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ABSTRACT
A neutron gauge must be calibrated before it can be
used to measure volumetric water content. Calibration is a
function of the design of the gauge's probe, the geometry of
the access hole, and the composition of the material. It is
typically derived from an empirical relationship between
counts of neutrons and known water contents. For consolidated rocks, this empirical calibration is difficult.
A calibration procedure based on a numerical model of
a neutron gauge is developed to overcome the difficulties.
The theory behind the model is the Three Group Diffusion
theory. The input parameters are the gauge's design, the
material's properties plus neutron cross sections, and the
geometric proportionality factors for the access hole. The
cross sections are determined in a graphite pile. The
calibration is sensitive to the material's bulk density,
thermal absorption and scattering cross sections. With this
procedure a neutron gauge may be calibrated to any geologic
material.
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CHAPTER 1
NEUTRON GAUGES
1.1 Introduction
Neutron gauges measure the water content of geologic
material. In unsaturated material they determine moisture
content and in saturated material they measure porosity. The
measurement of water content is based on a calibration of the
gauge to geologic material and specific borehole geometry.
The standard procedure to calibrate a gauge involves developing a relationship for the response of the gauge at different
known water contents. This procedure is straightforward if
the gauge is used for shallow, unconsolidated geologic
environments. In deep, consolidated settings this empirical
calibration procedure is difficult or even impossible to
utilize. The problem addressed by this thesis is how to
calibrate neutron gauges for use in deep, consolidated
geologic environments.
The objective was to develop a practical procedure to
generate gauge calibrations for consolidated environments of
varying physical characteristics.
The scope of this thesis includes a review of the
common practices for using neutron gauges and the procedures
to calibrate them; a discussion of the theory behind neutron
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transport; the description of a computer model to simulate
neutron gauge responses which is based on neutron transport
theory; and an outline of procedures utilizing the model, to
generate neutron gauge calibrations for geologic materials.
Several calibrations are calculated and evaluated by comparison with empirical calibrations. Analyses of the sensitivity

of the model to input parameters are also performed to quantify the uncertainty associated with the procedures and the

model.
Calibration curves are calculated for four geologic
materials: welded tuff, nonwelded tuff, silica sand, and a
clay loam. The results indicate the calculated calibration
curves are accurate for unconsolidated materials within +0.01
cm 3 /cm 3 but for consolidated materials the calculated curves
under predict the water content by +0.03 cm 3 /cm 3 .
1.2 Fundamentals of Neutron Gauges

Neutron gauges are composed of a fast (high energy)
neutron source and a thermal or slow (low energy) neutron
detector (Figure 1.1). Fast neutrons are emitted from the

source, scattered radially into the material where they
collide with the atomic nuclei of the material. When neut-

rons collide with atoms of equal mass such as hydrogen, they
lose due to the laws of momentum, roughly one half of their
energy. After many of these collisions, they have lost most

of their energy and become low energy or thermal neutrons.

15

NEUTRON MOISTURE GAGE

DETECTOR

SOURCE

Figure 1.1 Schematic of a neutron gauge.
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The detector is designed to count only these thermal neutrons. The number of thermal neutrons is then a function of
the abundance of hydrogen in the material. Since water is
the predominate source of hydrogen in geologic materials, the
number of thermal neutrons is also a function of the water
content of the material.
The function between water content and counts of
thermal neutrons is not constant.

It differs for each

geologic material, as can be seen in Figure 1.2.

This

difference occurs because the theory is more complex than
outlined above. The primary complexity is that thermal
neutrons are absorbed by atomic nuclei. This phenomenon is a
drain on the thermal neutron population. The second complexity is that each material has different thermal diffusion
properties. These diffusion properties affect how far
thermal neutrons will move away from the source. The magnitude of both these complexities is a function of the bulk
density and chemical composition of the material. Different
magnitudes of absorption and diffusion will, besides the
hydrogen content, affect the number of thermal neutrons
counted by the detector. To account for these factors, it is
necessary to develop the function between water content and
counts of thermal neutrons for each type of material. The
development of this function for a specific material is the
calibration of the neutron gauge.

17

CALIBRATION CURVES

10000 20000 30000 40000 50000 60000 70000 80000 90000
COUNTS ( n/min )
0 welded tuff
A mandate clay loam
0 silica sand

Figure 1.2. Calibration curves for different materials:
crushed welded tuff, silica sand, and clay
loam.
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The calibration is highly sensitive to variations in
bulk density of the material. Higher bulk densities will
prohibit the thermal neutrons from moving away from the
source and will cause higher counts (IAEA, 1970). Examples
of this effect are seen in Figure 1.3.
Differences in chemical compositions of materials
will alter the gauge's calibration due to the different
magnitudes of absorption and diffusion. Calibration curves
of materials with similar bulk densities yet different
chemical compositions are given in Figure 1.4.
Geometry of the access hole will also affect the
calibration of the gauge. The' geometry includes the radius
of the access hole, thickness of the casing and type of
casing used in the hole. Increasing the radius of the hole,
increasing the thickness of the casing and using heavier
casing (for instance, steel instead of aluminum) will each
produce a lower count of neutrons. These changes would each
produce greater moderation of fast neutrons from the source
and also of thermal neutrons scattered back from the geologic
media. This moderation would be manifested by lower counts
by the neutron detector. Figures 1.5 and 1.6 show these
relationships. Grout between the material and the access
hole casing produces inaccurate calculations of water content
because of the irregular geometry of the grout.
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CALIBRATION CURVES — WELDED TUFF
0.30

0.25 -

IFS

0.20

0.15

IA

•

0.10

0.05 -

0.00
0

10000 20000 30000 40000 50000 60000 70000 80000 90000
COUNTS ( n/min )
bulk density = 2.41
0 bulk density = 1.32

Figure 1.3. Variation of a calibration curve with bulk
density for welded tuff.
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EQUIVALENT BULK DENSITIES

0

10000

20000

ID crushed welded tuff

30000

40000

60000

COUNTS ( n/min )
0 ayondale clay loam
A silica sand

Figure 1.4. Calibration curves for crushed welded tuff,
silica sand and clay loam at equivalent
bulk densities.
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DIAMETER OF ACCESS HOLE

0

10600

50000
30000
40000
COUNTS ( n/min )
6 2 inch diameter
I:14 inch diameter
20000

60600

70000

Figure 1.5. Calibration curves for different radii of
access holes.

CASING TYPE
0.30

0.25 -

ra

0.20

0.15
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0.10

•

0.05 -

0.00
0

10000

20000

30000

40000

'
5000060000

70000

COUNTS ( nimin )
2 inch Al casing
C12 inch EMT casing

Figure 1.6. Calibration curves for two inch diameter
casing of steel (EMT) and aluminum (Al).
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1.3 Gauge Operation
The first task to be done before using a neutron
gauge is to drill an access hole in the ground. The method
chosen to drill the hole will depend on the required depth
and the type of geologic material. For shallow holes in
unconsolidated material, less than 2 meters, a manual auger
is sufficient. For holes of greater depth or in consolidated
material, a drilling rig is required. The radius of the hole
and type of casing used will depend on the nature of the
drilling rig.

In consolidated geologic materials, no casing

is required due to the competent nature of the rock.

The

finished hole must have a uniform diameter to insure a
constant hole geometry for calibration.
After the access hole is completed, the neutron probe
is lowered down the hole. At the desired depth, several
counting sessions of neutrons of a constant duration are made
and averaged. The average is to account for the stochastic
processes of neutron detection and emission of fast neutrons
from the source. The calibration function for the specific
gauge in the specific material is utilized to convert the
averaged neutron count data into water content. Counts in
standards are made either before the probe is entering a
hole, or after, or both to quantify the fluctuations of the
probe's responses caused by electrical, temperature and other

24

physical phenomenon. Typically a ratio is used of the counts
of neutrons in the hole to counts in the standard.
Calibration of a neutron gauge involves correlating
counts of neutrons with known water contents. There are two
approaches to calibrate a neutron gauge: empirical and
theoretical. The empirical calibration involves experimental
determination of water content. Typical methods to determine
the water content are sampling done at the time of drilling;
water content sampling in the immediate vicinity of the
access hole after drilling; construction of containers with
known water contents and with identical geometry as the
access holes; or by cross calibration of the gauge with
another previously calibrated gauge. Theoretical calibration
utilizes a mathematical model derived from physical principles. In the model, water contents are varied numerically
and the corresponding counts of thermal neutrons are subsequently calculated. Input parameters to the model are the
material's bulk density, chemical composition, measured
thermal absorption and scattering cross sections, the neutron
probe's geometry and constants to account for the access hole
geometry. These geometrical constants are determined experimentally for each access hole geometry. The theoretical
calibration of the neutron gauge is the topic of this thesis
and will be dealt with in detail in Chapters 5 through 8.

25
Empirical calibration is dealt with in Chapter 2 as background.

1.4 Pertinent Principles of Accuracy
and Precision
Accuracy is the measure of how close a calculated

value is to the true value. It is dependent on systematic
errors such as the use of an inappropriate calibration curve.
Precision is the measure of how exactly a value is determined

or the reproducibility of the value. It is typically dependent on random errors. The relative error of a parameter is

the difference between a value and its true value, divided by
the true value. It can also be defined as the standard
deviation divided by the mean.

The highest accuracy for volumetric water contents
determined from a neutron gauge, as reported in the
literature, is 0.01 cm 3 /cm 3 (Zuber and Cameron, 1966). The
accuracy of a water content determination

(a e )

from a neutron

gauge, is calculated (Equation 1.1) from the precision of the
gauge (6p), accuracy of the calibration curve (6 c ), and
variability of the geologic material (S m ).

cS& = [63 +

6A]1/2

The precision of the neutron gauge is a measure of how
repeatable the counts of neutrons are in the same situation
at different times. A convenient check of gauge precision is
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to take repeated counts of the probe while it is in its
storage shield. Table 1.1 lists the standard deviations of
shield counts calculated from several studies. There are two
sources of variability in the counting of neutrons (Equation

1.2). The first is the random decay of the source to produce
the fast neutrons (S p, ․ ), and the second is the fluctuation
of the electrical components of the gauge
(S p =

q,i]1/2

[1.2]

For an ideal count of neutrons in the same place over
a short time, variation of the counts follows a Poisson
distribution. The Poisson distribution describes the spread
of data in counting experiments where the number of occurrences per unit time interval is the data of interest

(Bevington, 1966). This is exactly what a neutron gauge
does. For a series of counts, the spread of the data is due
to the random nature of the source (d p , ․ ) and is calculated
from the square root of the mean of the data set (R).

p,s

(R)1/2

[1.3]

From an examination of the relative error of this term,

r.e.% =

csp,s a

=

[1.4]

it can be deduced that increasing the number of counts
reduces the relative error.

In practice, this means that to
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increase the precision of the water content measurement a
longer count time is required. Selection of the length of
count time is a standard feature on most gauges. The optimum
length of the count time is that which gives a preselected
precision. Longer count times yield higher precision but
will increase the time it takes to collect the data.
A check of the neutron gauge's operating condition
can be made by comparing the square root of the variance of
the Poisson distribution and to the normal standard deviation
of the counts. The formula to calculate the standard
deviation of a normal distribution is

SD = [1/(n-1)

n
1

(N i - Z)2]1/2
-

[1.5]

i=1

where

n = number of counts
Ni = i th shield count

The chi-squared test can be used to check if the
spread of the counts of neutrons around a mean value is
permissible according to statistical theory (Campbell Pacific
Nuclear, 1983). This test is based on the fact that the
Poisson distribution approaches the normal distribution as
the number of counts increases. For a large number of
counts, the ratio (R) of the normal standard deviation of
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counts to the square root of the Poisson variance should be
close to one.
R = SD/X 1 / 2 = [X 2 /v ] 1 / 2

[1.6]

where
v = degrees of freedom

The ratio will be high if there is electrical noise
such as a breakdown in the high voltage circuits of the
detector or the detectors counting efficiency is drifting
over measurement periods. The ratio will be low if the
electronics are picking up periodic noise from a failure in
the high voltage filter (Campbell Pacific Nuclear, 1983).
The actual range of R for a given probability and number of
counts can be found from Reduced Chi-Squared tables.
For a 95% probability:
n = 21 counts

0.68 < R < 1.34

n = 10 counts

0.53 < R < 1.53

The instabilities of the instrument (6p,i) are
responsible for any variability greater than that predicted
by the Poisson distribution. Their exact causes are unknown,
but some suggestions follow:
1. connecting and disconnecting the probe to the elec-

trical components,
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2.

effects of temperature on the
i)

probe's detector

ii) electrical circuits
iii) density of material in the shield
iv) power source (batteries),
3.

not taking shield counts in exactly the same way,

4.

electrical interference from cultural features,

5. static charges built up on gauge.

To quantify the variations in counts due to the
gauge's instabilities, it is necessary to know the value for
the precision of the gauge (6p), which is the normal standard
deviation of a series of counts taken at different times in
the same situation. The variance of the series of counts
minus the mean of the counts equals the variance due to the
instabilities of the gauge, or
csp,i[q_6p,i]1/2

[1.7]

or by substitution
(s p,

i

[1.8]

[SD2-7 ]1/2

Calculated values of the variability due to the
gauge's instabilities 6p i are given in Table 1.1. If the
,

variation in counts due to the random nature of the source is
greater than the standard deviation of the counts, it can be
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concluded the gauge is stable over the duration of the data
and 8
p ,i equals zero.
For a neutron gauge, the likely cause of instrument
instabilities is the influence of different physical surroundings on the shield counts. Typical manufacturer
recommendations are to place the gauge on top of its carrying
case and that no significant source of hydrogen be within 3
meters. The concept of the latter recommendation is that
the probe in the shield is sensitive to material in its
immediate vicinity. This is because the shield does not
contain the radius of influence of the probe. Neutron flux
measurements made outside of a shield demonstrate substantial
neutron leakage. These measurements are listed in Table 1.2.
Neutrons leaking out from the shield will interact with any
material near the gauge and subsequently influence the final
shield count.
The lowest variability in shield counts, Table 1.1,
was that of the "25 day study."

It had a precision of 133

counts over 25 days and 7 data collection sessions. Each
session was performed at the same time of day (early morning). Shield counts were taken in an identical manner and in
the same location, which was on the middle of an earth berm
with no other objects closer than 10 meters. The same time
of day minimized the variation in temperature, the identical
connection of the probe's electrical cables eliminated varia-

32

Table 1.2. Radiation leakage from a neutron gauge shield.
Location

Fast N
(c/m)

Thermal N
(c/m)

Dose
(mem/hr)

Front face of shield

1800

2300

33 cm from face

210

150

0.70

100 cm from face

40

30

0.13

Upper end of gauge

140

300

0.52

Lower end of gauge

2000

3000

7.05

6.25
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tions in the discharge of static electricity, and use of the
exact same location eliminated influence of the surroundings
on the shield counts. The result of this attention to replication was negligible drift of the gauge's response over
time. This permits comparing all data series without further
data reduction.
The accuracy of the determination of volumetric water
content is also dependent on the variability of the material
(e m ). The ideal site has a material with a homogeneous
composition and density. Unfortunately such sites never
exist, and heterogeneous materials must be dealt with. The
variability of a material's chemical composition can be
determined by repeated chemical analysis of samples. But
such an undertaking is usually impractical. A qualitative
idea of the variability can be obtained from geologic
descriptions of samples. The variability of the dry bulk
density can be calculated from gamma-gamma density logs of
the access holes. If both the geologic and the density work
show distinct units of the material, the use of more than one
calibration curves is necessary.
Accuracy of the calibration curve (c5 c ) is a function
of the accuracy of the techniques used to determine the
curve. Empirical methods involve two distinct procedures:
counting neutrons and measuring water content. The precision
of counting neutrons was discussed above. The precision of

34

measuring water content depends on the precision of determining the water content by mass and determination of the dry
bulk density of the material. Both of these laboratory procedures involve the weighing of samples. Weighing precision
can be very high if sufficiently large samples are used along
with an accurate scale such as an analytical balance. In
bulk density determinations, measurement of the total volume
of the sample is the largest source of error. An alternative
method is to utilize a gamma-gamma probe to determine density. Precision of the density determined in such a fashion
will be a function of the calibration of the gamma-gamma
probe. Values of water content and bulk density determined
in the laboratory for this thesis are given in Tables 1.3 and
1.4.

