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c. 
NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

Systematic, well-designed research provides the most 
effective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat-
mg growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
program of cooperative research. 

In recognition of these needs, the highway administrators 
of the American Association of State Highway Officials 
initiated in 1962 an objective national highway research 
program employing modern scientific techniques. This 
program is supported on a continuing basis by funds from 
participating member states of the Association and it re
ceives the full cooperation and support of the Bureau of 
Public Roads, United States Department of Transportation. 

The Highway Research Board of the National Academy 
of Sciences-National Research Council was requested by 
the Association to administer the research program because 
of the Board's recognized objectivity and understanding of 
modern research practices. The Board is uniquely suited 
for this purpose as: it maintains an extensive committee 
structure from which authorities on any highway transpor
tation subject may be drawn; it possesses avenues of com
munications and cooperation with federal, state, and local 
governmental agencies, universities, and industry; its rela
tionship to its parent organization, the National Academy 
of Sciences, a private, nonprofit institution, is an insurance 
of objectivity; it maintains a full-time research correlation 
staff of specialists in highway transportation matters to 
bring the findings of research directly to those who are in 
a position to use them. 

The program is developed on the basis of research needs 
identified by chief administrators of the highway depart
ments and by committees of AASHO. Each year, specific 
areas of research needs to be included in the program are 
proposed to the Academy and the Board by the American 
Association of State Highway Officials. Research projects 
to fulfi l l these needs are defined by the Board, and qualified 
research agencies are selected from those that have sub
mitted proposals. Administration and surveillance of re
search contracts are responsibilities of the Academy and 
its Highway Research Board. 

The needs for highway research are many, and the 
National Cooperative Highway Research Program can 
make significant contributions to the solution of highway 
transportation problems of mutual concern to many re
sponsible groups. The program, however, is intended to 
complement rather than to substitute for or duplicate other 
highway research programs. 

This report is one of a series of reports issued from a continuing 
research program conducted under a three-way agreement entered 
into in June 1962 by and among the National Academy of Sciences-
National Research Council, the American Association of State High
way Officials, and the U. S. Bureau of Public Roads. Individual fiscal 
agreements are executed annually by the Academy-Research Council, 
the Bureau of Public Roads, and participating state highway depart
ments, members of the American Association of State Highway 
Officials. 

This report was prepared by the contracting research agency. It has 
been reviewed by the appropriate Advisory Panel for clarity, docu
mentation, and fulfillment of the contract. It has been accepted by 
the Highway Research Board and published in the interest of an 
effectual dissemination of findings and their application in the for
mulation of policies, procedures, and practices in the subject 
problem area. 

The opinions and conclusions expressed or implied in these reports 
are those of the research agencies that performed the research. They 
are not necessarily those of the Highway Research Board, the Na
tional Academy of Sciences, the Bureau of Public Roads, the Ameri
can Association of State Highway Officials, nor of the individual 
states participating in the Program. 
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FOREWORD 
By Staff 

Highway Research Board 

This report considers the feasibility of various acoustic (sonic), nuclear, and 
electrical techniques for nondestructive measurement of portland cement and 
bituminous concrete pavement thickness both during and after construction. Recom
mendations are made for equipment development and field testing of three specific 
methods that could potentially result in such measurements with the desired degree 
of speed and accuracy. Theoretical background information and details of labora
tory experimental work leading to the recommended measurement techniques are 
included as appendix items of the report. Due to the increasing emphasis on 
acceptance testing and documentation of results in the highway construction field, 
highway construction, testing, and materials engineers, as well as testing equipment 
manufacturers, should find this a worthwhile reference document. 

