: type of material,
gradation, compaction achieved, surface drying, etc. The conventional
methods give an average unit weight and moisture. conteut for the rather
small volume of material removed from the test hcle. The wuclear
methods, however, give weighted values for demnsity and moisture contant

foy a somewhat larger but indeterminant volume, both lateraily and
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vertically. In addition, the nuclear methods assign the greatest signi-
fance to the material nearest the probe and least gignificance to the
material farthest remowved from the source, thus surface drying might
introduce considerable error in the moisture determinations.

In looking at the results of the conventional and nuclsar methods,
comparison of the "wet densities" are made most directly. The wet
density, however, may be of least interest. A less direct technique
is involved in comparisons of moisture content since the nuclear method
gives it in "pounds per cubic foct' whereas the conventional methods
give it in terms of "percentage'. To make a comparison, one or the
other values must be converted to the units of the other. This is done
on the assumption that a density determination is accurate. Thi_s maka s
it difficult to cofnpare dry densities since the errors imtroduced in
converting units of moisture content may be compounded.

The reason for mentioning such facts as these is to point out
that, because of the number of variabies invelved in the conventional
and nuclear metheds, the comparison of results cbtained by these should
be expected te cover a wide range of differences,

With regard to the muclear metheds of moisture-density deter-
minations, one advantage often attributed to them is the fact that they
are nondestructive tests, This is, of course, an impertaut consideration

but in the case of the Troxier apparatus, this ad-amtage dces net exiat.

o
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In using the Troxler density probe, a hole must be forrned in the ma-
terial to be tested to receive: the radioactive source. This hole must
be formed perpendicular to the surface in order to properly seat the
probe. The need for this hole makes it rather difficult to make density
measurements on granular bases, portland cement concrete pavements,
and bituminous concrete pavements.

In the design of the Troxler and Hidrodensimeter density probes,
provisions have been made so that the operator can v;;ry the distance
between the source and the detector tubes. In the investigation reported
in this paper readings were taken with the Troxler probe with the source
set at depths of 3, 6 and 9 inches. With the Hidrodensimeter equipment,
readings were taken with the source in the "full in" position, i.e. the
source and deteétor tubes as close as possible, and in the "full out"
position. Other readings could have been obtained with ea(_:h c;af the two
probes at a number of inte rmediate positions, Theory indicates, and
the data bear; it out, that a different calibration curve is needed for
each setting. This may be a distinct disadvantage cver equipment such
as the Nuclear-Chicago density probe in which the geometrics are fixed
and thus oniy one calibration is needed.

The power supply in the Hidrodensimeter and Troxler scalers
did not maintain an operating voltage iong e:armugh for an euntire day of

testing, Whether this was due to a higher drain in the Hidrodeusimeter

At



and Troxler scalers, weak batteries, or batteries with insufii

storage capacity is not known, but this dees present a pr ohlewn i it is
desirable fo cperate over extended periods of time. 'Fhis probiam was

not encounte red with the Nuclear-Chicago apparatus.

sl

In transpoerting the apparatus with the probes connected
P g 15! P
ready for operation, the Nuclear-Chicage and Troxler apparatuses are

simeter requires

capable of being carried by one operator. The Hidrode
two people to move the equipment from omne site to another when the prebe
is connected. The Troxler is most sasily carvidd because of its light
weight,

The Nuclear-Chicago probes seem to have the moest posifively

designed safety features with respect to shielding the radicactive source,

s handie, the radio-

ted by ih

Each time a Nuclear-Chicage probe is i
=1 N

active source is automatically placed in a shielded positios aud lockad.
This lock has to be released before the scurce can be placed in the

operating (or exposed) position,

Some maintenance of the nuciear moisture-density equipment

may be required. There is not a great deal that can go astray with the

probes, but it must be realized that the scalers are rather complex

electronic equipment. The ordinary ileld mar mnay nof bhe capable of

diagnesing and cerrecting breakd s of this equipment, Iw order not

to delay field operaticns it may be desirable o have sparve SCAIOT S
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which can be sent to replace a scaler that is defective. A central re-
pair shop staffed with a qualified technician may also be needed.

There are some aspects of the nuclear method which need further
investigation, There is a general belief that nuclear density meters do
not give identical count-ratic versus demsity curves for materials of
different composition. There is now in progress a research praject by
the Department of Civil Engineering, University of Kentucky, investigat-
ing this problem and the feasibility of estabiishing density standards.
Little is known concerning the zone of influence, both taterally and
vertically, of the nuclear probes. This ty'pé of information would be
highly desirable, particularly in those cases Whafre the probes may be
used for control of cr:n-mpaction of bituminous mixtures, which are often
laid in relatively“ thin courses.

There are strong indications, however, that the nuclear methed
may have some immediate application in the highway industry for
moisture-density determinations of embankment, subgrradas, and dense

graded aggregate bases.
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