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INTRODUCTION

Control of today's earth construction requires an
increased capacity for testing field demsitics. The usc
of nuclear woisture and dengity gages, despite certain
deficiencies, offers a potential in this direction. For
example, the California Division of Highways has about

140 of these units in use in construction control testing

at the present time (1, Calif. 231-1).

Howevey, there appears to exist a considerable
difference of opinion concerning the calibration of the
gages for soll moisture. The Oklahoma Department of
Highways has indicated that a single calibration curve,
based on laboratory standards fabricated of various aggre-
gates and water, Ls satisiactory (2, 1968). The Indiana
State lighway Commission, in cooperation with Purduc
University, also reporied that a single calibration 1is
suitable for most solls (3, 1867), and suppested that

calibration be doune in the ficld,

Ballard and Cacdpner on the other hand, lwply that

: : g T e I TN ciey B e
sadividual calibrations may be reguived [or diffcvest sofT:

(h, 1965), Thoey propore Lhindg nonenat ] dabhooorory

e f e
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standards be omployed in conjunction with a mathenatical
o~ regression using soll parameters determined experimentally.
Burn (35,06,7, 1900=64) reports the use of laboratory silica
.. sand-vater standards {and other waterials), for the cali-
bration ol the nuclecar gages. He shows that if the silica
sand-water calibration curve were uscd with a nuclear
moisture gage to test a certain clay; the indicated wacer
content would be 6 lbs of water per cu £t less ithan that
determined on the basis of the oven-dry melsture test, !
In a preliminary investigation by the California Division
of Highways, it was found that if a similar sand-vater cali-
bration were used on a different clay, the indicated water
content could be as much as 6 1lbs per cu ft greater than

that calculated on the basis of the oven-dry moisture test.

It is the free, or casily eveporable, soil moisture
that is of intercst in highway construction. At the
present time 1t appears that individual calibrations for
this water content may vary as much as 12 lbs of water pex
cu £t from one another. This poses a serious problen
inasmuch as Lt is often neccessary to estimate, or adjust
for change in, the frece water conteni when controlling the
compaction of soil,

ian nuclear testing, the watex contant, o0x walcl fdonsity
iP5 dirccetiy deterained in lbhs ol water poer cu fr oll soill,
The “oven-dry waler content' ds caleulatod us iy, thoe
percent moisture (AT D 2270=00) and the in-place woet

o densivy of a soil,

A
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A current project which is entitled "Calibration
Standards for Ruclear Gages' is underway, under the dirce-
tion of the writer, at the California Division ol MHighwvays
Materials and Research Laboratory., This is a federally
financed project in cooperation with the United Staros
Department of Transportation, RBurcau of Public Roads, The
research is for the development of density standards, as
well as moisture standards., Investigation of the density
standards 1s nearing completion at the time of submission
of this paper. A report has been prepared (8), and has

received the approval of the Bureau of Public Roads.

Being involved in this work, the writer has become
awvare of the overall moisture calibration problem and,
thus, independently developed the hypothesis presented
herein., Briefly stated, the free moisture calibration
curves for different soils should all have essentially the
same slope, Becausc of the pertinence of this concept to
the calibration problem, a supplemental test program was
proposcd to the Materials and Research Department, and
Sacramento State College Engineering Department as a suilt-
able topic for raesearch. This proposal was acceepioed by
both depairtmoenits,

i

The physical rescarcin was confined to testing in the

laboratory, with scverel nuclear wolsture pages, the vater

. vl o~ - H N Y I
soneples,  Thuese soill samplon were
i

contents ol Law,o soul

=G
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prepared by compacting materials with known mineral composi-
tion and water contents, in large molds. The work was performed
using state facilities and equipment as part of a Federally-
sponsored Division of Highways research project (F-4~22)., All
work was planned and directly supervised by the writer as part
of this project.

The literature review, analysis of data, and all of the
written portions of the thesis were conducted as an independent
effort, largely on the writer's own time. Much of the thesis
material will be included or c¢ited in the final report on the
moisture standards portion of the above-mentioned Calibration

Standards for Nuclear Gages research project.
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I
PRINCIPLE OF THE NUCLEAR MOISTURE GAGL

The basis for determining soill moisturc by nuclecar
methods has been more than adequately dealt with by others
(4, p. 23, 5, p. 14, 9, p. 64). The phenomenon depends
upon the thermalization, or slowing down, of fast ncutrons
(emitted from a suitable radioisotope) in elastic colli-
sions with the hydrogen in the soil water. Since a neutron
and a hydrogen nucleus have nearly the same mass, about
one~half of the fast neutron's initial kinetic energy is
expended when the two collide., In contrast, when the fast
neutrons strike the larger nuclei of most of the remaining
constituents of soil, much less emergy is lost. Water is
therefore an efficient moderator of fast neutrons because

of its high hydrogen content.

The neutron has no electrical charge, and is not

greatly affected by the electron fields surrounding the

.

various atoms which malke up a soll mass. As a consequence,
it is well established that the nunbers ol slow neutoens
Formed when a soil is irradiated vith fast neutvons, o&re
proporcional to the hydvogen content (4, pe 23, 5 pe 10
The hydrogen in cowpounds such ag amroniam nitrate (Nﬁhﬂos),

and orpganic Lydvoenachons, can SPPeot thee vuelesy mwoiolure
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determination, However, it has been generally presumod

Vet
that these materials arce not common in wmost soils used in
enginecring construction,

An abridged table is presented below showing the
capacity of various elements for slowing down fast neutrons,
1t is taken from a training wmanual supplied by onc of the
larger manufacturers of nuclear gages, Troxler Electronics
Laboratories, Raleigh, North Carolina (10).

