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SUMMARY

For a number of years the Michigan Departmentof State Highways has
been engaged in a research program for the development and evaluation of
equipment and techniques to measure soil moisture and density by nuclear
radiation methods. Early phases of this work resulted in the fabrication
and testing of the Michigan gage, the first instrument capable of measuring
both moisture content and density of soils using a single radioactive source
and gage unit. Early test results were quite promising but attempts to use
the equipment under construction conditions indicated weaknesses in the
system and, in addition, correlation of results with those obtained by the
conventional Rainhart method was poor, Equipment "down time' was high,
due mostly toelectronic failures, causing concern among project englneers
as to the reliability of the instrument as a construction tool.

This report describes the extensive laboratory and field testing con-
ducted in an effort to properly design, calibrate, and use the nuclear method
for compaction control in Michigan, The study includes evaluation of the
Michigangage, as well as several types of commercial gages which became
available during the project, and experimental gage models assembled in
our laboratories. All basic methods of using nuclear density gapges were
studied, including: backscatter, direct transmission, air-gap and direct
reading, plus recording chart readout techniques. An investigation of the
applicability of random sampling and statistical methods to the control of
compaction was algo included. Field testing of the gage was performed
under carefully controlled conditions by Research Laboratory personnel as
well as under normal field conditions inwhich the gages were assigned di-
rectly to construction personnel for use in job control.

The basic conclusions reached as a result of this study are:

1, Although thebasic principles of nuclear radiation used in the gages
are sound, as evidenced by results of carefully controlled laboratory tests,
the gape has not been satisfactory when used under field conditions. The
primary problem appears tobe sensitivity of the gage tothe surface layers
upon which it is placed. Approximately 75 percent of the gage response
reflects conditions in only the top inch or so of the volume being tested.
This not only tends to give false density values but can negate attempts to
obtain correlation with "full volume" measurements obtained by conven~-
tional density measuring methods. Surface effects havebeen less apparent
when testing uniform sands, Due probably to disturbance of the test area,
the direct transmission method did not improve results compared with those
obtained by the backscatter method,
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2. When special surfaces were prepared for the gages, the time re—'

gquired per test approached that required for the conventional test, now that
the Speedy Moisture Meter is used in the latter method, With litile or:no
time savings, the high initial and operating costof the equipment cannot be
justified. :

3.. Evenwhen using new equipment, considerable maintenance was re-
guired resulting in serious construction delays. Storage also seemed to
have an adverse effect on gage stability so that back-up gages often had to
be repaired before they could be used in the field.

4, At present, the Department has an efficient-and workable system’

of density control that has served satisfactorily for a number of years, In
order to supersede this operation, a newer method would have to offer
either preater efficiency, accuracy, or economy. So far the nuclear gage
has not met these requirements and the Department has decided to continue
with its present method of density control until such time as the nuclear, or
other methods, may prove to be more satisfactory. Interest in the nuclear
method and its use for special conditions will be continued by the Depart-
ment,

i
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INTRODUCTION

The Michigan Departmentof State Highways became interested inpos-
sible applications of nuclear methods to highway testing procedures as far
back as 1952, when an Isotopes Section was organized within the Research
Laboratory, An early project of this group was to develop and fabricate a
combination surface type nuclear gage, capable of measuring moisture con-
tents and densities of soils by means of asingle radioactive source. Prior
tothis time all instrumentation available for suchpurposes required a sep-
arate source and a separate gage toprovide the different nuclear radiations
needed to measure both moisture content and density.

Utilizing the fact thata radium-beryllium source provides both gamma

radiation (required for measuring density) and slow neutrons (required for
measuring moisture content)work began on an instrument uging this radio-
active source for both moisture and density determinations. After testing
several experimental models, an acceptable design was developed and in-
struments built for field testing (1), With numerous modifications these
-gages, using commercial scalers for readout purposes, were the basic
equipment used for Michigan's early nuclear compaction control studies.
Ag commercial gages became available they were incorporated into the
program,

Although early attempts to usethe gage inthe field-~by Research Lab-
oratory personnel and later by construction density crews--were encour-
aging, they were not satisfactory. Maintenance was a major problem,
leading to excessive "down time' and erratic readings.” As a result con-
struction personnel were reluctant to accept the method and the gages were
either returned to the Research laboratory or shelved. Furthermore, no
usable correlation betweennuclear and conventional (Rainbart balloon)den-
sity values could consistently be attained.

Additional laboratory and field testing resulted in continued improve-
ment of the Michigan gage and techniques for its calibrationand use 2, 3),
Under controlled laboratory and field tests, usable correlation between the
Rainhart and nuclear dengities could be obtained. To do this, however, it
was necessary to average four readings of the nuclear gage obtained by ro-
tating the instrument in 90 increments above the area to be measured.
These tests, plus results obtained from the use of calibration samples,
indicated the nuclear method to bebasically sound inprinciple but requiring
much improvement before it could be usedwith confidence in thefield. Re-
sults of these studies also indicated that further work was needed in the



development of a convenient laboratory method for obtaining reliable cal-
ibration curves by means of which nuclear count rates could be related
directly to density or moisture content, without having to correlate its per-
formance with more conventional density control procedures. The studies
also explored the possibility of utilizing the non—destr'u'ctive, more rapid
nuclear measurements in the development of a statistical approach to den-
sity control procedures., To do any of these, however, it was necessary
to have a reliable and usable field instrument for obtaining the desired data.

In July 1964 a cooperative study between the Bureau of Public Roads
and the Michigan Department of State Highways was initiated under the High-
way Planning and Research program to evaluate further the potential of
nuclear methods for controlling highway embankment construction. The
scope of this project included the following primary objectives:

1) Development and perfection of equipment and methods for meas-
uring in-place soil moisture and density by the use of radioactive sources.

2}  Incorporation of instrumentation into a compact and portable unit
that could be easily operated in the field, with emphagis on a direct read-
ing ratemeter to indicate either absolute or a relative density,

3) Utilization of the instrumentation in conjunction with a statistical
method for controlling the compaction of highway embankments and base
courses. '

The project was scheduled tobe completed within athree-—year period,
However, prior to the end of this period it was felt advisable to extend the
project for two more years, primarily to obtain more field data under con-
struction conditions and to utilize newly developed equipment and improved
techniques for its use. This report describes boththe work done under the
original HPR approval (July 1964 to July 1967) and thatdone from July 1967
to July 1969,

Test data obtained by the .Department prior tothe HPR studies are in-
cluded where they are necessary asa basis for clarification of procedures
included in this study. '




DESCRIPTION OF NUCLEAR TEST EQUIPMENT

The primary nuclear instrument systems used in the earlier phases
of this study were those developed and modified by Research Laboratory
technicians, Commercial equipment was used when available and the re-
sults compared with the Michigan system., No significant differences were
noted between results obtained with the different systems, all of which op-
erated on the same basic principles.

The Michigan Gage System

The nuclear instrument system developed by the Michigan Department
of State Highways consists of a combination density and moisture gage,
modified commercial scaler, portable reference standard, stop watch, film
badge, and calibration charts (Fig, 1}, Steps in the development and test-
ing of this system are described in previous Research Laboratory reports
(l; 2, E’_)'

The gage, which measures 10-in, square by 1-1/2~in, high and weighs.
about 18 Ib, contains a single radioactive source {about 5 millicuries of
radium 226-beryllium), radiation detector tubes, lead shielding, and a tran-
sistorized preamplifier, arranged as shown in Figure 2, Radiation par-
ticles are detected by the gage and resulting electrical pulses are trans-
mitted through a connecting cable to the scaler where they are electronically
counted and the reading displayed. The scaler also contains a battery-op-
erated power supply to provide proper voltages for detector tube and pre-
amplifier operation. Radiation from the scurce is of iwo kinds, gamma
rays (used to measure density) and neutrons (used to measure moisture).
The source has a half-life of 1,620 years, thus its radiation remains es-
sentially constant.

Soil density is measured by Geiger-Mueller tubes, which detect unab-
sorbed gamma radiation that has passed from the source through the soil
being tested. The greater the soil density, the less gamma radiation will
reach the detector tubes, Thus, the number of counts recorded through
the gamma detector tubes is inversely proportional to soil density.

Moisture measurements arebased onthe phenomenon of neutron mod-
eration by hydrogen atoms. Those neutrons thatare scattered by hydrogen
atoms lose most of their energy and return to the vicinity of their source

as slow neutrons. Thus, as the number of hydrogen atoms increases in
" the material being tested, more slow neutrons will be detected by theboron
trifluoride tubes., Because practically all hydrogen present in soils is in



the form of moisture, the count rate of the slow neutron detector tubes is
directly proportional tothe moisture content of the soil, The neutronpulses
of the detector tubes are amplified inthe preamplifier prior to transmission
to the scaler for readout,

STANDARD

CALIBRATION P ay. BADGE
~ CHARTS =

STOP WATCH

Figure 1. Nuclear soil density-moisture instrument system.

The Michigan gage, a surface backscatter type, is placed directly on
the area to be tested. In this type of measurement the material nearest the
gage has most influence on density results. For this reason, surface con-
ditions can be critical and it is necessary to place and seat the gage with
extreme care.
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'y MODERATED BY
GAMMA RAYS EMITTED BY SOIL MOISTURE
SOURCE AND SCATTERED BACK
AS A FUNCTION OF SOIL DENSITY FAST NEUTRONS
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Figure 2. Details of the Michigan nuclear gage.
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Field standards, used to check gage performance, consist of five 10-
1/2- by 11- by 1-1/2-in, "Colorlith" stone sections holted together toform
a single block (Fip. 1), The same standard is used both for moisture and
dengity checks.

Commercial Gages

Several commercial muclear gages were available during this study,
Two of these systemsg (Nuclear-Chicago and Troxler) were tested and the
results compared with those obtained with the Michigan gage (2, 4). Al-
though some differences in results were noted they were not consistently
in favor of any one system, Because of the number available (four gages)
and our familiarity with their construction and operation, most of our work
continued using the Michigan gages.

At the beginning of Michigan's nuclear studies, gage manufacturers
felt that separate units were required for measuring moisture and density.
Their thinking onthis has changed, however, and gage producers now make
and recommend the combination type unit as proposed by Michigan, There
are half a dozen or so manufacfurers now producing portable nuclear gages.
Although the radioactive source and some of the components and the geo~
metric shape of the gages may differ, all of the available equipment isbas-
ically the same in principle, seem to perform with the same degree of ac-
curacy, and have the same problems when used in the field, All are of the
backscatter type where the flat surface of the gage is seated directly on or
over the surface tobe measured. Some systems, suchas the Troxler, have
the added feature of permitting a direct transmission type measurement in
which the source is contained in 2 movable tube which can be inserted into
the soil to a specified depth (Fig. 3). In this method the pickup tubes
record mainly those radioactive emissions which have passed directly
through a given thickness of goil. Figure 4 shows a schematic comparison
of the backscatter and the direct transmission techniques. The additional
work and the disturbance of the test area required for the insertion of the
probe in the direct transmission method led the Department to continue
using the more simple backscatter method of test.

Special Instrumentation

_ During this study several special gages and laboratory nﬁock—up devices
were assembled for special tests and trial runs, These will be described
as part of the development work in this report,
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LABORATORY CALIBRATION TESTS

One of the more important phases of the nuclear gage program hasheen
the development of methods for calibrating the equipment in terms of den-
gity and moisture confent of the materials measured. The gape system
indicates only a count rate or a dial reading so such indications must he
converted to the values sought., Because gages differ, and in some cases
performdifferently on different materials, a positive and meaningful method
of calibration is imperative to the successful use of the equipment., Man-
ufacturers provide a general calibration curve with their instruments but
these, in most cases, have not beenapplicable tothe conditions under which
we have used the papges.

