Some Refinements in Measurement of Surface

Density by Gamma Ray Absorption

W.N. CAREY, JR., Chief Engineer for Research, and
JOHN F. REYNOLDS, Civil Engineer, Highway Research Board—AASHO Road Test

The AASHO Road Test system of nuclear density determination is
described, with emphasis on the sources of error that have been
isolated and in some cases eliminated. Some of the important con-
siderations in the design of nuclear surface gages are discussed,
as well as calibration techniques, licensing, health precautions,
and cost. An appendix is included in which the principles involved
in nuclear determination of density are set forth in non-technical
language.

It is concluded that the system can be used effectively in control
of construction compaction control.

@ THE SUCCESS of the AASHO Road Test project rests to a large degree on the uni-
formity achieved in the construction of the test pavements. Thus, every effort has
been directed toward securing a high degree of uniformity in the thickness, composition
and condition of the various components of the test section.

In the construction of the selected soil embankments the uniformity of compaction
of each 4-in. layer was checked by testing undisturbed specimens of the material ob-
tained by means of driven sampling tubes, a method that proved highly satisfactory
from the standpoints of accuracy and production. However, since neither this nor any
other conventional method was considered satisfactory for density determinations of
granular materials, a rather comprehensive investigation has been undertaken by the
project staff to explore the nuclear system for density determmatlon

In the past few years there have been many references' dealing with the utilization
of certain principles from nuclear radiation physics in the determination of moisture
content and density of soils and other materials. Although the results of these studies
have been somewhat discouraging, it was felt that some additional work by the project
staff would be justified. This report presents and discusses the results of this work.

In the initial phases of the study it became apparent that to carry on such an inves-
tigation effectively an understanding of the physics involved was desirable. It was
soon learned that the process is extremely complicated and that some of the interac-
tions and reactions are not fully understood. Nevertheless, engineers who may use
nuclear density equipment should have some understanding of the principles behind it,
and for this reason an attempt is made in the Appendix to explain some of the assoc1-
ated fundamentals in non-technical language.

The initial efforts were guided and encouraged by one of the pioneers of the nuclear
moisture-density field, Paul Carlton, of the Corps of Engineers' Ohio River Division
Laboratories, who spent several days at the project demonstrating his equipment and
discussing the principles with the Road Test staff. Additional counsel and assistance
have been given freely by John Kuranz, President, and Phil Shevick, Engineer, of
Nuclear Chicago Corporation. This company has done considerable fundamental de-
velopment work in this field and has recently placed commercial models of density and
moisture determining equipment on the market.

Upon the advice of these gentlemen, a decision was made at the outset to use Cs'*’
© as a gamma ray source material. It is readily available, reasonably priced, has a
long half-life (Appendix, Fig. 9), and gamma ray energy at a level appropriate for a
surface gage. Higher energy sources, such as Co®°, require relatively thick (and
heavy) lead shields and their gamma rays ''penetrate" to a greater depth in the soil.

LA comprehensive list of references prepared by Nuclear Chicago Corporation is re-
produced by permission at the end of this report.
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For control of construction, Road Test engineers were primarily mterested in density
of a relatively thin layer (4 to 6 in.) of s011 or base material, and Cs™ is well suited
for use to this depth. A quantity of Cs® " equivalent to 3.5 mc was selected for the
source, inasmuch as that quantity produced a suitable counting rate while permitting
use of relatively thin lead shielding over the source for the protection of operating
personnel. It was believed that an optimum surface gage should count at a rate of
about 300 to 400 counts per second on a soil of about 120-pcf density.

The first Road Test surface gage designs used alcohol-quenched Geiger-Muller
tubes®. These tubes are sensitive and reliable, but because the alcohol is used up in
the 1on1zat10n process their life is limited. Another type of counter tube is quenched
with halogen

The staff experimented later with the halogen-quenched neon-filled tubes. (There
are many G-M tubes suitable for surface gages; the experience reported here is repre-
sentative of only two types.) Some comparisons of the two types based on the tests
mentioned are as follows:

Item Quenching
Halogen Alcohol
Tube life . Unlimited 3.5 x 10" counts @
Relative counting rate ) 1 6
Relative slope of plateau Steep Flat
Relative ambient temperature sensitivity Low High
Relative pulse height High Low

2 With cable capacity of approximately 1,000 pufd.

The counting efficiency of the alcohol tube apparently varied with its age (total count
history). This made necessary frequent calibrations (at least daily in practice). Be-
cause this effect was not present in the halogen tube, tube replacement was unneces-
sary, and the temperature sensitivity and pulse height characteristics were favorable,
it was finally decided to use the halogen tubes, even though the loss of efficiency
(counting rate ratio of 1 to 6 as compared with the alcohol tube) meant that much more
counting time was required to attain equivalent estimates of mean rate of count. How-
ever, by using two or more counting tubes in parallel in a single surface gage this
handicap was partly overcome.

Using a source of 3.5 mc of Cs™” and halogen-quenched neon-filled counter tubes,
an extensive series of experiments was run to determine an optimum surface density
gage design.

SOURCES OF ERROR

In these tests the sources of error (other than that due to the random nature of the
process) that could be identified and taken into account or reduced to a reasonable level
were considered. Some of these are as follows:

1. Counting time.

2. Anode voltage on counter tube.

3. Reflection from nearby persons or objects.
4. Malfunction of scaling equipment.

5. Selection of density standards.

6. Size of density standards. (This includes size and shape of the volume

of soil whose density influences the count.)