TABLE 1.
Relative Effectiveness of Elements in
Slowing Down Fast Neutrons
. Average number , Average Number
» of collisons of collisiocns
required for required fox
Element thermalization Element thermalization
Hydrogen 18,2 Silicon 262
Boron 104.5 Phosphorus 288
Caxbon 115.4 Sulfur 298
Nitrogen 133.5 Chlorine 329
Oxygen 152 Potassium 362
Sodium 215 Calcium 371
Magnesium 227 Tron 514
Aluminum 251 Cadmium 1028
Uranium 2169

Some elements are capable of absorbing thermal neutrons,
and affecting the actermination of soil weolsturae. The
foliowing table, alsco abyideed from Trowler, 1s helpful in

. cotimating the relative hwportance of this factor. LU is
seen that the only clunimie which sheuld oydinerlly hove €0
e

R PP,

be conoidered wouls he clilosins and poabane Lithius and

ClriPBFE=vrrrwfasto.com
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and boron, although some rescarch indicates that the
(7, pp. 100~

A 1 4= SAaan 11y - H
: nitrogen-potassium-iron group way be important.

102)

TABLE 2.

RETATIVE ABSORPTION CAPABILITY OF SOME BELEMENTS
FOR THERMAL NEUTRONS (0.025 ev)

Element *arns Element *Barns
Cadmium 2450 Sodium 0.505
Boron 755 Calcium 0,44
Indium 196 Hydrogen 0,332
Gold 98.8 Aluminum 0,230
Lithium 71.0 Magnesium 0.063
Silver 63,0 Carbon 0.0034
Chlorine 33.6 Sulfur 0,00052
Iron 2.53 Oxygen 0.0002
Potassium 2.07 Phosphorus 0.0002
Nitrogen 1,88 Silicon 0.00016

_ *A "barn'" or "Fermi'' is a measure of the probable
‘ cross-sectional target arca.

The nuclear moisture gage itself contains a radioisotope
which emits fast neutrons, a detector sensitive to slow
neutrons, and a counting device (scaler). The water content
of a soil sample is estimated by irradiating it with the fast
neutrons, and then measuring the slow neutrons produced by

the hydrogen contained in the soil wolsture. Because theo

radiation frow. a radioisotope Ls a random process, Lt 1s
necessary that the count ¢f thoermallized neutions e suioid

Davea L

ciently large for statistical acceeptability.

- ' N el e P TR TR o .
There cre wmuny othoer factors regavdon, Tha relaiive
I
) ! { ; \ 2 S AR SRS : 4
goometry of soarce aud dufechor, Lype O hadit Loolaps Wit
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shielding, etc., that must be reconciled in the gage design,

which are not considevred in this discussion.

P

..
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THE CALIBRATION PRODBLEM

Field Moisture Correlation

In the fall of 1967, the writer was assigned responsi-
bility for conducting research on the development of cali-
bration standards for the nuclear moisture-density gages
being used by the California Division of Highways. This
work was in progress at the Materials and Research

Laboratory, 5900 Folsom Blvd,, Sacramento, California.

At that time, temporary standards having high and low
water contenis were prepared for calibration of the moisture
gages, These were fabricated by compacting a local river
sand obtained near Perkins, California, in molds cut from
steel drums. DBefore compaction, the sand was allowed to
come to airedry equilibrium moisture. The air-dry sand was
compacted similarly in each of two tubs, and the bullk

densities of Loth were calculated.

one tub had a plastic tube leading to che bottoa 50
that it coulkd be saturated under a positive head of wator.
21

A plezoneter was provided vo show tho anturated vater Level,

This sawple wvas then [ ocded so Chat the free walos funlics

-4
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was at the sand surface, and all voids were essentially
full eof water., It was therecforce assumed that no further
cliange could occur in the distribution of water., The
amount of water added to this tub was measured, and checked
by weighing the tub and contents before and after the oper-
ation, The initial water content of the air-dry sand was
estimated from the oven-dry moisture contents of small
samples taken during cowpaction of the sand, As a result,
the total water content of the saturated moisture standard

was known,

The tub containing air-dry sand with ne further water
added was used as the low moisture standard. Subsequent
weighing of this sample indicated little change in moisture
content, When the tub containing the air-dry sand was torn
down it was found that the top one to two inches was slightly
drier than at greater depth, However, this seemed to have a
negligible effect on the tests taken on that sample with the
nuclear moisture gages, Water was added to the tub of
saturated sand as necessary. The surfaces of both the high

and low watcr content tubs were protected by a plastic cover,

Figure 1 shows plotted ficld nuclear moisturae cot i
data, pathered Lor a varicty of solls by a sales repreos La-
tive of one of the nuclear goge wanufacturers, Jhe polnos
show water content in 1bs of watoer per cu fC plocted with

. . e e
respect to the nucleaw Vedine . Tale yeading Loy Lesel O

10

wFastocom
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"ecount-ratio," which is the average of one or more one-
minute test counts on the soil, divided by the average of
several one-minute test counts on an arblitrary non~soil
standard provided with the gage., This practice tends to
compensate for drift ox fluctuation of the gage over a
period of time, The water content of the field soils was
computed using ove#nmdry moistures and field wet densities,
Two curves are shown in Filgure 1, Curve A is a visual
regression line through the plotted data. Curve B is drawn
through the two data points derived from nuclgar readings
taken (with the same gage used to take the field data) on
the temporary standards with a known high and low water
content. Curve B was superimposed after Curve A was

estimated,

The field data points tend to lie to the left of the
reference curve determined on the temporary moisture
standards, The displacement of the estimated field re-
gression curve Lrom the reference curve is equivalent to
about 3 1b per cu £t of water. In other words, the average
water content of the soills indicated by the nuclear gage
was greater than that Ly the oven~dry method, Howaver, it
is apparent that Curve A aud Cuvrve B are very ncarly