Because the Rainhart rubber balloon method of density measurement
has been conventional with the Department, much of our calibration work

has involved a comparison with Rainhart density determinations.

Development of Calibration Standards

Calibration methods for the nuclear gages have not been static. Var-
ious materials have been tried, discarded, and in some cases reused be-
cause original errors of calibration were later found to be due to malfunc-
tions of the gages themselves,

Concrete hlocks were originally used as calibration standards but as
work progressed these were supplemented by molded samples of aggregate,
sand, and clay soil, all typical of those to be used in field studies with the
gage, Minimum dimensions of the calibration samples were determined by
increasing their depth and width incrementally until the count rate of the
measuring gage became constant. These measurements indicated that the
laboratory sample should be between 6 and 9 in. deep and at least 15 in.
wide (Fig. 5). The adequacy of these dimengions was checked by obtaining
count rates as the page was moved progressively, in short increments,
across the surface of a compacted sample from one edge to the other, Re-
sults of this test are shown in Figure 6, which shows one orientation of the
gage, Similar curveswere obtained with the gage rotated to other positions.

The final laboratory calibration box sample was made 12 in., deep by
24 in. square in order that multiple test positions would be available over
the surface and a suitable number of Rainhart samples could be obtained
for check testing. Each sample was compacted in four separate layers,

* 3 in, thick, in anopen frame and weighed before being placed ona preceding

layer until the 12-in. depth was obtained (Fig. 7). By forming the sample

.,
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in this manner density gradients between the top and bottom of the sample
were minimized, In these studies the densities of the samples were com~
puted from a weight-volume relationship and measured first by the non-
destructive nuclear method and then by the Rainhart test, after which the
sample was removed and rebuilt to a different density. Moisture contents
were obtained by oven drying and the nuclear method, Three general types
of materials were used for- constructing the test samples: processed ag-
gregate, sand, and a silty clay mixture,
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Calibration of the Rainhart Device

Because the Rainhart test is Michigan's conventional method for field
density control of earth construction it has been used as a means to check
results obtained by the nuclear gage. Tests with laboratory calibration box
samples were used to determine the limits of accuracy to be expected with
the Rainhart method, In these tests the average of three Rainhart values
was plotted against corresponding box density, Figure 8 shows a correla-
tion between the two values over a range of densities, using three different
materials (sand, gravel, clay). These data, based on the average of three
tests for each sample used, show the accuracy of the Rainhart method to
be within + 3.4 pcf wet density, approximately 95 percent of the time.

—14-




Although the average value obtained from three Rainhart tests is prob-
ably indicative of the average density of the box sample for each test con-
dition, there were substantial variations between the individual test values
obtained for eachof the three tests. These variations are shown in Figure 9
where the maximum difference between three individual samples for each
test (range) is plotted as an accumulation curve of the percentage of tests
in which the range is less than the amount shown, This curve shows that,
for the number of tests taken, individual wet densities, as determined by
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Figure 9. Range of individual Rainhart wet densityj_
values in laboratory tests (curve based on 12 tests
of three measurements each).

the Rainhart method over the area of the 24-in. square test sample, could
vary as much as 11,2 pcf. The variation between individual measurements
could be due to errors in performing the test itself or to actual variation
in density at the points tested, Regardless of cause, these.data indicate
quite clearly that caution must be exercised when making a direct compar-
igsonbetween single Rainhartand nuclear tests. When based onthe average
of three tests, however, correlation between the Rainhart and box density
was very good (correlation coefficient = 0,976). '
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Calibration of the Nuclear Gage

The nuclear gage was calibrated by obtaining ten one-minute readings
at random over the surfaces of the same laboratory test samples used. to
check the Rainhart ‘method. All test locations were selected to avoid any
possibility of edge effect on the readings. An average of ten readings was
considered to be the nuclear count rate for the particular sample tested,
and represents one point on the calibration curve shown in Figure 10, In
this correlation the nuclear determination of wet density was accurate within
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Figure 10, Correlation between nuclear
gage readings (gageno, 4)and laboratory
box densities. Each point represents an
average of 10 readings.

-+ 5.4 pef about 95 percent of the tinie, when the average value of ten count
rates was used. However, individual count rates within the groups varied
considerably. Figure 11 shows the range of each group of ten count rates
used in the laboratory calibration, plotted in the same manner as similar
data obtained from the range of Rainhart values shown in Figure 9. When
converted to wet density values (pcf) by the use of an average calibration
curve, the range of values for individual tests is of about the same mag-
nitude for both nuclear and Rainhart readings in 95 percent of the tests.
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During these calibration tests it was decided to compare the perfor-
mance of two Michigan gages under controlled conditions. These gages,
designated Nos. 1 and 4, were similar in construction and both had been
used {requently during field testing.

To compare performances, thetwogapgeswere tested with 16 laboratory
box samples of different mixtures and densities, The same scaler was used
for reading both nuclear gages, Ten readings were made with each gage
-on each sample. Correlations between counts per minute (average of ten
readings) and the box densities are shown in Figure 12, These data show
a remarkable similarity inthe performance of the gages., The slope of the
regression line for each set of data is approximately the same, the only
major difference being a characteristic shift (translation) in the position
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(which is the reason eachgage must have its own calibration curve). When
the reading of one instrument plotted lower or higher than its regression
line the other instrument followed a like trend, indicating that the gages
were performing in a satisfactory manner and that any variations were due
to influences apart from the gages themselves.
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Figure 12, Comparison of calibration data
for gage nos. 1 and 4, using the same scaler
for both gages.

- Figure 13 shows a comparison of the range in values of each group of
ten nuclear readings, for gages 1and 4. For 95 percent of the tests the
performances of hoth gages were similar, indicating approximately the
same magnitude of variation for each gage.
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Figure 13. Range of individual nuclear readings for gage nos, 1 and 4 in
laboratory tests {curves based on 16 tests of 10 readings each),

By correlating the data of Figures 8 and 10, a direct relationship be-
tween Rainhart and nuclear gage wet density values can be obtained, This
relationship, shown in Fipure 14, indicates that under carefully controlled
laboratory testing conditions the nuclear and the Rainhart methods might be
expected to compare withinan accuracy of + 3.3 pcfat the 895-percent con-
fidence level. It should bhe noted that data obtained from two permanent
standards usedin the laboratory as calibration checks (sandand a concrete
block) fall within the limits of this calibration band.

The laboratory calibration tests conducted at this timewere concerned
withdensity only. The moisture porticn of the gage performed muchhetter
than the density portion and ovendrying a sample gavea positive control of
comparative conventional moisture content values.
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FIELD EVALUATION OF DENSITY MEASURING METHODS. |

During the development of the nuclear gage several atiempts were made
to put the gages into the hands of construction personnelin the field; so that
they could beused under normal construction conditions, To do-this, den-
gity inspectors and project engineers were trained in the use of the gage .
and itsbasic principles. Inall cases, personnel of the Research 'Labora'tory
were on hand, or available for consultation, to check techniques of opera-
tion and to maintain the gage., Because the Rainhart test wag the donven-
tional method used for density control, tests by this method were made at

all nuclear measurement sites and the two values compared, Correlation
between the methods was often poor. In addition, maintenance problems:
with the nuclear gages were sometimes excessive causing lack of confidence
“in the method as well as delay in construction schedules, In all of thisfield
testing, use of the nuclear page was eventually abandoned and density con=
trol continued using conventional methods.

Preparatioﬁ for Controlled Field Testing

In an effort to determine the accuracy of the nuclear gage in thefield the
Research Laboratory set up controlled testing procedures whichwere per-
formed under construction conditions by Research Laboratory personnel.
'In this way detailed tests were made with no loss of time in construction
schedules and nuclear testing methods could be observed by construction
personnel. -

The units to be used were checked thoroughly in the laboratory in an
attempt to minimize malfunctions, improvefield performance under normal
construction use, and to develop a positive method for checking the reli~
ability of the instruments during use. Withthe cooperationof the Research .
Laboratory's Instrumentation and Data Systems Unit the following modifica~
tiong were made in the electronic components of the gage system:

1) A transistorizedpulse generator was built to check the operation of .
the scaler and cable combination. Pulses produced by this equipment are
similar in shape to those created by radiation ionizationin the gage detector
tubes, Any significant changes inthe scaler input sensitivity can be detected
by a simple adjustment of the pulse size produced by this generator.

2) An improved pre-amplifier with an increased signal-to-noise ratio
was installed in the moisture probe circuit. This pre-amplifier filters
out the low noise pulses and then amplifies the remaining pulses to send a
strong signal to the scaler, thereby reducing the probability of counting
noise pulses in the scaler,

A
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3) As originally constructed, both the signal pulses and the high volt-
age for the detector tubes were conducted from the gage tothe scaler using
a gingle conductor. This could cause induced noise pulses to be recorded
on the scaler. To eliminate this possibility the signal pulse was separated
from the high voltage conductor at the page and transmitied to the scaler by
a separate conductor,

As a check onthe operation of the overall gage system, control charts
were developed for each gage showing the normal operating range of the
equipment, Limiting values were established such that when the instrument
is operating in a satisfactory manner, the probability of obtaining check
count values outside these limits is quite small, Should values extend be-
yond the established limits consistently or frequently, the system would
not be performing properly and thetrouble should be located and corrected.
A gample of such control charts, based ondata from a laboratory standard,
is shown in Figure 15, Each point on the Mean Chart represents an av-
erage of three one-minute nuclear gage readings with the gage remaining .
in place for the three readings. The difference between the maximum and

. minimum of thethree readings is a corresponding value onthe Range Chart.

In addition, a more realistic field reference standard was constructed
having density and hydrogen (moisture) contents comparable to those encoun-
tered insoil. This standard measures 20 by 24 in,, is 6-1/4 in. thick, and
constructed of five layers of "Colorlith," a dark gray material used for
chemical laboratory bench tops, The unit weight of this material is about
115 pef with neutron moderating elements (hydrogen and carbon) equivalent
to about 16-percent moisture. The standard provides a check on the opera-
tion of the complete gage and scaler system.

With these modifications it was felt that the gagewas asstableas could
reasonably be expected. Check test readings on standards remained con-
stant over a prolonged period and a more positive check of the operation
was now possible. Although there were non-random variations duringthese
tests, the largest corresponded toonly 2 to3 pef for both moisture and den~
sity values. At notime werethe variations greater thanwould be expected
from normal electronic drift in this type of equipment. Manufacturers of
some commercial papes attempt to compensate for instrument drift by
expressing nuclear counts per minute as a ratio of counts obtained on the
sample being tested to the count rate obtained on a reference standard.
This procedure was used during these studies but showed no improvement
over values obtained by direct reading. Modification of the page showed
no significant effect on the calibration curves that had been developed.
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Field Testing

I'ield testing during this phase of the study was conducted by Research
Laboratory personnel using procedures admittedly too elaborate for normal
field purposes, if the time-saving features of the nuclear method were to
be realized. Because the reliability of the nuclear gage method had not vet
been established under field conditions it was necessary to continue com-
paring nuclear values with check tests made withthe conventional Rainhart
method, Laboratory and earlier field studies showed a poor correlation
between the fwo methods when compared on a test for test basig. This in-
dicated that, even though each test might be measuring correctly, they were
quite probably measuring different volumes of material at the same test.
location, Because the direction and volume of the nuclear gage influence
zone cannot be made to coincide with the volume measured by the Rainhart
test there could be a significant difference between the values when meas-
uring small volumes of such heterogeneous materials as soils. This con-
ditionwas partially overcome in the laboratory by comparing average values
of nuclear and Rainhart results obtained with multiple tests, Evenfor con-
trolled field testing, however, it is impractical, and unnecessary, to make
10 nuclear readings as used to cover the area of the 24-in, square lab-
oratory test sample. For field measurements, it is necessary to obtain
values for arelatively small area and this was doneby averaging four measg-
urements at a given location, with the gage rotated 90 between readings.
Such values compared favorably with the averages of three Rainhart tests
made at the same proximate area. This method was used throughout this
phase of the field testing program inwhich the densities of three materials,

gravel, sand, and clay were measured,

Prior to use at each test location, the performance of the nuclear sys-
tem was checked by measuring the count rate produced by the reference
pulse and by obtaining four one-minute density and moisture counts on the
standard for checking apgainst control charts. Such detailed operations are
notpractical under normal use of the nuclear system nor would they benec~
essary once the reliability of the instruments was established.