7. Counter resolving time.

8. Air gaps under gage.

9. Moisture content of soil.
10. Background.
11. Other.
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A discussion of these sources of error follows.

1. Counfing Time

Practical scaling equipment provides either a means for determining the elapsed
time necessary to read a predetermined total count or a means for determining the
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total count in a certain preset time inter-

val. It was decided to use the latter sys-

tem because it is easier to establish a

fixed time interval than to measure elapsed

Platsau time. The error associated with counting
' time, then, is directly proportioned to the
Selfionizotion error in the time interval. In practice,
the surface gage is placed on the soil and
the timer arranged to start the scaler.
Threshold After a certain interval the timer stops
the scaler and the total count attained dur-
ing the interval is recorded. If the inter-
val is 100 sec and if a 1 percent error is
present in the actual time that the scaler
was operative, there will be a 1 percent
error in the count recorded. The absolute
time interval subtended by the timing apparatus is not as important as its reproduci-
bility. For example, if a timer is intended to subtend 100 sec and actually subtends
95 sec repeatedly during all calibration runs and all field runs, the comparisons of
field counts with calibration data will be valid. But if the timer is unable to start and
stop the scaler over the exact same interval in repeated runs, an error is created.

- This error is recognized but discounted in most commercial equipment because it is
very difficult and expensive to measure time accurately with portable equipment over
a normal range of field temperatures.

If the total count, k, in interval, i, is 10,000, a 1 percent timing error would cause
an error of 100 in the count. Now, the error due to the random nature of the nuclear

Counting
Rate

Anode Voltage

Figure 2. Relationship between anode
voltage and counting rate for a G-M tube.

disintegration process (Appendix, Eq. 18) Sk = -Jbz and vk = 100 counts. If the slope

of the calibration curve, b = 40 counts per pound per cu ft change in density, an error
of 100 counts would equal 2% pcf error in estimate of density. In this example the
timing error is equal to and may well be added to the statistical error. Obviously, if
practicable, this timing error should be reduced. The Instrumentation Section of the
AASHO Road Test developed a portable timer utilizing a temperature-compensated
tuning fork as its base element that is capable of starting and stopping a scaler in a
time interval of i ¥ 0. 01 sec. For i = 100, this is 0. 01 percent accuracy. The circuit
for this timer is shown in Figure 1. Inasmuch as a source of 110-v AC current is
necessary for this equipment, a more portable timer was developed that will reproduce
a time interval with 0.1 percent accuracy. This is considered to be well within'the
requirements of an acceptable density measuring system, because background radia-
tions from secondary cosmic rays and other sources that appear in the total count may
vary by as much as 50 per 100 sec over a period of a few hours.

Summarizing, counting time is important and should be known and reproducible to
within, say 0.1 percent.

2. Anode Voltage

G-M tubes respond to radiation in proportion to the voltage applied to the tube anode
within a given range. When the voltage is low no avalanch ionizations (see Appendix)
take place and no count is recorded. As the voltage is increased, a threshold is
reached at which the tube begins to count. The count increases with increase in volt-
age until a point is reached where-ionization is sustained within the tube itself and a
large count is registered whether any photons are present or not. Figure 2 shows an
example of this relationship. It may be noted that there is a range of voltages over
which the counting rate varies relatively little. This area is called the ''plateau" for
the tube, and in practice the anode voltage is usually set about midway in this range.

If the slope of the curve in the plateau range is 0. 1 percent per volt (typical for a halo-
gen tube) an error in voltage setting or a drift in voltage of 1 percent (approximately
10 v) would introduce an error in count of 1 percent. Here again, if total count is



10,000 the error is equal to the statistical error, vk = 100, an error that should be
reduced if possible. Because it is difficult to set voltage by hand to an accuracy of 1
percent and because most high-voltage supplies are not stable to this degree, a port-
able expanded-scale voltmeter was built, the use of which served to reduce the error
appreciably. The circuit is shown in Figure 3. Drift in voltage was still a problem,
so it was decided to regulate the anode voltage. This was done through the use of a
corona regulator tube in a conventional voltage regulating circuit. Although this tube
reduced only slightly the scatter noted in successive readings, its use completely
eliminated the possibility of human error in voltage setting.

3. Reflection from Nearby Objects

A surface gage is intended to respond to change in density of the soil beneath it.
Nevertheless, some radiations penetrate the lead shield over the source and if a per-
son or object is nearby, the same scatter principles apply and some of the photons are
scattered back to the counter tube. This obviously creates a source of error. It was
found that where the source strength was 3.5 mc, and if 2 minimum of % in. of lead
was placed over the source and % in. over the G-M tube, this effect was not noticeable.

4, Malfunction of Scaling Equipment

This comment is included simply to remind users that scaling equipment is rather
sensitive electronic gear and, as such, is subject to malfunction. Usually (when the
instrument is not functioning properly) no count is registered, or a count rate radically
different from that expected is noted. Occasionally, however, a bias is introduced,
through faulty voltage regulation or other component failures, that is very difficult to
detect. Perhaps the best solution for this type of error is frequent calibration on den-
sity standards, combined with a fairly rigid preventive maintenance routine. Marginal
components should be detected by the maintenance routine and replaced. The liklihood
of malfunction is accentuated by rough field usage and by the wide range of ambient
temperatures encountered in the field.

5. Selection of Density Standards

Calibration of a surface gage is accomplished by taking counts with the gage on
blocks of materials of known densities.