During recent years, more than 75,000 lane-miles of new portland cement and 
bituminous concrete pavements have been built per year on the primary state 
highway systems of this country. The thickness of the pavement sections, as 
constructed, must be measured to determine compliance with plans and specifica
tions. The general current practice is to take one or two cores of the pavement per 
lane-mile for measurement as documentary evidence of contract performance. In 
extreme cases, as high as 10 cores per lane-mile may be required. When the tests 
indicate that a particular pavement section is outside of the tolerance limits for 
minimum thickness, the contract price is usually reduced in accordance with a 
predetermined schedule. To preclude this possibility, contractors may at times 
find it desirable to construct pavements to greater thicknesses than planned. Such 
practices must ultimately result in higher highway construction costs. 

Rapid and nondestructive methods of measuring pavement thickness, both 
during and after construction, would have many advantages over the current proce
dure of taking cores from completed pavements. Such methods would permit a 
much larger number of thickness measurements per lane-mile, thus providing a 
more accurate basis for the determination of compliance with specifications. A large 
number of measurements would also make it possible to rely on statistical sampling 
procedures for product acceptance. Measurements during construction would 
permit the contractor to alter paving operations to meet specified tolerance limits 
and reduce the possibility of large portions of pavements being built to thicknesses 
other than originally planned. 

The ultimate objective of the study, undertaken by I I T Research fnstitute, 
was to recommend a method or methods for the rapid and nondestructive measure
ment of pavement thickness that exhibits the greatest promise for eventual practical 
field application. The initial effort of the researchers was to review and evaluate 
all available literature pertaining to acoustic, nuclear, and electrical nondestructive 



testing techniques being utilized outside of the highway industry. With this baclc-
ground, theoretical studies and laboratory experimental investigations were con
ducted involving a number of the feasible techniques that were considered new to 
the highway field. 

The report recommends that research in this area be continued to further 
develop and field test the three new measurement methods found to hold the most 
promise for rapid and nondestructive determination of pavement thickness, both 
during and after construction. Instructions are given for the fabrication of a pair 
of large mosaic transducers for further laboratory testing and field evaluation of 
the thickness measurement technique considered most promising. I f this procedure 
does not perform as anticipated, the I I T R I researchers suggest certain modifications 
of a mechanical impact method as an alternate for field testing. Recommendations 
are also made for testing under field conditions a nuclear pellet technique which 
involves the spreading of a low-energy type of radioactive material at the base 
course-pavement interface during construction. A measure of activity at the 
pavement surface can be translated into pavement thickness. 

Although unrelated to the research covered in this report, several procedures 
for pavement thickness measurement have been developed and are currently under 
field investigation. These include state-BPR-sponsored studies involving sonic 
devices to measure thickness of hardened and plastic concrete. A BPR in-house 
study is continuing to evaluate an electrical resistivity method for measurement of 
pavement thickness. 

The majority of experimental work to date, other than that covered in this 
report, has dealt with hardened portland cement concrete pavements. There con
tinues to be a need for rapid and nondestructive thickness measurements of both 
Portland cement and bituminous pavements during and after construction. The need 
for continued research in this area is actually becoming more critical as highway 
construction costs continue to increase, pavement design procedures attain more 
sophistication, and the desirability of documentary data on contract performance 
becomes more prevalent. 
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MEASUREMENT OF PAVEMENT 
THICKNESS BY RAPID AND 

NONDESTRUCTIVE METHODS 

SUMMARY Three different techniques are recommended for thickness measurement, as follows: 

1. Large mosaic ultrasonic transducers (estimated accuracy ± 2 percent) can 

be used on any type of pavement under any conditions (that is, on bituminous or 

portland cement concrete pavements in either the plastic or hardened states and 

having a thickness of up to 10 in.) with an estimated measurement time of 

30 sec. These units are suitable for operation by an unskilled man, and give 

digital read-out of thickness if required. The prototype has been designed but 

not yet constructed. Experimental data are available based only on small model 

experiments. The small model is also accurate to ± 2 percent, but has poor 

beam collimation due to its small size, thus requiring a skilled operator. 