Figure 16 shows the correlation obtained between nuclear counts and
Rainhart values for field tests. It is obvious that this correlation is not as
good as that obtained from laboratory tests. Figure 17 shows the range of
individual Rainhart and nuclear densities obtained for each test location,
Variations were about the same for both methods in 95 percentof the tests,
but were generally in favor of the Rainhart test.
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During this evaluation, the nuclear gage performed well and gave no
indication of yielding erratic values due to electronic malfunction. The
poorer correlation between Rainhart and nuclear values obtained in these
field tests, as compared with that of the laboratory tests, was thought to
be due in part to the difficulty of obtaining good contact between the gage
and the relatively rough surface of the material being tested. This same
detrimental effect can be simulated in the laboratory by raising the gage
to permit a minute air gap between the soil surface and the bottom of the
gape. The effect is more apparent inthe field than with the more smoothly
compacted laboratory samples.

Inan effort toimprove the seating of the gage, several forms of surface
preparation were used during these tests:

1) Loose stones and fine materials were swept from the surface,

2) The surface was swept and thendressed with 700 gof fine sand over
a 1-ft square area.

3} The surface was scraped to a depth of 1-in. below its original el-
evation,

4) The surfacewas scraped 1-in, deeper than original level and dressed
with 700 g of fine sand over a 1-ft square area.

None of these preparations offered a substantial improvement in gage
readings. However, the sand dressing did give more consistent values and
obviously provided a better seating surface for the gage.

Figure 18 shows the relationship between nuclear count rates and the
moisture content of the materials when the moisture is expressed as both
pounds per cubic foot and percent of the dry weight, Theoretically the mois-
ture content as read by the nuclear gage should be expressed as pounds per
cubicfoot and would be converted topercent of dry weight, However, during
these studies—-at least within the accuracy of the gages—--it was found that
percent values could be satisfactorily correlated directly with count rates
and this method was used in the preparation of calibration charts.
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DISCUSSION OF CONTROLLED LABORATORY AND FIELD TESTING

Results of carefully controlled laboratory and field testing of the nuclear
and Rainhart methods have shown the correlation between single, compar-
ative tests to be poor, Furthermore, there is no positive way of knowing
which of the two results is correct, It is quite possible that both methods
are measuring correctly but that the material being measured is not the
same in both cases. It is known that the nuclear method measures a much
larger volume of material than the Rainhart and that the nuclear readings
vary in the same location if the page is rotated. This indicates that the
gage's sphere of influence is not symmetrical about its center, and that
density of the material can vary in different locations beneath the gage.

In an attempt to. evaluate the performance of the test methods more
correctly, all comparisonsbetween the nuclear and Rainhart methods made
during this phase of the study have been based on the averages of several
individual tests, taken within a smallarea, rather than onsingle test values,
By these procedurés ageneral correlation between the two methods hasbeen
established., Although such detailed operations are necessary and valuable
for proper evaluation of the test methods, they would not be feasible under
normal construction conditions, For this reason a closer study was made .
to determine the reliability of the individual test values,.

Variations of Individual Test Values

In order to obtain further comparison of differences in individual test
values, a study was made of the variation ol individual tests from their
arithmetical mean or average, For example, if three Rainhart tests were
obtained in one general area the difference between each value and the av-
erage of the three would represent the variation for each case, If ail three
readings were the same, the variations would of course be zero. By this
method of analysis a measure of the repeatability of hoth Rainhart and nu-
clear test methods was obtained which, in the absence of a more direct
check, offered a means of evaluating the reliability of each method,

Inthis study, the nearest approach toa knowndensity that could be used
for comparing the Rainhart and nuclear methods was realized in the lab-
oratory test box samples. Even with these carefully prepared sampies,
however, a wide variation between individual tests was found forboth meth-
ods.

Figure 19 shows these variations for the laboratory tests using gravel,
sanc_l, and clay as the test media. In this analysis the differences obtained
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for each test were grouped in ascending order of incremental values and
plotted as an accumulation curve of the percentage of tests in which the
variation is less than the amount shown, In this form of presentation the
amount of variation is proportional tothe slope of the curve., ¥or example.
in Figure 19, it is shown that when testing sand by the nuclear method. the
variation of one test from its average could he as high ag 400 cpm (5-pefwet
dengity}, Normally, however, it would be much less, Fifty percent of the
tests show a variation of not more than 100 cpm or about l-pcf weldensity.
Figure 20 shows variations obtained during field testing. Comparing the
laboratory and field testing it is seen that Rainhart values varied about the
saime in both cases, while nuclear results varied somewhat less inthe lab-
oratory tests.

Figure 21 gives a comparison between variations {or the Rainhartand
nuclear methods for all laboratory and field tests made during this part of
the studv. For this comparison the nuclear gage values were converted to
pounds per cubic foot by use of a calibration curve inwhich 400 cpm equal-
led approximately 5 pef, wet density. The close agreement between the
two sets of data is quite striking and indicates that no practical difference
is to be expected between the repeatability of the nuclear and Rainhart meth-
ods of test. Ninety-five percent of the time. variation in test results would
be + 5 pef or less, This variation represents not only differences in the
test methods themselves, but alsoincludes all variations involved in making
the tests, including any differences that might exist between the densities
of the material being tested. Significantly, the range of difference was
practically the same forboth the Rainhartand the nuclear tests. The same
relationships and magnitude of difference were alsofound in the field tests.
These results show clearly that variations are tobe found among individual

‘testresults and that these variations are as great for one method as for the

other,

Variations Due to Different Materials

Studies were made to determine whether variations in nuclear gage
readings were affected by the type of material being tested. and to gain
more information concerning the effects of moving the gage between read-
ings. In thesetests three laboratory samples (concreteblock, sand, gravel)
were tested first with the gage stationary during readings and then with the
gage relocated between readings. Three groups of ten individual readings
were made using count rates ofone and two minutes for each test, Resulls
plotted in Figure 22 show the variation of each test from the arithmetical
average of the group in which it appeared, expressed as an accumulation
curve of percent smaller than the size shown. When the page remained
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stationary during testing there appeared te be no significant variation due
to tvpe of material being tested, Generally, the variation was less than
200 epm, which probably represents -the minimum variation to be expected
due to the random emission characteristics of radioactive sources. A few
sand points fell outside the general average condition, but the cause is un-
known.

When the gage was moved between tests, however, an entirely different
picture was obtained. The variations in values for the concrete block did
not chanpe appreciably, but the sand and gravel samples showed large in-
creases in variation as compared with values obtained when the gage was
stationary, Results of these tests indicate that the variations are caused
by more than a difference in material, The concrete and the gravel, for
example, both contain graded particles with a top aggregate size of 3/4 in,
Granting that the density throughout either sample might vary, this should
not cause the great difference invariation {(an increase of about 70 percent)
found in the gravel when the gage was moved between tests, The corre-
sponding increase for concrete was less than 10 percent. Therefore. be-
cause the materials are similar in composition, it appears that theincreased
variationis due primarily to differences in contact between the gage and the
sample surfaces. This ig also indicated by tests on the sand sample where
composition should be nearly uniform throughouf. Whenthe gage was moved
between density readings, variations increased about 30 percentover those
found when the gage remained in one position., There was no noticeable
trend in differences hetween one- and two-minute counts for these tests.

Summary and Recommendations

This phase of the nuclear gage study showed that the basic principles
of nuclear measurement of soil moisture and density are sound, that when
carefully controlled the equipinent c¢an be used under construction condi-
tions, and that methods for calibrating and checking the performance of the
equipment are generally satisfactory, Statistical analysis of field and lab-
oratory data indicate the precision obtained by the nuclear method is com-
parable to that obtained by conventional tests, when the two are conducted
under similar conditions, It is also shown, however, that there can he
large variations in individual readings, made at proximate locations, with
either nuclear or conventional methods. These variations are not neces-
sarily a reflection on the accuracy of either test method but could be due
to differences in density of the test areas read by each method, to opera-
tional error, tofaulty equipment, orto a combination of thesefactors. Fur-
thermore, the volume and areatested are not comparable for the two meth-
ods.
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Ag a result of these studies recommendations were made Lo the De=
partment that further attempts to obtain lield correlations between individ-
ual nuclear and corresponding conventional tests be discontinued and that
the nuclear gapge, after proper calibration, be used in the field on its own
merit as a method for controlling compaction, e

Itwas recommended alsothat further work be done toimprove methods

for obtaining uniform contact between the smooth gage surface and the often
rough soil areas tobe tesfed.
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COMPACTION CONTROL O A MAJOR PROJECT
WITH THE MICHIGAN NUCLIAR GAGE

Based on the performance of the nuclear gageand the rec ommendations
made as a result of controlled testing, approval was obtained from the De-
partment and the Bureau of Public Roads for using the nuclear method as
the primary means of density control on a major project constructed dur-

ing 1965 (5). The site selected was the US 127 relocation project between
B Holt Rd and I 96 south of Lansing (State designations F 33035B, C1. and
. BI 33084A, C21: Federal designations I 146 (17) and I 96-3 (35) 150). . The
portionincluded in this study consisted of about 3-1/2 miles of divided high-
way gsurfaced with concrete (Fig., 23),
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Figure 23, Nuclear controlled compaction project site.
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- Figure 24, Laboratory calibration curves for nuclear gage.
Eachpoint represents average of four nuclear measurements.
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For this work, nuclear gages were overhauled and recalibrated hy the
Research Laboratory and assigned to the Constiruction Division [or incor-
poration with their density control procedures as replacement for conven-
tional density control equipment. Density inspectors and the project engi-
neer were trained inthe use of the nuclear equipment, which remained under
their control throughout the duration of the project, Ag a general check on
control results, random measurements using conventional Rainhart methods
were made by the Soils Section of the Testing and Research Divisjon, Main-
tenance and repairs of the nuclear system were made by Research Lab-
oratory personnel who also superviged the attempt to infroduce StEltlSthEll
control procedures to the compaction control operations.