parallel,

Tt should be noteo vy concnining Figoroe

scatiter of datu is not o Choo by Lo R D

-1
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the accuracy of the nuclear method. When soil water conient
per unit volume is computed by the oven-dry test method, the
resultant value is subject not only to error in the sampling
and measuring of the percentage of moisture, but also to
error in the determination of wet density, Further, the
sample of soil taken for the oven dry moisture determination
may not be representative of that volume of soil tested by
the nuclear gage., Thus, there is a strong possibility of

including several errors in such a correlation,

In this particular example, the information was derived
from different soils at several locations. This, undoubted-
ly also contributed to the scatter of data in Figure 1,
Similar data gathered for the Materials and Rescarch Depart-
ment showed that various soils seemed to have individual

displacements from the reference curve of 1, to as much as

6 lbs of water per cu ft,

Total Seoil Moisture

In the scetion "Fileld Modisture Covrelation it was

demonstrated That the nucleor wolsture gaoes appesred oo

N

e s

indicate wosre water in sowme solls than was deteruminad by
l SN

the oven~dry moisture test., 1t was believed that this wvas

duc to the probablce presence of wmolsture, espcecially in

the clay winerals, which » oo nol somowed oy The Gviai-aehy
test,  The nuclesr molsio o L. et pGnds Lo ol Luae
“l3e
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moisture, which may include in addition to the free water:
inter~layer water, hydrates, and hydroxyl water,1s2 1t is
casily demonstrated that all of these forms of water are
not evaporated at temperatures of 105-110°C. For example,
Nutting reports that the kaolin minerals loose an ad-
ditional 14 percent by weight (approximately) of hydroxyl
water between 400 and 800°C (11, p. 206), with the ensuing
destruction of the kaolinite., The number of hydrogen

atoms in hydroxyl water is one-half that of the correspond-
ing quantity of free water molecules, Consequently, the
nuclear moisture gage will respond to the free water equiva~
Lent of the hydroxyl water in kaolin; or, about 7 percent

by weight,

The montmorillonite - smectite clay minerals lcosec
significant amounts of interlayer water at temperatures
around 100-200°C, and hydroxyl water at between 300~300°C
(12, pp. 314-315), Typical data for some clay minerals
are summarized in Table 3. These are approximate average
values showing the trend toward additional water loss at

temperatures above 100°C, ¥For the portion of this loss

T;ree water is delined in this paper as porce wvater which
evaporates at a tewperature of 105-110°C,  This may
include a few materials such as gypsum which loose all
or portions of their hyoraied weter below this tewperature,

2The term “hydroxyl water' is commonly used to indicate

the proesence of the hydreny] ion (047) in clay minerals,
such as Kaolin (OH)g®i AT,7 -

- L4~

ChmhPD
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considered to be hydroxyl waterw, the equivalent free water

loss (L/2) is tabulated,

Hydrates such as the zeolites and serpentines also
contain significant amounts of water which are not driven
off by temperatures of 105-110°C, Many soils have apprcci=-
able quantities of both the clay minerals and hydrates in
them, Algo, Lombe reported that a diatomaceous earth
retained significant amounts of water at temperatures above
105°C (13). This is apparently caused by the attractive
forces of the very large internal surface area of this soil.
This water should be similar in behavior to the bound water

of the clay minerals,

The data for Figures 2 and 3, which follow, are from
information welevant to soil samples secured by others
within the Materials and Research Department, who were
conducting a specific investigation regarding nuclear
moisture determinations., The nuclear and oven-dry water
contents of scveral in-place soils were determined, Samples
of the same soils were also cowpacted in a large mold, ana

tested for water contents by the two wothods., The wold and

R aTa]

in-place Field data are wndilicrentiatod, alibhough in soro
cases there wore differences boeovoen thom,

1

Representative date [roun two ol the soils testoa are

shown on Flopwes 2 and U Loy e TS

w10~

astroTcom
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_Figure 2
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Figure 3

I
NUCLEAR MOISTURE CORRELATION
TEST DATA
SOiL B
0.8 I I I I
o7
06— —
}._
0.5
=D
g O
3i°
Cla
N
$ 0 0.4 —
prd
Hla
}...._
v
9
}-—.
% o031
T
0.2+
o1 e O ORIGINAL DATA, WATER CONTENT AT 100°C
A CORRECTED DATA, " w 400°C
00 CORRECTED DATA, o» u n 600°C
= o | B [ .
0 5 tO [£9) 20 25
WATER CONTERT IN LBS. PER CUFT
)8
CIIHPDE v fasiio carh LOO7C to insure a similar base moisture centent. These
- PR 4 P A AT A ) T T DA S R o


http://www.fastio.com/

ChihPD

correlations between the two test methods which may be en-
countexred on typical projects. The circulaxr points repre-
sent the original field corrclation data. The linear curve
is a reference calibration established using the temporary
sand~water standards previously discussed. Soil A data ave
displaced from the roference calibration line approximately
1 1b per cu ft of water, while the data for soil B have an
offset of some 6 lbs per cu ft of water, Soil A is a semi-
granular material with less than 3 percent of the soil
passing the #200 sieve. Soil B was a higﬂly weathered soil

with a much higher pexcentage of clay size minerals,

Samples, generally representative of the materials
tested in the field correlation study, were returned to the
laboratory. From these, small samples were obtained for
further testing, High temperature cvaporation tests were
made to 400 and 600°C and the equlvalent structural water
content determined, The original field correlation data
were then corrected for this additional watexr content.

This is also shown on Figures 2 and 3. As the loss in
weight between 400 and G00°C is arbitrarily taken to be
hydroxyl water, only one-half of this loss by wolght is

pletted as additional water content, T This corresponas to

YfThe corrceted water contents are based on the field dry
densities as determined for the original field correla-
£ion study. Small samples of the solls were first dricd
at 100°C Lo insure a similary base moisture content. These
wore theu oricd to 400 and 600°C, and the percont loss of
the weight at 1106°C conputed,

19w
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the assumption made for the data in Table 3.