2. The short mechanical impulse source with ultramicrometer detector (ac

curacy ± 2 percent) can be used on any type of pavement in the hardened 

state, but difficulties are anticipated in attempts to apply the unit to unhardened 

concrete. The estimated measuring time is 30 sec, the unit being suitable for 

operation by a semi-skilled man, who should be capable of making a fine adjust

ment to an ultramicrometer. Digital read-out of thickness is available if required. 

Experimental tests of the system have been made on 10-in. slabs of portland 

cement concrete (a) air-backed and (b) on a gravel base course, as well as 

on 5-in. slabs of air-backed bituminous concrete. Tests gave satisfactory results 

except that weak signal strength made the system vulnerable to spurious signals 

on occasion. Future improvements could eliminate this problem. 

3. Scattering of radioactive pellets prior to the laying of pavement is the 

most highly recommended technique for all future roads. I t has an accuracy 

of ± 1 percent and can be used on any type of pavement under any conditions 

(that is, on bituminous or portland cement concrete pavements in either the 

plastic or hardened states and having a thickness of up to 10 in.) The estimated 

measurement time is a few minutes. This is a simple and reliable system, suitable 

for operation by an unskilled man with no safety hazard involved. The cost of 

the pellets is estimated at $80 per lane-mile. The only disadvantages are that it 

cannot be applied to existing roads, and continuous measurement of thickness is 

not possible although frequent spot checks can be substituted. 

A l l other techniques investigated in this work were found to be unsuitable 

or very limited in their application. 



CHAPTER ONE 

INTRODUCTION 

A need exists to measure the in-situ thickness of both 
Portland cement and bituminous concrete pavements. 
The objective of NCHRP Project 10-6 is to determine 
the feasibility of past, present, and possibly future non
destructive methods which will provide accurate and rapid 
thickness measurements. 

Initially work on this project was directed toward 
determining the state-of-the-art in the use of acoustic 
(sonic or ultrasonic), nuclear, and electrical (including 
magnetic and electromagnetic) methods. The research 
approach included an extensive literature survey in con
junction with theoretical and experimental investigations 
of possible techniques. 

After this initial research, attention was concentrated 
on new and original methods of applying each of the 
three disciplines (acoustics, nuclear physics, and elec
tronics) to the measurement of pavement thickness. Be
cause of the different approaches adopted by each of the 
three separate disciplines, the various chapters of this 
report are subdivided to present the three approaches 
under separate headings. In each of these approaches 
many different possibilities were investigated before three 
successful acoustic and nuclear techniques finally evolved. 
The results of the earlier investigations are important, 
however, in showing the necessity for the methods eventu
ally employed in the final recommended techniques. For 
this reason the experimental approaches are described 
as far as possible in chronological sequence in the ap
pendices, and details of the successful methods are in
cluded at the end of the appendices on acoustics and 

nuclear physics (Appendix A and Appendix B, respec
tively). 

Of the more than 150 papers reviewed during this 
project, only about 6 were directly concerned with the 
nondestructive measurement of in-situ pavement thick
ness. With few exceptions, the present state-of-the-art 
has relied heavily upon direct application of existing 
nondestructive thickness-measuring techniques. Little at
tention has been given to the fact that these techniques 
were developed primarily for measuring homogeneous, 
fine-grained materials such as aluminum and steel. Because 
of the basic macrostructure of portland cement and bi
tuminous concrete, in addition to the wide range of base 
courses upon which they are placed, many of the more 
common nondestructive measuring techniques are not di
rectly applicable, if at all, to pavement thickness measure
ments. 

The basic report includes only the results of the ex
perimental work and the interpretation and appraisal of 
those results. The details of the work are presented in 
separate appendices for each of the three separate disci
plines involved, as the technical difficulties encountered 
in each case were peculiar to these disciplines. Although 
this work has been conducted by specialists in each of the 
three fields, contact has been maintained with civil engi
neers and other personnel more familiar with highway 
problems, and advantage has been taken of opportunities to 
observe actual pavement-laying procedures in operation. 
Throughout this work, therefore, the needs peculiar to 
highway engineering have been considered before under
taking any experiment. 