Only two measurements were made of bulk density and

porosity because of the reliability of measurement technique.
The measurement technique is explained in Appendix B. The
saturated water contents were assumed to be equivalent to the
porosity.
A value from the literature (Vachaud et al., 1977)
for precision of a bulk density measurement made with a
gamma-gamma probe is 0.015 gm/cm 3 .
1.5 Data Reduction
If the precision or repeatability of shield counts
for a neutron data set is low, the data set must be standardized before an interpretation can be made. Three possible
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Table 1.3. Laboratory values of volumetric water content
(cm 3 /cm 3 ).
Sample

Mean

Welded tuff,
crushed, saturated

0.42

Silica sand,
saturated

R.E.%

n

0.0204

4.90

2

0.41

0.0040

0.98

2

Welded tuff,
crushed, dry

0.0058

0.00004

0.69

10

Silica sand,
dry

0.0015

0.00002

1.29

5

Standard deviation

Table 1.4. Laboratory values of dry bulk density (gm/cm 3 ).
Sample

Mean

Standard deviation

R.E.%

Welded tuff,
crushed

1.32

0.01

0.76

2

Silica sand

1.36

0.02

1.47

2
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methods to standardize the data are discussed below.

The

first method, the ratio technique, is recommended in the
literature (IAEA, 1970; Nakayama and Reginato, 1982) and by
the gauge manufacturer (Campbell Pacific Nuclear, 1980). The
second and third methods are postulated by this author and
are, respectively, named concurrent calibration and normalization calibration.
Before beginning, the variables used in the following
discussion are defined:

t = time of collection of the count data
z = location or depth of individual count data
nt,z = true count data
st = true shield counts

dt = deviation of actual count data from true value
dst = deviation of actual shield counts from true value
Nt, z = actual count data at a specific location
= nt, z +dt

[1.9]

St = actual shield counts

= st+dst

[1.10]

The ,deviation of the gauge's actual response from its
true response may be described by one of three mathematical
models. The constant deviation model assumes it is constant
for a given data set. The linear deviation model assumes it
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is a linear function of the magnitude of the counts.

The

non-linear model assumes the deviation is a nonlinear function of the magnitude of the counts.
Constant deviation model:
Dt =dt, z = dst for all z

[1.11]

Linear deviation model:
dt, z (Nt ,z ) = MNt ,z +B

[1.12]

where
M = slope
B = constant
Non-linear model:
dt, z (Nt, z ) = F(Nt, z )

[1.13]

After deciding which mathematical model describes the
deviation, a procedure to standardize all the data sets can
be selected. If the correct model is chosen and a proper
standardization procedure used to reduce the data, then the
counts of neutrons will be solely a function the water content of the material.
The ratio technique was the earliest procedure developed to standardize neutron data. It is the most commonly
used procedure and is based on the idea that the deviation of
the actual counts in the shield is proportional to the
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deviation of the actual count data. The data sets are
standardized by taking a ratio of the actual count data to
the actual shield counts.
r = Nt, z /St = [nt ,z +d t ]/[s t +ds t ]

[1.14]

Concerning the ratio technique, several questions can
be posed: (1) Is not the resultant ratio (r) still a function of the deviation (dt and dst) from the true values? If
it is not a function of the deviation, then how do the
deviation terms cancel out? (2) Is the deviation a function
of the magnitude of the counts or is it a constant value?
It can be shown through error analysis (Bevington,
1966) that the precision of the data set is lowered by the
ratio technique. An example calculation shows the resulting
difference in precision, with the assumption that the precision of the shield counts is the same as the precision of the
count data.
Let
N = 25,000 counts/min
S = 50,000 counts/min

(Sp

=

350 counts/min

Relative Error =

/N = 1.40%

Ratio r = N/S = 0.5
6r,p = precision of ratio calculated from values given above
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[(1/s)2 (42 + ( N /s2)266]1/2

[1.15]

= 0.0078

Relative Error = d r,p/r = 1.57%
In conclusion, the ratio technique does not eliminate
the drift and it lowers the precision of the count data.
In the concurrent calibration procedure the gauge is
calibrated to water content every time a set of count data is
collected.

It involves the use of calibration containers,

each of a different known water content.

The deviation in

the actual count data is assumed to be equal to the deviation
measured during the calibration of the probe to water content. Assuming the deviation is a function of the magnitude
of the counts, the act of calibrating the probe to water
content in the containers, serves to incorporate this
function into the water content data.
The third standardization procedure normalizes the
count data and is therefore termed the normalization procedure. It shifts the count data a specified amount. The
nature of the shift depends on the deviation model selected.
If the deviation is assumed to be constant, a linear shift of
all the count data is made. The size and direction of the
shift depends on the difference of the individual shield
counts from the overall average shield counts (Save). If the
deviation is assumed to be a function of the count data, the
count data are shifted according to that function.

Constant deviation: Dt = Save-St
nt = Nt+D t

Deviation a function of counts:
Linear function nt = Nt+[M*Nt+B]

[1.18]

Non linear function n t = Nt+[F(Nt)]

[1.19]

The parameters M and B or the function F may be

determined by using multiple standards instead of the single
shield value. Nakayama and Reginato (1982) make use of
multiple standards for cross calibration of neutron gauges.
The standards they use are cylinders made of high density
plastic of different diameters. The count data from the

cylinders covers the range of counts usually encountered in
the field. Sufficient points to determine the deviation

function can be obtained by logging the assembly of standards
during each data collection session. The concurrent calibration procedure outlined above is similar to the use of
multiple standards.
1.6

Radius of Influence

It is important to know the radius of influence which
the neutron gauge measures. The radius is of a sphere around
the source, which if all soil and water beyond that radius
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were to be removed, would still yield a count of neutrons
equal to a stated fraction of the count of neutrons obtained
in an infinite medium (IAEA, 1970). The fractions usually
given are 95% and 99%.
The radius of influence is controlled by the water
content of a material. The radius decreases with increasing
water content due to the slowing down power of water. The
higher the density of hydrogen nuclei, the shorter the
distance until thermal energies are attained. At low water
contents or hydrogen densities, the fast neutron has to
travel over much greater distances for it to be thermalized.
At low water contents the radius of influence is roughly one
meter and at high water contents it drops to 33 centimeters.
This relationship is shown in Figure 1.7 for several soils;
it is from the theoretical calculations of Olgaard (1965).
Experimental results for a neutron gauge in 2.4 cm steel and
0.8 cm electrical conduit casings are shown in Figure 1.8. A
very crude approximation, Equation 4.13, of the radius of
influence can be found from the neutron slowing down
parameters calculated for the theoretical model.
There are three reasons why the radius of influence
is important. The first applies to the design of calibration
containers. For valid calibration the radius of any calibration container must be greater than the radius of influence
of the probe. This condition insures that the containers
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Figure 1.7. Radius of influence as calculated by
Olgaard, 1965.
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Figure 1.8. Measured radius of influence of CPN 501

gauge.
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simulate an infinite medium. If a container has a radius
smaller than the radius of influence, it will produce
erroneous calibration results. This is because some of the
neutrons will be scattered into the air surrounding the
container, which is like a vacuum in that neutrons scattered
into the air will not be scattered back into the container
and subsequently will not be counted by the gauge's detector.
The result is an artificially low count of neutrons for the
given water content. This condition is called leakage and
produces calibration curves which are lower than the true
values.
An experiment demonstrating leakage involves a 55
gallon drum filled with dry, crushed welded tuff for use as a
low water content calibration container. The average neutron
count rate for the drum located in a store room on top of
wooden pallets was 1250 counts per minute. But when the drum
was taken outside and completely buried in dry soil, the
average count rate substantially increased to 5600 counts per
minute. This experiment proved 55 gallon drums do not contain enough volume of a material for use as dry calibration
containers.
The second reason why the radius of influence is
important is as an indication of the resolution of the gauge.
Due to the physical principles of neutron scattering and
slowing down, the value of water content calculated from a
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gaugd is not a point measurement but an weighted value of the

water content over the entire volume of measurement. If a
lens of water content occurs thinner than radius of influence, the calculated water content will be less than the
actual value. This concept means that in practice exact
measurements of water content profiles are not possible in
heterogeneous media. However, a measurement of an average
water content profile is possible.
The third reason why the radius of influence is
important is to choose an efficient interval of measurement
in the access hole. Intervals of measurements greater than
the radius of influence will not give a comprehensive water
content profile, whereas intervals smaller will yield more

accurate profiles but will also require more time and labor
for data collection.
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CHAPTER 2
EMPIRICAL CALIBRATION
An empirical calibration of a neutron gauge to water
content for a given material is an experimental determination
of the function relating counts of neutrons to water content.
It entails measurement of water content by some independent
technique and the collection of thermal neutron count data
associated with the known water content. The three common
empirical techniques were discussed in Section 1.2 and will
be explained in more detail in this chapter. The techniques
are grouped into either field calibration techniques or container calibration techniques. Field calibration techniques
are carried out at the actual field site whereas container
calibration techniques can be done at any locality.
The two basic premises of any calibration technique
are that the calibration be done with geologic material that
is physical and chemically similar to the material of the
study site, and that access hole geometry be identical to
that of the access holes at the study site. These premises
are due to the neutron gauge's sensitivity to the material's
bulk density and chemical composition as well as the radius
and type of casing used in construction of the access holes.
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2.1 Field Calibration
Field calibrations are the most widely used calibration techniques because they do not require much equipment
and can be inexpensive. They are usually the simplest techniques for shallow access holes, less than 1 meter in depth.
For deeper access holes they are possible but are subject to
greater inaccuracies due to disturbances from the drilling.
The different field calibration techniques are named
according to the method of determining the water content.
2.1.1 Gravimetric
In gravimetric calibration water content is determined by weighing a sample of the material, drying it in an
oven at 105 degrees Celsius for 24 hours, then weighing it
again (Black et al., 1965). The difference in weight is the
mass of free water driven off by drying. The difference
divided by the dry mass of the sample is the water content of
the sample per unit mass. The water content per volume is
calculated by multiplying the water content per mass by the
bulk density of the material. In shallow access holes
undisturbed samples can be collected from which both water
contents and bulk densities can be measured. In deep access
holes, samples are collected to determine the water content
per mass and then the bulk density of the material is
determined separately.
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The gravimetric calibration procedure for shallow
access holes is to auger, or core, holes of the same size or
somewhat smaller as the access hole casing, then set the
casing. Immediately surrounding the access hole, other holes
are augered and cored with a soil sampler at known depths.
The soil cores of known volumes are then used to calculate
water contents for a given depth. At the same time of
collecting soil samples, the access hole is logged for counts
of neutrons at the corresponding depths of the soil samples.
The calibration curve for the material is then calculated by
a least squares analysis of the counts of neutrons versus the
known water content of the soil samples. For accurate work,
the known water contents should be spread over the entire
range of values encountered in the field study. There also
should be enough data pairs (20 or more) to give statistical
confidence to the calibration curve.
In deep access holes, samples of the material will be
disturbed.

Either original water contents or original bulk

densities or both are disturbed by drilling.

The result is

that water contents and bulk densities must be determined
separately. Drill cuttings or split spoon samples can be
collected at specified depths for water content analysis and

overcores or outcrop samples can be collected for bulk
density. Another alternative is to log the hole with a
gamma-gamma radiation geophysical tool for determination of
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bulk density. After determining the water content per mass
of the samples as outlined above, the water content per volume can be calculated by multiplying water content per mass
by the bulk density of the material, assuming the density of
water is equal to 1 gm/cm 3 . The access hole is then logged
with the neutron gauge and a least squares analysis is used
to calculate the calibration curve. The concepts mentioned
earlier still apply with regard to a range of water contents
and a large number of data pairs.
The least disturbance to the subsurface material from
drilling is by air circulation methods. Water drilling
methods will saturated the subsurface formation around the
access hole. The drawback to air drilling is a drying out of
the material because of the large volume of air used to lift
the cuttings to the surface. Water contents calculated from
samples collected from air drilling will be considerably
drier than those existing in the subsurface material.
Errors associated with gravimetric calibration arise
from measurements of water content and bulk densities. Error
in the determination of water contents depends on the size of
the sample, precision of the scale used to weigh the sample
and handling of the sample between its field collection and
the laboratory. The last error, handling error, can be
easily minimized by storing the sample in sealed plastic bags
under stable temperature conditions. Weighing error can be
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reduced by utilizing an analytical balance. For work with
accuracies better than 1%, the sample's size should be
greater than 200 gm. The accuracy obtained for water content
per mass determinations by this author ranged from 0.0145 to
0.0076 gm/gm, depending on the size of sample and the nature

of the material. Literature values are as low as 0.0005
gm/gm (Vachaud et al., 1977).
Errors in determining the bulk density of the
material are due to weighing of the sample and determining
its undisturbed volume. The errors associated with sample
weighing are the same as above. The error associated with
sample volume depends on whether the sample is a consolidated
core, unconsolidated core in a core can of constant volume or
a consolidated sample from outcrops. Through the use of good
technique, the total error for physical measurement of bulk
densities can be less than 1%. The more common practice of
determining the bulk density of the subsurface material by
gamma-gamma density logging is a function of the accuracy of
the calibration of the gamma-gamma tool to bulk density.
This calibration is similar to that of neutron gauges and
includes all the same error determinations. Vachaud et al.
(1977) reported a bulk density error of 0.015 gm/cm 3 , or 1%.

The total error for a volumetric water content
calculated from a water content by mass and a bulk density
can be derived by classical error analysis. For volumetric
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water contents calculated from gamma-gamma density logs, the
errors reported in the literature are 0.02 cm 3 /cm 3 (Vachaud
et al., 1977) and 0.016 cm 3 /cm 3 (Haverkamp et al., 1984).
2.1.2 Cross Calibration
Cross calibration involves the use of another neutron
gauge already calibrated to the given material and access
hole geometry (Nakayama 'and Reginato, 1982). The calibrated
gauge is used to determine the water content of the material
at given depths. Counts of neutrons with the second, uncalibrated neutron gauge are then recorded at the same depths and
a least squares analysis is performed on the data to determine the second gauge's calibration. The accuracy of cross
calibration depends on count statistics of the two gauges and
accuracy of the first gauge's calibration.
2.2 Container Calibration
Container calibration mimics field conditions in the
controlled environment of a container. The advantage of the
technique is that repeated calibrations over time are possible due to the static conditions of the calibration containers. Repeated calibrations are used to eliminate the effects
of the gauge's instabilities from the data. The neutron
count data for calibration is collected from containers
filled with material representative of the material at the
field site. The container's radius must be larger than the
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radius of influence of the neutron probe to ensure proper
response of the gauge. Each container is permanently sealed
at a different known water content and constructed with an
access hole casing centered in the container of the same type
as at the field site. The containers are uniformly filled
and have a uniform water content distribution. To insure
that the water content distribution stays uniform, only dry
and saturated conditions are used. Under partial saturation,
gravity forces unequally distribute water to the bottom of
the container. Temperature gradients will also disrupt a
uniform distribution of partial saturation. The water
content of the dry container is close to zero and the water
content of the saturated container is the porosity of the
material. With the count of neutrons in each container and
the known water contents of each container, the calibration
curve can be calculated.
For accurate results the derived calibration curve
should be for the same bulk density as the material at the
field site. This can be accomplished by making the material
in the containers the same bulk density as the field
material, which is difficult, or by constructing multiple
containers at different bulk densities. In the latter case,
a correction for bulk density can be calculated.
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2.3 Disadvantages of Empirical Calibration
For shallow access holes in soils without gravel,

empirical gravimetric calibration works well. For deep
access holes, empirical gravimetric calibration has an
inherent inaccuracy due to the disturbance of the original
water content by drilling. Container calibration also has
limitations arising from the resources required to construct
and fill the containers. Because a typical neutron gauge has
a radius of influence of roughly 1 meter at low water contents, very big containers are required. To contain the dry
radius of influence, a container must have diameter greater

than 2 meters and an equivalent height. The volume of
material required to fill such a container is 6.3 cubic
meters. In addition to the resources needed to build the
containers, locating and handling such a quantity of material

to fill several containers is often prohibitive. If additional containers are required for a bulk density determination, the physical and financial commitment to calibration
becomes very large.
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CHAPTER 3
NEUTRONS AND NEUTRON REACTIONS
Chapters 3 and 4 present the fundamentals of neutron
physics, as applied to neutron gauges. They facilitate an
understanding of why neutron gauges work and explain how
different physical factors influence the neutron gauge. Most
importantly, they review the theoretical origin of the mathematical model which calculates the calibrations of neutron
gauges. The topics covered in Chapter 3 are basic concepts
of neutron physics. Chapter 4 assumes familiarity with these
concepts in order to present simple neutron transport theory.
The theoretical development in Chapters 3 and 4 is
based on those found in most standard nuclear physics texts
(Glasstone and Edlund, 1952; Weinberg and Wigner, 1958).
3.1 The Neutron Energy Spectrum
In discussing neutron physics as it applies to
neutron gauges, the major concern is the movement of neutrons
through material and their associated reactions with that
material.

