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Nuclear equipment for field measurement of soil moisture and 
density has received wide acceptance from scientists and engi
neers , but the majority of work accomplished with these in
struments has been done with surface-type gages. The use of 
nuclear depth instruments presents some serious problems 
related to the standardization and calibration of the equipment. 
As tentative solutions for some of these problems, techniques 
for the construction and measurement of secondary laboratory 
standards are presented and a preliminary calibration proce
dure for both moisture and density gages is proposed. 

•THERE seems to be a general tendency for the moisture content of the subgrade, sub
base, and base materials beneath a highway pavement to increase over a period of time. 
While some of this increase is due to infiltration of surface water, a large portion is 
attributed to the migration of moisture in both the liquid and vapor phases from adjacent 
areas. Regardless of the source, however, the increased moisture content appears to 
be associated with unsatisfactory pavement performance due to swelling or decreased 
shear strength of the subgrade soils and the base materials. If the extent of this mois
ture variation beneath existing highway pavements can be determined and all contribut
ing factors evaluated, a correlation with pavement performance will be possible. Ulti
mately, information of this nature could lead to revisions in present design methods 
and construction procedures to achieve improved pavement performance. 

The School of Civil Engineering at Oklahoma State University initiated a research 
study in June 1964 to determine the extent to which moisture content of highway subgrade 
soils is affected by natural environmental factors such as rainfall, temperature fluctua
tions, and roadway design characteristics, and the relationship between subgrade mois
ture variations and pavement performance. The research was conducted in cooperation 
with the Oklahoma Department of Highways and the Bureau of Public Roads. Nuclear 
depth moisture and density probes are being used to measure the field moisture content 
and density at various depths beneath existing pavements in this cooperative research 
study. 

The ability of nuclear or radioactive-type gages to measure moisture content and 
density of engineering materials is generally acknowledged by scientists and engineers, 
but the calibration of this equipment presents some serious problems as to the appro
priate methods or techniques to be used in order to achieve a desired accuracy of mea -
surement. In addition, there is some doubt as to whether experimentally determined 
calibration curves remain valid as the soil types or mineralogical composition of the 
calibration media vary (!., _!, ~. _i, .2_). Thus, calibration of the nuclear probes was one 
of the major investigative problems encountered. 

Calibration of such devices ordinarily refers to the development of a graphical rela
tionship between the pulse rate response of the instrument and either the moisture con-
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tent or density of the material being studied. The reliability of measurements made in 
the field with these probes will depend on the accuracy of their calibration. In the case 
of soils and/or highway applications, the instrument calibration should be valid for a 
relatively wide range of subsurface soil types and moisture contents. 

The response of nuclear soil moisture and density measuring devices is a function 
of elemental compositfon and mass density of the investigated materials (6). Although 
the nuclear interaction processes are complex and highly theoretical, it was believed 
that a semi-empirical approach to calibration that would minimize these material re
sponse differences was possible. Accordingly, a laboratory calibration technique was 
developed utilizing both soil and aggregate media calibration standards. The materials 
used in these standards were similar in mineralogical composition to various Oklahoma 
soils and the same standards were used for calibrating both the moisture and density 
probes. 

EXPERIMENTAL DETAILS 

Nuclear Equipment 

The nuclear equipment used in this investigation was manufactured by Troxler Elec
tronic Laboratories, Inc., of Raleigh, North Carolina. The counting device was a trox
ler Scaler Model 200-B, SN 256. The moisture device was a Troxler SY-SM-1 Depth 
Moisture Gage, Shield and Standard Model S-5, SN 407, with a Depth Moisture Probe 
Model 104, SN G-19953, using a 3 millicurie Radium-226-Beryllium source, SN N-3-
149. The density device was a Troxler St-DD-2 Depth Density Gage, Shield and Stan
dard Model S-7, SN 77, with a Depth Density Probe Model 504, SN 23, using 3 millicurie 
Radium-226 source, SN R-3-15. Calibration data furnished with the density probe were 
developed from readings made on portland cement concrete standards and the calibra
tion data for the moisture probe were obtained using distilled water-cadmium chloride 
solutions of varying concentrations as the standard media. 

Standard Preparation 

Because of the weight and storage problems involved in the construction of the lab
oratory standards, it was considered desirable to attempt to develop standards that 
could be used for both density and moisture calibrations, i.e., dual-purpose standards. 
Three locally available types of aggregates were selected for use in the standards-a 
crushed limestone, a river gravel, and a lightweight expanded shale concrete aggregate. 
Since calcareous and silicious sedimentary deposits predominate throughout most of 
Oklahoma, it was considered that these three materials, while serving as standard me
dia, might also provide a basis for evaluating the effects of mineral type variance found 
in the different soils that would be encountered during field testing. A single size gra-

Figure 1. Empty standard barrel with central ac
cess tube in position. 

dation was used in all cases to achieve a 
more uniform density of the materials in 
place in the standards. In addition to the 
aggregate standards, three standards were 
prepared using a perimian red clay from 
a source located on the OSU campus. 