The important thing to nete in Figures 2 and 3 is
that the data groups tend to converge on the refercnce
calibration curve, when the additional water content is
taken into account. It was concluded that the prescnce

L in the field soil caused the discrepan-

of structural wvater
cy between the original field correlation data, and the

reference calibration curve,

It should be remembered, while examining these plots,
that in each case the correction for additional moisture
loss is applied to the original data, Since the correction
is a fixed amount of water for each temperature increase,
any scatter in the original points is reproduced in re-

plotting at the additional water contents.

Thermal Neutron Absorption

In 1964, Burn published a report, "Calibration of a
Neutron Moisture Meter in Leda Clay," (7). Figure 4 which
follows is a veproduction of & graph from that papor show-

ing moisture corrcelatien data for a nuaclear goge usee on

Lgemcturel Water” is defincd to be the total of the

L P o N gedepen iyl Temiy oo
hydroxyl water, and the incer-layer wvater and hydeoates
which are not evaporated at tewporatures below I}

Lo
Cn
i
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the Leda clay, Here, it is shown that the plot of nuclear
reading versus oven-dry moisture content of the soil is
nearly 6 1bs per cu ft to the right of the reference curve.
This is to the opposite extreme from the data shown in
Figures 1, 2, and 3. Burn's reference curve is based (in
part) on silica sand and water standards having known total
water contents, These calibration standards generally
correspond to the temporary California Highway standards
previously described, It is noted that the calibration by
Burn is linear to approximately 20 lbs of water per cu ft
(5, 6, 7) and curvilinear thereafter, as shown in Figure 4.
The California standards reflect only the linear portion
of the relationship, which extends to approximately 25 1bs

of water per cu ft.
Figure 4.
CALIBRATION CURVE FOR LEDA CLAY
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Burn gpeculated that the discceepancy betveen the two
calibrations was due to the prescence of iron in the clay
which absoghbed the neutron flux., In his discussion, it was
acknowledped that the presence of the hydroxyl water would
make an even greater difference between the laboratory and
field calibration curves. He obscrved, as is apparent in

the figure, that the displacement appears to be constant

for that soil.

In summary then, it has been shown that if the nuclear
gage is calibrated on an inert system such as silica sand
and water, it can indicate a water content of field soils
as much as plus or minus 6 lbs per cu ft of water from that
based on an oven~dry molsture determination from the same

soil.

Current Practice

The obvious question must be answered, "What are the
instrument users doing now?" There are several answers.,
First, the preceding ezamples may be extreme; so that the
users arce able to utilize the colibrotion supplicd witn

R IEeTS
.

the page wnitil such time as it regquisoes reealibiation. Toss
may be cauvced by adjustment, or replaccouont of a mojor

component of the instrument., Sceond, on the projocts iniue

le chance in £ield molsture, Lhe InSpocions

—~

there do Lid

. L ' . i A s y s ",._,>
may use uociooeciod CLola von wenniores. ne e o
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moisture circuit in the gage is simply not used. Third,
(and most common) the operators calibrate by dorrelating
the units directly against field soil water contents as

determined by the oven-dry method.

Field calibration may be satisfactory for a particular
soil if a sufficient range of moistures is obtainable,
and the data not too scattered, ‘Too frequently though,
the normal variance in correlation data, and an inadequate
available moisture range; make it impossible to obtain a
statistically acceptable calibration by this method. At
best it is a laborious, impermanent, and generally inaccu-
rate procedure, Moreover, the process must be repeated each
time a new soil is encountered, or the gage suspected of

drift or malfunction,

To conclude, it is the free soil moisture that must
be controlled in earth construction. Aé has been shown,
this is a variable percentage of the total soil water to
which the nuclear gage responds. Consequently, unless it
can be demonstrated that a consistent relationship exists
between a calibration based on standards of known water
content, and the free water content of individual soils,
the users of the gages are forced to calibrate by field
correlation., This is difficult, and in some cases

impossible to do with any mcasure of accuracy.

ChbPD
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Selected Literature

The basic reference material regarding the construction
of calibration standards for nuclear moisture gages are
reports published by Burn in 1960 and 1962 (5, 6). le
describes the use of silica sand and water as being a satis-
factory medium, augmented with sgch materials as calgon and
dextrose. He briefly mentioned the discrepancy in field
moisture correlation with respect to the Leda clay in
reference 6, This subject was further discussed by him (7)
as previously cited in the section, "Thermal Neutron

Absorption."

The references by Preiss & Grant (14), and Preiss
(15), suggest that the chemical effects (absorption and
bonding of hydrogen atoms), such as noted by Burn (7), can
be alleviated by the use of a detector tube having a thin
metallic shield to absorb very low energy neutrons., How-
ever, it is difficult to see how this can help the gage

distinguish between free and structural soill water.

pallard and Gardner (4, p. 21-27) state that, while
there is debate concerning the accuracy of nuclear moistures,

M

. . . PR RN 3 St ano
the determination is not as critical as density, and

w2y

CliPBEE=—wwvrfastio.com


http://www.fastio.com/

P

CIiTPDY

therefore has not received the same attention.1 They
conclude that measurcments with the nuclear gages are as
reproducible as any existing non-nuclear method, They
propose the use of non-soil standards with a regression
analysis embodying corrections for chemical effects, etc.,

based on a suggested mathematical model.

Williamson and Witczak suggest that moisture cali-
bration be done in the field (3, p. 131). They also state
that one calibration can be used for the materials
conmonly found in highway construction, although they do
indicate that this is open to further investigation. This
conclusion is contrary to the evidence presented herein,
which definitely shows that calibration for free water

content varies with the individual soil.