Generally, blocks are made up of the material that is to be tested in the field. They "
should be carefully prepared at different densities and calibration curves developed.
Because it is difficult to prepare a truly homogeneous specimen, it is considered
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essential to make at least one replicate block at each density. Each block should be.
weighed and measured to compute its mean density. It is not satisfactory to use rub-
ber balloon or other conventional apparatus for determining the density, inasmuch as
the results of such -tests may be in error by several pounds per cubic foot, particular-
ly if the material is of a granular nature.

It is a simple matter, of course, to find the mean block density, but unless the
block is homogeneous, the density gage may '"look'" at a part of the standard block
whose density is different from the mean. Furthermore, presence of a large piece of
aggregate under the source or counter tube will affect the count appreciably if its den-
sity is different from the mean. Thus, the aggregate size is limited to ¥ in. maximum
and test homogeneity is determined by taking counts with the gage in several positions
on the blocks. Bias, due to large aggregate particles present in material in the field,
is reduced by taking several counts in a localized area and computing the density from
their mean. _ o

Occasionally it is desirable to reproduce the entire count vs density curve (Appen-
dix, Fig. 15). The following materials have been used for this purpose:

Material Density Count
pcf Electrons Comparison?2
_ per cc x 102
Air 0.11 0. 055 0. 055
Sawdust 12
Celotex ‘ 22
Wood 40
Sheetrock 49 ‘
Water ) 62.4 3.35 3.01
Concrete (light aggregate) 91
Loose Ottawa sand 101 4.88 4,88
Road Test soil (dry) | 101.5 4. 89 4,91
Concrete 110
Road Test soil (18 % H:0 120 5.87 5. 80
Concrete : 121 '
Concrete 140
Dolomite - . 173 8.36 8.36
Cast iron © 443 ) 19.94 21.35
Lead 705 27.0 34.0

a Number of electrons per cc x 10™® for a material of the density shown if that
material's nuclei contain an equal number of protons and neutrons.

It is well to keep in mind that the number of electrons available for Compton scatter
(see Appendix), and thus the number of available ""paths' from source to counter tube
as well as the total absorption due to Compton and photoelectric effects, is not neces-
sarily a reflection of density alone. If this were the case the values in the last two
-columns of the foregoing tabulation would be the same. This fact must be kept in mind
when calibrations of a surface gage are made on a set of standard blocks with chemical
composition different from that of the material in the field whose density is to be de-
termined. The moisture content of soils and granular materials must also be con-
sidered under certain conditions. This is discussed under Item 9.

6. Size of Density Standards and Effective Depth

A standard block must appear to the surface gage to be infinitely large; that is, of
a size such that no change in count would occur if it were larger. The gage design,
the source strength, and the density of the standard, all have an influence on the min-
imum dimensions of the standard. Under the present Road Test gage a block 18 in.
square and 8 in. deep appears infinite if its density is greater than 100 pcf. Actually,
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there is a considerable factor of safety in the 8-in. depth dimension. Extensive tests
in which standards were built up in layers over a dissimilar material (usually lead) -
resulted in the curves shown in Figure 4. For materials such as compacted crushed
limestone base with densities of about 140 pcf, a 5-in. thickness appeafs infinite to the
surface gage. ' h
Where one is interested in the density of a layer of material less than 5 in. thick

overlying another -material some adjustment must be made in the count. An extensive
experiment is now under way at the Road Test to establish the relationship whose gen--
eral form is:

8= f(k, Ty, 82) (1)

where 8; and T; are the density and thickness of the desired layer, k is the count, and
8. is the density of the underlayer. o o
From the foregoing, it is obvious that density standards to be used in calibration of
a surface gage are sources of apparent error. These errors can be largely eliminated
through care in selection of standard materials and consideration of minimum size re-
quirements. ' C : '

7. Counter Resolving Time®.

A pulse counter requires a definite time to neutralize the positive ions from one
pulse and be ready for the next. For G-M counters this time is of the order of 2 x 10°*
sec. Thus, if the pulses were evenly spaced the counter should respond to Yax 107% =
5,000 pulses per sec. Radioactive disintegrations are not uniformly spaced; thus if
the average rate were 5,000 pulses per sec, many pulses would be missed because
they would occur less than 2 x 107* sec apart. Even though the average pulse rate is

- well below the limit of the counter, many pulses will be tqo closely spaced and will be
missed. ) '

*See reference (1) Par. 15.03.



In practice, a surface gage may be calibrated and used without considering this ef-
fect, but if one is interested in accurate estimates of the actual number of pulses from
the standpoint of developing research data, personnel protection, or new equipment
design, it is well to correct for dead time. This can be accomplished through use of a
test for resolving time, T, as follows.

The background count, .B, should be determined (see Item 10). Then a count should
be recorded with the radioactive source near the G-M tube so that the count rate is be-
tween 100 and 300 per sec. The observed rate, then, is n; + B. By placing another
source of radiation near the tube such that the counting rate is approximately doubled,
the observed rate becomes nj2 + B. Finally, by removing the first source, the ob-
served rate becomes nz + B. With the assumption that Tis small compared to 1/n;2,
and subtracting out the B's, T can be determined from: .

_Ni+N2-nNx2
=~omim,  Sec (2)
which is a constant for the tube in question.
In case of a surface gage for which T is known,
n .
N = T-nt counts per sec (3)

where N is the actual number of events per second and n + B is the observed count.
Eq. 3 is used most conveniently in nomographic form.