Neutrons move through matter (Figure 3.1) as a

consequence of being scattered by atomic nuclei.

A typical

path is a zigzag pattern of straight line elements of varying
lengths until the neutron is captured or absorbed by a
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Figure 3.1. A projected travel path of a neutron moving
through a material composed of different

atomic nuclei.
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nucleus.

After each scattering reaction, the fast neutron

loses a portion of its initial energy.
The important concepts are, a neutron has an initial
kinetic energy, is travelling in some direction, has a scattering reaction with an atomic nuclei, loses a certain amount
of its initial energy because of that scattering, repeats the
scattering process many times until it has lost almost all of
its energy and is finally absorbed by a nucleus. From this
simplification of neutron transport, it can be seen that
neutron transport involves a spectrum of energy levels,
scattering collisions and absorption reactions.
To begin a discussion of neutron transport, a
description of terms is necessary. Fast neutrons are those
with energies in the millions of electron volt range (Mev).
Epithermal neutrons are defined as neutrons with kinetic

energy between 0.5 ev and 2.0 ev, while thermal neutrons are
those below 0.5 ev. The thermal neutron energy spectrum is
described by the Maxwell-Boltzmann Distribution (Equation
3.1). It describes neutrons which are in thermal equilibrium

with the atomic nuclei of the material.
E = kTm = 1/2mv 2(ev)

where
Tm = temperature of material in degrees Kelvin
= tm+273
tm = temperature of material in degrees Celsius

[3.1]
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E = kinetic energy of thermal neutrons
k = Boltzmann constant
= 8.61x10 -5 ev per degree Kelvin
m = mass
v = velocity
The velocity of a thermal neutron is related to its
kinetic energy by the laws of momentum which reduce to
V = 13.8*10 5E1/2

(m/sec)

[3.2]

If a material has an average temperature of 20 degrees Celsius, the kinetic energy of a neutron in thermal equilibrium
would be 0.025 eV and the average velocity of the neutron
would be 2200 m/sec.
3.2 Neutron Reactions and Cross Sections

Neutron reactions with atomic nuclei, whether
scattering or absorption, are quantitatively defined by the
reaction's cross section. A cross section is the probability
of occurrence of the stated reaction. The value of the cross
section depends on the neutron's energy and is a characteristic of the target nuclei. It is defined mathematically
as a and is expressed in units of barns with 1 barn = 10 -24
cm 2 . Another way to think of cross sections is as the
effective area per single target nucleus for a given neutron
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reaction.
tation.

The name cross section comes from this interpre-

Since a has been defined as per target nucleus, it

is referred to as the microscopic cross section.

A listing

of microscopic thermal absorption and scattering cross
sections of common elements is shown in Table 3.1.
The macroscopic cross section E is the cross section
of the nuclei in 1 cm 3 of material as defined by

E = Na

(1/cm)

[3.3]

where
N = number of nuclei per cm 3 of the material
The number of nuclei per cm 3 (N) is calculated from
the material's density (p) in grams per cubic centimeter,

from the atomic mass (A) in grams per mole and Avogadro's
number (No), which is the number of individual atoms (or
nuclei) per mole.
By substitution of the above mentioned relationship
for N into Equation 3.3, the macroscopic cross section

becomes
E = No pa /A

[3.4]

(1/cm)

From 3.4, the total macroscopic cross section for a
material composed of k elements is a summation of each
element's macroscopic cross section.
Mi Gi/Ai

E = Nop
i=1

(1/cm)

[3.5]
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Table 3.1. Microscopic thermal cross sections of absorption
and scattering (from Mughabghab et al., 1981).
Element

H
Li
B
C
N

Atomic mass
A
1.008
6.941
10.81
12.011
14.007

02200
a
Barns
0.333
70.5
767.0
0.00350
1.90
0.00019

os
Barns
20.491 (2)
0.95
4.27
4.74
10.03
3.76
3.025
3.414
1.413

Na

15.999
22.990

Mg
Al

24.305
26.981

Si
P

28.086

0.063
0.231
0.171

30.974

0.172

3.134

S

32.06
35.453
39.098

0.53

0.979

0

Cl
K
Ca
Ti

40.08
47.90

Cu

54.938
55.847
58.933
63.546

Br
Cd

79.904
112.40

Mn
Fe
Co

H20

18.016

0.530

33.5
2.1
0.43
6.09
13.3
2.56
37.18
3.78
6.9
2520.
0.664(1)

2.044

15.8
2.04
2.93
4.09
2.2
11.35
6.0
7.78
6.1
5.6
(2)

1.

From Olgaard, 1965.

2.

Scattering cross sections of H and H20 are treated
separately in the model due to energy dependence.
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where
Mi = the mass percent of the ith element
A useful quantity describing the travel of neutrons
in a material is that of the mean free path of neutrons (X).

It is the average distance a neutron travels before being
involved in a reaction. It is usually applied to the scattering reactions and has the dimensions of length.
X= 1/E s

(cm)

[3.6]

Another useful quantity describing the travel of
neutrons is the total cross section (ET) • It is defined from

laboratory experiments and represents the sum of the absorption and scattering macroscopic cross sections.
ET

=

Ea+Es

(1/cm)

[3.7]

Cross sections are also a function of energy. Three
distinct regions occur as a function of energy. The first

occurs at thermal energies when the cross sections decrease
steadily with increasing energy. This is known as the 1/v
region. The second region is the resonance region characterized by peaks due to resonance absorption. This region's
behavior ca n . be explained by the wave theory of matter, which
treats a neutron as a wave under specific energy conditions.
(Matching of the neutron's energy with that of the target
nucleus will produce excited nuclear levels.) In the fast
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neutron region the cross section again quickly decreases with
increasing energy. Figure 3.2 displays these relationships
for Cd, In, and hydrogen in a paraffin molecule.
3.2.1 Absorption Cross Sections, Ea

For thermal neutrons, absorption reactions readily
occur. An absorption of a thermal neutron involves the
capture of the neutron by a nucleus forming a new, excited,
high energy compound nucleus which rapidly (in approximately
10 -12 secs) decays by emitting gamma radiation. The proba-

bility of an absorption reaction occurring radically varies
from element to element and also varies for each isotope.
Table 3.1 displays this fact. A rarer absorption phenomenon
is absorption of a neutron and emission of a higher mass
particle under exothermic conditions.

This phenomenon is

exploited for use in neutron detectors.

A list of these

exothermic reactions is given below.
10,- (nn,alpha)
,alpha) 7 Li
6 Li (n,alpha) 3 H
3 He (n,proton) 3 H

Absorption reactions are strongly dependent on the
neutron's energy. They are the highest at low energies and
rapidly decrease with energies above the thermal range. The
rapid decrease above thermal energies permits the assumption
of ignoring absorption for fast and epithermal neutrons in
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transport theory. But the strong dependence of absorption in
thermal energy requires the introduction of a function relating the absorption cross section to energy. If no absorption
occurred, the distribution of neutron energies would follow
the Maxwell-Boltzmann distribution. But in geologic materials there is weak absorption of neutrons, which produces a
shift of the neutron energy distribution towards higher
energy. A fitting of the real neutron energy distribution to
the idealized Maxwell-Boltzmann distribution can be accomplished through the concept of a neutron temperature (Tn) as
given in Equation 3.8.
Tn = Tm(1+0.92E 1200[293/Tm]1/2/[Ea/m) [3.8]
(degrees Kelvin)
The 2200 superscript associated with the absorption
cross section represents a value corresponding to the average
value at an energy level equal to 2200 m/sec or 20 degrees
Celsius. This is the value cited in the literature and given
in Table 3.1.
To include the 1/v energy dependence in the calculation of the absorption cross section the following equation
is used:
E a = (71/2/2)21200( 293/Tn) 1 / 2(1/cm)

[3.9]
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3.2.2 Scattering Cross Sections, Es

There are two consequences of a neutron scattering
reaction with a target nucleus:

(1) the neutron's direction

is changed, and (2) the neutron loses kinetic energy. The
first consequence is important because the scattering maintains a cloud of neutrons around the source. The energy loss
is important as an indicator of the hydrogen content of the
material.
Two references have been established to quantify
scattering reactions. In the laboratory frame of reference
(L system), the target nucleus is initially at rest and the
neutron is moving, whereas in the center of mass frame of
reference (C system), the center of mass of the two particles
is initially at rest. For both systems the scattering angle
is defined as the angle between the direction of motion of
the neutron before and after the reaction. In the L system
it is represented by 11 and in the C system it is represented
by w. Figure 3.3 shows these relationships.
By applying the classical laws of mechanics--the
conservation of momentum and the conservation of energy--to
the scattering reaction, basic relationships between the
target nucleus's atomic mass, the angle of scattering and the
average energy loss for a collision can be derived. The
combined conservation laws can be reduced to a single equation relating the angle of scattering in L system to the
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angle of scattering in the C system and the atomic mass of
the target nucleus. It is given in Equation 3.10.
A cos(w)+1
cos(1) =

[3.10]
[A 2 +2Acos(w)+1] 1 / 2

Experimental evidence indicates that in the C system
the scattering is isotropic (Glasstone and Edlund, 1952).
From Equation 3.11, it can be shown that II) is always less
than w and that the difference between the two angles
decreases with increasing atomic mass. The result of this
relationship and the experimental observation of isotropic
scattering in the C system produces anisotropic scattering in
the L system. The anisotropic scattering physically means
the preferred direction of scattering is forward or away from
the source. However isotropic scattering is approached as
the atomic mass is increased.
The average cosine of the scattering angle (cos Pave =
uave) in the L system is defined from Equation 3.10 and an

integration to average the cosine of the scattering angle.
The result is
uave = 2 /( 3 A)

[3.11]

Also derived from the conservation laws is a relationship between the amount of energy lost and the atomic
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mass (A) of the target nucleus. The average logarithmic
energy decrement is defined as

E = [1n(Ei/Ef Have

[3.12]

where
Ei = initial energy of neutron
Ef = final energy after collision
For atomic masses greater than 10,

a good approxi-

mation, assuming isotropic scattering in the C system, is
C = 2/(A+2/3)

[3.13]

With C and Equations 3.12 and 3.13, the average
number of collisions to thermalize a neutron for a given
nucleus can be calculated.

A set of these calculations for

several different nuclei are given in Table 3.2.

It can be

seen from the table and equations that light nuclei are the
most effective in slowing down neutrons. Since hydrogen has
a mass nearly equal to the mass of a neutron, it can be
deduced that slowing down in a material is largely due to the
material's hydrogen content. This is the reason why neutron
gauges measure water content.
A more useful term than C is the slowing down power
(S), which not only includes the average logarithmic energy
decrement but also includes the probability that a scattering
reaction would occur. A given nucleus could have a largeC
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Table 3.2. Number of collisions to thermalize a fast neutron
for several elements (after Glasstone and Edlund,
1952).
Element

Atomic Mass
A

E

Collisions
to Thermalize

H

1

1.000

18

D

2

0.725

25

He

4

0.425

43

Li

7

0.268

67

Be

9

0.209

86

C

12

0.158

114

0

16

0.120

150

69

but also have a small scattering cross section or probability
of occurrence. Such a nucleus would be a poor moderator of
neutrons. The slowing down power is defined as
S =

Us

[3.14]
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CHAPTER 4
NEUTRON TRANSPORT
Neutron transport theory is a diffusion phenomenon
which involves the steady decrease of neutron energies until
they reach thermal energies, whereupon they are absorbed.
The rudimentary concepts of neutron physics were presented in
Chapter 3 and will be used in this chapter to explain the
transport theory.

The simple case of the movement of

monoenergetic neutrons will be discussed first.

The more

complicated case of polyenergetic neutron transport will
follow utilizing solutions from the monoenergetic case.
4.1 Monoenergetic Transport

The movement of neutrons of a single energy level
through a medium composed of only one nuclear species is
based on the principles of diffusion, similar to the diffusion of heat or molecules. An application of Fick's Law of
Diffusion to neutrons is presented in Equation 4.1.
J_

=

-DV gb

where
J
_ = neutron current density of monoenergetic neutrons
(n/cm2/sec)

[4.1]
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= flux of monoenergetic neutrons (n/cm 2 /sec)
D = monoenergetic diffusion coefficient (cm)
The neutron current density J is the net number of
neutrons flowing in a unit time through a unit area normal to
the direction of flow. The neutron flux (1) for a specific
energy is the product of the neutron density N (n/cm 3 ) and

the neutron velocity v (cm/sec). If an energy spectrum is
considered, the flux becomes a function of the energy as does

the neutron density and velocity.
By coupling the above neutron diffusion equation with

a mass balance equation, the continuity equation (Equation
4.2) for monoenergetic neutrons can be derived. The most
typical monoenergetic range is the thermal one.

DV 2 (1) - E a cl)

+

S

=

0

[4.2]

where

DV 2 (1) = net flow of neutrons per unit volume, often termed
leakage

E a ci) = loss of neutrons due to thermal absorption, or loss of
neutrons due to removal from a higher energy group Ei
into a lower energy group Ef. For both meanings it is

a sink term.
S = source term
There is an analytical solution (Equation 4.3) to the
continuity equation, which assumes a point source situated in
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an infinite, homogeneous material and steady state conditions. Assuming the flux distribution around the source is
spherically symmetric, the spherical coordinate system is
used to derive the solution. Given the following substitution for thermal neutrons of L 2 = D/E, and the boundary

conditions of (i) flux is finite for all radii greater than
zero, and (ii) the total number of neutrons passing through a
sphere equals the source strength Q, as the radius r
approaches zero, the solution is
Qexp[-r/L]
[4.3]

flr) 47Dr

where
Or) = flux of neutrons at radius r
Q = source strength of neutrons

(n/cm2/sec)
(n/sec)

L = diffusion length

(cm)

D = diffusion coefficient

(cm)

The diffusion length L is the average straight path a
neutron travels before it is either absorbed or slowed down
enough to enter a lower energy group. It can be calculated
from the relationship with the diffusion coefficient and the
macroscopic cross section.

The diffusion coefficient is measured for a material
by relating a neutron flux to its spatial distribution in
material (je the neutron current density J

=

A
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formula for the diffusion coefficient, which is corrected for
preferential forward scattering, referred to in Section 3.2.2

as anisotropic scattering, is given below.
D = 1/[3Es(1-Uave)]

[4.4]

Es = scattering cross section of nucleus
Uave = 2/(3A)
A = atomic mass of scattering nucleus
It is derived for a weakly absorbing material (Ea/ET

<< 1) such as geologic material. Transport theory shows
Equation 4.4 is a good approximation of the more general
equation for D given in Equation 4.5, at two to three mean

free paths (X) away from boundaries and sources. This
approximation holds because at those distances the angular
distribution of neutron velocity vectors does not strongly
depend on position (Glasstone and Edlund, 1952).