Anday and Hughes illustrate the use of the nuclear
gages with a specially constructed test strip as a control,
Field nuclear recadings of both moisture and density are
taken and compared to those of the test strip (16). They
state that any calibration is satisfactory, as long as it

is sufficiently sensitive, since the field and control

1They stated (4, p. 21, 26) that the moisture gage does not
have to be as accurate percentage-wise as a den51py goge
because of the lesser amount of water in the total.
Actually, the required accuracy is by weight of water to
total wet weight of soil; therefore the moisture gage st
cqual the density gage in ils perfovmance.

-G
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tests are performed on the same soil, However, it can be

=N
easily shown that the slope of the moisture calibration

curve must be valid, Consequently, even with the test
strip technique, the fundamental problem still exists of
providing appropriate standards for calibration and checl~

ing of the gages.

In another paper, Hughes and Anday report their
findings at the July 1965 "Correlation and Conference'"
(use of nuclecar soil gages) held in Charlottesville,
Virginia (1l7). Moisture standards were prepared of chemiw-
cals containing "bound" moisture, for measurement with the
various gages brought to the conference, A representative

; calibration curve is shown in their report. It was

reported that specially prepared test sections were
measured with the gages to determine the water content,
Hughes and Anday acknowledge that the instruments reflect
total moisture, However, they believed that the water
contents determined with the nuclear gages on test sections
known to contain a considerable amount of chemically bound
water were not affected (p. 254). For some unexplained
reason the moisture contents of the compacted test sections
were not directly detewmsined, and cowmparison of results with

actual ficld moisturce contents could nol be made (p. 2523,

The report by LekFevre and lianke (2, 1908) illustrates

PRL
- : N : y . Y o ! e I “, !
the use of various base meterials such as grovel, croshed
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limestone, and a red clay, to establish a calibration curve.
They show that the wmoisture calibration using the natural
materials differs from the curve supplied by the manu-
facturer of their gage. It was indicated that a single
calibration curve should be satisfactory for field use. .
However, two samples tried by them, a clay and an expanded
shale, did not fit their calibration curve. They concluded
that these data points were in error.l A minor technical
error is made when they state that their calibration curve
should have a zero intercept when testing a soil with no
water (p. 88). Some thermalization occurs in the complete
absence of water, and will be recorded by the instrument.
Thus, the intercept will be necessarily greater than zcro,

see Figure 1, 2, or 3.

The ASTM publication (18) listed in the references
contains a survey of world wide research and practice with
regard to the use of the nuclear gages. The bibliography

in the report is comprehensive, with 265 entrics.

lThe cxpanded shale data point is to the right og their
calibration curve (2, Figurc 10), about § lbs ol water
per cu ft., Rescorch Lor the thesis has produced sinilor
data which is discussed in the section, 'lporianencs!
Proceaure,’

D Fe
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ITT
HYPOTHESIS

In summary form, the hypothesis can be stated:

1) The nuclear wmoisture gage responds to the total water
in a soil, including both the free water and the structural

water,

2) The variations in total water content in a soil, such
as added compaction water, evaporation, etc,, occur almost

entirely in the free water.

3) The free water calibration curves for different soils
should be parallel. That is, they should be offset from
one another by a constant amount according to the differ-
ences in structural water and the presence of neutron

absorbing elements,

—
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EXPERIMENTAL PROCEDURE

The experimental procedure involved the careful
fabrication, and testing with nuclear moisture gages, of

four soil-water systems in large molds, They were:

1) A commercial silica sand

2) A commercial kaolin clay

3) A typical clayey field soil
4) An expanded shale

The approximate structural water content of the soils
was determined on the basis of high temperature evaperative
tests, mineral identification, and differential thermal
analysis (DTA). Therefore, by exercising carcful control
of the amount of water added, both the free water and total
(equivalent) water content of the individual samples werce
closely estimated, The testing of these samples with the

nuelear moisturc cages should permit evaluation of the

O

e

hypothesis concerning the natuwre of the page measursemines,

and the corrclation between calibrations based cn total and

free water content of soils.
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The physical data concerning the dimensions, volumes,
densities, and water contents of all samples tested with
the nuclear moisture gages in the experimental program are
presented in the following Table 4, The volumes of the
samples were checked to insure that they were essentially
infinite for testing with the gages. It was found that
the dimensions were satisfactory, A slightly higher
reading could be obtained from the dry samples by increas-
ing the volume, but the practical effect was determined to
be negligible insofar as this rescarch program was con-

cerned,

The top surfaces of most of the samples were protected
during the period of testing by covering them with a layer
of polyethylene plastic., It was determined that the plastic
had a negligible effect on the testing by taking rcadings
with a nuclear gage on scveral samples with and without the

plastic.
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Silica Sand Samples

Silica sands from two sources were obtained from the
Amador Mineral Co., Ione, California, One is an eastern
sand imported from the Wedron Silica Sand Co., Chicago,
Illinois, which has rounded grains. The other is a local
sand, crushed and processed by the Awmador Mineral Co. These
sands are 99.7 to 99.9 pexcent pure Si0p. The approximate

grading of the sands used is given in Table 5.

TABLE 5,
SILICA SAND GRADING

Ident., -25 E~85 #200 A-70
Source Wedron Wedron Wedron Amador
Fineness 25,88 84,42 - 65

Sieve (Percent Retained)
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were:

Five samples were fabricated from these sands. They

1) A-70~W. This sample was fabricated of Amadox

#70 sand, cowmpacted in approximately 2 in. lifts with
an electric impact hammer. A plywood disc was used

to confine the sand during compaction. The sample

was provided with a perforated plastic tube so that

it could be saturated from within. A pilezometer was
attached so that the water level could be monitored,
The (W) in the notation indicates a "wet" or saturated
sample, After completion, the water content and dry
density of the sample were as shown in the preceding

Table 4,

2y E~25-W, This sample was prepared similarly,

except that the eastern sand #25 was used,

3) A=70-200-V, A ground silica sand (200 flour)

was uniformly mixed with the Amador #70 sand to
reduce the void space, so that a lower saturated

water content was obtained,.