8. Air Gaps Under Gage

In using a surface gage in the field it is often difficult to place the gage so that it is
in intimate contact with the soil. Small air gaps under the gage will introduce large
errors in count and corresponding errors in estimates of the soil density. The present
equipment is designed with the G-M tube raised ¥ in. from the bottom of the gage and
is shielded in such a way as to accept photons more readily from a steep than from a
flat angle. This reduces the effect of air gaps, as those photons that travel through
them along the surface of the soil approach the tube from a flat angle direction.

Some experimental work has been done at the Road Test with a gage raised on three
Yo-in. legs. Here the assumption is that irregularities in the soil surface will be in-
significant compared with the volume of air deliberately introduced by lifting the gage
Y, in. This approach appears promising and will be investigated further.

Regardless of gage design, users are cautioned that herein lies one of the greatest
sources of error and in using the equipment in the field extreme care should be exer-
cised in obtaining the best seating possible.

9. Moisture Content of Soil

As mentioned in Item 5, water contains more electrons per unit weight than other
construction materials. Assuming that a gage was calibrated on dry standards and the
density of a wet material is to be determined, the density will appear to be higher than
it should due to the increased absorption caused by the extra electrons in the water.

If it is a very lightweight material the density will also appear higher than it should
because more electron paths from source to tube are available than would be the case
if water were not present.

The error in estimates of wet density due to this cause will be small unless there
is an appreciable difference between the moisture content of the standards and the ma-
terial in the field.

10. Background

There are always present some photons that emanate from sources other than the
radioactive source present in the surface gage. Furthermore, the G-M tubes will
count beta particles if any should be present. Luminous dials on watches or meters
are good sources of extraneous counts. Unfortunately, the background count varies



from hour to hour and, more so, from day to day. Because this variation may be
large enough to appear as a change in density of 1 or 2 pcf (in a gage with a low count-
ing rate), it should be measured frequently and subtracted from the observed count.

If the gage counting rate is very high compared to the background rate, the background
count may be neglected. The decision is easily made for any particular gage by com-
paring changes in background against the slope of the calibration curve. It is men-
tioned here simply to insure that users will be aware of this possible additional source
of error. The design of the gage should provide ready access to the radioactive source
in order that it may be removed from the gage to permit counts of the background
pulses. If the source (3.5 mc) is contained in a lead box with Y%-in. walls, it will in-
fluence the background count if placed less than 25 ft away from the tube.

11. Other Errors

At times other errors in day-to-day counts on standard blocks have occurred that
have been unexplainable. Thus, it is necessary to make frequent checks on density
standards to insure the use of the proper calibration curve. It is now believed unne-
cessary to check the standards more frequently than once per day and confidence is
felt that the cause of these variations will be found in the near future.

CRITICAL SURFACE GAGE DESIGN FACTORS

The designer of a surface gage must consider several factors, some of which have
been mentioned previously. These are personnel protection, effectiveness, size, and
weight.

Gamma rays are dangerous and radioactive materials must be handled with care.
Unfortunately, there is no human sensation to warn one that he is being exposed to
gamma rays, thus the designer must assume the responsibility for personnel protec-
tion. A 3.5-mc source will produce about 1.3 x 10® radiations per second. If it is as-
sumed that a point source is located on a work bench 2 ft from a person, the nearest
square centimeter of that person's body would be subjected to about 2.8 x 10® radia-
tions per second. If the gamma ray source is Cs™, the energy of the photons is 0. 662
Mev and at this energy level the linear absorption coefficient, p, for lead is about 1. 14
per cm. So, if lead is used for shielding a fair approximation of its effectiveness is
given by ' :
I=Ige IS (4)

 Using Ip = 2.8 x 10 and p = 1. 14, the radiations received by the nearest square
centimeter of the man's body, I, will equal 285 per sec for s = 2 cm (about 0. 79 in.)
if he is 2 ft from the source. If s, the thickness of shield, is increased to 3 cm, I
will be reduced to about 91 per sec. This intensity is about 500 times that of normal
background radiation, but is not considered harmful to personnel if exposure times
are short. Thus the Road Test gages contain a minimum of s = 3 cm of lead shielding
over the source.

The source in the density gage is not shielded at the bottom; therefore, carrying
cases with lead bottoms are provided to protect personnel while moving from one loca-
tion to another.

Aside from personnel protection, the most critical factor is the design dimension

that minimizes the error term, sk = Tk It is not enough to maximize the slope, b.
This can always be done simply by in-
creasing the counting rate; but this, of
course, also increases VK and may or may

not result in a lower value for si. The
. |——‘——l<f dimension involved in this minimization is

ll'—‘l shown as d, the distance from source to
; . | == G-M tube, in Figure 5. There is a heavy

Figure 5. Critical dimensions in surface interaction between the optimum value for

gages. d and the density of the material being




10

measured. Thus, the design should provide for adjustment of d in two or three steps
depending on the range of densities expected in the field. In the present gage d is set
at 5% in. for use on materials in the density range 120 to 160 pef. For less dense ma-
terials d is increased.

In Figure 5 the dimensions x' and x'' represent the thickness of lead absorber,
x =x' + X", that reduces the amount of direct radiations from source to tube. Here,
Eq. 4, which is not intended to apply to a
point source, is not suitable for determin-
ation of the effectiveness of the absorber.
Thus, the mathematics involved become
more complicated and the matter will not

be discussed here excePt to state that the O 6-M7Tuwes o source EEE Leos
present gage utilizes 274 in. of lead near Figure 6. Surface gage utilizing multiple
the source, x', and % in, of lead near the G-M tubes and a single source.

tube, x'", for a total of x = 3 in. These
dimensions are considered to be minimum requirements and may be increased if the
weight of the extra lead is not considered objectionable.