Preliminary Preparations

Four Michigan combination nuclear gages were prepared for useon
the proiect. Two of these were assigned directly to the project engineer
" and two were kept available as stand-by units or for supplemental use hy
the Research Laboratory, Prior to field use, the gages were overhauled,
upgraded by replacing parts and tubes, and recalibrated to compensate for
the changes made, Each gage has its own performance characteristics,
peculiar to its electronic components and geometry, and any modifications
can alter its calibration curve. Itis forthis reason thateach gage requires
separate calibration curves and must be recalibrated after omy changes in
the system,

Figure 24 shows typical moisture and density calibration curves for
one of the gages (No, 4) as obtained from the laboratory test standards
composed of soil and aggregate mixtures. Each point on the curves rep-
resents an average of four nuclear readings on each standard, obtained with
the gage revolved 90° between readings, plotted against corresponding test
sample density or moisture content. It should be noted that the moisture
relationship between count rates and conventional measurements can be
expressed as either pounds per cubic foot or percent dry weight with no
appreciable change in the calibration curve. For simplicity of field use,
the relationship was expressed in percent dry weight., ¥From these curves,
calibration charts (Fig. 25)were developed for easier usein thefield, Such
charts were part of the gage system furnished to the density inspectors.
Colorlith standardswere used forboth moisture and density checks. Before
the 1965 construction season began, the Research Lahoratory provided two
one-week instruction courses, concerning nuclear methods of compaction
control, todensity inspectors and supervisors whowould be associated with
the US 127 project. The course included radiation safety, counting statis-
tics, principles of - radiocisetope gaging and calibration, gage operation, and
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interpretation of results obtained. Through actual use, each participantwas
made familiar with the gage's ability to detect differences in moisture con-
tent and density, and with factors that might cause variations in results,
such as surface texture of the material being tested, proximity of concrete
or other structures to the gage during measurements, and proper calibra~
tion and standard checking techniques.

An operating manual describing the use of the gages and recommended
testing procedure was issued to all personnel concerned before field work
began.

Each density inspector is normally assigned a pickup truck equipped
witha complete density kit with which he can obtain in-place field densities
and establish his design density (maximum unit weight) by either the Mich-
igan Cone or the AASHO T-99 methods. Special forms are provided for
computing and reporting the results, For this project, the kits were re-
designed to accommodate the nuclear system instead of the conventional
(Rainhart) equipment. The normal equipment for establishing design den-
sity remained the same. A new form, modified for use with the nuclear
equipment, was provided. The equipment, prior to packing in the density
kit, is shown in Figure 26,

Figure 26, Layout of equipment prior to placing in kit.
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Field Testing Operations

Nuclear equipment was used to control the density of all compaction
required for embankment, subbase and selected subbase materials,

1. Characteristics of Materials Tested. Embankment materials
largely consisted of clay soils native to the project area. These offered
noparticular problems during nuclear measurements except for extra effort
required in some rases to prepare the testarea surface for proper seating
of the gage. When leveling the test surface, chunks were often dislodged,
leaving large voids which required about four minutes hand filling and
smoothing prior to seating the gage,

TABIE 1
GRADATION OF SAND SUBBASE AND SELECTED SUBBASE

Porous Material Grade A (Sand Subbase)

Sieve Size Percent Passing
2-1/2 in. 100
1in. 60-100
No. 100 - 0-30

No., 200 (washed) 0-7

24 A (Selected Subbase)

Sieve Size " Percent Passing
1in. ' 100
3/8 in. 60-85
No. 8 : 30-55
No. 200 (washed) 3-7

The sand subbase, congisting of "Porous Material Grade A" (Table 1),
presented no problems for the nuclear method. Surface preparation re-
quired simply the removal of loose, dry material to the elevation desired,
and then "ironing" the gage into place to assure firm contact between the
sand and the flat surface of the gage. This procedure usually required no
more than a minute or sc to compiete.
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The selected subbase material was a 24A aggregate (Table 1) com-
pacted to a 4 in, depth. To obtain good seating of the gage with this mate-
rial, it was necessary to dress the surface with a portion of the same ag-
gregate passing the No, 10 gieve and to follow this with tamping and leveling.
This procedure required about two minutes. Because of the surface dress-
ing, it was necessary to provide a modified calibration curve for this mate-
rial. In general, the surface treatment lowered density readings by about
5pefl below values obtained ona gmooth non—~dressed test gite of equal den-
sity., Moisture values were not affected by the surface dressing.

2. Testing Procedures. During the 1965 construction season, more
than 1,300 in-place nuclear measurements were made using procedures
outlined in the Operating Manual. Briefly, the following sequence of opera~
tions, some of which are shown in Figure 27, was followed:

1} For each test, gage operation was checked by obtaining read-
ings on the reference standards. Care was taken to have the gage lo-
cated in the exact same position onthe standard block for every check
reading, The same standard was used for both moisture and density
checks,

2) The test area surface was leveled and prepared for proper
seating of the gage.

3) With the gage properly seated, readings were obtained for both
moisture and dengity.

4) Readings obtained on the standard_and at the test area were
entered in the appropriate columns on the inspection form, '

5) In-place density and moisture content values were determined,
using the nomograph chart provided (Fig. 25).

6) Percentage of design density and other information pertinent
to the particular test sitewere computed and entered onthe inspection
form in the same manner used for conventional methods of compaction
control.

With the exception of those cases where a sand dressing was placed
over rough aggregate surfaces for better seating of the gage, orily one cal-
ibration curve was used for all soils encountered on thig job. This proce-
dure was also followed during previous tests when itwas found that differ-
ences in soils normally encountered in Michigan had little if any effect on
the ealibration curves used to convert nuclear count rates to moisture or
density.
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3. Time Required for Testing. During these field tests, the time re-
quired to perform the nuclear readings was carefully checked for compar-
ison with the time needed toperform the conventional Rainhart test (usually
about 20 minutes). When gage seating was no problem, about 10 minutes
was required to determine percent of design density by the nuclear method
with 2 maximum  time of about 16 minutes, The time interval began when
the inspector stopped his vehicle at the test site and continued until he had
computed his moisture content and density values., In sand areas, the nu-
clear operation could be completed inabout half thetime necessary for the
Rainhart test and with much less operator fatigue.

The additional time required to determine the design (maximum) den-
sity varied from 7 minuies for granular materials to 14 minutes for ¢ohe-
sive soils. This operation was exactly the same for both the conventional

-and nuclear methods and thus does not enter into a comparative study.
- Throughout the project, only one nuclear réading was obtained at each test
site. : ' :

4, Control Chart Check for Operations, Figure 28 shows a sample
control chart of thetype used by the Resecarch Laboratory to check density
control operations and gage performance as field work progressed. When
data became available from a particular area, the mean (average) and the
control limits (based on two standard deviations or approximately the 95-
percent confidence level of the data) were established in terms of two-min-
ute gage count rates. The count rate equivalent of the 95-percent design
L density, below whichno acceptable values should fall, was also established.

UFPER CONTROL LIMIT ———— /\

g s.0 — 4 # ]
s as - A B AN
837 T WY 7 \ - Y
g3 MEAN 0.0 FALY i AY Vd
Py : o A LY / S A
% £ 0.5 _?{ \\ ’." \‘ !j

| A I I\N

: 1.0 | AN /

|

TEST NG —=2A C F G 48 C E \’\/ ) M*LOWER DESIGN LIMIT

Figure 28, Sample control chart for nuclear gage tests. -

Count rates determined for a given site were entered on the chart, If
they fell outside the established limits or showed a continued drift toward
the upper or lower limits, corrective measures were indicated, These
phenomena could be caused by: improper functioning of the gage, requiring
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a check of the gage readings on.the standard; a change in the material, re-
quiring a new determination of maximum designdensity; moisture variation;
improper compaction procedures; or other causative factors., -

As data were accumulated, the control chart limits changed somewhat
because they represent values based on the tofal number of tests taken.
Such control charts could be maintained easily by regular field inspectors.
Similar control charts alsowere maintained for gage operation on the stan-
dard. :

5. Maintenance Requirements. During the April-December construc-
tion season, 21 service calls were madeby Research Laboratery personnel
because of malfunctions of the nuclear instruments. Most repair workwas
performed in the Laboratory, during which.time replacement instruments
were provided tokeep inspector downtime to a minimum. .Broken wires.in

_cable connectors or in cables adjacent to connectors were the most frequent
cause of trouble, This particular problem was corrected by use of a more
flexible cable.

Broken and cold-soldered connections in the moisture preamplifiers
‘ also caused trouble and sometimes were hard to locate and correct, Such
poor connections were not obv1ous on.. 1nspect10n and. caused 1nterm1ttent
problems. A gage with a. poorly soldered connection m1ght operate well on
the laboratory service bench, and even in the field for several days, but
would eventually require two or three more service calls before the problem
could be corrected. The useof newer and better englneered nuclear equip-
ment might possibly have reduced these electronic troubles,

6. Effective Depth of Measurement. Prior toplacingthe4~in. selected
subbase, concern was expressed that the influenoe of huclear gage radia-
tion might extend below this depth and 1nclude the density and moisture con-
tent of the underlying sand subbase in. the scaler indications. - A special
study was conducted todetermine the. effectlve depth of influence of the nu-

clear gage and determine whether the gage reading reflected a composite -

value for gravel plus the underlying sand, rather than the desired reading
for the gravel bage alone, To study this problem, two series of tests were
conducted at the Research Laboratory in which the densities and moisture
contents of different thicknesses of aggregate, placed on a sand foundation,
were determined under controlled conditions. In these testsa typical sand
foundation was placed in a 24-in. square box, compacted, and tested for
densify. On top of this, incremental layers of compacted 2ZA aggregate
were placed to a total thickness of 3 in. or more, As each layer was com-—
pacted, denslty and moisture contentwere determmed by nuclear methods.
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Figure 29 shows the plotof the density determinations. Atzerothick-
ness of aggregate the density reading was that of the sand foundation only.
As the higher-density layers of aggregate were added, the density meas-
ured by the nuclear gage increased, Values obtained onthe thinner aggre-
gate layers clearly indicate the influence of the lower-density sand founda-
tion on the gage readings. Above 3 in. of aggregate, however, the count
rate leveled off and further additions to the thickness of aggregate caused
no change, indicating that a maximum density had been reachedand that the
sand foundation no longer exerted a significant influence on nuclear gage.
readings.

At the conclusion of the tests, Rainhart density measurements were.
obtained for the aggregate layer. These values, shown inFigure 29, closely
checked thoseby the nuclear gage at the leveling-off point of the curve. This
verified that the density being measured was that of the aggregate alone and
that the sand foundation had no measurable effect on the results,

Figure 30 shows the change in nuclear gage moisture count rates as
the thickness . of aggrepate increased. In these tests, average moisture
content of the sand was 6.4 percent and that of the aggregate 4, 6 percent,
Although the difference between the twowas not great, a progressive change
in moisture content was indicated by the gage readings until the values lev-
eled off at about 4 in, of aggregate, showing no significant influence of the
gand at and beyond this thickness.

These tests indicate that the nuclear page can be used to measure the
density and moisture content of a 4-in, thickness of aggregate as used in
normal selected subbase construction.