4)  E-85-P, In order to obtain an “in-between"
water contenl, it was necessary Lo attewpl to fabyis
cate a sample which would be only partially saturabra,

This is indicated by the (P) in the sanplc notation,

w33
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To prevent migration of water during the period of
testing, the moistened sand was compacted in incre-
ments using sheets of 6-mil polyethylene plastic to
separate the layers, A trial sample was prepared
with the plastic sheets and dry sand, This sample

was tested with a moisture gage, and the reading
compared to a reading on a similar dry sample prepared
without the plastic sheets., ©No significant differcnce
in the readings on the two samples was observed, and
it was concluded that the effect of the plastic was

negligible,

However, in spite of the precautions taken to
prevent migration of water in the partially satuvated
sample (E-85-P), it was found that the water did
migrate. This movement of water, especially in Cthe
critical top layer, affected the testing of the
sample with the nuclear moisture gages. Consequently,
this method of preparing a sample was not considered

to be satisfactory.

5y E~25-D. The dry silica sand standaxd (D) was
fabricated vith the castern 25 sand. The moisture
content of this sand when initially compacted was
hacdly detectable, After exposure to the atwosphere
in the test arca for a period of several months, it

gained moisture of up to 0.2 purcent.

....,3/|. e
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Kaolin Saumples

A kaolin clay of high purity was obtained from the
Amador Mineral Co. The physical properties and chemical

analysis given by the company are shown in Table 6,

TABLE 6,
IONE KAOLIN, PHYSICAL AND CHEMICAL DATA

Physical Properties:

Specific Gravity 2.60
Moisture (max.) % 0.5 - 1.0
Particle Size, %

Minus 2 microns 50 - 55

Plus 5 microns 20 - 25
pl'{ 4‘.5 - 5.5
Water of Plasticity, % 31.9
Average Particle Size 2.2 microns

Chemical Analysis:

Silica, % 45,0 - 47,0
Alumina, % 37.5 - 39.0
Iron Oxide, % 0.3 - 0.5
Titanium Dioxide, % 1.5 -~ 2.0
Ignition Loss, % 13.0 - 14,0

An independent analysis of a sample of this clay using
X-ray diffraction technique was conducted at the Materials
and Research Laboratory. It was confirmed that the clay
was a typical kaolin, with little or no indication of the

prescnce of other clay wincrals,

A differential thermal analyeis (DTA) was made using
T an oven-dry sample of this waterial, Typical kaclin de-

hydvation chacterictics arc shiown, with 1ittle logs of woler

~35
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between 100 and 400°C, The sharp endothermic reaction

—
between 450 and 650°C indicates loss of hydroxyl water,
(_];g..’ p ¢ 299) [

Figure 5,
IONE KAOLIN, DTA CURVE
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High~temperature evaporation tests were conducted with
oven-dry samples of the Tone kaclin., These samples lost
0.1 percent by weight between 105 and 400°C, and 12.2 percent
. by weight between 400 and 600°C, This loss in weight was
considered to be primarily hydroxyl water, and an equivalent
/-\’.

36w
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water loss between 105 and 600°C of 6 percent was presumed

for the purposes of the study.

Two samples of the kaolin were then prepared in large
molds for testing. The dimensions and volumes of the
samples were given in the preceding Table 4, These two
samples were prepared similarly, except that different
amounts of free water were added to each., The intent was
to obtain as high (H) and low (L) a water content as
possible, with uniform compaction, and not too great a
difference in the dry density of the two, The clay was
compacted in approximately 15 to 19 equal increments with
a 10-1b drop hammer. This impact device had a 4- by 4-in,

o foot, and a total weight of 18 1lbs, The surface of each
1lift was compacted until there was no further apparent

densification.

The amounts of water to be added, by weight of dry
kaolin, were estimated on the basis of preliminary testing.
Due to the very loose g%’”fluffy“ nature of the kaolin,
some loss of the batched material was unavoidable during
compaction. Consequently, it was not possible to check
the batched quantities of soil and water directly against
the total weight of the completed sample. The amount of
free water added was estlimated on the basis of represcnta-
tive oven-dry samples off the clay taken durxing compaction.

1 - - ~heele o il e
The water contents of the sanples were also checked whaon

-37~
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dismantling them after completion of the testing, One of
the kaolin samples (the Kaolin-H) was dried in a 105-110°C
oven; and then retested with the nuclear moisture gages,
The pertinent moisture-density data for the Ione kaolin are

as shown in the preceding Table 4,

Field Soil Samples

Two samples of a typical field soil were prepared and
tested similarly at a high and low free water content, A
third field soil sample was fabricated by compacting the
material in an oven~dry condition in a mold. Table 4 may
be referred to for the moisture and density information,
and sample dimensions. The grading and chemical data for

the soil are given in the following Table 7.

High~temperature evaporation tests were also conducted
on oven~dry samples of the field soil. A loss of 0.5 per=-
cent by weight was recorded between 105 and 400°C, and 2.2
percent between 400 and 600°C., The loss in weight betwecen
105 and 500°C was assumed to indicate an equivalent water

content of 1.5 percent by weight.