D = 1/[3ET(1-Uave)(1-4Ea/5ET+EaUave/ET(1-Uave)+...)]
[4.5]
From these equations for D, the transport mean free
path is defined as

Xtr

1/[Es(1-Uave)]

[4.6]

or the transport macroscopic cross section is given as
Etr = E s (1-Uave)

[4.7]
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If the material is not weakly absorbing, the transport cross section is
E tr = ET-EsUave = Ea+Es(1-Uave)

[4.8]

with the total macroscopic cross section given as
E T = Ea+Es

[4.9]

and the diffusion coefficient is calculated from Equation
4.5.
4.2 Polyenergetic Transport
The preceding development of neutron transport as a
monoenergetic diffusion process is not applicable to neutron
gauges because of their dependence on the phenomenon of
slowing down of neutrons by hydrogen molecules. This occurs
over orders of magnitude of energy. A typical fast neutron
emitted from a Am-Be source of a neutron gauge has an initial
energy of 4.5 Mev, yet the thermal detector of a neutron
gauge counts neutrons of energy near 0.025 ev. Any good
transport theory which applies to neutron gauges must take
into account the complete energy spectrum of neutrons, from
their initial fast state down to their thermal state.
There have been several mathematical models proposed
that describe polyenergetic neutron transport as applied to
neutron gauges (Semmler, 1963; Gardner and Kirkham, 1952;
Tittle, 1961), but the model that has been the most
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successful is that of Three Group Diffusion (Olgaard, 1965;
Couchat, 1967). It allows for scattering cross sections to
be a function of energy and it fits experimental data of a
neutron source located in water (Olgaard, 1965), as shown in
Figure 4.1. It also best describes the neutron flux in the
region close to the source.
The Three Group Diffusion model breaks the energy
spectrum of neutrons into three separate continuity equations. The first equation describes fast neutrons emitted
from the neutron source and their subsequent slowing down
until they reach energies around 2.0 Mev. The second
equation describes the neutrons as they slow down from 2.0
Mev until they reach thermal energies. The thermal neutrons
are described by the last equation, which takes into account
only thermal diffusion and absorption. The three equations
for the Three Group model are given below.
[4.10a]

For neutrons < 4.5 Mev
D1 7 2 (1)1 - El

= 0
[4.10b]

For neutrons <2.0 Mev
D2 y 2 (1)2 - E2 + El (1)1 = 0

[4.10c]

For thermal neutrons
D V 2 cP th - Ea (Pth

E2 (1) 2 = 0
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Figure 4.1. Thermal flux distribution around a neutron
source in water, taken from Olgaard, 1965.
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The variables El and E2 are the transfer cross
sections.

They account for the loss of neutrons from an

energy group into the next lower group. The subscripts on Z,
D and L in Equations 4.10 and 4.11 refer to the energy group

level.
El = Dl /Li

E2 = D2/1,
The diffusion lengths (Li) of the fast groups are interpreted
as the average straight path length a neutron travels before

it has lost enough energy to fall into the next lower energy
group. It can also be shown that the square of the slowing

down length is one sixth of the mean square distance (r ave 2 )
of a straight path that a neutron would travel from a point

where it enters an energy group to the point where it leaves.
The shorter the slowing down lengths, the closer to the
source the fast neutrons will be thermalized. Numerical

calculation of the fast slowing down lengths is a point of
difference among authors applying the Three Group Diffusion
model to neutron gauges. In this thesis the techniques
outlined by Olgaard (1965) are followed.
The theoretical calculation of the fast slowing down
lengths are presented as Equation 4.12. True calculation of
the slowing down lengths involves a summation of cross sec-

tions over all elements in the material, with an integration
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over the relevant energy range.

Numerically this proved to

be difficult, so for the computer model (see Section 5.6.1)
the energy spectrum was divided up into seven groups and

E and Uave values were used for each group.

average Es,

Li 2 = Di/Ei

[4.12a]

Ei
dE
/ 3Es(E)(1-Uave(E))E(E)Es(E)E
Ef
where
Uave(E) = 2/(3A)+0.07A 2 / 3 E(1-3/(5A 2 ))

[4.12b]

E(E) = E 0 -0.21A 2 / 3 E((E 0 / )-0.5)

[4.12c]

E 0 (E) = 1+( 1-a)ln(1-a)/a
a = 4A/(A+1) 2

[4.12d]
[4.12e]

with E in Mev.
These equations are valid for 0.07 A 2 / 3 E < 0.2.

For

0.07 A 2 / 3 E > 0.2 the following equations apply
Uave(E) = 2/(3A)+0.2(1-3/(5A 2 ))

[4.12f]

E(E) = E 0 -0.6((E 0 /a)-0.5)

[4.12g]

A crude approximation of the radius of influence Ri
of a neutro n gauge is the square root of the sum of the slow.

ing down lengths of each energy group squared.
Ri = [1, 1 2+1, 2 2+1,2]1/2

[4.13]
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By utilizing the solution of the continuity equation

for monoenergetic neutrons, the number of neutrons transferring out of each energy group due to slowing down can be
found and it is given by Equation 4.14.

exp (-r/Li)
[4.14]
47Li 2 r
The solution for thermal flux (Pth (Equation 4.15) in
the continuity equation of the third energy level (Equation
4.10c) is derived by first solving for the neutron flux of
the first group 4)1, substituting this result into the equation for the second group and solving it for its flux (1b2,
which is then substituted into the third or thermal group
equation and solved.

4)th(r) = QL 2 /[47Dr(Li-L3)]

[4.15]

[(Li/(Li-L 2 )[exp(-r/L1)-exp(-r/L)]L3/(L-L 2 )[exp(-r/L2)-exp(-r/L)])]
The assumptions made to reach this solution are the
source can be approximated by a point source and the material
is infinite and homogeneous.

for neutron gauges.

The first assumption is valid

But the second assumption neglects the

cylindrical void space of the access hole, the effect of the
access hole casing and composition of the neutron probe's
housing and detector. Boundary conditions applied to reach
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the polyenergetic solution are the same as the ones applied
to the solution of the monoenergetic case. They are that the
flux is finite for all radii greater than zero, and the total
number of neutrons passing through a sphere equals the source
strength as the radius approaches zero. These are valid
boundary conditions for neutron gauges.
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CHAPTER 5
THREE GROUP DIFFUSION MODEL APPLIED
TO NEUTRON GAUGES
5.1 Need For Theoretical Calibration
of Neutron Gauges
The problems associated with empirical calibration of
neutron gauges were discussed in Section 2.3. They are due
to the difficulties of sampling for water content in the
field, or in the case of container calibration are due to the
extensive commitment of financial and physical resources.
The solution is a calibration procedure based on
easily measured physical parameters of the material. A
calibration based on a theoretical model of neutron transport
incorporates this concept. The model is derived from neutron
physics theory and depends on physical parameters determined
from measurements of samples either collected during drilling
or from representative outcrops. The samples only have to be
characteristic of the chemical composition of the material.
5.2 Application of Theory to
Modeling Neutron Gauges
The ,theoretical calibration procedure makes use of a
computer model developed from Equation 4.15, whose inputted
parameters are the gauge's design, the material's physical
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and chemical composition, and the access hole's geometric
proportionality factors.
The gauge's design parameters are available from the
gauge's manufacturer. The parameters required to define the
material's physical composition are its in situ dry bulk
density, temperature and thermal neutron cross sections. The
bulk density and temperature are measured in the field,
whereas the thermal cross sections are determined in a graphite pile from the field samples. Couchat (1975) explains the
procedure and its application to neutron gauges. Chemical
composition of the material is required for the calculation
of both the fast cross sections and the neutron temperature.
However the calibration curve has a low sensitivity to these
terms, and they may be calculated from chemical analyses of
standard samples of the material, published in the technical
literature.
The access hole's proportionality factors are
determined only once for a specific access hole-neutron gauge
geometry. They are calculated from a container filled with
water for a gauge counting thermal neutrons; for a gauge
counting both thermal and epithermal neutrons, the use of a
second container filled with saturated sand is necessary.
The theoretical model is based on the two models of
Olgaard (1965, 1967). Inputs to his model are the same as
mentioned above except that he calculates the thermal cross
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sections from a chemical analysis of the material. The
drawbacks of depending on a chemical analysis for the
calculation of the thermal cross sections are its cost and
incomplete nature. Typically, in chemical analyses of
geologic materials, only 20 or fewer major elements are
analyzed, neglecting most of the trace elements. But it is
these trace elements such as boron, cadmium and lithium which
are major contributors to the magnitude of the thermal cross
sections. This fact makes thermal cross sections calculated
from incomplete analyses less accurate than those measured in
a graphite pile. For calculation of the fast cross sections,
the incomplete nature of the chemical analysis has only a
negligible affect on the accuracy of the calibration curve

(Couchat, 1975). This is shown in Section 7.2.
The procedure to calibrate a neutron gauge begins
with a compilation of the design parameters of the gauge.
The manufacturer of the gauge is the best source for these
parameters, which are: (1) the fast neutron strength of the
source, (2) the type of detector, (3) the effective volume of
the detector, (4) the macroscopic cross section of the
detector, (5) the half length of the detector, and (6) the
distance between the source and the middle of the detector.
The type of detector is determined by the gas filling it.
The two type of gases used are 1 °B and 3 He. The first type
counts mostly thermal neutrons, whereas in the second type,
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3 He, a substantial proportion of the counts are epithermal

neutrons.
The geometric proportionality factors for the access
hole's geometry are the next input parameters to be calculated. If the detector only counts thermal neutrons, this
step involves construction of one calibration container
filled with water. But if epithermal neutrons are also
counted, a second calibration container is necessary. From
the calibration containers, a relationship is derived to
account for the diameter of the access hole and the type of
casing.
To calculate the calibration curve for a material,
samples of the material are collected.

They may be from

uncontaminated drill cores, drill cuttings, or from representative outcrops. The dry bulk density and temperature of
the material in the field are determined by any reasonable
method. The dry bulk density of collected samples must also
be known for use in the graphite pile. In the graphite pile
the sample's thermal cross sections are measured. Chemical
analyses of the field material are gleaned from the published
technical literature (Abbey, 1983). The values of field bulk
density, temperature, thermal cross sections and chemical
analysis are inputted into the model, along with the neutron
gauge's design parameters and proportionality factors. From
all of these, the calibration curve is calculated.
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The advantage of this procedure is that once geometric proportionality factors have been determined for a
specific gauge and a specific access hole geometry, calculation of the calibration curve for any material is a simple
procedure.
A comparison of two calibration curves for the same
unconsolidated material, one calculated by the model and the
other by cross calibration of a neutron gauge, showed a
difference of 0.01 cm 3 /cm 3 volumetric water content. This
difference is negligible, considering it is equivalent to the
highest attainable accuracy for an empirically calibrated
neutron gauge.
5.3 Three Group Diffusion Model
Applied to Neutron Gauges
The computer model referred to above is based on the
neutron transport theory of Three Group Diffusion.
theory was explained in Section 4.2.

This

The solution to the

third or thermal group continuity equation is the governing
equation of the model; it is given by Equation 4.15. This
solution is a function of the radial distance between any
point and the neutron source of the gauge. The thermal flux
through the detector of the neutron gauge is calculated from
this radial function.
The remaining sections of this chapter detail the
additional numerical algorithms used to incorporate the
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specific probe designs and access hole geometries in the
model. Also covered are details of the calculations of the

material's cross sections.
5.4 Incorporation of the Detector
Into the Model
The most common detector in neutron probes are gas-

filled cylinders which utilize the ionization formed by a
neutron passing through the gas (Tsoulfanidis, 1983).

Detectors consist of two electrodes across which an electrical potential is applied. One electrode is the cylinder,
and the other is a very thin wire stretched down the axis of
the cylinder.

with the gas.

The space between the electrodes is filled
The gas is composed of a nuclear species,

which produces charged particles as a result of reactions
with a neutron. The charged particles move under the
influence of the electric field between the electrodes.

Their motion induces a current on the electrodes, which is
subsequently measured. The moving charged particles will
also produce secondary ionization, resulting in a charge
multiplication. The total ionization, the sum of the primary
and secondary ionization, is much more than the primary

ionization produced solely by the thermal neutron flux. The
name for this type of detector, a proportional counter, comes
from the proportion of total ionization to the primary
ionization. The total ionization is the neutron count rate.
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The neutron reactions utilized to produce ionization
are exothermic thermal absorption reactions. They were
introduce in Section 3.2.1. The most commonly used reactions
are those of 10 B and 3 He. The advantageous characteristics
of these reactions are their large cross sections, typically
greater than 3000 barns, and a 1/v energy dependence of the
cross section.
The detectors can be mathematically represented by a
line source whose axis is through the center of the neutron
source. The source is represented by a point at the center
of the source. The mathematical half length of the detector

(1) is equivalent to the effective half length of the detector. The detector is mathematically located in the probe
by the distance between the point source and the center of
the detector (d).
The average unperturbed thermal flux through the
detector ((Pp) is found by integrating the expression for the
thermal flux (Equation 4.15) over the entire length of the
detector. This is assuming no reduction of thermal flux by
the detector. The expression for the average thermal flux
through the detector is given in Equation 5.1.

d-1
(f)th(r) dr
(1) D = J
21
d+1

[5.1]
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Thermal neutron count rate (CR) is a function of the
effective volume of the cylinder (V e ff) containing the gas,
the gas's macroscopic thermal absorption cross section (Ea D ),
and the average thermal flux through the detector. Effective
volume is calculated from the effective length of the detector and its inside radius. The macroscopic absorption cross
section of the gas is given by Equation 5.2.
(Nop273E[7 ] 1 / 2 Ei 200 [293/T n ] 1 / 2 )
zap

[5.2]

-

(3.4063*10 9 T)

where
p = pressure of detector gas in mm Hg
T = temperature of detector in degrees Kelvin
E = percentage of the detector gas which has the

exothermic absorption reaction
No = Avogadro's number
E2200 = microscopic absorption cross section of the detector

a

gas for neutrons with a velocity of 2200 m/s
Tri = neutron temperature of detector gas
The count rate is calculated from Equation 5.3, given
below.
CR =.(1) D V e ffEaD

(n/sec)

[5.3]
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5.5

Modifications to Account for
Access Hole Geometry

The assumption made to solve the continuity equation
of the material around the neutron probe being homogeneous,
is not valid.

It is not valid because of void space created

by the access hole.

Moreover, the void space contains the

casing and the neutron probe.

But a substitute assumption

can be made which permits the actual geometry of the casing
and probe to be considered (Olgaard, 1965, 1967). The
substitute assumption is of a constant influence on the count
rate due to the access hole, casing, air space surrounding
the neutron probe, and the probe itself. This assumption is
valid only if constant geometrical dimensions are maintained.
This assumption allows a determination of a proportionality
factor (C) for the given hole and probe geometry. The
proportionality factor is the ratio between the actual count
rate (CRath) and the model calculated count rate (CRcth).
The actual count rate is determined by measuring the count
rate in a material of known chemical and physical composition
with identical geometries to the field situation. A calibration container full of water is ideal for this determination.
For the calculated count rate, the model is run for the
material in the calibration container (i.e., for water), and
the ratio between the actual count rate (CRath) and the
modeled count rate (CRcth) is calculated (Equation 5.4). The
product of the geometrical proportionality factor and the
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modelled count rate yields the corrected count rate (CRth)
(Equation 5.5).
C

=

CRath/CRcth

CRth

=

C

CRcth

[5.4]
[5.5]

For epithermal neutron detectors, those filled with
3 He gas, the preceding development must be modified to take

into account both epithermal and thermal neutrons. The
proportion of thermal to epithermal neutrons counted by any
detector can be determined by wrapping the detector in
cadmium foil. The cadmium foil absorbs any thermal neutrons,
permitting faster than thermal neutrons to be counted.
Experimental results show a boron-filled detector absorbs
roughly 15 percent epithermal neutrons, whereas a heliumfilled detector absorbs approximately 60 percent. From these
results it is evident that for helium detectors, epithermal
neutron transport must be considered. Olgaard (1967) postulated this phenomenon for neutron detectors using lithium
iodide crystals in a scintillator-type detector. He explains
the theory behind the phenomenon and develops the mathematics
for modeling it. His development is followed and outlined
below for helium detectors.
The epithermal neutron flux is that of the second
group (4)2) in the series of three equations in Equation 4.10.
Assuming a 1/E dependence of the epithermal flux, and by
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solving the second continuity equation of the Three Group
Diffusion Model with the same method as used for the thermal
flux, the total epithermal flux (2T) is found to be
(P2T(r) = (c401-.)/(47D2r[Li L])
-

[5.6]

(exp( r/L1) exp(-r/L2))/(1n(E2, u /E2,1))
-

-

where
E2, u = upper energy limit of epithermal group
E2 1 1 = lower energy limit of epithermal group
All other terms are defined in Chapter 4. The calculation of the epithermal count rate is exactly as presented
for thermal count rates. Simflar to the geometric proportionality factor for thermal neutrons, a second geometric
proportionality factor (K) is defined for the epithermal
count rate for the same reasons as in the thermal case.
K = CRa ep i/CRc ep i

[5.7]