Comparison of Nuclear and Rainhart Test Results

Because this was the first Michigan construction project where the nu-
clear method was the only means of compaction control, it was thought
desirable to make spotcheck tests with the Rainhart method, to assure that
normally expected compaction control was being achieved, Tor this pur-
pose, 76 conventional in-place density tests were performed by the Soils
Section at the same locations tested by construction inspectors using the
nuclear method, These tests included clay, sand, and aggregate materials,
In all cases, however, the nuclear method continued to be used as the job
confrol,

Figure 31 shows a control chart comparison of the nuclear and Rain-
hart methods of density measurement. In these charts, upper and lower
control limits are two standard deviations from the overall mean density.
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Figure 30, Effect of agpregate layer thickness
on depth of nuclear page influence (using Mich-
igan gage no, 1),

Because the experiment was conducted using subsamples, the standard
deviation was estimated from the moving range of two consecutive samples.
From these charts, which represent 76 comparative tests, one would expect
95 percent of the density tests to fall within the band shown,

The charts indicate that both methods were under control throughout
the test, with the exception of a few erratic values. The data indicate no
tendency toward erratic performance or drifting in the measurements.
Based on the smaller difference between the upper and lower limits for the
nuclear gage method, it is indicated that slightly better control is obtained
by this method. Theaverage densities obtained by each method are approx-
imately the same, with those of the nuclear method being slightly lower.
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Figure 31, Density control charts for nuclear and Rainhart methods
of compaction control; control limits estimated from moving range
of two samples. Points on graphs correspond to paired nuclear and
Rainhart tests taken at identical locations.

The control charts established by these tests indicate the range within which
all variables associated with normal compaction procedures would fall, in-
cluding instrumenterror, variation in soil density, and operator error. Any
single factor, such as gage operation, would vary to a lesser degree than
shown for the overall operation. No significant difference was found inthe |
performance of different gages (Nos, 1, 3, -and 4) during this evaluation, '
The Figure 32 histogram shows the distribution of test-by-test differences

between nuclear and Rainhart results, expressed in terms of percent of

compaction., Each bar represents the number of comparative tests having

differences-falling within the range shown on the abscissa. The average

difference between the two methods was found to be about 1.4 percent of -
compaction, with a standard deviation of + 4,8 percent. .

No attempt was made tocorrelate individual Rainhart aﬂd nuclear teslt

values because previous work (2) had clearly indicated that such data are
too scattered for usable results. Both methods have proved satisfactory.
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Figure 32. Distribution of test differencesbetween nuclear and con-
ventional tests, expressed in terms of percent compaction.

for measuring density and, under controlled laboratory conditions, yield
ausable correlation. Due to variables inboth methods, however, fleld test
results cannot be correlated on a practical basis,

On an overall average of the 76 tests, the nuclear method measured
about 1.4 percent lower density {onthe conservative side) than did the Rain-
hart. The two methods agreed on the rejection or acceptance of 67 out of
the 76 tests compared. In general, check tests with the Rainhart method
indicated the job tobe under satisfactorv density control when using the nu-
clear gage.

Statistical Control

-One objective of this research project was to study the applicability of
statistical procedures for controlling field compaction. The US 127 con-
struction project permitted exploration of the feasibility of such methods
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under ordinary field conditions. Due to the typically diverse operations at
the embankment stage of construction, the statistical approach could be
introduced with less confusion to other, more continuous operations, such
as placement of the sand subbase and selected subbase.

A statistical control procedure was planned for all ‘de‘risity tests of sand
and aggregate placements. Shortly after constructionbegan, however, other
duties prevented density inspectors from obtaining more data than were
required for normal compaction control. For this reason, they abandoned
statistical control procedures but continued using nuclear equipment for
sand and selected subbases inthe manner normally used for regular density
inspection, *

In order that the conceptof density control by statistical methods would
be studied, the Research Laboratory undertook this phase of the project.
The regular project density inspectorsperformed tests at locations selected
according to conventional testing methods using the nuclear equipment and
controlling the job from their results. Statistical testing procedures were
conducted by Laboratory personnel in areas previously tested by the reg-
ular inspectors. This permitted comparison of the results obtained by the
two inspection methods, both utilizing the nuclear gages.

The statistical procedure consisted of selecting test locations atrandom,
along with control chart analysis of the test data. A 2,000-ft section of
roadway was subdivided intofive 400~ft blocks. The section and block widths
covered the full width of the material as placed on the roadway--28 ft for
selected subbase and about 42 fi for sand subbase. Two 400-ft blockswere
selected at random for testing. The 400-ft blocks were further subdivided
into eight equal areas, each a half-roadway in width by 100 ft long. - Four
100-ft test areas were then randomly selected from each of the two blocks,
One nuclear density and moisture test was performed in each of the eight
selected areas. Figure 33 shows a typical test section, locations of tests
performed by inspectors for construction control, and locations of the eight
randomly selected tests, In this study, there were twelvetest sections for
selected subbase and four for sand subbase, each 2, 000 ft long.

For regular density control inspection, test sites are chosenaccording
to the judgment of the project engineer or the density inspector witha
minimum of one density test for each 3, 000 cu yd of subbase or selected
subbase material., Toobtainproper compaction control, however, pro-
ject engineers usually require more frequent testing thanthis. At least
one test for each 250 ft was made for this project. .
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Results of both random selectionand job control methods of density site
selection are shown in Figure 34, These data include all tests performed
within the selected 2, 000-ft test sections of sand and selected subbase.
Those data obtainedas partof the regular control procedures are designated
'"Regular Control" in the histograms, and those obtained by the random
method, "Statistical Control." The statistical control samples, inall cases,
were obtained several hours after the regular control tests, Values ob-
tained after low densities were brought up to passing by additional com-
paction are not included in the data shown in Figure 34.

In general, results are similar for hoth methods of sampling, with the
average compaction value about 97 percent in both cases. However, data
doindicate thatmore values below specification requirements were revealed
by the random sampling method, particularly in sand areas. Some of these
could be due to loss of moisture (and density) during the time between job
control festing and random gample festing.

RANDOMLY SELECTED

TEST BLOCKS
850 654 856 82 666 870

7%/

I %_/

L——400L—ﬂ

[« ]

‘\

\

NN
NRR

o

2000’

© RANDOMLY SELECTED TEST SITES
X REGULAR DENSITY TEST SITES

Figure 33. Typical testsectionfor statistical control methods.

Discussion

During this project the nuclear gage method proved suitable for con-
trolling the compaction of a major construction operation. This was indi-
cated by the favorable reaction of the project engineer totheuse of the gage,
check tests with the Rainhart device, and the general performance of the
nuclear equipment. The nuclear method could be performed in less time
than was required for conventional testing procedures and its simplicity of
operation reduced operator fatigue.
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Other than malfunction of the gages, which necessitated frequent repair
or replacenment, the nuclear method offered no procedural problems during
field use. Storage and safely requirements were added problems but of-
fered no particular difficulties.

Random sampling methods, associated with statistical control testing,
appear to be adaptable to compaction control method, No significantadvan-
tage by their use was noted during this job, however and, under some con-
ditions, it was found that randomly selected {est sites should be supplemen-
ted by additional sites selected by the density inspector.

Based on this project, the Department decided to continue use of the
nuclear method on a selected number of projects, using methods and pro-
cedures developed during the US 127 study. Due to the age and possible
electronic obsolescence of certain parts of the Michigan gage it was decided
to order new, commercially available, equipment for future work, Five
such gages were purchased and placed inthe field during the 1967 construc-
tion season,
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Figure 35.
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Figure 36. Arrangement of nuclear portion of Ratemeter gage.
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SPECIAL STUDIES

During the field and laboratory testing of the basic nuclear gage meth-
ods, special studies of various phases of the gage system were made, Some
of these were not productive in so far as their adaptation to our program
was concerned but are reported as a matter of record and to be of possihle
use to others working in this area,

Single Unit Ratemeter Gage

Early in this testing program it was felt that a single-unit ratemeter
type nuclear gage would simplify and speedup operations as compared with
the decade scaler readout types in common use. Such a device would pro-
vide a direct indication of the nuclear value and, by being enfirely housed
in a single self-contained unit, eliminate the need for troublesome cable
connections between the gage and scaler, which are often the cause of mal-
function,

Several mock-up gages, using parts available in the Laboratory, in-
dicated that a ratemeter type gapge was feasible so a finished model was
constructed. The possibilities of a commercial ratemeter gage were dis-
cussed with several gage manufacturers but they did not appear to be too
enthusiastic,

The finished gage measures 18 by 8 by 7 inches and weighs about 35
pounds (Fig. 35}). Details of the nuclear source and pickup tubes, located
in the base of the unit, are shown in Figure 36. An exploded view of the
entire gage is shown in Figure 37, Other than the readout method and the
consolidation of the parts into a single unit, the gage operates on the same
principles as does the Michigan gage.

In this instrument the moisture or density counts areindicated directly
by a dial rather than by the decade scaler counts. Because nuclear radia-
tion is not a constant emission from its source, theré are fluctuations in
the dial readings when obtained on an instantaneous basis. The normal
decade tube readings, expressed in counts per unit of time, pive the average
count rate over a selected period of time. Byusingdifferent {ime constants,
or otherwise dampening dial response, fluctuations of the ratemeter dial
can be reduced, This, however, reduces the accuracy of the gageas com~
pared with the decade tube readout method, Even with reduced accuracy
the ratemeter might be useful for rapid spot checking of dengities in areas
not covered by more precise tests. This was the planned use of the device,
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The ratemetler gage was calibrated in the laboratory using standard
test samples. Figure 38 shows a typical laboratory density calibration
curve obtained during the tests. The stability and repeatability of the gage
were checked through detailed tests on standard blocks during which the
operation proved satigfactory.

The gage was used experimentally in the field during the US 127 job,
when approximately 125 measurements were made, The insirumeni proved
to be rugged enough for field use but the fluctuation of the indicator dial
made consistant readings difficult for density operators to obtain. Some
count rate drift was noted during daily operation, making frequent checks
on the standards necessary. These problems caused variations inindividual
readings toohigh for even the spot checkuse for which the gage was intended.

Figure 39 shows the variation from their average of 22 individual rate~
meter readings for each test condition. These data are plotted as an ac-
cumulation curve of the percentage of tests in which the variation is less
than the amount shown. Although variations, at the 95 percent value, are
within reasonfor the lahoratory tests, using calibration standards, thefield
variations are much too high for practical use.

Should future work with this pagebe undertaken it is planned toincrease
the source countrate inorder to reduce fluctuation in the readout indicator,
carefully establish and fix the voltage plateau in the laboratory and calibrate
the equipment using laboratory counters for determining pulse rates asso-
ciated with the dial indicator readings.

Comparison of Backscatter and Direct Transmission Methods

During the US 127 job a supplemental study was made to evaluate the
performance of the Troxler gage whenused as a direct transmission device
(with the probe extended toa 5 in. depth) and as a backscatter gagewith the
source retracted. It hasbeen determined by the Departiment that the direct
transmission was foo time consuming, as compared with the backscatter
method, for consideration as the final method to be adopted for field use.
However, more detailed information concerning the two methods was de~
sired.

The random sampling sections usedinthe statistical control studvwere
used for the comparison tests. Twenty readings with each type operation
were made on several selected sectionsand check Rainhart tests were run
for each test, All of the sections were of compacted 22A aggregate which
had been accepted as adequately compacted.
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Figure 38. Laboratory calibration of Ratemeter gage.
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Some malfunction of the equipment occurred during the study but six
sections were adequately tested, The results showed that neither bhaclk-
scatter nor direct transmission counts could be significantly correlated with
Rainhart results, both being worse than the Michigan gage in this respect,
and neither better than the other,

A further comparison was made between variations of gage readings
from their average for each section (Fig. 40}, These results show less
variation inthe direct transmission method. Part of these differences are
probably due to poor seating of the backscatter gage. No special surface
preparation was used in these tests., Tigure 41 shows comparable varia-
tions for the testsections obtained with the Rainhart method. These curves
are quite similar toprevious field data obtained with the Rainhart ongravel
surfaces (Fig. 20) and explain why correlation between different test meth-
ods is so difficult. The poor results obtained with the backscatter method,
asused, emphasizes the need for careful surface preparatlon prior toseat-
ing the gage on the surface to be measured,

.- Both gage methods performed satisfactorily when used on laboratory
standards and gave well defined calibration curves.