CIibPD
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TABLE 7.
FIELD SOIL, GRADING AND CHEMICAL DATA

Grading Mineral Identification
Size % Passing Mincral *Approx. %
3/4 100 Quartz 25 - 30
1/2 84 Feldspar 10 - 15
3/8 73 Chlorite 10 - 15
#b 52 Mica 5
8 41 Hornblende 5
16 31 Misc, clay 5 « 10
30 23 Tale 2 - 3
50 18 Augite 2 - 3
100 15 Other Xtaline 5
200 13 Amorphous 15
5 micron 8
1" 6 *These percentages are esti-

mated from Xe-ray diffraction
data

Expanded Shale-Sand Samples

Five samples were prepared of an expanded shale-~sand.
This material is manufactured by expanding sand-sized parti~
cles of montmorillonite shale by heating in a rotary kiln
to temperaturcs of approximately 2,000°F., This light-weight
product is produced at Napa, California by the Basalt Rock
Co., 1t is marketed under the trade name, Basalite Light-
weight Expanded Shale Aggregate; and is used to make light-
weight masonyy products, The geading of the expanded shale
sand is given in the following Table 8, and its chowmicat

analysis as given by the hasalt Reck Co. in Teble 9.

WY fastio.com
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TABLE 8.

P
EXPANDED SHALE-«SAND, GRADING
) Percent Passing
Sieve (Basalt Rock Co.) (M. & R.)
4 99
8 82 82.6
12 52.6
16 56
30 36 33.3
50 23 22,1
100 12 13.5
200 6.5
TABLE 9.
EXPANDED SHALE-SAND, CHEMICAL ANALYSIS
"Raw'' Shale Calcined Shale
Si0zp 59.2 62,8
Al203 20,0 21,7
Cal 2,6 3.2
Fez03 3.3 &4
MgO 2.7 3.3
Nas0 2,6 2.6
220 1.6 1.6
Hy0 8.0 0.0
Ignition Loss Trace 0.4
one of the expanded shale-sand samples (ES-20,0),
Table 4) was prepared by compacting, and then flooding it
until it was saturated, The (ES-dry) sample was similarly
compacted, but was left in a divy or "as compacted! state,
The remaining three expanded shale-sand gsamples were
N preparced by moistening the shale-sand to the desired vaten
contents, and then compacting the material in the molds.
Fa

bue to the absorbent natuwce ol the calceined shale, the

procedure appearced to wouxl satisfactorily, with little

b0 =
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discernible migration of water during the period of testing.
The water contents of several of the shale-sand samples were
checked by removing the material in layers, and oven drying

the entire increment.

dp L
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NUCLEAR MOISTURE DATA

The soll samples were not nccessarily fabricated or
tested in the order presented., Furthermore, it was not
possible to retain all samples éo that they could be tested
concurrently, Consequently, there is some possibility of
variation in the apparent relationship of the testing of
the samples, This could have been caused by instrument
drift, or slight changes in test conditions and procedure.
To compensate, as each new sample was being tested, all
available samples were read, At these times, the individual
samples were tested with the nuclear moisture gages by
taking the average of three or more one-minute test counts,
These average one-minute readings were then divided by the
gage reading taken on an arbitrary standard to obtain the
"eount-ratio'! as discussed carlier. Therefore, for some ol
the individual sawples, several of these "count-ratios"
were accuraulated over the period of time the samples were

sere then averaged aond plotted
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Two nuclear soil gages were used during this study.
Gage A is an older unit that has been found to be relatively
stable over an extended period of time, The source con-
tained in this gage is 4.5 mc Radium 99g-Beryllium, GCage B
is of more recent manufacture, and is not considered to be
as consistent in performance as Gage A, Gage B contains a

50 me Americiumpgi~Beryllium fast neutron source.

Free Water Correlation Data

Figure 6 illustrates the response of Gage A plotted
: against the free water content of the samples. With this
gage, the calibration curves for the four soil-water
systems are essentially parallel, except for the expanded
shale at the lower water contents., The datum point for
the partially saturated silica sand (E-85-P) is not on the
silica sand calibration line, apparently due to migration

of water within the top layer of the sample.

The readings taken on the samples with Gage B plotted
with respect to the free water content, are presented in
Figure 7. A greater variation in the slope of the indi-
vidual ealibration Lincs of the four scilewater sysiens is

exhibited by this instrument., In parpicular, the kaolin
and field soil calibration curves tended to converge with
o~ the silica sand calibratic: curve, while the expandcd shale

calibration curve divorpes somcuihat Do the oilice cand

wly ]~
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curve., It is felt this discrepancy may be attributed to a
property of Gage B, after consideration of the similar data
from Gage A (Figure 6), and the information presented by

Burn (Figure 4),

The response of Gage B to the partially saturated
silica sand sample (E-85-P) is closer to the average bulk
water content than was Gage A, It appears that Gage B is
less affected by the apparent migration of water in the top

layer of that sample,

The reason for the displacement of the data for the
expanded shale~water system is not positively known, As
has been commented upon previously, the report on the study
undertaken by the Qklahoma Department of Highways showed a
similar datum point for an expanded shale-water sample tested
by them (2, p. 89). The chemical analysis of the shale-sand
(Table 9) used in this research indicates that there is a
total of about 6 percent of iron and potassium present in
the material, which would not seem sufficient to cause the
deviation shown. However, Burn (7, p. 100) concluded that
the presence of between 6 and 7 percent of iron could
account for the displacement of the calibration curve in
Leda clay., The identificatlon of the soucce of the apparent
absorption of neutron [lux in the expanded shale should be

the object of Lfurther study.