C H A P l h R T W O 

FINDINGS AND INTERPRETATION OF RESULTS 

Durmg the course of this research, several possible ap
proaches to the problem of measurmg highway thickness 
rapidly and nondestructively have been investigated. Of 
all the possibilities explored, only three techniques are 
finally recommended for being simply developed into a 

suitable thickness-measuring device that will satisfy the 
requirements discussed elsewhere in this report. The other 
techniques involve basic physical problems that would make 
their satisfactory incorporation in a practical thickness-
measuring device difficult or impossible. It is believed 



that even the negative results from this program are of 
importance in their indications of some fundamental limi
tations that may be encountered with other thickness-
measuring techniques described in the literature. 

In the following sections, therefore, the main findings 
(both positive and negative) and interpretation of the 
results of the research work conducted in this project are 
presented under the three headings "Acoustic Techniques," 
"Nuclear Techniques," and "Electrical Techniques." 

ACOUSTIC TECHNIQUES 

Early in the project the literature survey revealed some 
ultrasonic thickness-measuring techniques that were far 
from perfect. It was obvious that the limitation to these 
techniques could be found in the fundamental principles 
underlying their operation and that significant improve
ments could not be made by further sophistication of 
electronic circuitry. The orientation of this study, there
fore, has been toward a more fundamental investigation of 
the principles that can be employed for thickness measure
ment. This type of basic investigation is best accomplished 
through the use of standard laboratory instruments, which 

have a much broader operating range and provide greater 
versatility and accuracy. Admittedly, this laboratory equip
ment is more sophisticated than would be required for 
actual field measurements. Suitable instruments with only 
necessary features, but with adequate accuracy, can be 
constructed at much lower cost. As an example, some 
instrumentation used to obtain velocity data in portland 
cement concrete is shown in Figure 1. 

Furthermore, it should be noted that there are several 
well-known electronic techniques for processing data from 
transducers to give the final result in a simple form; 
e.g., a digital readout of thickness. The possibility of using 
some such system has been borne in mind continually for 
each technique investigated, although for obvious reasons 
of simplicity and versatility in the research no attempt has 
been made to include the necessary electronic circuitry 
in this study, as such work would have been outside the 
scope of this project. The final recommended methods are, 
however, easily adaptable for incorporation into a "black 
box" having a single dial or a digital readout of highway 
thickness. 

Fundamentally, it is possible to make only two types 
of measurements using any type of sonic or ultrasonic 

Fijiitre 1. Instrumentiilion for inedsiirint' propaf^ation time of un chi.slic wave. The instruments are (top) a hroail-hand. hii<h-gain 
tii/uihle amplifier; a doulile-jyidse generator; and an electronic interval timer. Transmitter and receiver are shown on an experi
mental concrete slab at right. 



apparatus. One is a measurement of sound velocity; the 
other, a measurement of attenuation. Al l other measure
ments of frequency, standing wave patterns, pulse time of 
flight, etc., can be regarded as being implicit measure
ments of attenuation or velocity. When considering the 
propagation of sound in concrete, the problem of measuring 
attenuation becomes formidable. There are two reasons for 
this. Experiments at I I T Research Institute (HTRI) and 
those of other researchers have shown that i t is virtually 
impossible to remove a transducer from a concrete surface 
and then replace it without changing the degree of coupling 
of the sound energy between the transducer and the con
crete; this is true for both transmitters and receivers. 
Secondly, for the case of sound waves in concrete where 
the wavelength is of the order of the aggregate size, 
the attenuation varies as the fourth power of the size of 
the aggregate. The attenuation would therefore fluctuate 
wildly from one point to another in the concrete. For 
these reasons it was decided early in the project to con
centrate entirely on measurements of velocity. 