CR ep i = KCRc ep i

[5.8]

where
CRa ep i = actual epithermal count rate
CRc ep i = calculated epithermal count rate
CR ep i = corrected epithermal count rate
The total corrected count rate (CR) (Equation 5.9) is
the sum of the corrected thermal count rate (Equation 5.5)
and the corrected epithermal count rate (Equation 5.8).
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CR = C CRcth+K CRc e pi

[5.9]

To calculate the epithermal geometric proportionality
factor, a second calibration container of known chemical
composition is required. Saturated silica sand, Si02, was
found to be a suitable material for filling the second container. This is because the commercially available silica
sand has a uniform chemical composition and grain size.
These attributes make determination of the container's
saturated water content and chemical and physical parameters
straightforward. For determination of the geometric proportionality factors, the gauge's actual count rates in the
water tank (CRa w ) and in the saturated silica sand (CRa s ) are
measured. The model is run for both situations, with the
proportionality factors set equal to one. By combining the
actual count rates and thermal and epithermal calculated
count rates with their associated geometric proportionality
factors, a system of two equations with two unknowns is
formed and given below.
CRa w = C CRcth, w +K CRc e pi, w

[5.10]

CRa s = C CRcth, s +K CRc e pi, s
The subscripts s and w refer, respectively, to the
water tank and saturated silica sand tank. The calculated
count rates for silica sand must be at the equivalent
volumetric water content as the actual saturated silica sand.
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The solution to the system of two equations can be found by
simple algebraic manipulation.
C = [CRa s -(CRa w CRc ep i, s /CRc ep i, w )]/

[5.11a]

[CRcth, s -(CRcth, w CRc ep i, s /CRc ep i, w )]

where
K = [CRa w -C CRcth, w 1/CRc ep i, w[5.11b]
5.6 Calculation of the Material's
Physical Parameters

The material's physical parameters are its dry bulk
density, temperature, and lastly, its thermal and fast cross
sections. The dry bulk density (p) of the material is
determined by any reasonable method such as core sampling or
gamma-gamma logging. Likewise the temperature (t m in degrees
Celsius) is easy to measure by any number of different
techniques. But determination of the material's cross sections require more complicated schemes, which are the subject
of the rest of this chapter.
In the original version of this model (Olgaard, 1965,
1967) the calculations of all the cross sections were based

on the chemical analysis of the material. Since analyses are
very expensive, a procedure has been developed whereby the
thermal cross sections are measured experimentally and the
fast cross sections are calculated from a standard analysis
of the material. Such standard analyses are found in the
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literature (Abbey, 1983) or from previous geologic studies
done in the vicinity of the field site.
Once an appropriate chemical analysis is located, it
must be converted from percentages of elemental oxides into
mass percentages of each element (Mi). The subscript i
denotes the ith element. The number of atoms of a specific
chemical element (Ni) is calculated from the product of
Avagrado's number, the bulk density, and the mass percent of

each element divided by the elements atomic mass, as in Equation 5.12. The number of water molecules (N w ) is calculated
from the volumetric water content (6) as given by Equation
5.13.

Ni = (NoPMi)/(Ai100)

[5.12]

N w = (NoP0)/(Aw100)

[5.13]

An expression for the density of water (p w ) as a
function of water temperature is given in Equation- 5.14. It
is assumed that the temperature of the water is in equilibrium with the temperature of the material.
p

w = 0.9998+(6.296*10 -5 t m )-(8.201*10 -6 tA)

[5.14]

+(4.826*10 -8 tA)

5.6.1

Fast Cross Sections
The derivation of the equations which calculate the

fast cross sections are presented in Section 4.2.

It is
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shown that the correct theoretical calculation involves a
summation of the cross sections over all the elements in the
material, with an integration over the relevant energy
ranges. Because this proved to be numerically difficult,
Olgaard (1965) divided the energy spectrum into seven groups.
Average Es, and Uave values are used for each group. The

energy range from 4.5 Mev down to thermal energies was split
up according to the limits given in Table 5.1. The lowest
energy limit is the upper level of the thermal range and is a
function of the temperature of the material (5kTn).
In this chapter, 1 is the subscript which refers to
the energy group level. E up ,' and Bl ow ,' refer, respec-

tively, to the upper and lower energy limits.
To further reduce the computational effort of
calculating average group values of Es, F, and Uave for each
element, calculations are limited to the elements of H, 0,
Si, Al, and Fe. Representative mass percentages WO of

these selected elements are estimated from the actual mass
percentages. They are calculated such that the five elements
are at the same proportions as in the actual material. These

elements were selected because they make up greater than 90
percent of the mass of most geologic materials. The formula

to make the hodifications to the mass percents is:

ml = mi/(mH-Fm 0 1-msi+mA1+mFe)

[5.15]
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Table 5.1.

Upper and lower limits of energy groups (after
Olgaard (1965).

Group Level

Upper Limit

Lower Limit

1

4.5 Mev

4.0 Mev

2

4.0 mev

3.0 Mev

3

3.0 Mev

2.0 Mev

4

2.0 Mev

1.0 Mev

5

1.0 Mev

0.1 mev

6

0.1 Mev

1.44 ev

7

1.44 ev

5kTn ev

k = 8.61*10 -5 , Boltzmann Constant
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Slowing down length L1 encompasses groups 1 through
3, and the slowing down length L2 groups 4 through 7. The
equations used to calculate the slowing down lengths are
given below. The fast'microscopic scattering cross sections
are taken from Hughes and Schwartz (1958).
3

ln(Eup,i/Elow,1)
[5.16]

Li =
1=1 3(Us)1iEs(1-Uave))1
7

ln(Eup,l/Elow,l)

Li =

[5.17]

1=4 3(EEs)1(Es(1-Uave))1
(U s )1 = N w( 2 ( Eas)H, 1 1- Ras) o, i)

[5.18]

5
+

MI(as)i,1
i=1

(s(1-Uave))1 = N w (2(Es(1-Uave))H,1

[5.19]

+(s(1-Uave))0,1)
5
+

til1(Es(1-Uave))i,1
i=1

5.6.2 Thermal Cross Sections

As mentioned in the beginning of this section,
thermal cross sections are determined from samples of the
material by the measurement in a graphite pile. However, in
the original version of the model, they were calculated from
chemical analyses. In the current version of the model, the
user is able to choose either method just for comparison.
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To calculate the thermal cross sections from chemical
analyses, the formulas given below are used. For the calculation of the thermal neutron temperature, Equation 3.8, a
value of Es/A must be determined from the formula given in
Equation 5.21.

E,4200 = N w q200 +

20
X Ni
i=1

a 2 200

[5.20]

20

Es/A = N w (2a5H/AH-Faso/A0)+ X Niasi/Ai

[5.21]

i=1

The thermal scattering cross sections of the material
are calculated with the assumption that they are independent
of energy (Equation 5.22); but for water, the scattering
cross sections are assumed to be dependent on the neutron
temperature (Equation 5.23).
20
Es(1-Uave)T = Es(1-Uave)0/100 + X Niasi(1-2/(3Ai))
i=1
[5.22]
Es(1-Uave) w = 2.156(0.047+0.953p w [293/Tn] 1 / 2[5.23]

The thermal diffusion coefficient (D) and slowing
down lengths (L) are calculated from the thermal cross
sections by the following equations
D = 1/[3(Es(1-Uave)T+Ea)]

[5.24]
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L = [D/Ea] 1 / 2[5.25]
The thermal cross sections measured in the graphite
pile are Ea 220 ° and Es(1-Uave). In the current version of
the model, these values are directly substituted for those

calculated from the chemical analyses.
A graphite pile consists of a 1.22 meter cube of

nuclear graphite.
graphite pile.

Figure 5.1 is a schematic drawing of the

In the center of the pile are three 1 curie

plutonium-beryllium sources of fast neutrons.

The graphite

uniformly thermalizes the neutrons, which permits the assumption of a monoenergetic flux of thermal neutrons in the pile.
A sample of approximately 250 grams of the material is placed
in each of two sample locations in the pile. One location is

inside the pile, a short distance from the source, whereas
the other location is on the surface of the pile. The inside
location is for measurement of the absorption cross section,
and the outside location is for the scattering cross section.

Counts of thermal neutrons with and without the samples are
recorded.

The difference in counts is due to the magnitude

of the specific thermal cross section of the material.

The

difference in counts for each location is converted into a
cross section by multiplying by constants uniquely determined
for each pile's setup. These constants are determined by a

prior calibration run of the pile with standards of known
cross sections. The standards used are Al, Cu, Fe, SiO2 and
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SCATTERING DIFFUSION SETUP

Sample

Detectors
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Source

Absorbtion
Coefficient

Setup

CROSS SECTION

Figure 5.1.' Schematic of a graphite pile.
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Kbr. A more detailed explanation of the procedures used in

the graphite pile measurements is found in Appendix A.
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CHAPTER 6
CALCULATION OF CALIBRATION CURVES
6.1 Design Parameters of a Neutron Gauge

Calibration curves were derived for a neutron gauge
manufactured by Campbell Pacific Nuclear. The gauge is a
model 501 Hydroprobe with a 50 mCi source and a 3 He proportional counter as a detector. The design parameters of the
gauge, listed in Table 6.1, were obtained from the manufacturer.
6.2 Empirical Calibrations

Calibration curves were derived empirically as
verification of the theoretically calculated curves. The
empirical data sets were collected from calibration containers and from cross calibration of the CPN gauge. Two of
the containers were also used to determine the geometric

proportionality factors associated with the theoretical
model.

Five containers were constructed for use in empirically calibrating the neutron gauge. All were constructed
from clean 55 gallon steel drums, which were 86 centimeters
high with a radius of 30 centimeters. Each drum was
identically, fitted with an adjustable rack to accommodate
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Table 6.1. Gauge design parameters.
Manufacture

Campbell Pacific Nuc.

Model

503 Hydroprobe

Serial no.

H33125191

Abbreviated name

CPN

Neutron source

AmBe

Radioactive quantity

50 mCi

Strength

140,000 n/sec

Neutron detector

proportional counter

Gas

3He

Gap00

5333 b( 1 )

Gas pressure

3040 mm Hg

Percentage of gas

99%

EaA200

0.5289 1/cm

Half length of detector

5.08 cm

Radius of detector

1.27 cm

Volume of gas

51.48 cm 3

Distance between source
and center of detector

7.30 cm

1. From Mughabghab et al., 1981.
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different diameter access hole casings and with hose fittings
on the bottoms of the drums. Valves were connected to the
hose fittings for regulation of the flow of water while
saturating the drums. During filling, a low flow was used to
prevent entrapment of air in the pore spaces.
The different casings utilized were 5.1 cm diameter
thin walled electrical conduit (5 cm EMT), 5.1 cm diameter
aluminum irrigation pipe (5 cm Al), and 10.2 cm diameter
aluminum irrigation pipe (10 cm Al). Because of the low
thermal cross sections of aluminum (a a =0.23 b and o=1.4 b,
see Table 3.1), it was assumed that aluminum casings would
have little effect on the neutron flux. Based on this
assumption, the aluminum casings were assumed to simulate the
geometries of uncased boreholes.
Two drums were filled with crushed welded tuff and
two were filled with commercial grade silica sand. Materials
were manually placed in each drum with a #10 tin can in a
spiral manner to minimize variation in packing of the
material. All four drums were initially filled with air-dry
material and sat on wooden pallets, 10 cm above a concrete
floor. The measured volumetric water contents (8) and bulk
densities

(p)

of the two materials are given in Tables 1.3

and 1.4. One drum of each material was sealed dry, and the
other one was saturated. The fifth drum was filled with
water.
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Unfortunately the dry drums did not contain the
sphere of influence of the neutron gauge as determined by
measurements of substantial neutron fluxes outside the drums.
The experiment of burying the dry crushed welded tuff barrel,
mentioned in Section 1.5, demonstrated that the drum radius
was insufficient to contain the dry radius of influence of
the gauges. Previous researchers have reached similar conclusions about leakage in small-diameter containers at low
water contents (Olgaard, 1965; Olgaard & Haahr,1972;
Williamson & Turner, 1980).
The original plan was to calculate calibration curves
from the dry and saturated drums for the silica sand and
crushed welded tuff. The curves would be used to verify
those calculated by the theoretical model. But because of
dry drum leakage, only the saturated point for each material
could be used for verification. However, by burying the dry
welded tuff drum in dry soil, it was possible to develop a
suitable curve for verification of the model. Results of the
empirical container calibrations are listed in Table 6.2.
Included in Table 6.2 are results for the neutron probe both
with and without a borehole carriage. The carriage centers
the probe in inclined boreholes.
Another method to verify the model was accomplished
by cross calibrating the CPN probe by the procedure outlined

•
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by Nakayama and Reginato (1982). The actual cross calibration was done at the United States Department of AgricultureWater Conservation Laboratories, Phoenix, Arizona (WCL).
Cross calibration was done against another Campbell Pacific

Nuclear gauge which had been gravimetrically calibrated to a
field study site with a uniform clay loam soil. The access

holes installed at the site were cased to a depth of 300
centimeters, with 5 cm diameter, EMT thin walled conduit.
The site had six plots, with a range of volumetric water
contents from 0.125 to 0.325 cm 3 /cm 3 . The average dry bulk

density for the clay loam at the site was 1.57 gm/cm 3 , with a
standard deviation of 0.087 gm/cm 3 . These values were from

core sampling of the soil at the site (Nakayama, personal
communication, 1985).

Counts were collected in each hole at 20-centimeter
intervals with the WCL's neutron gauge. Immediately after,
counts were collected in an identical fashion with the CPN
gauge referred to in Section 6.1. Samples of the clay loam
soil were subsequently collected for measurement of thermal
neutron cross sections in a graphite pile.

Upon completion of the field work, counts of the WCL
neutron gauge at each interval were converted to volumetric

water contents (6) through the use of the prior gravimetric
calibration. The CPN gauge's calibration curve was derived
from a least squares analysis of calculated water contents
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for each interval and counts of the CPN gauge at the same
interval. A total of 84 points was used in the analysis.
Equations describing the derived calibration curves are given
in Table 6.3.
6.3 Determinations of Geometric
Proportionality Factors

Geometric proportionality factors (GPF) were
calculated for different diameter casings by the procedures
explained in Section 5.5. The procedures use a 55 gallon
drum filled with water and a drum filled with saturated
silica sand. The GPFs were derived from neutron gauge
responses in the 55 gallon drums set up with different
diameter access holes. The model was run with the GPFs set
equal to 1.0 and with the drums's chemical compositions,
temperatures, bulk densities and volumetric water contents.
A total of four sets of GPFs were calculated (see
Table 6.4). The GPFs for the 5 cm EMT casing were determined
twice. The average value for the thermal GPF (C) was 0.1442,
with a standard deviation of 0.005. The average value for
the epithermal GPF (K) was 0.8970, with a standard deviation
of 0.091.
As mentioned in Section 6.2, geometries of aluminum
casings were assumed to represent geometries of uncased
boreholes. By this assumption, GPFs calculated for aluminum

casings would also be valid for similar uncased borehole
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Table 6.4. Geometric proportionality factors.
Calculated GPF

Date: 10-9-85
Gauge: CPN
Casing: 5 cm EMT

C = 0.1476
K = 0.8326

Empirical Counts
(cnts/min)

Calculated Counts
(cnts/min)

water Si02

water

Si02

thermal epithermal thermal epithermal
117316 79133

641399

27199

405457

23167

Calculated GPF

Date: 10-29-85
Gauge: CPN
Casing: 5 cm EMT

C = 0.1408
K = 0.9614

Empirical Counts
(cnts/min)

Calculated Counts
(cnts/min)

water Si02

water

Si02

thermal epithermal thermal epithermal
116459 79584

641399

27199

23246

406496

Calculated GPF

Date: 1-24-86
Gauge: CPN
Casing: 5 cm AL

C = 0.1663
K = 1.180

Empirical Counts
(cnts/min)

Calculated Counts
(cnts/min)
water

water Si02

Si02

thermal epithermal thermal epithermal
139081 95026

642623

27296

406496

23246
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Table 6.4--Continued
Calculated GPF

Date: 1-24-86
Gauge: CPN, with carriage
Casing: 10 cm AL
Empirical Counts
(cnts/min)

C = 0.0898
K = 1.514
Calculated Counts
(cnts/min)
water

water Si02

Si02

thermal epithermal thermal epithermal
99029 71696

642623

27296

406496

23246
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geometries.