The standard containers were 55-gal 
oil drums, cut down to a height of approx
imately 24 in. and having an average vol
ume of 5 cu ft. Because the aggregates 
were to serve as both density and moisture 
standards, a drainage system for the stan
dard containers was necesaary; this was 
furnished by using the top of the barrel as 
the bottom of the standard container and 
galvanized pipe fittings screwed into the 
small bung. This arrangement provided 
a means of flooding and draining the con-
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Figure 2. Sea led end of alum inum access tube . 

tainers with a minimum amount of disturbance to the materials. Sections of seamless 
aluminum irrigation tubing, 25 in. long, were used for the access tubes and were cen
trally located in the standard container prior to filling (Fig. 1 ). These access tubes 
were plugged at the bottom end with a lead disk and an 0-ring arrangement (Fig. 2) and 
the plugged ends were sealed with an epoxy paint. 

The aggregates \11ere thoroughly \\lashed to remove all fine material and then oven -
dried to constant weight. Placement was made in three lifts using a small concrete 
vibrator to achieve maximum densification of the aggregate. Figure 3 shows a barrel 
standard partially filled with the crushed limestone aggregate. Figure 4 shows a filled 
barrel standard; the small vibrator used for densification can be seen in the background. 
After placement, the surface of the final layer of material was carefully leveled and the 
filled containers were weighed and dry unit weights calculated. After weighing, the 
standard barrels were covered with polyethylene sheeting and sealed. 

For the permian red clay standards, the material was first air-dried and then pul -
verized until it passed a No. 30 sieve. Three moisture contents were selected for these 
standards and the necessary amounts of water, allowing for the initial moisture content 
of the clay, were added to the pulverized clay through a fine spray nozzle and then mixed 
by hand. After the water was incorporated, the moistened clay was sealed in 30-gallon 
waste cans for several days until an assumed moisture equilibrium condition existed. 

Compaction of the clay material in the barrels was achieved using a pneumatic back
fill tamper weighing approximately 30 pounds. A circular plywood disk was placed under 
the barrel to minimize the deformation of the bottom of the barrel during compaction. 
The material was compacted in lifts of approximately 2 in. (compacted thickness). A 
standard compactive effort for each lift was achieved by maintaining a constant period 
or time of compacting with the pneumatic tamper using a stop watch. With this method 
the compactive effort could be varied by lengthening or shortening the compactingperiod. 

To install the access tubes in these compacted clay standards, a 2-in. OD steel tube 
was slowly pushed into the center of a compacted barrel using a 200,000-lb universal 

Figure 3. Partially filled barrel standard. Figure 4. Filled barrel standard. 



Figure 5. Steel platform and chain sling. 

Calibration Measurements 
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testing machine. This steel tube had a 
Y1a-in. wall thickness and was sharpened 
on the inside at one end to minimize ma
terial disturbance as it was forced intothe 
clay. After the steel tube had been pushed 
into the center of the barrel, it was with
drawn and an aluminum access tube, sealed 
on the bottom end, was inserted in the cored 
hole. The core sample obtained from the 
steel cutting tube was used to determine 
the percent water content on a weight basis, 
and the completed standards were weighed 
to determine the wet density. Polyethyl
ene sheeting was used, as in the aggregate 
standards, to seal the clay barrel standards 
and prevent evaporation. 

The completed barrel standards weighed 
between 500 and 600 lb. Because of their 
size and weight, a cross-shaped steel plat
form and chain sling arrangement (Fig. 5) 
was developed so that the standards could 
be handled easily and conveniently using 
an overhead crane or a steel framework 
mounted on wheels. 

Readings with the nuclear probes were initially made on the aggregate standards in 
the dry condition. The aggregate standards were then flooded with water and allowed 
to soak for at least 7 days before wet densities and the amount of water on a volume 
basis were determined. Readings with both the moisture and density probes were made 
with the aggregates in the saturated or flooded condition and then in the drained condi -
tion. Thus, each aggregate type furnished three points on a calibration curve. Nuclear 
readings were taken with the probes on the clay standards immediately following the in
stallation of the access tubes and also several weeks later as a check on the first set 
of readings. 

The proper location or position of the probe in the access tubes of the barrel stan
dards was determined by taking readings at 1-in. intervals starting at the bottom of the 
tube and working upward. These data in graphical form were used to select a location 
for the probe to be used for the calibration measurements. A point or section where 
little change in reading occurred with probe location change was used. For the density 
probe, this location was near the bottom of the access tube. The very bottom position 
was not desirable due to backscattering from the container bottom and the steel platform. 
The location for the moisture probe was near the middle of the standards. The sphere 
of influence of the moisture probe is a function of the amount of water present and the 
location of the center of this sphere is a function of the geometry of the source and de
tector. Because of this, the proper probe location was determined for each individual 
standard in each of the respective conditions. 

Calibration curves were plotted as media mass density vs percent of standard count. 
Standard count refers to readings made with the probes in the shield units. The shield
ing cylinders have small low-intensity radioactive sources imbedded in them for the 
purpose of providing a reference count rate for the instrument. An actual measurement 
or count rate is expressed in terms of a percent of this reference count. This technique 
is less subject to error since it compensates for electronic instabilities of the equipment. 