In Appendix A some discussion is devoted to the prob
lem of sound propagation in a bounded medium, such 
as a pavement slab, and to the effect of scattering from 
particles of aggregate. Without going into great technical 
detail, some of the results of this acoustical theory, together 
with some experimentally gained information, are sum
marized here because they are important and fundamental 
to any acoustic thickness-measuring technique developed. 

1. An upper limiting frequency for ultrasonic propa
gation in concrete exists, owing to the sharp rise in attenua
tion with frequency. For the practical purpose of thick
ness measurement, this upper frequency limit is 150 to 
200 kcps (kilocycles per second) for portland cement 
concrete. 

2. Radiation of acoustic energy into the pavement is 
governed by diffraction theory and depends principally 
on the ratio of the wavelength to the diameter of the 
transducer. I f the transducer is very small compared to 
the wavelength, energy will be radiated in a hemispherical 
pattern. (This assumes that the point source is mounted 
on a large, rigid baffle.) I f , in contrast, the transducer 
is many wavelengths in diameter, radiation will occur in 
a narrow, well-collimated beam. At intermediate values 
of the diameter-wavelength ratio, the radiation pattern 
will be neither a hemisphere nor a collimated beam, but 
will consist of various lobes with relative amplitudes and 
directions dependent on the detailed geometry of the 
transducer. 

3. Many different types of elastic waves can be generated 
in a bounded medium such as a pavement slab. Some of 
these waves can travel through the slab and others travel 
along the surface. Their velocities are, in general, all dif
ferent and depend not only on the properties of the con
crete, but also on the geometry and size relative to the 
wavelength. The mode or type of wave generated by a 
transducer on a concrete surface is determined by the 
angle of incidence of the sound. Therefore, unless the 
sound beam is perfectly collimated, many different angles 
of incidence will exist simultaneously, hence many spurious 
modes will be generated. 

4. Two different ways of operating transducers in a 
thickness measurement are: 

(a) Continuous-wave operation. This involves essen
tially a measurement of phase of the received signal. 
For a successful measurement of this type, it is 
necessary to reduce all spurious signals as far as 
possible. Difficulties are also encountered owing to 
multiple reflections occurring in the pavement slab. 
The problem of spurious mode generation can be 
overcome in practice if it is possible to produce a 
single well-collimated beam, which also serves to 
reduce the problem of multiple reflections. The 
multiple reflection problem can be further reduced 
by operating at normal incidence so that the wave 
is reflected at 90° from the bottom of the pavement 
or by operating near the upper frequency limit to 
get a maximum possible attenuation of unwanted 
waves. I f it is possible to reduce unwanted signals 
to a reasonable level, sophisticated techniques (e.g., 
the modified sing-around system) have been devel
oped to handle the phase measurement problem. 

(b) Pulse operation. For this type of operation the 
transducer is excited either by a short rectangular 
pulse of electrical energy (referred to herein as a 
D-C pulse) causing it to "ring" mechanically, or a 
short burst of high-frequency energy * (referred to 
herein as an R.F. pulse) thus producing a damped 
wave train. Attempts can then be made to measure 
the time of flight for this wave train to be reflected 
from the bottom of the concrete. However, owing 
to the finite length of the pulse (wave train) pro
duced, spurious surface waves arrive at the receiver 
before the desired reflected signal and mask the 
exact point in time at which the reflected signal 
comes in. As with the continuous-wave system, one 
way to overcome this problem is to suppress the 
surface waves by using a large transducer to gen
erate a "collimated pulse." Owing to the wide spec
trum of Fourier components present in a pulse, how
ever, the problem of suppressing surface waves is 
even more severe than for the continuous-wave case. 
An alternative solution to the problem is to produce 
a pulse so short (i.e., very highly damped) that 
there will be a distinct time interval between the 
arrival of the surface pulse and the reflected pulse. 
The problem of producing very short pulses with 
conventional electromechanical transducers involves 
the construction of a transducer having a very low 
Q t factor (i.e., a highly damped transducer). 