In Tables 6.2 and 6.4 there are references to a

carriage in the 10 cm AL data.

The carriage was fabricated

for centering the neutron probe in inclined boreholes.

It

was fabricated from steel and aluminum parts which are
assumed to have a constant influence on the probe's response.
It was possible to account for this influence by incorporating it into the GPFs for a 10 cm uncased borehole.
6.4 Physical and Chemical Properties
of Selected Materials

Calibration curves were calculated with the model for
three different materials. Two of the materials are consolidated rocks, and the third is the clay loam from the WCL site
where the CPN gauge was cross calibrated. The consolidated
materials were selected because of their involvement in
research projects. They are a brown welded tuff (w.tuff) and
a white nonwelded tuff (n.w.t.). Two calibration curves were

calculated for the welded tuff. One curve was at the bulk
density of the welded tuff in the field and the other was at
the bulk density of the crushed welded tuff used in the drums
for empirical calibration. Calibration curves for the

crushed welded tuff and clay loam were calculated as verification of the model against the empirical curves.
The clay loam at the WCL site is classified as

Avondale clay loam by the USDA Soil Conservation Service
(Hartman, 1977). It was selected solely because of its
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ability to cross calibrate the CPN gauge at the WCL site. It
is described as a deep, well drained soil occurring on stream
terraces and alluvial plains in the Salt River Valley,
Arizona (Hartman, 1977). It is thought the soil formed in
recent alluvium from basic and acid igneous rocks, quartzite,
schist and limestone (Hartman, 1977). As mentioned in
Section 6.2, average dry bulk density was determined by
sampling with soil cores. Thermal cross sections of the soil
were measured in a graphite pile. A chemical analysis of the
soil has never been done, so an analysis for a sandy clay
loam was used (Olgaard, 1965). This assumes that for the
sake of calculating the fast neutron cross sections, the two
clay barns have similar chemical compositions.
Welded tuff was selected because of research
conducted in an abandoned road tunnel which cut through the
rock. The research studied the unsaturated hydrologic
conditions of fractured welded tuff. The road tunnel is
located between Superior and Miami, Arizona. The rock is
described as a lithified dacite with abundant phenocrysts in
an aphanitic brown matrix (Peterson, 1961). Bulk density of
the rock was measured by the Clod-Paraffin Method (Blake,
1965), described in Appendix C. It was found to have an

average dry bulk density of 2.41 gm/cm 3 , with a standard
deviation of 0.01 gm/cm 3 . With this value and a value of
2.65 gm/cm 3 for the grain density, an estimate of the
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porosity was found to be 9 percent. Additionally, roughly a
ton of the rock was crushed to a grain size of 2 millimeters
or smaller. Empirical calibration containers were filled

with this crushed welded tuff. Average dry bulk density and
porosity were determined using a container of known volume
and by gravimetric measurements. The procedures are de-

scribed in Appendix B, and results are included in Tables 1.3
and 1.4. Thermal cross sections were measured in a graphite
pile. Peterson (1961) did a chemical analysis of the rock;

it was used to calculate the fast cross sections. Boreholes
were logged by the CPN gauge. They have a diameter of 5 cm,
are uncased and were drilled horizontally outward from the

road tunnel.
Outcrops of the nonwelded tuff are located several
miles east of the above mentioned road tunnel between

Superior and Miami, Arizona. At the outcrops, studies were
also conducted on unsaturated flow conditions. It is
described as a soft rock with phenocrysts set in a white
aphanitic matrix. It is less indurated than the welded tuff,

has more pumice fragments, and commonly has ellipsoidal gas
cavities (Peterson, 1961). There is much uncertainty
associated with the dry bulk density of the rock, but for
this research an intermediate value of 2.24 gm/cm 3 was
selected, with a calculated porosity of 16 percent. The
thermal cross sections were measured in a graphite pile. The
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chemical analysis was done by Peterson (1961). Boreholes at
the research site are inclined below the surface and have a
10 cm diameter. As mentioned earlier, the CPN neutron probe

was centered in the borehole with a carriage.
A summary of physical parameters for each material
are presented in Table 6.5. Values for the thermal cross
sections at the listed bulk density were calculated from the
average measured cross section on a per mass basis. Refer to
Appendix A for details of graphite pile measurements of
thermal cross sections.
Chemical compositions of each material are listed in
Table 6.6. Elements are presented in the order they are
inputted to the model. The list consists of the mass percent
of each element. These values were calculated from the
chemical analyses, which were reported in mass percents of
elemental oxides.
6.5 Calculated Curves for Selected Materials

Calibration curves were calculated for each of the
five selected materials according to the procedures established in this thesis. Graphs of calculated curves and of
corresponding empirical calibration data are presented in
Figures 6.1 through 6.4. Curves were calculated from the
material's parameters as listed in the tables of this
chapter.
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Table

6.5.

Material

Summary of physical compositions of the selected
materials.
SD

A

(gm/cm 3 )

clay loam

1.57

0.087

tuff

2.41

0.01

1.32

0.01

w.

tuff,
crushed

Ea2200

SD

(1/cm*10-3)

9.178 0.1634
13.01

1.648

Es(1-Uave)
(1/cm)

SD

0.3057

0.0013

0.3509

0.0240

0.1922

0.0131

0.3275

0.0136

w.

7.124 0.9027

nonwelded

tuff

2.24

-

10.12

0.7847
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Table 6.6.

Chemical analyses of the selected materials.
Mass Percent

Element

Clay
Loam

Welded
Tuff

Nonwelded
Tuff
32.11

Si

34.21

32.90

Al

3.75

7.68

Fe

1.76

1.82

1.97

Ti

0.32

0.26

0.24

Mn

0.03

0.05

0.06

Ca

1.55

' 1.29

1.57

Mg

1.38

0.39

0.23

K

1.73

3.39

2.99

Na

0.74

2.80

3.12

H

0.33

0.08

0.08

0

53.58

48.38

48.68

P

0.06

0.05

0.07

C

0.51

0.01

0.01

S

0.01
99.10

99.97

Total

99.93

8.84
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AVONDALE CLAY LOAM

10600

15000

20000

25000

30000

35800

40000

COUNTS ( n / 30 secs )
0 cross calibration data

A calculated curve

Figure 6.1. Calibration curve for the Avondale clay loam.
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CRUSHED WELDED TUFF
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A calculated curve
O empirical data

Figure 6.2. Calibration curve for the crushed welded tuff.
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WELDED TUFF
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,
0.00
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COUNTS ( n / min )

Figure 6.3. Calibration curve for the welded tuff.
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NONWELDED TUFF
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Figure 6.4. Calibration curve for the nonwelded tuff.
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Linear equations of the calculated curves are given
in Table 6.7. These equations were determined from points
calculated by the theoretical model, given the assumption
that the calculated curve can be represented by a straight
line. Both empirical and calculated equations are listed for
comparison.
6.6

Discussion of Results

A comparison of the empirical curves and calculated
curves for the clay loam (Figure 6.1) and the crushed welded
tuff (Figure 6.2) suggests that the procedures accurately
predict the calibration curves. The greatest difference in
volumetric water content between empirical and calculated
curves for the clay loam was 0.018 cm 3 /cm 3 . For the crushed
welded tuff it was 0.01 cm 3 /cm 3 . Such differences are small,
based on the fact that 0.01 cm 3 /cm 3 is the best attainable
accuracy for a neutron gauge (see Section 1.3).
Calculated curves for the consolidated materials,
however, are questionable.

Field data do not support the

curves. Typical field data for the welded tuff had a range
between 18000 (Davies, personal communication, 1986) and
33000 counts/min (Andrews, 1984), with an approximate average

of 27500 counts. By the calculated curve, the average
volumetric water content was found to be 0.025 cm 3 /cm 3 , with
an upper range of 0.05 cm 3 /cm 3 . The lower range is off the
curve. Such water contents were low for the given field
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Table 6.7. Linear equations of calculated calibration curves.
Equation

Material
1) clay loam-

O = -0.0834+6.638*10 -6 N

cross calibration
clay loamcalculated
2) crushed welded tuff-

O = -0.0806+6.265*10 -6 N

0 = -0.0310+6.623*10 -6 N

empirical calibration
crushed welded tuffcalculated
3) welded tuff-

0

= -0.0341+6.591*10 -6 N

6

= -0.1145+4.796*10 -6 N

6

= -0.1465+6.141*10 -6 N

calculated
4) nonwelded tuff-

calculated
N = counts of neutrons/min
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situation, and therefore the question of the validity of the
calculated curves was raised.
Discrepancies between the field data and calculated
curves could have been caused by inconsistencies in the field
situations, such as varying diameter of the borehole; a
heterogenous rock with a range of chemical compositions and
bulk densities; or mud cake on the access hole wall left over
from drilling. To rely on such explanations is tenuous.
An alternate explanation for the discrepancies is
that the assumptions and approximations behind the derivation
of the neutron transport theory are invalidated at the high
bulk densities and the low water contents of consolidated
materials.
An assumption for the derivation of the diffusion
theory was that the theory would be valid at a distance of
two to three mean free paths away from sources and boundaries
(Glasstone and Edlund, 1952). At the higher densities of
consolidated rocks, this assumption may not hold. The mean
free path of the welded tuff is 2.85 cm, and that of the
crushed welded tuff is 5.20 cm. Clearly the mean free paths
of the welded tuff are much shorter and the neutron
diffusion occurs closer to the boundary between the access
hole void and the material. The close proximity to the
source must also be considered in evaluating the validity of
this assumption.
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CHAPTER 7
SENSITIVITY ANALYSIS
A sensitivity analysis was conducted to identify the
input parameters with the most influence on model results.
Identification of these parameters was accomplished by

ranking them according to those that produced the greatest
change in the results given a unit change in the parameters.

Also investigated was the effect of increasing the water
content on parameter sensitiyity. Results of parameter

ranking and sensitivity as a function of water content
determines the precision required to measure each input
parameter.

A sum of all sensitivities of the input

parameters yields a total uncertainty for the model.

This

uncertainty was found to be 0.01 cm 3 /cm 3 volumetric water
content for the crushed welded tuff.

Sensitivity to a individual parameter can be
calculated by varying the parameter while holding the other
parameters constant.

Figure 7.1 and Figure 7.2 are examples

of such a procedure.

In Figure 7.1 a set of calibration

curves was produced by increasing the value of bulk density
in increments. Figure 7.2 was produced in an identical

fashion but with the thermal absorption cross section.
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SENSfTIVIlY ANALYSIS—BULK DENSITY

15000 25000 35000 45000 55000 65090 75000 85000
COUNTS ( n/min )
01.20 t11.40 01.60 X1.80 +2.00

Figure 7.1. The model's sensitivity to bulk density.
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SENSITIVITY ANALYSIS — ABSORPTION

0.00

I

I

I

I

I

r

I

I

I

5000 15000 25000 35000 45000 55000 65000 75000 85000 95000
COUNTS ( n/min )
00.0025 t0.0053 00.0065 X 0.0078 +0.011

Figure 7.2. The model's sensitivity to the thermal
absorption cross section.
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7.1 Methods of the Sensitivity Analysis
The sensitivity analysis was conducted with the set
of input parameters for crushed welded tuff. This set was

selected because of the extensive data collected on this
material. The material is also of a low bulk density and not
subject to any of the questions raised in Chapter 6 regarding
the validity of the model at high densities.
The calibration curve for the original set of input

parameters of the crushed welded tuff was taken as a standard
curve. Next the value of each parameter was increased a
known amount, and the difference in counts from the standard
curve was calculated. This process was repeated for each
input parameter. The linear equation for the standard curve,
as given in Table 6.7, was used to convert the change in

counts produced by a unit change of an input parameter to a
change in water content. For the sake of uniform comparison,

all sensitivities were computed at a volumetric water content
of 0.20 cm 3 /cm 3 .

After each sensitivity to a parameter had been calculated, ranking was performed to identify the most important
parameters. Because the unit of measurement of each parameter is different, sensitivities had to be scaled to a
uniform quantity before ranking could be done. Two scalings
were chosen. The first one was the sensitivity of each
parameter multiplied by one percent of its value used in the
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standard curve. The second scaling was a function of the

actual uncertainty of each parameter. For this second ranking, the sensitivity of each parameter was multiplied by the
actual uncertainty of each parameter. Actual parameter
uncertainties were either due to the natural heterogeneity of
the material or to the limits of precision for the parameter

measurement technique. An example of the first type of
uncertainty would be natural variations in bulk density. In
such a case the standard deviation of a set of measurements
was used as the actual uncertainty. Measurement of temperature by a thermometer with a precision of one degree Celsius
is an example of the second type of uncertainty.
The sensitivity analysis included concentrations of

five elements because of their inclusion in the calculation
of the fast neutron cross sections. Uncertainties of the
mass percents of the five major elements, Si, Al, Fe, H and
0, were calculated from four sets of chemical analyses
(Spengler et al., 1981) of the Crater Flat Tuff, Bullfrog

member, Yucca Mountain, Nevada. This tuff is similar in age
and composition to the welded tuff studied in this thesis.
Four sample analyses were taken from consecutive samples of
Crater Flat tuff over a 50 meter interval.
The'final step in the sensitivity analysis was to
plot the change in counts per unit change in each parameter
as a function of increasing water content. From these plots
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the effect of different water contents on sensitivities could

be established.
7.2 Results of the Sensitivity Analysis

Results of the sensitivity calculations and rankings
for each input parameter are presented in the tables below.
Table 7.1 lists parameters according to their ranking of

sensitivity to one percent of the standard curve parameters.
Table 7.2 lists parameters according to ranking of their

sensitivity to actual uncertainty of the parameters. From
rankings in the tables, the most important parameters of the
material are the bulk density, absorption cross section, and
constituent hydrogen content. These parameters have sensi-

tivities at least one order of magnitude higher than the
other parameters. The source-detector spacing and effective
volume of the detector gas are the most important parameters
of the probe.

Totals of the parameter's sensitivities represent
uncertainty in results of the model for the associated
criteria. The total uncertainty if all the input parameters
were determined with one percent accuracy and precision was a
volumetric water content of

0.0059 cm 3 /cm 3 .

Actual total

uncertainty in results for the set of input parameters was a
volumetric water content of

0.011 cm 3 /cm 3 .

The total for the

consolidated welded tuff was calculated to be a volumetric
water content of

0.0175 cm 3 /cm 3 .