RESULTS AND DISCUSSION 

Density Data 

The relationship between mass density and percent standard count is approximately 
linear on a semilogarithmic plot for normal values of soil mass densities. At least, the 
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Figure 6. Density calibration curve-river grovel. 
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relationship is linear on this type of plot for densities above about 90 pcf (1). Density 
data for each of the barrel standards was plotted with percent standard counts as the 
ordinate on a log scale and wet density in pounds per cubic foot as the abscissa on an 
arithmetic scale. A least-squares regression analysis was made on each set of data 
and an equation for the linear portion of the curve was determined. 

Typical curves are shown for the river gravel, crushed limestone, and perminan red 
clay standards in Figures 6 through 8. In Figure 8, the data point for the first of the 
clay standards constructed is shown below the calibration line. The mixing and com -
pacting technique for this material had not been perfected and the results for this par
ticular standard were considered inaccurate. 

The combined data for all the standards tested are shown in Figure 9. The data 
shown for concrete were obtained from measurements on the equipment manufacturer's 
concrete calibration standards. The measured mass densities of the expanded shale 
standard were below 90 pcf even in the saturated condition. Since the relationship be
tween mass density and percent standard count may not be linear in this low density 
range, extrapolation to the wet density region of the other materials was questionable 
and these data are not shown. While the different types of calibration media produce 
differences in nuclear response, i.e., the linear portions of the calibration curves ex
hibit different slopes, this variance does not appear extremely great within the range 
of normal soil densities. The combined data plot in a rather narrow band as indicated 
by the dashed lines. 

A single calibration curve and its equation is also shown in Figure 9. This curve is 
the median of the band and for a given percent standard count the wet density of a ma
terial within ±4 pcf can be determined from the curve. This range is the lateral spread 
right or left of the median curve within the calibration band. At a percent standard 
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Figure 8. Density calibration curve-permian red clay. 
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Figure 9. Combined density calibration data and median calibration curve. 

count reading corresponding to a wet density of 90 pcf on the median calibration curve, 
the error indicated by the lateral band width amounts to ±4.4 percent. For lower per
cent standard count readings, in the higher density ranges, the percent error would be 
reduced. 

The equation of this median curve developed from the band of density calibration 
values was converted to a tabular listing for field usage. This permitted rapid con
version of percent standard counts to wet density and eliminated variations in curve 
interpretation by field personnel. 

Conventional methods of determining in-place density of soils can be in error as 
much as ±10 percent (1). Since the maximum error in this study was considerably less, 
it is believed that this -band-width type approach to the calibration of nuclear depth den
sity equipment has considerable merit. While exacting calibration of the depth density 
probes may not be possible, this method appears to offer a practical solution to the cal
ibration problem. 

Moisture Data 

The combined moisture data curve for the OSU laboratory standards is shown in 
Figure 10. The curve is an arithmetic plot with percent standard count as the ordinate 
and water content in pounds per cubic foot as the abscissa. The curve seems to be lin
ear in the region from about 5 to 30 pcf of water. Points for the saturated expanded 
shale and the first of the clay standards are shown, but they were considered doubtful 
and not used in drawing the curve. At extremely low moisture contents the curve is 
not accurate, since in theory it should pass through the origin. A reading taken in pure 
water defines the upper limiting value and indicates that at high moisture contents the 
plot becomes curvilinear. 
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The linear portion of the Troxler calibration curve developed from cadmium chloride 
standards is contrasted with the one developed from the OSU laboratory standards in 
Figure 11. A considerable slope change between the curves for the soil type and non
soil type of standards is illustrated. The slope deviation in the two sets of curves in
dicates definite calibration differences for various standard media and the need for cal
ibration of the moisture probe using materials similar to those that will be encountered 
during field use. 

The linear portion of the curve in Figure 10 between 5 and 30 pcf of water was rec
ommended for use in the field-testing phase of the project. As for the median density 
curve, an equation for this linear section was determined and converted to a tabular 
listing for use in the field. It was also recommended that the calibration curve not be 
employed to convert percent standard counts of less than 20 or greater than 120. 

SUMMARY 

The problem of calibrating nuclear depth moisture and density gages has certainly 
not been completely solved by tlris preliminary research study. However, p1·ocedures 
for construction of durable laboratory standards utilizing both coarse- and fine-grained 
materials have been solved, and te clm14.lll:l~ of gravimetric as well as nuclear measure
ment of the barrel standards have been developed. The procedure utilizes readily avail
able and economical materials and standard laboratory equipment. Granular and/or 
cohesive soils of the type prevalent in a particular locality can be used as the calibration 
media and the measurement technique is accurate enough to distinguish soil type variations. 

This calibration study is not yet completed, but the results so far indicate that this 
approach offers a practical solution to the problem of calibrating nuclear depth gages. 
Using this calibration procedure, these probes can measure soil density and moisture 
content in the ranges that are likely to be encountered in the field with a minimum of 
error. 
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