_Z;.Sm
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The oven-dry expanded shale sample (ES-dry) plotted
very closely to the dry silica sand sample (E-25-D) in
Figures 6~9, This apparently means that a certain level of
activity is required before the capacity of the soil to
absorb thermal neutrons becomes saturated., In other words,
the dry expanded shale sample produces a small number of
thermalized neutrons, in a manner comparable to that of the
dry silica sand.l The initial increments of water are
accompanied by an increased production of thermal neutrons;
but a‘very high percentage are absorbed before detection.
Then, as the water content is further increased, a smaller
and smaller percentage of the production of thermal neutrons
is absorbed. At some water content, this absorptive
capacity of the soil begins to be satisfied. The production
of thermal neutrons, thereafter, with change in water
content is almost as though the absorptive elements were not
present, Above this critical water content, the calibration
curves for soils with absorptive elements for thermal
neutrons are therefore nearly parallel to the silica sand

calibration curve,

The assumption that the net cffect of the presence of

structural water, and slow neutyon absorbing clements in a

L Latwost any material would procuce some thgrmalized nceutrons,
In ¥igures 6-9, if the straipht line porglon.of the ex- _
pandcd shale curve were extrapolated to its interception ?g
— the rero water ordinate, the thermal neutryon activity vou.d

be less than zero; which o dmpossible,

A
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soil, is a calibration constant; is undoubtedly an over-
simplification, However, on the basis of this research, it
is concluded that the slope of a calibration curve
determined using standards of silica sand and watexr should
be satisfactory for nuclear gage moisture determinations on
most soils., An exception may have to be made for those
solls containing highly absorbtive elements, especially at
water contents below 6 lbs of water per cu f£t., It is not
known to what degree such materials may be encountered in
soils used in highway construction, Consequently, further
research is needed to assess the possible importance of

this factor.

:.‘ Total Water Correlation Data

Figures 8 and 9 showed the nuclear gage readings
plotted with respect to the estimated tgtal water content
of the samples. Most of the moisture data for the clay
soils now plot either on, or to the right of the silica
sand calibration curve. It is concluded that nuclear
moisture measuring instruments do respond to the structural
water, as well as to the free water., However, the effect
of the hydroxyl water does not appear Lo be directly pro=-
portional to the hydrogen content., This is to be expected,
since the bonding of the hydrogen atom to the soil mincrals
probably reduces its capacity to thermalize the fast neutrons
emitted by the radioisotepe in the gage (34, p. 548; 15,

p. 347).
=50 -
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II.

IIT.

CONCLUSIONS

The nuclear molsture gages respond to the total
water content of a soil., This includes bound or
adsorbed water, inter~layer water, hydrates, and
hydroxyl water. A water content estimated on the
basis of an oven-dry moisture determination reflects

only the free, or easily evaporable water.

, For a given water content, the presence of slow
neutron absorbing elements will decrease the response
of the nuclear moisture gage, Except at very low
water contents however, the presence of the absorbing

elements appears to be a calibration constant,

The change in soil water during normal con=-
struction activities occurs almost entirely in the
soil free water. The results of this research
indicate that it is satisfactory to assume that the
free water calibration curves diffex only by a
constant, which depends on the sum of the effects of

the structural water and absorbing elements present.
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Iv. The slope of the nuclear moisture calibration

P
curves 1s satisfactorily established by testing on
. reference standards of silica sand and water,

V. Further research is required to determine the
most common absorbing elements which may occur in
the soils used in highway construction, and the
effect they may have on nuclear moisture gage cali-
bration, It is also necessary to identify the gage
design parameters that way be sensitive to this
absorption factor, |

o~
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IMPLEMENTATION

Tmplementation by Adjustment of the Calibration Curves

for Specific Soils

In this test procedure, the nuclear gage would first
be calibrated on reference standards having known total
water contents, such as the silica sand-water samples., For
a specific soil, the operator would then take readings with
the nuclear moisture éage at several field sites. He would
also determine the wet densities of these locations with
the density portion of his nuclear gage. At these same
sites he would take representative soil samples, and
ascertain the oven-dry moisture contents, He would then
compute the water content of the sites on the basis of the

oven~dry moistures and field wet densities,

The average of the several nuclear woisture readings
would then be plotted with respect to the average water
content (oven-dry) in Ibs of water per cu ft, A curve vould
be drawn through the point and parallgl to the calibration
previously determined on the refecrence standards. This
parallel curve would then be used to test for the frcee

moisture content of the soil using the nuclear gage. This

“53 -
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Figure 10
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is illustrated in Figure 10, The process can be repeated

for different soils used on the project,

'"Wet Weight! Method of Implementation

An alternate, and probably morec desirable form of
implementation exists., It can be shown that a practical
method of compaction control is possible, utilizing only
the slope of the moisture calibration curve. The so~called
"wet weight' (1, Calif. 216-F) method of compaction control
depends on the ability to express the wet density of a soil,
and the laboratory control density, in terms of the same
moisture content., While a detailed discussion is not
included in this paper, the following example will serve
to show that a nuclear gage having a moisture calibration
curve with a correctly established slope, can be used to
determine the relative compaction of a soil; without knowing
its absolute water content. The percent relative compaction
computed on the basis of this method contains a slight
approximation, but is usually within one-half of one percent

of that calculated on the basis of the dry weight method,

As an example, suppose that it has been established
that a certain soil should have a wet density of 135 1bs
per cu ft, at some definite (but unknown) water content.
This unknown water content is that contained in the waterial

when it was obtained [or the laboraiovy coupaction testing.

~55m
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Assume also that a nuclear moisture gage had been used to
test the location wherc the soill was obtained, at the time
of ramoval, and it was found to have a water content of
(x). At a later time, a site with similar soil is tested,
and found to have a wet density of 140 lbs per cu ft with
(x+3) water content. The wet density of the site in terms
of the water content at which the contrel had been
established is (140 - 3), or 137 1lbs per cu ft, This
equivalent wet density is greater than the 135 1lbs per cu
£t previously established as a minimum control density.
Thus, if the slope of the nuclear moisture calibration
curve is correct, it has been found that the density of the

site is satisfactory without knowing its actual water content.
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