The calculated value of the
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Table 7.1. Ranking of sensitivities for 1% of input
parameter's value.
Parameters

0/Pi

P i -ave

Pi-ave*1% Pi-ave*1%*8/Pi

Rank

(Pi)

Veff
p

DS

(cm 3 )

4.42*10 -3

51.48

0.5148

2.27*10-3

1

(gm/cm 3 )

0.121

1.32

0.0132

1.601*10-3

2

(cm)

-0.0125

7.30

0.0730

9.13*10-4

3

-7.23

7.12*10 -3

7.12*10 -5 -5.15*10 -4

4

0.192

1.92 * 10- 3

1.38*10 -4

5

-1.29*10-4

6

7.83*10 -4

8.92*10 -5

7

Ea(1/cm)
Es(1/cm)

0.0717
-3.91*10 -4

0.3290

Si

(mass %)

H

(mass %)

0.114

T

(°C)

4.35*10-4

20.0

0.20

8.70*10-5

8

0

(mass %)

1.33*10-4

48.90

0.4890

6.51*10 -5

9

6.80*10-4

5.08

0.0508

3.45*10 -5

10

LD (cm)

32.90
0.078

Fe

(mass %)

-7.77*10 -4

1.82

0.0182

-1.42*10 -5

11

Al

(mass %)

-1.83*10 -4

7.68

0.0768

-1.40*10 -5

12

TOTAL =

5.87*10-3
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Table 7.2. Ranking of sensitivities for parameter's
actual uncertainty.
Parameters
(Pi)

8/Pi

Ea (1/cm)

-7.23

H

(mass %)

6i

9.02*10-4

di*6/Pi

Rank

-6.52*10-3

1

0.114

0.0138

1.57*10-3

2

p (gm/cm 3 )

0.121

0.01

1.21*10-3

3

Es (1/cm)

0.0717

0.0131

9.39*10-4

4

6.25*10 4

5

2.18*10-4

6

DS
T

(cm)
(°C)

-0.0125
4.35*10-4

0.50
0.5

-

-

Si (mass %)

-3.91*10-4

0.20

-7.82*10-5

7

(mass %)

1.33*10-4

0.56

7.45*10-5

8

Fe (mass %)

-7.77*10-4

-6.14*10-5

9

3.40*10-5

10

-1.83*10-5

11

5.52*10-7

12

0

LD

(cm)

Al (mass %)
Veff

(cm 3 )

6.80*10-4
-1.83*10-4
4.42*10-3

0.079
0.05
0.1
1.25*10-4

TOTAL =

0.011
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model's uncertainty for the crushed welded tuff is the same
magnitude as the difference between the theoretical curve and
the empirical curve. In Section 6.6 this difference was
found to be 0.01 cm 3 /cm 3 .
Plots of sensitivities of the parameters as a function of increasing water content clearly demonstrate that the
model's sensitivity to an input parameter is not constant.
Plots of the sensitivity of the model to individual parameters are given in Figures 7.3 through Figure 7.10. From
the plots, it can be deduced that the model is the most
sensitive to input parameters at high water contents. At low
water contents, sensitivities are at their lowest values but
rapidly increasing. The sense of parameter influence on
results of the model is clearly displayed in the figures.
The absorption parameter is the only important material
parameter which reduces the count rate. Other parameters-bulk density, hydrogen content and scattering cross section-all increase the neutron count rate.
The model is the least sensitive to the chemical elements. They generally decrease the counts of neutrons but by
an order of magnitude less than bulk density and absorption.
7.3 Conclusions

The most critical fact determined by sensitivity
analysis is the identification of the important input
parameters. In decreasing order of importance, for the
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SENSITIVITY ANALYSIS-BULK DENSITY
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Figure 7.3. Sensitivity to bulk density as a function
of water content.
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SENSITIVITY ANALYSIS - ABSORPTION
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Figure 7.4. Sensitivity to thermal absorption cross
section as a function of water content.
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SENSITMTY ANALYSIS - HYDROGEN
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Figure 7.5. Sensitivity to constituent hydrogen content
as a function of water content.
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SENSITIVITY ANALYSIS - SCATTERING
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Figure 7.6. Sensitivity to the thermal scattering cross
section as a function of water content.
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SENSITIVI1Y ANALYSIS — ELEMENTS
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Figure 7.7. Sensitivity to Si, Al, Fe, and 0 as a
function of water content.
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SENSITIVITY ANALYSIS — DS SPACING
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Figure 7.8. Sensitivity to the source-detector spacing
as a function of water content.
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SENSITIVITY ANALYSIS — Veff Size
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Figure 7.9. Sensitivity to the effective volume of the
detector as a function of water content.
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SENSMVITY ANLYSIS - LD LENGTH
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Figure 7.10. Sensitivity to the half length of the
detector as a function of water content.
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material they are:

bulk density, absorption cross section,

and constituent hydrogen content.

For the probe, the para-

meters are: source-detector spacing, effective volume of the
detector gas, and half length of the probe.
Concurring results of the difference between the
empirical curve and theoretical curve, and calculated uncertainty from the sensitivity analysis establishes at the bulk
densities of typical unconsolidated materials, an uncertainty
of 0.01 cm 3 /cm 3 volumetric water content for the model.
Plots of the sensitivity of the model to each input

parameter as a function of increasing water content demonstrates the lower sensitivity to heterogeneities at low water
contents and higher sensitivity to input parameters at high

water contents.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
The initial goal of this research was to develop a

calibration procedure for neutron gauges used in measurement
of water contents in boreholes and in consolidated rocks.

Existing empirical calibration techniques were not applicable
because of inherent sampling errors or extensive commitment
of financial and physical resources. The procedure developed
in this research effort circumvented the pitfalls of the

empirical calibration techniques by using a theoretical model
of a neutron gauge coupled with simple measurements of the
important parameters of the rocks. Necessary measurements,
as confirmed by a sensitivity analysis of the model, were the

bulk density of the rock and thermal absorption and scattering cross sections. Techniques to measure bulk density are
straightforward, but the thermal cross section measurements
require a graphite pile.
Advantages of the outlined procedure are quick
calculation of calibration curves for numerous materials
given similar access hole geometries and neutron gauge
parameters.
Three independent checks on model results were done.
The first check was a comparison of the results of the model
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against an empirical calibration. The difference was 0.01
cm 3 /cm 3 which was the same order of magnitude of difference
as the second check, a cross calibration of the neutron
gauge. The third check was a theoretical calculation of
uncertainty associated with the model's results. It also had
a magnitude of 0.01 cm 3 /cm 3 . These three checks were done on
materials with bulk densities typical of unconsolidated
materials. It can be concluded from the checks that the
model and procedures outlined for its use are valid for
unconsolidated materials.
But results for the model at the high bulk densities
commonly found in consolidated rocks were not as conclusive.
No comparisons could be made against empirical calibrations.
Comparisons with actual counts made in boreholes in the consolidated rocks were the only source of verification. From
these comparisons, it is evident that the model calculates
curves which are to dry. Since the actual water contents of
the rocks are unknown, no difference between actual and
calculated results was made. But an uncertainty of 0.017
cm 3 /cm 3 was calculated in a sensitivity analysis for a welded
tuff with a bulk density of 2.41 gm/cm 3 .
The cause of high neutron counts at high bulk densities may be attributed to assumptions made in the derivation
of the theoretical model. Probably the most critical is the
assumption for the application of the Three Group Model of
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Diffusion. For a valid use of the diffusion model, it is

assumed that it is applied two to three mean free paths away
from boundaries and sources. At the higher densities of
consolidated rocks this assumption is clearly violated, as
shown in Section 6.6.
The major recommendation for future work is to

investigate neutron transport in high density materials.
Questions to address are twofold. First, is the Three Group
Diffusion Model valid for high density materials close to

boundaries and sources? Second, what is a valid theoretical
model for neutron transport in high density materials close
to boundaries and sources? These questions are in the realm
of nuclear physics and engineering and outside the discipline
of hydrology.
A second recommendation is to investigate the
importance of a measurement of constituent hydrogen content
of a material on accuracy of calculated calibration curves.
This recommendation arises from the ranking in the sensi-

tivity analysis of constituent hydrogen (H2O) as third in
importance. A simple geochemical procedure is available for

such a measurement. It involves drying a sample in a
crucible for several days, weighing the sample and crucible
on an analytical balance, oxidizing the sample at 1000 °C for
one hour, then finding the difference in weight. Such a
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measurement would reduce the level of uncertainty in utilizing chemical analyses in the literature.
The third recommendation for future work would be
more verification of the model's calculated curves. This
could be accomplished by construction of several large
calibration containers or by more field work at sites where
water contents have already been determined.
Investigation of the nature of the function of
geometric proportional factors and access hole size is also
warranted. For instance, it is not known if the relationship
between

GPF's

and hole diameter is linear or nonlinear. A

better understanding of this relationship would make calculation of curves for different hole geometries possible.
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APPENDIX A
PROCEDURES TO MEASURE THERMAL CROSS SECTIONS
IN A GRAPHITE PILE
Introduction
Graphite piles have been used to measure thermal
neutron cross sections from the beginning of the nuclear
engineering discipline (Glasstone and Edlund, 1952; Nightingale, 1962; Weinberg and Wigner, 1958). The influences of
the thermal neutron cross sections on the magnitude of the

calibration curves were established as use of neutron gauges
grew more sophisticated (Semmler, 1963). The result of this
awareness was the adaption of graphite piles to quantify the
thermal neutron cross sections of geologic materials
(Couchat, 1974).
This appendix contains a review of the literature on
the measurement of thermal neutron cross sections in a graphite pile; a discussion of the pertinent theoretical princi-

ples; a description of the actual equipment used in this
research; an outline of the procedures; and a tabulation of
the results.

Background
Couchat (1974) was the first to use graphite pile

measurements in neutron gauge calibrations. His measurement
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techniques were based on the research carried out by Carré
and Letour (1971) on the quantification of boron percentages
in Al-B alloy samples. Couchat et al. (1975) reviews
literature on the measurement of thermal neutron cross

sections in graphite piles and the measurements applications
to soil water studies. He discusses the advantages and disadvantages of other cross section measurement techniques and

the limitations of calculating cross sections from chemical
analyses. A further explanation of the use of graphite piles
in conjunction with neutron gauges is given in Couchat
(1983).
Other authors have measured thermal neutron absorption cross sections by the techniques of a pulsed source

(Allen and Mills, 1975), reactor reactivity perturbation
(McCulloch and Wall, 1976), and a steady-state method
utilizing a water filled 55 gallon tank (Tittle and Crawford,
1983, 1984). The drawbacks of these techniques are either
they lack a measurement of the thermal neutron scattering

cross section or they require operation of a nuclear reactor.
Based on the approach of Couchat, Williamson and Turner
(1980) constructed a small paraffin pile, used parts from a
disassembled neutron gauge, then proceeded to calculated

thermal neutron cross sections from correlations of samples
with known chemical compositions.
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Theoretical Principals

Piles of graphite are ideal for making measurements
of thermal cross sections because graphite possesses good
neutron moderation properties and has the structural
properties of metals. Graphite is a good moderator due to
its effectiveness in slowing down fast neutrons to thermal
energies and its low thermal absorption cross section.
The two thermal cross sections of absorption and
scattering are measured at two different locations in a
graphite pile. The absorption cross section is measured
inside the pile, whereas the scattering cross section is
measured outside on the pile's surface. Both cross sections
measurements are a function of the magnitude of the thermal
neutron flux depression (Equation A.1) caused by the introduction of a sample. A flux measurement is made before a
sample is in place, then again after a sample is in place.
C = C e - C s[A.1]

where
C = thermal neutron flux depression
C e = counts of thermal neutrons with no sample

C s = counts of thermal neutrons with a sample

The difference in the flux is related to a sample's
cross section by a function developed from a calibration of
the pile with samples of known cross sections.
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The absorption cross section is measured inside the
pile because a decrease in the flux upon introduction of a
sample is attributed to the absorption of neutrons by the
sample. Neutrons scattered by the inside sample have an
equal probability of being scattered back into the sample by

the surrounding graphite, making the reduction in flux only
dependent on the absorptive properties of the sample. Carré

and Letour (1971) determined that the relation (Equation A.2)
between the thermal flux depression and the sample's

absorption cross section was linear.
Ci = K a Z a[A.2]
where

Ci = inside thermal neutron flux depression
K a = constant
The scattering cross section is measured outside the
pile to make use of the property of the atmosphere as an
infinite sink of thermal neutrons. This property assumes the
atmosphere is not capable of scattering thermal neutrons
(i.e., no backscattering). By making this assumption, the

thermal flux depression at the outside sample location is
primarily due to the scattering of neutrons by the sample
into the atmosphere, which cannot scatter them back. In ad-

dition to the neutrons which are scattered out of the flux by
the sample, some neutrons will be lost due to its absorptive
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properties.

Because of this fact, the relationship between

the thermal flux depression and the properties of the sample
is dependent on both the absorption cross section and the
scattering cross section. This relationship has been found
to be a multivariate one with two coefficients and two
unknowns, Carré and Letour (1971). Since the absorption
cross section can be determined solely from the inside sample
position, the scattering cross section can be calculated from
the following multivariate relationship.
Co ' Ksa Ea + Kss Es

[A.3]

where
C o = outside thermal flux depression
Ksa ' calibration constant for the absorption term
Kss = calibration constant for the scattering term

Equipment

The graphite pile used is located in the facilities
which house the TRIGA nuclear reactor in the Department of
Nuclear and Energy Engineering, the University of Arizona.
The pile is a four foot cube of graphite constructed
from rectangular logs of graphite measuring 10.16 cm by 10.16
cm by 1.22 m. The logs are stacked in alternating orthogonal
layers. Individual logs may be slipped in and out of the
pile, much like drawers. This enables the logs to be used to
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hold fast neutron sources, thermal detectors and to change
samples. Figure 5.1 is a general schematic of the pile.
Three of the pile's logs were machined to fit
apparatus used in the measurements. The log at the center of
the pile has three holes drilled halfway down its length, to
accommodate one currie neutron source capsules. The log
directly below the center log, but orthogonal to it, was
milled to fit a sample pan flush with the log's top surface.
A third log, directly below the sample log, was machined to
fit a thermal neutron proportional counter and transmission
cable. Diagrams of the drawers are given in Figure A.1.
An aluminum brace was bolted to the center of the top
of the graphite pile. It was positioned to maintain geometric symmetry between the source, sample locations and
detectors. The brace securely held a thermal neutron
detector directly above a sample pan. The detector only
counted neutrons passing through the sample because it was
wrapped in cadmium foil except for a window immediately above
the sample. This was a precaution against counting any
neutrons scattered into the detector from the sides.
The electrical counting assemblies consisted of two
standard nuclear instrument modules. Each had a high voltage
power supply, a preamp-amplifier-discriminator PAD and a dual
counter timer. The voltage was set at a positive 2000 volts.
The amplifier's settings were coarse gain at 64, the fine

1 53

Source Drawer

Side View

o
Top View

Sample Drawer

Side View

Top View

Detector Drawer

Side View

Top View

Figure A.1. Diagram of graphite pile drawers.
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gain at 10, the discriminator at 31, and the preamp to "in."
The scaler-timer had a count length of 100 seconds. The two
detectors were 30.48 cm long thermal neutron proportional
counters filled with BF 3 gas at a pressure of 40 psi, with a
2.54 cm outside radius. Their maximum voltage was 3000

volts.
The sample pans were aluminum bread pans. Their
dimensions were 6.20 cm wide by 4.45 cm deep and 11.28 cm
long. Their average volume was 275.5 cm 2 +2.7 cm 2 , and their
average mass was 33.07 gm +1.5 gm.
Procedures
The procedures for measuring the thermal cross
sections of geologic samples in the graphite pile involves
preparing the sample pans, preparing the samples and stand-

ards; calibrating the pile with the standards; measuring the
thermal flux depression due to the samples; and finally,
calculating the samples' thermal cross sections from the
calibration of the pile.

The procedure to prepare pans for use in the graphite
pile is done first. Each sample pan is uniquely identified,
washed, dried, and has its mass and volume determined.
The geologic samples are collected from outcrops or

drill cuttings that are not contaminated with drilling muds.
The samples are ground into sand-size particles to maintain a
constant sample geometry in the pile. The bulk density of
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the sand sized samples are measured. The samples are oven
dried to eliminate any hydrogen associated with free water in
the samples.
The standards are prepared in a similar fashion to
the samples. The standards are laboratory grade, chemical
compounds of aluminum, copper, iron, potassium bromide and
silica dioxide.
The pile is calibrated to the standards at every
measurement session. This practice eliminates variations in
equipment performance from the calibration. Empty pans are
loaded into the outside and inside sample locations. Five
sets of thermal neutron flux measurements are collected and
averaged for each location. Next, the empty pans are removed
and completely filled with one of the standards. Any excess
material is screeded off the top of the pans. Each pan is
weighed and the mass of the standard determined. The thermal
macroscopic cross sections are subsequently calculated from
the standard's microscopic cross section, bulk density and
mass by Equation 3.6.
The filled pans are returned to their positions in
the pile. Another set of counts are collected and averaged.
The thermal flux depression is found from Equation A.1. Then
the entire process is repeated for the next standard.
From the session's data set of macroscopic cross sections and associated thermal flux depressions, the absorption
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calibration equation is derived. Carré and Letour (1971)
used a linear equation (Equation A.2) to relate the neutron
flux depressions to the macroscopic cross sections. The data
from University of Arizona's graphite pile is better represented by a second degree polynomial curve fit (Equation
A.4). A comparison of the two equations for a typical data
set is given in Figure A.2. The parameters for either
equation are derived from regression analyses performed by
statistical software packages for linear and polynomial line
fits. The polynomial curve was picked because of its
superior fit to the data.
Ci KalZa Ka2Ea2 (Eqn. A.4)
The scattering equation (Equation A.3) includes the
constants K sa and K ss , which are determined from a multiple
regression fit to the data set of the macroscopic absorption
and scattering cross sections coupled with the thermal flux
depressions. The multiple regression analysis is preformed
with a statistical software package.
The determination of thermal cross sections for the
samples is similar to the calibration of the pile with the
standards. First empty pans are loaded into the pile and
sets of neutron counts are collected for each location. The
average of each set is calculated. The pans are removed from
the pile, filled with the samples, screeded off, and weighed.
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Figure A.2. Plot of linear function and second degree
polynomial function describing the relationship between the absorption cross
section and counts of neutrons in the
graphite pile.
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The mass of sample in each pan is figured.
are returned to the pile.