An increase in effectiveness of the surface gage may be obtained through the use of
multiple G-M tubes working from a single source. Such a gage is being built and it is
hoped to test it prior to the next construction season. It is shown schematically in
Figure 6. Two advantages should accrue from this configuration; first, since it in-
volves two paths through the soil, a better sample of the soil density will be obtained
than with the conventional gage using a single tube (this should be particularly true in
soil with large aggregate particles); and second, the counting rate will be doubled, thus
permitting a shorter counting time.

One disadvantage of this design lies in the increased size of the unit, because more
difficulty may be experienced in obtaining satisfactory seating of the face on the mate-
rial to be tested. Of course, such a gage will be heavier than the conventional gages.
Weight, however, is not a critical consideration in gage design, as the auxiliary equip-
ment (primarily the scaler) will always weigh more than the gage. The multiple-tube
gage mentioned will weigh less than 25 lb and conventional gages will vary from 15 to
20 1b.

COST CONSIDERATIONS

Nuclear equipment for density measurements is expensive by comparison with rub-
ber balloon or sand cone apparatus. Some advantages, however, make it well worth
considering. They are speed, accuracy and non-destructiveness. A complete density
determination (not including correction for moisture content, when necessary) can be
made by one technician in 2 or 3 minutes as opposed to 10 or 15 minutes for two tech-
nicians under the other techniques. The nuclear system is probably more accurate

Figure 7. Early model of the road test gage.
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than the others (particularly in granular
material) and in addition there is much
less likelihood of human error. The older
systems require skillful technicians,
whereas an operator for the nuclear sys-
tem can be trained in an hour or so in-
cluding instruction in safety precautions.
The test is non-destructive and thus can
be used on completed pavement surfaces
without the necessity for patching.

With the present scarcity of qualified
technicians and the modern demands for
speed in construction control, it appears ’
that the necessary expenditure for the nu- ‘, . . e
clear system may be well justified. An Figure 8. Experiment gage with provision
organization with complete electronics for varying design dimensions.
and machine shop facilities and personnel
available for development work can build its own surface gages. The cost of the encap-
sulated source material is about $120 per gage, halogen tubes about $15 each; instru-
ment quality machine work, cables, connectors, etc., bring the total gage cost to over

.$500 each, assuming no development cost. It is recommended, however, that as a
general rule an organization would be wise to purchase commercially-built gages at
about $1,000 to $1,200 each. Rugged portable scalers are available commercially at
about $1,000 to $1,500. Auxiliary timing equipment, if necessary, is not expensive
and thus the total cost to outfit one crew is from $2,000 to $2,500. Maintenance costs
are low and if Cs®” is used as source material and halogen tubes for counters, there
is practically no replacement cost.

LICENSING AND SAFETY

The Atomic Energy Commission requires that organizations using radioactive mate-
rials must obtain a license, for which the application form can be obtained from the
firm that supplies the radioactive materials. Many states also require registration of
users of these materials. Each organization is expected to appoint a radiological safe-
ty officer, usually a responsible employee who would normally be working with the ma-
terials. He is expected to become familiar with the laws and rules of the AEC and with
the precautions necessary for protection of personnel. Inspection teams from AEC
will check the safety program of each organization occasionally.

It is good practice to provide film badges for everyone who regularly works with
radioactive materials. These are evaluated every two weeks by commercial organi-
zations at nominal cost. At regular intervals the source must also be checked for pos-
sible leakage. Records of the film badge and leakage tests are kept by the safety offi-
cer and must be available for examination by AEC inspectors.

CONCLUSIONS

1. The nuclear surface density gage can be used for construction control testing.
Its accuracy depends on the care taken in reducing errors from known sources and upon
the precision with which it is calibrated. It is believed that the ultimate accuracy at-
tainable is better than 1 percent. This order of precision requires frequent calibration
and several readings (or a long count of several minutes) in the field. Less precise
but more practical field procedures should produce estimates of mean density of a given
area that are accurate to within the amount of variation in density that actually exists
in that area.
* 9. Moisture content must be considered where precise estimates of density are de-
sired.
3. If the material being checked exists in a thin layer (say 5 in. or less) the density
of the underlying material must be taken into account.
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4. Optimum surface gage design dimensions vary with the density of the material
under test, so if a wide range of densities is anticipated, provision should be made for
changing the source-to-tube distance in the field.
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Appendix
PRINCIPLES OF NUCLEAR DENSITY DETERMINATION

The following discussion is intended to explain in non-technical language the nuclear
system to civil engineers who have the responsibility for density measurement. The
extremely complex nuclear physics involved is presented in a simplified or ""popular'
version so that engineers using the system will have some understanding of it. Those
who desire to refine the system through new designs or utilization of other principles
will do well to look to the references for more detailed and technical information.

Nuclear radiations are divided into two classes. In the first class energy is trans-
mitted through the motion of particles, each having a certain kinetic energy; in the
second, through a wave motion where the energy depends on the amplitude of the wave.
Alpha particles (positively charged helium atoms), beta particles (high-velocity nega-
tively charged particles), protons, positrons, neutrons, mesons, all fall in the first
class. They have mass and inertia. The so-called primary cosmic rays also have been
identified as particles of tremendous kinetic energy.