Comparison of Direct Reading and Count Ratio Methods

Throughout Michigan's studies of nuclear gage operations, all gage
readings have been handled as direct readings, Several manufacturers of
gages, however, express their readings by the count ratio method in which
each test reading is compared with thatof a standard and the ratio used as
the readout value, Among other things this tends to minimize the effect of
"drift" in gage readings due to voltage change, background count change or
other factors.

Supplemental tests were made prior to field use of the Michigan gage
tosee if results could be improved by using the count ratio method for cor-
relating and presenting test results, Figure 42 shows the results of a series
of tests conducted over a several weeks period inthe laboratory, indicating
that the direct method of presenting results is equally as good as the count
ratio method. Being the easier to use of the two methods, the direct read-
ing procedures were continued in the field work.
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Figure 42, Comparison of direct and count ratio readout.

Gage Calibration Standards

During the course of this study it was found that the box samples of
soil, sand, and gravel were not satisfactory as permanent laboratory cal-
ibration standards over a long period of time. For this reason, more per-
manent standards of soil-cement were made at densities varying from 102
to 138 pounds per cubic foot. ¥or a higher density, a granite hlock was
used. These samples were constructed to handle both the probe(direct
transmission gage)and the backscatter type units., The overall dimensions
of the samples were 21 in, by 21 in, by 8 in. deep. Figure 43 shows the
boxes as stored and as used with a gage during calibration, Another pur-
pose of these permanent test blockswas their use at various moisture con~
tents to study the effect, if any, of moisture variation on the density read-
ings of samples at the same wet density., With these blocks, moisture con-
tents can be varied without changing the dry density or altering the samples.
Studies of the moisture effect ondensity were not begununder this project.
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The calibration blocks were designed to offer a means of calibrating
any type commercial gage that might be acquired by the Depariment.

Recording Readout

During the nuclear gape studies considerable thought has been given to
the posgibility of using a recording type of ratemeter for expressing count
rates, Such a method appears tobe practical and its use couid simplify ap-
plication of the nuclear method to field uses. By proper controlof the time
constant, normal variations encountered duetosource output changes could
be dampened, and the recording adjusted toshow only the desired values of
density or moisture content,

8 7
g
. le— GRAVEL —#+— CONCRETE CONCRETE GRAVEL—|
imgas N
5
A4
—TIME CONSTANT =05 SEC.—#la——TIME CONSTANT=2.0 SEC.—*
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7
6 J‘ﬁw_ﬂﬁkhn»\f—vhnmnj o :
o ¥ ¥ ~
| Mgl L
5 il
I-mCOLORLI%TH—"—fONCRETE]——"*—WiCOLORLlT? CONCRETIE—'
4

Figure 44, Strip chart recording of nuclear density values, with
gage stationary (paper speed: 3/4 in. per min.).

Figure 44 shows a typical strip chart obtained by using two different
time constants when measuring the different densities of three laboratory
calibration samples. The sensitivity of the gage and recorder to density
change is apparent. This method has been used during laboratory studies
as a control chart torecord continuous performance of the gage over agiven
time period.
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The Lane-Wells Co, of Houston, Texas, has developeda "Road Logger"
which uses the strip chart method for recording continuous density’ and
moisture values as mobile equipment advances over the areabeing tested (6).
A demonstration of this equipment for the Department was quite impressive.
It maybe possible to constructa small-scale portable model of this type of
equipment, by means of which continuous or stationary gage readings could
be obtained by direct recording., Such procedures would require a careful
study of optimum source sizes and air-pap dlmensmns between the gage
source and the surface to be tested.

Terminal Density Determination-

During field evaluation of the nuclear gage a different concept for using
the equipment was studied (2). In this work the gage readout values were
used not to supply a specific density valuebut to determine the nuclear read-
ings yielding 2 maximum density for the compaction equipment used. Fig-
ure 45 shows a typical relationship between nuclear count rates and the
number of passes of compaction equipment. In such tests the gage was

8000

o]

i\
\

8000 \

X'°
8]

7500

NUCLEAR DENSITY COUNTS PER MINUTE

7000

0 - 2 3 4 5 8 7 8 Q? 10

NUMBER OF COMPACTOR PASSES

Figure 45. Effect of field compaction on nuclear gage count rates.
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read in the same location after successive passes of the compactors, For
the equipment used, the level portion of the curve indicates the maximum
density attainable under the conditions of test. Using this method there
would be no need for calibration curves or use of standards (other than for
spot checking gage performance) because the results are relative. The
terminal density measurement method should be particularily useful inareas
of processed materials or uniform sand where only small variations in de-
sipn density are to be, expected, or for indicating the compaction level to
which areas should be brought to equate those of previously compacted
areas, The ratemeter type page could be useful in sucha scheme of com-
paction control,

Radioactive Sources

One of the primary experimental studies proposed was an investiga-
tiontodetermine the most suitable source necessary for use in the moisture
and density ranges encountered in highway embankiment construction., A
second objectivewas to determine, if possible, a geometrical arrangement
of source, detector, and shielding which would result in a2 gage less sen-
sitive to surface irregularities. It was felt that some particular range of
gamma ray energies and direction of emergence from the soil would be
critical factors dictating this required geometry. Thetwo objectives, ideal
source determination and geometric arrangement, were thus thought to be
interrelated through the gamma energy requirement,

The first laboratory experiment in thisarea wasa study of gamma ray
backscatter characteristics of a radium-beryllium scurce as used in the
Michigangage. Inperforming this experiment a5 millicurie Ra~Be source,
scintillation detector, and shielding material were placed onthe surface of
a soil sample in a geometric arrangement similar to that of the Michigan
gage (Fig, 46), The soilwas awell graded gravel (MDSH Specification 22A)
compacted to 127 pef, The scintillation detector was connected to a sinple-
channel radiation analyzer, permitting the operator to selectively countonly
gammarays within a narrow range of energies. Noangular collimation was
attempted in this experiment. The selected range, commonly called a win-
dow, was set ata .05 Mev (million electronvolt) spanthroughout the exper-
iment, After one window was counted, say from .95 to 1,00 Mev, the op-
erator advanced the analyzer to count all gamma rays in the next energy
window, 1,00 to 1.05 Mev, and so on until the entire spectrum was ob-
tained (Fig. 47).

To be independent of soil composition gamma ray energies in the 0.1
to 2.5 Mev range should be utilized, Figure 47 shows a large portion of
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the pammas to be inthe lower energy ranges, indicating that gage readings
might be affected by variations in soil compogition,

A second experiment of this nature was conducted using both radium
and cesium sources of gamma radiation, This second experiment was per-
formed in such manner that angular emergence, as well as energy distri-
bution, of thebackscattered gamma rays was studied. Radioactive sources,
10 microcuries in strength, were used in order topermit tests tobe safely
performed withoutinterference of lead shielding, Asinthefirst experiment
ascintillation detector, radioactive analyzer (pulse heightanalyzer) scaler,
and source comprised the laboratory equipment. These components were
arranged as shown in Figure 48, Two materialg, granite (165 pef) and con-
crete (150 pef) were used as samples to provide a measure of density in-
fluence. The spectra from each source was observed as in the first exper-
iment, for three different angles of emergence 0, 30, and 60 degrees from
the normal. Plotted spectra showing results of this experiment, Figures
49 and 590, indicate that an angle of 60 degrees from the normal provides a
congistent and substantial increase (shaded area) intotal gammas detected
in the energy range of from .12 Mev to .6 Mev, Although this effect is
more pronounced for cesium than for radium the angle of 60 degrees seems
to be worthy of careful consideration in future gage designs.

Ag a result of these two experiments it seems that either radium or
cesium sources could be used if the detector were collimated at the: 60
degree emergence angle. Collimation, therefore, seems to be more im~
portant than source type, thus allowing source type selection to be based
on practical considerations, such ag licensing and half-life. It remains for
future study by gage suppliers to determine whether or not the collimation
of the higher energy emerging gamma rays are legs effected by the soil
surface layer than the widely scattered gammas detected by the current
gages employing Ge1ger~Mueller detection tubes.
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FIELD USE OF COMMERCIAL GAGES

As aresult of the successful use of the Michigan nuclear gage for con-
trolling compaction under typical field conditions (US 127) the Department
decided to expand the use of the nuclear method to include "additional con-
struction projects., There were still considerable reservations as to the
ultimate extent of using the nuclear method so it was decided to proceed
glowly until more field experiencewas gained. Further, in order tosuper-

- sede a well tested and operating system, a new method must ' pay its way"

in either superior performance or in economy

One problem on the US 127 job was the large amount of down time due
to malfunction of the nuclear equipment, At that time the Michigan gages,
although constantly maintained and modified, were more than 10 years old
and in some respects electronically obsolete. Commercial producers con~
tinually reminded us of newer and more suitable equipment. It was decided,
therefore, to conduct all additional nuclear gage work with new, commer-
cially available equlpment

Selection of Equipment

The selection of the type and manufacture of nuclear gages to be used
was left primarily to the Research Laboratory., During the develOpment
period of the Michigan gage several manufacturers placed there own gages
on the market while other researchers developed prototype equ1pment In
addition to its own work the Research Laboratory kept abreast of these
other developments by directevaluation of several commercial instruments,
correspondence and visits with other researchers in thls fleld and through
literature review. . As a result of these activities it was apparent that all
available gages and most of the experimental gages’ operated on similar
radiation scattering principles and that there was little to. ¢hoose between
them'in so far as comparative test results were concerned The only ex-

-ceptions. were those gages using gamma ray enérgy- select1v1ty techniques

for densﬂ:y measurements (6, 7),and these were e1ther not in production
or- 1mpractlcal for our immediate evaluation neeéds.

Most of the gage manufacturers had their own ideas of how to build
equipment and, at least during most of our studies, did not appear too inter-
ested in changing them. One company, however, the Seaman-Nuclear Corp
of Milwaukee, Wisconsin was quite interested in our specific gage require-
ments and set out to constructa gage accordingly, The result wasa single
unit, containing all elements of the moisture and density requirements plus
readout methods in both scaler and ratemeter form, Thus in one compact
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unitwere contained the combination gage, the ratemeter gage, and readouts
requiring no cable connections; all features that were objectives of our own
program. Inaddition the gage was equipped to utilize the air-gap (8) method
recently discovered and thought to eliminate variations in gage readings
caused by differences in materials and to possibly reduce variations due to
poor seating of the equipment. . This gage (Model 75) and its supplemental
equipment (standard, surface preparation form, and backscatter frame) are
shown in Figure 51. The gage is a one piece, self-contained instrument
measuring 8 in. by 12 in, by 12 in, and weighing 45 pounds. The radio-
active source is 4.5 millicuries of radium-beryllium. The scaler readout
is given in only three digits rather than the five used in other gages.

Figure 51. Seaman Nuclear single unit gage.

A Seamangage was rented and compared withthe Troxler gages avail-
able inour laboratory by means of: laboratory and field calibration, deter-
mination of the effects of surface roughness; and stability studies using
repeatability tests on laboratory standards of known density and hydrogen
content. Results of these tests indicated about equal performance witheach
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gage. In aneffort to minimize surface roughness effects-~one of the prin-
cipal causes of poor performance of the gage--the direct transmission
(probe)option of the Troxler methodwas includedin the study. This method
did not significantly minimize the effects of surface roughness and con-
tinued to be difficult and time consuming to perform. '

Because no significant difference wag found between the performance
of the Troxler and Seaman gages, the selection was based onother factors,
The Seaman gage was chosen as being nearest to that meeting the Depart-
ment's needs and ideas concerning the design and function of a nuclear gage,
In addition, the proximity of factory service would possibly reduce mainten-
ance problems, TFive new gages were purchased for use on several con-
struction projects.