The filled pans

Another set of counts are col-

lected and averaged. The thermal flux depression for each
location is determined. The thermal flux depression from the

inside location is substituted into equation A.4, along with
the appropriate constants to determine the macroscopic
absorption cross section. The thermal flux depression from
the outside location along with the macroscopic absorption
cross section and the appropriate constants are then substi-

tuted into equation A.3. By rearranging the terms of this
equation, the macroscopic cross section of scattering is
calculated.
Results
A total of four thermal neutron measurement sessions

were run on the graphite pile. At each session the standards
were run, followed by at least eight samples. A total of
nine welded tuff samples were run, in addition to two samples
of the Avondale clay loam and three of the nonwelded tuff.
The session in the graphite pile was proceeded by

laboratory work to quantify the mass and volume of each
sample pan in addition to the bulk densities of the standards
and the samples. The individual pan masses and volumes were

used in the calculations to eliminate any inaccuracy introduced by using average pan masses and volumes. In Table A.1
the results of the measurements on the pans are listed.
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Table A.1.
Pan No.

Mass and volume of sample pans.
Mass (gm)

Volume (cm 3 )

1

32.80

272.5

2

32.38
33.30

280.0
275.0

35.16

276.0
275.0

3
4
5
6
7
8
9
10

average
stand. dey.

35.06
33.20
30.06
34.00
31.78

272.5
276.0
274.0
280.0

32.91
33.07
1.51

274.0
275.5
2.7

160

Table A.2 contains a descriptive name for the standards and
samples, followed by their reference code, bulk densities and
microscopic cross sections for the standards.

The macroscopic cross sections and the thermal flux
depressions for all the standards are tabulated in Table A.3.

Table A.4 lists the calibration constants for each session.
The thermal flux depressions, calculated absorption and
scattering cross sections for each sample are tabulated in

Table A.5.
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Table A.2.

Description
Aluminum
Copper
Iron
PotassiumBromide
SilicaDioxide

Physical properties of standards and samples.
aa
(barns)

as
(barns)

Code

(gm/cm 3 )

AL
CU
FE

1.27 +0.04
1.99 +0.07
2.44 +0.03

0.23 +0.003
3.78 +0.02
2.56 +0.03

KBR

1.47 +0.01

9.00 +0.22

8.09 +0.22

SIO2

1.36 +0.02

0.17 +0.003

9.57 +0.01

Welded Tuff:
Crushed
WT2
Crushed
WT3
Crushed
WT4
WT5
'Block
WT6
Gravel
Crushed
WT7
Crushed
WT8
Crushed
WT9
Crushed
WT10

1.32 +0.01
1.32 +0.01
1.32 +0.01
2.41 +0.01
1.32
1.32
1.32
1.32

+0.01
+0.01
+0.01
+0.01

Nonwelded Tuff:
Crushed
WWT1
Crushed
WWT2
Block
WWT3

1.15 +0.07
1.15 +0.07
2.12 +0.05

Avondale Clay:
Loam
AVCL1
Loam
AVCL2

1.29 +0.05
1.29 +0.05

1.38 +0.001
7.70 +0.03
11.21 +0.03

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-
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Table A.3.

Standard

Macroscopic cross sections and count rates for
standards.
Ea
(cm 2 )

Ci

(c/100 s)

Es
(cm 2 )

Co
(c/100 s)

(Session #1)
AL2

1.79 +0.02

12660

CU2
FE1

17.60 +0.09
13.90 +0.16

91484
79187

11.35 _
+0.01
38.02 +0.15
60.92 +0.16

KBR1
SIO01

18.98 +0.47

99392

16.69 +0.46

13739
11710

0.62 +0.01

10160

33.95 +0.04

8272

S 1002

0.63 +0.01

10820

35.58 +0.05

8562

9280
17820
35680

5.53
11.05
10.44
16.97

(Session #2)
0.94 +0.01
AL3B
1.83 +0.02
AL3C
5.12 +0.03
CU3A
8.51 +0.05
CU3B
18.09 +0.10
CU3C
13.90 +0.16
FE2
+0.44
17.89 KBR2A
(Session #3)
1.73 +0.02
AL4
18.89 +0.10
CU4
+0.16
14.06 _
FE3
0.57 +0.01
S 1003

55560
96405
80601
87881

+0.004
+0.01
+0.04

+0.07
37.07 +0.14
60.90 +0.16
16.38 +0.45

3752
14153

1587
4040
3342
5416
14086
13605
11656

13860

9.86 +0.01

2991
13670

105820
90540
11740

36.21 _
+0.14
61.36 +0.16
32.84 +0.04

14120

10.19 +0.01

3326

104320
88480

36.89 +0.14
60.65 +0.16

14700
13237

12400

32.49 +0.04

7284

13267
7635

(Session #4)
AL5
CU5
FE4
S 1004

1.70 +0.02
18.14 +0.10
13.92 +0.16
+0.01
0.56 _
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Table A.4. Graphite pile calibration constants.

Kal
(10 D)

Ka2
(10 )

KSa

KSs

1

9.49 +2.34

1.01 +2.57

377.5 _
+101.4

185.7 _+33.4

2

10.21 +2.25

0.97 +2.68

540.2 + 60.9

105.7 +24.3

3

6.14 +3.21

1.08 +3.25

330.7 +168.4

170.5 _
+50.3

4

7.18 +2.49

0.97 +2.56

409.7 +198.9

158.3 +57.9

Session

-

-
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Table A.5. Measured absorption and scattering thermal cross
sections of samples.

Sample

Ci
Co
(c/100 s)

Welded Tuff:
WT2
19080
WT3
WT4
WT5
WT6
WT7
WT8
WT9
W10
average

19240
18640
13420
13680
19220
18120
17860
18260

10168
9924
10002
9214
7724
7539
8795
8500
11149

Ea
(10 -3 cm /gm)

6.098 +1.389
6.221 +1.414
6.007 +1.376
5.699 +1.426

0.1398
0.1379
0.1409
0.1561

5.693 +1.416

0.1371 +0.0256
0.1361 +0.0411

5.035
4.644
4.525
4..647

+1.872
+1.936
+1.893
+1.933

5.397 +1.628
0.684 +0.267

stand. dey.

(cm /gm)

+0.0259
+0.0256
+0.0261
+0.0287

0.1483 +0.0444
0.1485 +0.0445
0.1653 +0.0492
0.1456 +0.0346
0.0100 +0.0100

Nonwelded Tuff:
17860
WWT1

7436

4.806 +2.010

17280

7798

4.619 +1.948

11380

6752

4.128 +1.923
4.518 +1.960

0.1531 +0.0459

0.350 +0.045

0.0061 +0.0018

10721

5.772 +2.335

11196

5.919 +2.343
5.845 +2.339
0.104 +0.006

0.1940 +0.0579
0.1952 +0.0583

WWT2
WWT3
average
stand. dey.

Avondale Clay:
20400
AVCL1
AVCL2
average
stand. dey.

22160

0.1439 +0.0434
0.1416 +0.0425
0.1462 +0.0439

0.1946 +0.0581
0.0008 +0.0003
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APPENDIX B
LABORATORY PROCEDURE TO MEASURE POROSITY AND
BULK DENSITY OF UNCONSOLIDATED SAMPLES
Introduction

The measurement of the physical properties of an
unconsolidated material is difficult because the in-situ

volume of the material cannot be maintained. The solution to
this problem is to measure the physical properties with a

container of known volume.
This appendix outlines the principles, equipment and
procedures of measuring the physical properties of unconsolidated materials. The results of these measurements are given

in Table 1.3 and Table 1.4.
Theoretical Principles
The known volume of the container is the principle
behind these measurements.

Porosity is determined by fully

saturating the sample with a known quantity of water.

The

bulk density is calculated from the known volume of the

container and the measured mass of the material.
While saturating the sample, it is best to slowly
fill the container with water through a tube connected to the
container's bottom. This process will prevent entrapment of

air in the material as it is saturated.
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Equipment
Selection of a container is based on its size.

It

must be large enough to overcome any wall effects between the
container's sides and the grains of the material. A general
rule is that the container's diameter must be twelve times
greater than the diameter of the largest grain.
A No. 10 tin can was selected as the container
because the material being measured was composed of sandsized grains. To fill the can, a flexible tube was connected
to the bottom of the can and a funnel was connected to the
top of the hose.
The volume of the container was determined with a
one-liter graduated cylinder having a precision of 5 milliliters. The larger the cylinder, the more accurate is the
volume measurement. Errors in measuring volumes with graduated cylinders are constant, roughly one percent of their
total volume.

Errors arise from estimating volumes between

two graduations.

If multiple fillings of the graduated

cylinder are required, the total error of the volume measured
is the sum of each individual error.
The masses were determined on a postal scale with a
precision of 14.2 grams.
Procedures
The procedures begin by measuring the container's
mass (Mc) and volume (Vc). The container's mass is measured
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on the scale.

Its volume is measured by completely filling

the container with a known volume of distilled water from the
graduated cylinder.
Next the container is uniformly filled with the
sample material which has been oven dried.
material above the top is screeded off.

Any excess

The mass of the

material plus the container (M) is determined.
The mass of the sample is the total mass of the
sample and the container minus the mass of the container.
Ms = M - Mc

[B.1]

The bulk density (p) of the sample is determined with the
volume of the container and the mass of the sample. By
definition
p= Ms/Vc

[B.2]

Porosity of the material is determined by saturating the
sample with a known quantity of distilled water. The
quantity of water added to the sample is verified by both
measuring the increased mass and by measuring the volume of
water added to saturate the sample. The increased mass is
measured on the scale and the volume is measured with the
graduated cylinder. For materials with a high porosity,
water can be poured into the container until the sample is
saturated and the water level is at the top line of the
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container.

For low porosity samples, the infiltration of

water takes many hours and an extremely low flux of water is
required.
Porosity (n) of the material is calculated from the
total volume of water (Vw) added to the sample and volume of
the container.
n = Vw/Vc

[B.3]
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APPENDIX

C

PARAFFIN METHOD TO MEASURE BULK DENSITY
OF CONSOLIDATED SAMPLES
Introduction

The measurement of bulk density of a consolidated
sample is difficult because of the samples' irregular
geometries. Typically samples of consolidated geologic
materials are collected from outcrops or from drill cuttings
and are not of a constant or known volume. A bulk density
measurement method (Blake,

1965)

which overcomes these irreg-

ular geometries employs Archimedes' Principle of buoyancy.
This principle permits the calculation of the volume of the
sample from the buoyancy relationship between the weight of
the sample in air and in water. The relationship is based on
the volume of water displaced due to the volume of the
sample.
This appendix outlines the principles, equipment,
procedures and results of measuring the bulk density of
consolidated samples of a welded tuff.
Theoretical Prnciples

The theory of Archimedes' Principle is that a sample
will displace in water a volume equal to the sample's volume.
From the weight of sample in both air and water and with the
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density of the water, the sample's volume and bulk density
can be calculated. The sample's oven dry mass is maintained
when submerged in the water by a thin coating of paraffin.
By considering a statics force diagram (Figure C.1), the following static equation of forces is derived (Equation C.1).
Upward Forces Buoyant force (Fb)
Suspension force (F)
Downward Force Weight of sample (W)
Under static conditions
Pb + F =W[C.1]
Rearranging
W - F = Fb

[C.2]

The buoyant force (Equation C.3) is equivalent to the
mass of water displaced by the sample's volume (Vs) plus the
volume of its paraffin coating (Vp) times the density of the
water (pw) and acceleration of gravity (g).
Fb = (Vs + Vp) pw g

[C.3]

The mass density relationship (Vp = Mp/p) is rearranged and substituted for the volume of the paraffin in
Equation C.3.

171

FORCE DIAGRAM

Figure C.1. Static forces diagram.
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Fb = (Vs + Mp/p) w g

[C.4]

In a similar fashion the suspension force (Equation
C.5) is equal to the mass of the sample in water (Ms-w) plus
the mass of the paraffin coating (Mp-w) in water, times the
acceleration of gravity.
F = (Ms-w + Mp-w) g = Msp-w g

[C.5]

The weight of the sample and its paraffin coating is
given by Equation C.6.
W = (Ms + rip) g = Msp g

[C.6]

By substitution of these relationships into the
static equation of forces (Eqn. C.2) and cancelling the
acceleration of gravity, the following equation is formed.
Msp - Msp-w = (Vspw) + ((Mp/p)pw)

[C.7]

Next the sample volume is solved for by rearranging
terms.

Vs = (Msp - Msp-w - ((Mp/p)pw))/pw

[C.8]

The bulk density is finally calculated by substitution of the sample volume into the equation for bulk density.
p = Ms/Vs

[C.8]
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P = (Ms Pw)/[MsP

-

Msp-w - [(mp/p)pw]]

[C.9]

Equipment

The equipment needed to make the bulk density measurements includes a triple beam scale positioned over a
beaker of water, a wire basket to hold the samples, and a
bath of liquid paraffin. The details of each of these items
is explained below.
The wire basket is constructed from a very thin gauge
wire of sufficient size to accommodate the samples. The thin
gauge wire is used in order to minimize the contact between
the sample and the basket.
The triple beam scale is placed on a stand to hang
the sample basket under the scale's weighing plate. The
basket is hung with as thin a gauge wire as possible so as to
minimize the difference in buoyancy due to variable lengths
of immersion (Figure C.2).
The beaker of water is required to fit under the
triple beam scale and yet be large enough to insure that the
wire basket will not touch any of the beaker's surfaces when
the sample and basket are completely submerged.
A boiling water bath is necessary to maintain a
vessel of paraffin at a constant temperature between 60 and
70

degrees Celsius. This temperature range is a few degrees

above the melting point of paraffin and will not cause air
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Figure C.2. Diagram of triple beam scale and weighing
basket.
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bubbles in the paraffin coating. Also rapid cooling of the
paraffin coating occurs in this temperature range.

Procedures
The first procedure is to dry the samples in an
oven.

The next step is to measure the mass of the wire

basket in air (Mb).

Afterwards a sample is placed in the

wire basket and the mass of sample plus the basket (Msb) in
air is determined. The mass of the sample (Ms) can be
calculated from Equation C.10.
Ms = msb

-

Mb

[C.10]

Both the wire basket and sample are dipped in liquid
paraffin and set aside to cool.

The sample is examined for

air bubbles in its paraffin coating.

If air bubbles are

found, the entire procedure should be started over with a
fresh sample and a lower temperature of the water bath. Air
bubbles are the result of hot paraffin heating and causing
expansion of air in the pore spaces of the sample. Air
bubbles in the coating will incorrectly be considered part of
the volume of the sample and will cause a lower bulk density
to be measured.
The .combined mass of the basket and the sample, both
coated with paraffin, is measured first in air (Msbp) and
then in water (msbp w). The temperature of water (tw) is
-

also recorded.
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The sample is then removed from the basket, and the
mass of basket coated with paraffin in air (Mbp) and in water
(Mbp-w) is determined.

From these values the mass of sample coated with
paraffin (Msp) in air is calculated (Equation C.11).
Msp = Msbp - Mbp

[C.11]

Likewise the mass of sample coated with paraffin in
water (Msp-w) is calculated (Equation C.12).
Msp-w = Msbp-w - mbp-w

[C.12]

The mass of paraffin coating on the sample (Mp) in
air is determined with Equation C.13.
Mp = Msp - Ms

[C.13]

The next step is to determine the density of water
(pw) as a function of temperature by extrapolating between

values of Table C.1 (CRC, 1986).
Finally, with the density of paraffin equal to 0.9097
gm/cm 3 (CRC, 1986), the bulk density of the sample can be

determined from Equation C.9.
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Table

C.1.

Temperature

Density of water as a function of
temperature.
(

Density of water

° C)

15

0.99913

18

0.99862

20

0.99823

25

0.99707

30

0.99567

(gm/cm 3 )

Results

The average of five measurements of the bulk density
of welded tuff samples by the procedures described in this
2.41 gm/cm 3 ,

appendix was
gm/cm 3 .

with a standard deviation of

0.01

These results matched with determinations of bulk

density calculated from geometric core samples with known
volumes.

The average of these core measurements was also

2.41 gm/cm

3

.

This match verifies the accuracy of the

procedures described above.
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