This discussion is more concerned with the other class of radiation, wave motion.
Gamma rays, which are used in the density determining device, are electromagnetic
waves just as are X-rays, visible light, and radio waves. The feature that distinguishes
one class of waves from another is its frequency or number of oscillations per second.
Although these classes overlap, the following figures serve as a frame of reference:
The top limit of frequency audible® to humans is about 15,000 cycles per second, stan-
dard AM radio broadcasts are transmitted on carrier frequencies in the vicinity of 1
million cycles (1 megacycle) per second, the highest frequencies used for experimental
work in radio propogation are of the order of 100 kilo megacycles (one hundred thousand
million cycles) per second, and visible light waves oscillate about 5,000 times faster
than that. X-rays start at 3 x 10" cycles per second and at the top of the known elec-
tromagnetic wave spectrum are gamma rays, which start at about 3 x 10* cycles per
second. Thus, although their wavelength is extremely short, gamma rays are the same
as radio waves. Another characteristic of high-frequency electromagnetic waves must
be mentioned before proceeding to a discussion of density measurement. Einstein rea-
soned from work by Planck that radiation is not a smooth continuous flow of energy as
pictured by the wave theory, but is, rather, a series of discontinuous packages of en-
ergy. The energy in each package, which is known as a photon or quantum, increases
with frequency.

Thus, for this discussion a gamma ray is considered as a discrete package of en-
ergy possessing the ability to travel at high velocity in a straight line through space.

There is no difference between X-rays and gamma rays of the same frequency once
they have been emitted. They are distinguished only by the methods used to produce
them. X-rays are produced by bombarding a metal target with high speed electrons,
gamma rays are emitted from nuclei excited in radioactive or other high-energy pro-
cesses.

Radioactive elements normally emit three kinds of radiation—alpha and beta particles
and gamma rays. It can be shown that alpha particles are absorbed by a few sheets of
paper, beta particles penetrate the paper but are stopped by a few millimeters of alum-
inum. Gamma rays readily penetrate these absorbers, but most of them are stopped
by a few inches of lead.

For the determination of density, gamma rays are used and alpha and beta particles
are not desired. Therefore, for this use, a radioactive source is completely enclosed
in a stainless steel capsule whose walls are thick enough to absorb all alpha and beta
particles but pass the gamma rays readily.

The number of gamma rays or photons of energy emitted from a given source is
called the gamma ray intensity of the source. Among other things intensity is a func-
tion of the total quantity of radioactive material that makes up the source.

5 To be audible, electromagnetic waves must be mechanically converted to sound waves,
that is, waves in air.
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Radioactivity is a decay process (that is, with every emission of a particle or ray
the source loses some of its activity) and the length of time required for a radioactive
material to lose half of its activity is called its half-life. For density measurements,
it is convenient to use a source material with a long half-life so that the intensity of the
source may be considered a constant at least long enough to permit a reasonable length
of time between calibrations.

Two radioactive isotopes are readily available and suitable as gamma ra sources
for density testing. These are isotopes of cobalt and cesium, Co®® and Cs®'. Co®® has
a half-life of 5.25 yr and its gamma rays are emitted at an energy of 1.17 Mev (million
electron volts). Cs' has a half-life of 33 yr and its gamma ray energy is 0. 663 Mev.
Figure 9 shows the rate of decay for these two materials for one pavement construction
season.

The first step toward measurement of density, then, is selection of a suitable radio-
active source of gamma rays. The choice for the AASHO Road Test system is dis-
cussed later. From the source is emitted
a large number of gamma rays in all di-
rections that, for this discussion, may be
shown schematically as in Figure 10. n 5
Each short wavy line is intended to repre- é
sent one gamma ray or photon. If nothing T, o ~
gets in its way, each ray will continue in- W
definitely outward from the source at a w e o
speed approaching that of light. W ’

If, however, something does get in its o n,
way, one of several things happens. If a %
gamma ray photon collides with an atom o~
it may impinge upon an orbital electron \;
and transfer all of its energy to this elec-
tron by ejecting it from the atom. The Figure 10. Schematic representation of
ejected electron is called a photoelectron gamma rays eminating from a radioactive
and the remaining atom is an ion. The source in a vacuum.

%,
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original gamma ray. is said to have been —o-o=os, e

absorbed by photoelectric effect. This- /f?’e—\'i o, SR

type of absorption is prevalent at low wave o \°°°\o {8777 \:\

energy levels. :o/° . °)°}. 'f,o o 1
Another possibility is for a gamma ray o Jod ; \\\/ Ped o

to collide with a loosely bound electron in °\:e°\ /»1;,%’ °:° o ey ,:o“’“

the outermost orbit of an atom. Here ANy ;’/3/\"\,, NN e

some of the photon of energy is used to - : - e

remove the eleCtron PartiCIe from the (o) Photoslectric Effect (b) Compton Effect

atom and the balance takes-off in a slightly »

different direction as a new gamma ray of  »8%€ 1l. The absorption processes by

reduced energy. This process, known as vhich ~gamma rays transfer energy to
. ; ’ matter (after Lapp and Andrews).

Compton effect, is the major source of

absorption in the nuclear density measuring system.

A third possibility is the process known as pair-production, but since it is practic-
ally non-existent at the relatively low energies of Co® and Csfsv, it is not discussed
here.

A remaining but highly unlikely possibility is for a gamma ray to hit the nucleus of
an atom. Here the relatively tremendous mass of the nucleus is such that it readily
absorbs the energy of the ray and dissipates it as heat. The first two possibilities,
photoelectric effect and Compton effect, are illustrated in Figure 11.