It was felt that, with the acquisition of these gages, the Department's
work in developing new gages should be discontinued. Instead, effort would
be placed on improving field methods for using commercial equipment.

Preliminary Evaluation

In order to evaluate the performance of the gages prior toplacing them
in the field, laboratory and field check tests were made by Research Lab-
oratory personnel, Of primary concern was a study of the air-gap method
to determine its value and suitability for field operations and to check
whether the air-gap method, requiring two readings per test, offered sig-
nificantly better results than those obtained by the single contact reading.
One advantage claimed for the air-gap method was the elimination of the
effect of different material composition on nuclear readings., Although it
had not been felt that this was a problem in our test work so far, it was
realized that constant adjustment and calibration of the instruments had
minimized the possible effects of material difference.

The laboratory test blocks used were made of soil-cement but included
with these was a granite sample, whose densgity value had not always fallen
on the laboratory standard calibration curve. To check if this condition
could be improved by use of the air~gap method, control tests were set up
using the Troxler and Seaman gages inboth the contact (flush) position and
the air-gap ratio determination. Figures 52 and 53 show results of these
tests. With the Troxler gage the granite block fell well off of the normal
calibration curve for both conditions of test, showing no improvement when
the air-gap method was used. It should be noted that this particular model
of Troxler gage had not been specifically designed for air-gap use., The
optimum air-gap distance had been determined inour laboratory by a series
of tests to be 2-1/2 inches.
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With the Seaman gage the granite block and a Colorlith standard hoth
fell close to the calibration curve and the plots were about the same [or
each method of conducting the test. The contact and air-gap methods hoth
gave good overall calibration curves (I'ig. 53). :

Ag a further check of the air-gap against the contact techniques, an
analysis was made of laboratory and field data accumulated during eval~
uation of the Seaman gage in which the densities obtained by each method
were compared with laboratory box samples and with field Rainhart den-
gities. Under conirolled laboratory conditions (Fig, 54) there appeared to
be liftle difference between the air-gap and contact methods. Both gave
good correlation with laboratory standards, The field data, however, in
which individual nuclear dengity values were compared with individual Rain-
hart density values, though showing considerable scatter for both cases,
indicated a much better distribution around the line of equality for the air-
gap method (Fig. 55). Because of these results and the manufacturer's
recommendations, it was decided to use the air-gap method for construc-
tion control when the Seaman gages were placed in the field,

Field Evaluation

In general the field testing was handled in the same manner as for the
US 127 job, After preliminary check work by the Research Laboratory,
gages were assigned tofield density inspectors who incorporated them with
their routine density control facilities. Density inspectors were trained in
nuclear methods with emphasis on the use of the new air-gap techniques.
Calibration curves furnished by the manufacturer proved to be generally
applicable to the field materials encountered, although minor adjustments
were made from time totime. Asin previous work, however, a nomograph
type chart was prepared rather thana graph for the conversion of counts to
density (Fig. 56). With this chart it is necessary to obtain the contact and
air-gap readings, locate their valueson column "C" and "A, ' and connect
these points by a straightedge. The air-gap ratio and the wet density in
pounds per cubic foot can then be read directly at the straight line inter-
sections in column "R." The air-gap procedure is not used for moisture
determinations soa normal contact count chart was furnished for this pro-
cedure. A special form for recording the air-gap data was provided each
density inspector for his field use,

Figure 57 shows the result of numerous correlation tests made during

these studies to compare air-gap and Rainhart values obtained under field
conditions. As observed from previous work the field comparisons show
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considerable scatter and this is particularly true for the moisture meas-
urements. Some of this could be due to the relative small range of the
moisture content values. o

In order to check the possible effect of material composition on per-
formance of the air-gap method, a comparison was made between field cal-
ibration data and laboratory calibrations made on soil-cement and other
standard blocks. Fipure 58 shows that the average values ohtained for all
points used inthe laboratory tests fell within the standard deviation of field
calibration values and they closely followed the field calibration regression
line. This indicates that the air-gap method does permit the use of various
materials without variationinthe calibration curve. Previous contact back-
scatter methods showed a difference in the slope of the curve obtained by
field and laboratory correlations, Considering that only one test with the
nuclear gage was made per test area inthe project it would appear the air-
gap method gives a slightly better correlation with the Rainhart method than
does the normal backscatter technique, Considerable scatter between data
of the two methods is still apparent, however, and in this respect the use
of the air-gap technique and the newer equipment did not offer the improve-
ment expected over the older Michigan backscatter gages,

A matter of more concern, was the continued malfunction of equipment
which caused construction delays and lack of confidence in the equipment hy
field personnel. Several days were redquired for equipment repair or re-
placement,

The main problem whenusing the nuclear methodin the field, however,
continued to be that of obtaining a suitable contact between the gage and the
surface to he measured., Nuclear radiation backscatter amounts are par-
ticularly susceptible to the top layers of the scattering material, thatis, at
the surface or near the contact between the gage surface and the material
being irradiated. Although the effective zone of influence extends about 4 in.
deep, by far the larger percentage of this influence extends only a fraction
of an inch, TFigure 59 shows a plotof the response of various type nuclear
gages as a percent of that for their total depth of influence. These data
show that, for the portable gages, 90 percent or more of the gage influence
lies within the toptwo inches of the test area and over 60 percent inthe top
one inch. There is small wonder, therefore, that the gages are so sengitive
to surface irrepgularities and that surface preparations can lead to hiased
readings, This also emphasizes, further, why a correlation with a 5-in.
deep Rainhart test is not practical, The Roadlogger curve (6), included for
comparison, shows that the surface sensitivity can he overcome somewhat
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by the use of collimation and energy selectivity. This, however, requires
very large sources (in this case 430 mc), a size not practical for use in
portable gapges.
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Figure 59. Response of nuclear gages to depth of mate-
rial being tested.

It was hoped that the air-gap method would tend to minimize surface
effects but this does not appear to be the case. To check this more pos-
itively, laboratory tests were made, similar to those made with the Mich~
igan gage (Fig, 22), in which a series of Seaman gage air-gap values were
obtained, using laboratory test samples of different materials, both when
the gage was kept stationary during the tests and when it was moved about
on the sample between readings. Results of these tests (Fig. 60) show, as
did tests with the Michigan gage, that variations inindividual readingsfrom
their average were much greater when the gage was moved between read-
ings than when the gage remained stationary. If variations in readings are
due primarily to surface differences, it appears that the air-gap method
does not correct this.
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The combination of problems encountered during these field projects,
due to: 1) time required for preparing test surfaces (which, with the re~
cent introduction of the Speedy moisture tester for conventional moisture
determinations, made the nuclear method almost as time consuming as the

Rainhart), 2} malfunctions of equipment, and 3) the special safety handling '

required, raised serious doubts in the minds of density inspectors as to
the potential usefulness of the gage in the Deparitment's future compaction
control procedures.
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FURTHER STATISTICAL CONTROL STUDIES

Throughout this project statistical control procedures have heen used
to evaluate the performance of the gages and for designing sampling proce-
dures for compaction control methods. As described in this reporf, sta-
tistical control methods were designed and tested on the US 127 projectdur—
ing compaction of the subbase courses. Although normally assigned density
inspectors were unable to perform this non-routine work in connection with
their normal duties, personnel of the Research Laboratory performed check
tests which indicated that statistical procedures were practical and useful
for construction control, However, such procedures did not appear to offer
an advantage over normal control procedures when anear equal number of
tests were made by both methods.

Because one of the objectives of this project was the development of
statistical methods for applying nuclear testing to compaction control, fur-
ther studies in this area were made during the 1968 field testing with em-
phasis on the testing of subgrade materials.,

Testing Methods

In order to provide a basis for developing a statistical quality control
ingpection method, measurements of the average level of compaction and
variability in the degree of compaction were made on several construction
projects following guidelines established by the Bureau of Public Roads (8).
Briefly, these procedures require that duplicate samples or measurements
be obtained at 50 randomly selected locations on each of three construction
projects and that five duplicate samples in each of ten separate embank-
ments for the three projects be tested as construction progresses. The
location of the test or sampling sites within a section shall be selected using
the product of a random number anda dimension of the gection toprovide 2
coordinate dimension within the section, Three such coordinate dimensions
are required for the three-dimensional sampling plan recommended by the
Bureau's method. However, for this study, a two-dimensional scheme for
testing was used becauge the third dimension, referring to vertical location
by lifts, was not needed for testing sections of completed subgrade.

In this study subgrade sections were tested after construction had been
completed and accepted by usual Department inspection procedures, prior
to coverage witha granular subbase. Three freeway projects, constructed
to Interstate standards, near Detroit, Grand Rapids, and Lansing were
selected for the tests as being representative of major construction activity
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in Michigan. At these locations the subgrade materials consisted primarily
of clay or silty clay soils. A few supplemental tests were made on sand and
gravel areas,

Within each test section, selected by random sampling, five in-place
nuclear density and moigture tests and five design density tests (AASHO
T-99) were made. The in-place nuclear tests were performed in duplicate
. to provide a measure of testing error, Figure 61 shows the tests made in
a typical section. A total of 290 nuclear tests, 58 Rainhart tests, and 145
maximum unit weight tests (T-99) were made during this statistical study,
The length and width of the test areas varied with construction progress at
the time of testing but were approximately 1, 000 ft by 60 ft,

T 5O 40 lO
s* &
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20§
n O
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f [™-ORIGIN OF MEASUREMENTS
XL FT— o
LENGTH OF SECTION, L -

LEGEND:

O-DESIGN (T-99) & NUCLEAR TESTS PERFORMED
& - DESIGN (T-99), NUCLEAR & RAINHART TESTS PERFORMED
NOTES:

LENGTH AND WIDTH OF TEST SECTION DEPENDS ON CONSTRUCTION
PROGRESS AT TIME OF TESTING.

NUCLEAR TESTS PERFORMED IN DUPLICATE,

Figure 61. Typical test section for statistical samp-
ling.

Test Results

Information concerning the average degree and variability of compac-
tion derived from this study are summarized in Figure 62, The first pa-
rameter (row A) shows the average percent compaction for each of the three
projects to range between 94,0 and 94,7 percent of the design (T-99) den-
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sity for the nuclear measurements and 95,3 to 95.5 for the Rainhart meas-
urements. In the case of the nuclear tests, these values areslightly below
Michigan's minimum specification values of 95 percent. The difference
between these nuclear results and those obtained during the original accep-
tance testing could bhe due to: more detailed coverage during statistical
tests; comparison of field and maximum design density values ona test for
test basis: and to the fact that several days to a week or two elapsed be-
tween normal density acceptance tests and the statistical control studies.