If a gamma ray is absorbed in the wall or gas of a Geiger-Muller tube it produces a
high-speed electron that may collide with many gas molecules, forming ions in the gas.
If the gas is in the proper condition between two charged electrodes, these ions move
at increasing velocity toward one of the electrodes. They then collide with other gas
molecules and additional ions are formed, which in turn move toward the electrode,
and so on. This process, which is the basis of the operation of Geiger-Muller pulse
counters, is known as "'avalance ionization.'" Avalanch ionization in G-M tubes in
practice results in a so-called gas amplification factor in the order of 10% thus, a sin-
gle gamma ray entering a G-M tube causes, in effect, an electrical pulse that is large
enough to be readily detected by conventional electronic counting equipment.

In practice the pulses so obtained occur so frequently (as many as 500 or 600 per
second) that the number of them must be scaled down to make it possible to record
them. This is done in circuits known as scaling circuits. Most of these circuits divide
the number of incoming pulses by two and are known as flip-flop circuits. Every pulse
either flips or flops the circuit in turn and an indicator displays which condition exists.
Every time the circuit flops there is an output pulse. Thus, for every two input pulses
there is available one output pulse, which is then used to drive a second flip-flop cir-
cuit. By so arranging several such circuits in series, any number of input pulses can
be counted and the count displayed by means of a few neon lights.

The pulses that are counted by this equipment when connected to a G-M tube are the
number of avalanch ionizations that occur in that tube. Unfortunately, a finite length
of time is required in the G-M tube for one ionization to be quenched and the tube pre-
pared for the next pulse. Thus, if an ionization is in process and other gamma rays
come along, none of them can be detected until the quenching process has been com-
pleted. The quenching time is very short, but at high counting rates it is a source of
error.

In the foregoing discussion the nature of gamma rays, processes for absorbing them,
and a method of detecting® and counting them have been outlined. These are basic ele-
ments of the nuclear density determining apparatus.

It has been shown (l) that the intensity, Ix, of gamma radiation penetrating an ab-
sorber is given by

Ix = Io e-}l'x . (5)

in which Ip is the intensity at zero thickness of absorber, pis the linear absorption

® Many other detection methods are available, but the G-M tube is most commonly used
and is probably the most satisfactory for field use.
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coefficient of absorber, and x is the thick-

ness of absorber (o) Direct Absorption

If the linear absorption coefficient is /
divided by the density, &, of the absorber, Legend
the quotient is called the mass absorption fined distance / 6 Souree
coefficient .. Thus, : /o R Leod absorber

which is expressed in sq cm per gram.
The mass absorption coefficient, pm,
is the sum of the mass absorption coeffi-
cients for photoelectric effect, Compton (b) Subsurface Probe (¢) Surface Gage
effect, and pair production effect previ-
ously discussed (1).
Now Eq. 5 may be written:

Iy = [pe™d BmX (7)

which is the basic relationship between
density, intensity and thickness of absorb-
er. It should be noted that although the (s Protective
basic relationship is shown by Eq. 7, the T, Tubing
emanation of gamma rays from a radio- /
active source is a random process and

therefore I, is not a constant. Prediction

of density from measurement of Ix will Figure 12. Basic arrangements for gamma
always contain an error term. ray density systems.
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Figure 13. Surface gage on materials of different densities.

Two basic arrangements have been used for density measurement In the first both
gamma ray source and counter tube are placed in the soil” a fixed distance apart (Fig-
ure 12a). If the soil is homogeneous the relationship shown in Eq: 7 with minor modi--
fication may be used. At the Road Test, ‘this system has not been tried. ’

In the other basic arrangement the source and counter are separated by a lead shield
and placed in or on the soil so that the count is a function of the rays "reflected" by the
soil rather than those that merely pass through it. Two devices utilizing this arrange-
ment are shown in Figures 12b and 12c. Figure 12b shows a subsurface probe which is
normally lowered into a protective tubing to measure density at depth. Figure 12c
shows a surface gage which measures the density in a relatively thin layer near the
soil surface. The subsurface probe and the surface gage operate on the same princi-
ples, but since the surface gage is more suitable for use in construction compaction
control, it was selected for study at the AASHO Road Test. Hereinafter only the sur-
face gage is discussed. '

"Hereinafter "soil'" is used to denote any construction materlal for which a density de-
termination is to be made.
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For the sake of simplicity it is assumed for a while that the lead shield effectively

stops all gamma rays from the source from reaching the counter in a direct line. Then

. if the gage is placed in a vacuum (Fig. 13a), no counts will be recorded. Here it must
also be assumed that there is no background count from cosmic rays or other radio-
active source.

Now if the gage were in air, with its widely spaced atoms, some of the rays would
hit loosely bound orbital electrons and by Compton effect they would change direction
and lose some energy. In Figure 13b one ray is followed through a series of such col-
lisions, which happen to direct a resultant lower energy photon into the counter, thus

(a) Absorption effect

_ . '-as
I I Ige

Counts
per sec.

(b) Effect of number of
availoble paths

Io= bs+c52+d6°

§ = Density

Figure 14. Hypothetical' curves showing effect of density on gamma ray count in -
i a surface probe.

registering one count. In air the chance for a suitable collision is quite small and the
resultant total count per unit time is small. )

The other extreme (Fig. 13c) is a gage on a very dense material, say lead. Here
plenty of atoms are available for Compton collisions—in fact, there are so many that
it is not long before the origindl ray energy has been reduced to a point where a photo-
electric effect collision takes place and the ray disappears. Thus, most of the gamma
rays are said to.be completely absorbed and again the resultant number of counts is
very low.

It is thus apparent that for a surface gage to register an appreciable number of
counts some sort of compromise must be reached between the two extremes: the one
in which there are not enough atoms present to provide collisions and the resultant
secondary rays, and the other where the absorption is so great that only a few rays can
reach the counter, It is possible to construct hypothetical curves showing these two
effects against density, as in Figure 14.

In Figure 14a, I =Ig e-ad ) (8)

Here, Iy is the count for a particular configuration of surface gage when placed on
material of density, § , considering only the absorption of gamma rays. Ig is a con-
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stant representing the mean number of counts in a time interval cht would be recorded
if this particular gage were placed on a hypothetical material with an infinite number of
electrons available for secondary collisions yet no absorption. The constant, a,.is a
function of the design of the surface gage.

In Figure 14b, where Ie = bd + c8% + d8° R . @)

absorption is not considered, ‘and the number of electrons available for Compton effect
scatter and the number of paths from source to counter determine the shape of the
curve.

Here it is assumed that the number of electrons per unit volume of various materials
is directly proportional to the densities of the materials. This proportionality holds
for most, but not all, materials used in highways. Most atoms contain in their nuclei
as many neutrons as they do protons. As a general rule, a homogeneous material made
up of atoms with both neutrons and protons contains about 3 x 10® electrons per gram.
Thus the number of electrons, N, per cubic centimeter of a material of density, §, may

be expressed as.
N =35 x 10% , (10)

Because the hydrogen atom does not contain a heutron, Eq. 10 does not hold for water
or for materials containing appreciable quantities of water or hydrogen in other forms.
It is emphasized that the curves in Figure 14 are hypothetical, intended to explain

the relationship between density and count in a surface gage. The mechanics of the
system are extremely complex and although it appears reasonable that some such rela-
tionship as Eq. 8 exists, the derivation of Eq. 9 is purely empirical. The authors have
been unable to construct this curve on a fundamental basis. ’
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Figure 15. Combined curve-relationship of count to density.
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Nevertheless, Eqs. 8 and 9 are satisfactory for their intended purpose. They show
that as density of the soil under a surface gage is increased the rays that reach the
counter decrease due to increasing absorption, and increase due to increasing numbers
of available electron paths. Of course, these relationships cannot exist independently
of one another, because when-the number of electrons increases, the absorption also
increases. Thus, the observed count, I, is the product of the two effects:

T=Tge®d (b8 +c8?+db)+E -~ (1)

Eq.1lis plotted in Figure 15 since it fits the exper1menta1 data taken in the AASHO
investigations, it serves as well as any to describe the process. An error term, E,
has been added to cover the random nature and mexactness of the process and the over-
simplifications of the expression.

Many previous investigators have reported curves similar to that in Flgure 15 for
surface gages and for depth probes.

Pocock (2) has developed an expressmn for relations of th1s type Although one may
question some of the assumptions that he used, his work should be given careful con-
sideration by anyone concerned with the design of surface gages.

RANDOM NATURE OF NUCLEAR DISINTEGRATIONS

It was previously mentioned that the intensity of radiations from a given radioactive
source material is a function of the quantity of the material. The quantity of a radio-
active material is expressed in curies or for the present purpose, in millicuries. The
millicurie is that quantity of material that will decay at an average rate of 3.7 x 107
disintegrations per second. For radioisotopes that emit one gamma ray per disinte-
gration (many emit two or more) the intensity of gamma radlatlon at the source will be
3.7 x 10" per second per millicurie.

Disintegration is a random process and the number of disintegrations and the num-
ber of gamma rays emanating froma source may be expressed as a Poisson distribu-
tion. The probability that k gamma rays will be produced in time T is

mK e-m

P =S — (12)

where m is the average number of gamma rays in T. The variance of k is also equal
to m, so the standard deviation, o, is

o= Jym >(13)

These relationships have a very practical significance in nuclear density determina-
tion, as the number of photons reaching the counter in a surface gage increases with
increase in the number emanating from the source. Thus Eqs. 12 and 13 also apply to
the number of photons reaching the counter tube in time interval, T.

The symbols rearranged to apply to the count of photons at the Geiger tube have the
following meanings:

m = the true mean photon count in interval, T, from a particular surface gage on a
particular soil;

k = the count from any one trial; and

Kk = the mean count of n trials.

Thenk = Vm = \fﬁ, the standard deviation of k.
Now over a small range of soil density the count-versus-density curve may be as-
sumed to be linear, so

/

m=a-bd (14)

where § is the density and b is the slope of the curve, and for 95 percent confidence
limits

=

+ 2

(15
= )

m=k




23

a‘-b8.=ff2 VE
: vn
and
8=a-T<' tZ‘/f (16)
b b Vn -

Assuming k to be-a good estimate of m, the first.term of Eq. 16 is an estimate of
density and the second term is two standard deviations, 2 s), of the estimated density.
Thus, .

(17)

or, forn =1,

=

k= O
" Eq. 17 gives 95 percent confidence limits for 8§ and does not include error from any
source other than the random nature of the disintegration process. ’

Because sk is, in effect, the average error associated with the estimated density
and is attributable to the random process, it is desirable to minimize it in the design
of the probe or surface gage. Means for accomplishing this minimization are dis- -
cussed in the main body of the report. S