. Project Numher
Test Item Nuclear Rainhart
HERE HNERE
A. Overall average percent compaction g4 o g3 91.7 95.9 95.5 05 3

for 10 sections

B. Standard deviation of the average
percent compaction for the 10 2.6 1.8 2,
individual seclions

4.8 4.2 1.7

ot

C. Average of the standard deviations
of individual test values within the
10 test sections (& Nuclear, 2 Rain-
hart per scction)

w
e~
[av]
o
L
-1
(==
[8.2]
2]
Lol

2,6

D, Average difference hetween duplicate
Nuclear Tests for the 10 sections - L5 0.7 1,2 come mmme oo
5 pairs cf duplicate tests per section

E. Standard deviation of the differences
between duplicate Nuclear Tests for L8 0.
the 10 sections - 5 pairs of duplicate
tests per section

o
=

[«

Figure 62, Summary of statistical sampling of field
projects (all values expressedas percent of maximum
design density).

The standard deviation of the section average for the 10 individual sec-
tiong, is shown in row B,

Variation inthe general level of compaction from section to section of
each project is shown as the standard deviation of individual values within
the test sections; five per section for nuclear iests and two per section for
the Rainhart test (row C).
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All five nuclear tests made in each section were performed in duplicate
and the comparison between the two used as a measure of the testing error
to be expected. The average differences between duplicate test results
(five pairs per section) and their standard deviations are shown in rows D
and K, Duplicate Rainhart tests were not made during this particular study.
All of thedata in I‘1gure 62 are presented as a percentage of design density
as determined by the T-99 tests made at each individual test site.

Figure 63 shows agraphmal presentation of the variation of the nuclear
and Rainhart tests within each test section summarized for all of the pro-
jects. This figure indicates that, within 95 percent of the tests, five indi-
vidual nuclear measurements within a compacted section varied up to as
much as 20 percent of the design density., Two Rainhart within the same
sections varied up to 11 percent of design density. These variations could
~ be due to testing variation or to differences in compaction within the area.

z 100 -
6% RAINHART S
= Q (2 TESTS PER P
2% %O secTion) 7
<w //
> D 60 - ‘-”-’

I - -
£ g ,f
=2 4ok ) NUCLEAR
z 40 ’ (5 TESTS PER
g e SECTION )
LLJ_)I — 20k //
T 9 s
w ’
o '-'_JI 0 " ] i | ] ] I 1 {
0 2 4 & 8 10 12 14 16 18 20 22

VARIATIONS OF TESTS WITHIN SECTIONS
IN PERCENT COMPACTION

I'igure 63, Variation in the range of nuclear and Rainhart tests
within the 30 test sections (expressed as percent compaction).

Thedata included in this statistical study could be used, along with ap-
propriately selected design tolerance limits, to establish an acceptance
sampling and festing plan based on statistical procedures should the De-
partment so desire. Although it was planned to use the nuclear method in
such operations, based on the hope that nuclear tests could be run much
more quickly than conventional methods, a statistical system of density
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control would be applicable to any testing method selected. The fact that
the nuclear gagéhas notcome up tothe Department's expectation will prob- -
ably delay consideration of the statistical density control methods until more
acceptable equipment is available,

Comparison of Duplicate Nuclear and Rainhart Tests

Asa matter of record, the test sites which were measured both by the
Troxler nuclear gage and the Rainhart method during this statistical study
were compared on a test for test bagis. Figure 64 shows, as in past re-
sults of similar comparisons, that correlation hetween field Rainhart den-
gities and nuclear count rates, is poor. Figure 65 shows the scatter ob-
tained when the two test methods are compared on an individual wet den-
sity basis,
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RECOMMENDATIONS AND CONCLUSIONS

This study, along with others conducted by the Michigan Department
of State Highwayvs, indicate that the basic principles of the nuclear gage
method of compaction control are sound and, under carefully controlled
conditions, applicable to the measurement of soil moisture and density of
highway construction projects. However, there are certain faults in the
nuclear equipment, and its normal method of application, that have caused
the Department to reject this method of compaction control in favor of the
conventional Rainhart method currently used. The Department's decision
in this matter was based on. the following primary congiderations:

a) Thenuclear gage, if used ona properly prepared surface, requires
almost as much time per fest as does the conventional method, now that the
Speedy Moisture Meter is used to measure moisture content for the con-
ventional method.

b} The nuclear gageis much too sensitive to the surface and near sur~
face layers of the materials being tested. Approximately 75 percent of the
gage response reflects conditions in only the top inch or so of the desired
test volume,

¢) Maintenance and repair costs required to keep the nuclear equip-
ment in proper operating condition were high, and delays to consiruction
schedules serious. Even storage seemed tohave an adverse effect ongage
performance and this, plus high cost per unit, often negated the value of a
backup gage.

d) Highinitial and operating costs of the nuclear equipment were fur-
ther compounded by administrative costs required for safety regulations
(film badge use, wipe testing of sources, radiation checks), conducting nu-
clear density training schools for new inspectors in this field, and the use
of special handling and regulations concerning storage and transportation of
radioactive sources. |

e) The Department has an efficient and workable system of density
control that has served gatisfactorily over a number of years. In order to
supersede thig well organized operation a new method would have to be sub-
stantially better and able to pay its own way either inefficiency or economy,
Bo far the nuclear gage method has not met these requirements or other-
wise justified its high initial and continuing operating costs.
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Specific conclusions concerning the nuclear gage operation developed
during this study are:

1) All of the nuclear gages tested, both commercial models and the
Michigan gages, performed in about the same manner, TFor specific tests,
the air-gap method, using the Seaman gage, offered some improvement and
better correlation between field and laboratory results were obtained with
this method, Field tests, made by field density inspectors, showed little
difference between the air-gap method and the flush-type measurements,

2) A singleunit gage, requiring no cable connections between the gage
and readout scaler was the most convenient equipment for field use.

3) ‘With the exception of special safety checks and precautions re-
quired for its use, the nuclear method of compaction control can fit into
Michigan's system of density control. Methods for doing this were devel-
oped and evaluated during this study.

4) Positive calibrationof the nuclear equipmentis aproblem, Factory
calibration curves furnished with each instrument should be checked against
laboratory standards and be modified to fit field conditions when necessary.

5) Under carefully controlled laboratory conditions, the wet densities
of different soil mixtures could be measured with an accuracy of about + 3.4
pef by the Rainhart method and about + 5.4 pef by the nuclear method at the
95 percent confidence level, when averaging several tests for each con-
dition, For these tests the laboratory standards used were of known den-
sities.

6) Under field testconditions, where nuclear densities were compared
with the conventional Rainhart values at the same locations, no usable cor-
relation between the two could be obtained using single values for each test
comparison, When the averages of three Rainhart tests were compared
with theaverages of four nuclear tests (thegage being revolved 90 degrees
between tests) the wet density values correlated within + 8.4 pef at the 95
percent confidence level for non-gravel soils.

7) By statistical studies of replicate tests made on controlled com-
paction areas in the laboratory and field, it was established that both the
nuclear and the Rainhart tests were subject to considerable variation, This,
inaddition to the difference in volume and depth of the material being meas-
ured by each method, shows why comparison between individual tests of the
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two methods were so erratic. Compared onan overall job basis, however,
resulis obtained by the nuclear and Rainhart methods of compaction control
checked reasonably well, ‘

8} Probably the most difficult problem encountered with the nuclear
method was obtaining proper seating of the gage onthe surface of the mate-~
rial being measured. The use of sand dressings and special shaping of the
test area surface resulted in improved nuclear readings but took almostas
niuch time and effort as required for the Rainhart test. Furthermore,
changing the surface material could seriously affect gage readings because
of the greater influence exerted on nuclear radiations by material nearest
the surface. Inmostcases where sand dressings wereused new calibration
curves were necessary,

9) Using the direct transmission type of gage operation, in which a
probe is used to place the radioactive source at a given depth within the
material being tested, increased the time required per test and added-little
to the accuracy of the results,

10) Ingeneral, moisture content measurements with all of the nuclear
gages were satisfactory and there was noproblem obtaining apositive check
of accuracy for this phase of the nuclear method. Use of the Speedy Mois-
ture Meter, however, has accelerated moisture determination tests by the
Department so that this phase of compaction control is no longer much of
a prohlem, )

11} The use of a singleunit ratemeter type readout gage, as developed
by the Department, appeared promising but needs considerable refinement
before being satisfactory for normal construction use. An improved rate-
meter system is included with the Seaman gage, Use of such measurements
would not fit readily into the Department's present system of compaction
control but would be applicable to spot checking areas in statistical control
procedures,

12} Random sampling methods can be used for successfully controlling
field compaction of highway foundations. Such procedures would require
more tests than are now normally made. Although such methods are ap-
plicable to any form of compaction control it was hoped that, by means of
the nuclear gage, the additional tests could be made with no increase in
testing load, This does not appear possible in the immediate future. Where
an equal number of tests are made per unit area, present methods appear
to be as goodas the statistical. Theuse of random sampling, supplemented
by judgement tests onthe part of the density inspector, should however, lead
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toan improved evaluation of the overall compaction of agiven job, To fully
utilize the potential of such methods it would be necessary, eventually, to
develop compatible design tolerance limits.

13} Should nuclear test equipment, through development and price re-
duction, again appear interesting tothe Depariment, it is believed that this
study provides a good basis for understanding and evaluating the potential
ugefulness of such equipment and that at such time, new methods of use

could be exploited. For example, the "terminal count rate method" (pages.

64 and 65) of using the gage should he given serious consideration for the
compaction control of specification aggregates and uniform sands. This

method is simple and eliminates the need for specific calibration of the

instrument, Alsodeservingof considerations would he use of the ratemeter
type readout for rapidly spot checkingareas between more carefully meas-
ured control points,

14) Any future purchase of nuclear equipment for compaction control
by the Department should be done on the basis of specification standards
controlling responsibilities of the supplier and the performance of the equip-
ment,

The opinions, findings, and conclusions expressed in this publication are
those of the author and not necessarily those of the Bureau of Public Roads.

~90- -

i

T
fars ot
i

ittt




REFERENCLES

i, Pocock, B, W., Smith, L, W., Schwartje, W, H,, and Hanna,
R. E., "The Michigan Combination Density-Moisture Gage for Soils,"
Michigan Departmentof State Highways Research Report No, R-311, March
1959,

2, Mainfort, R. C,, and DeFoe, J, H,, "Field and Laboratory Lval-
uation of the Michigan Nuclear Gage.'' Michigan Department of State High-
ways Research Report No. R-358, August 1961,

3. Mainfort, R, C,, and DeFoe, J, H,, "Further Development of the
Michipgan Nuclear Gage." Michigan Department of State Highways Research
Report No, R-494, January 1965,

4, DeFoe, J, H,, "Comparison Test of the Michigan and Test Lab
Nuclear Density Gages.' Michigan Department of State Highways Research
Report No, P-87, June 1962,

5, DeFoe, J, H., and Mainfort, R, C,, "Compaction Control of a
Major Construction Project with the Michigan Nuclear Gage.' Michigan
Department of State Highways Research Report No, R-592, November 1966,

6. Culley, R. W., "Evaluation of a Continuous-Logging Nuclear Mois-
ture-Density Measurement System,'' Technical Report 5. Saskatchewan
Department of Highways, Regina, Sask. Canada, March 1967.

7. Coffman, B. S., and Pool, M, L,, "Development of a Nuclear De-
vice for Moisture and Density Measurements on Soils." The Ohio State
University Report No, 200-1, December 1962.

8. Rostron, J. P,, Schwartz, A, E,, and Brown, F., B,, "Air-Gap
Procedure for the Measurement of Surface Densify by Gamma Ray Back-
scatter Technique, " Highway RegsearchBoard Circular No, 44, August 1966,

9. "The Statistical Approach to Quality Control of Highway Construc-
tion, " U, S, Departmentof Commerce, Bureau of Public Roads, Chapter 7,
April 1965,