A further consideration with the pulse method 
is that the risetime of the pulse should be suffi
ciently short to reduce errors associated with iden
tifying the start of the pulse. The risetime is con
trolled by the mechanical resonant frequency of 
the transducer and consequently this should be as 

* In the limit, when the pulse length becomes long enough, standing 
waves can be established and one has, in elTect, "continuous waves." 

tThe 0 or quality factor of a transducer is the ratio of the me
chanical energy stored to the mechanical energy dissipated during each 
cycle 



high as possible. The upper limit is again imposed 
by the rapid rise of attenuation with frequency. 
For pulse methods, therefore, the optimum fre
quency is fixed in the range of 150 to 200 kcps. 

5. The velocity of sound in concrete varies greatly in 
space and even slowly in time. Consequently, it must be 
assumed to be unknown and an independent measurement 
of sound velocity must be involved in any thickness mea
surement. In practice this means that two independent 
measurements must be made, either of time of flight or of 
phase. Furthermore, owing to velocity dispersion (i.e., the 
dependence of sound velocity on the mode of propagation 
and the dimensions of the concrete mentioned in item 3) , 
care must be taken that the two measurements both refer 
to the same velocity. A question also arises concerning the 
constancy of the sound velocity throughout the section of 
pavement being measured. Experiments at I I T R I and 
elsewhere have shown that in nearly all cases the velocity 
can be assumed to be uniform throughout the section. 
However, a theoretical analysis included in Appendix A 
shows that if the velocity cannot be assumed to be a con
stant throughout the thickness, further independent mea
surements can be used to provide progressively better 
approximations to compensate for the velocity variation. 

As a summary of the previous items, it can be concluded 
that essentially the problem of measuring highway thick
ness has reduced to a problem of transducer design. The 
objectives are either to produce transducers generating a 
single mode in the concrete in the form of a continuous 
collimated wave, or to produce highly damped pulse trans
ducers or, alternatively, pulse transducers in which the 
surface wave is suppressed. 

In the following section the experiments that originally 
enabled these design objectives to be precisely formulated 
are presented in chronological order: then the experiments 
which finally lead to a successful design, and hence a 
successful thickness-measuring technique, are presented. 

Description of Experiments 

In order to obtain a general evaluation of acoustic measur
ing methods, some initial experimental work was carried 
out to determine some of the material properties of con
crete, limitations of basic measuring techniques, and the 
design of electromechanical transducer devices. Each of 
these areas is considered in detail in the discussions given 
in Appendix A, and the results are summarized in the fol
lowing. 

MATERIAL PROPERTIES 

Because of the nature of portland cement concrete and 
bituminous concrete, conventional nondestructive testing 
techniques that have been used for metals and other ho
mogeneous materials cannot be used for highway thickness 
measurement without modification. The maximum fre

quency of ultrasonic waves that can be used is in the range 
of 150 to 200 kcps. 

I N I T I A L MEASURING TECHNIQUES 

Simple resonant techniques cannot be used without modi
fication. Frequencies higher than 100 kcps must be used 
for pulse techniques. 

ELECTROMECHANICAL TRANSDUCERS 

Of the many types of electromechanical transducers avail
able, the most suitable types for highway thickness mea
surement are magnetostrictive and electrostrictive. Lead 
zirconate titanate is recommended as a suitable electrostric
tive material. 

MODIFIED SINC-AROUND TECHNIQUE 

If Other, more fundamental problems associated with the 
development of suitable transducers can be solved, the 
modified sing-around technique will provide a suitable way 
of electronically handling the data. It is also important in 
enabling high-frequency ultrasound to be used for reso
nance techniques. 

RESONANCE METHODS 

The resonance method described by the Portland Cement 
Association incorporates some erroneous assumptions. 
Basically the method is good and modifications introduced 
by the incorporation of the modified sing-around technique, 
and possibly the use of shear wave transducers or the 
application of a correction factor, would make it a useful 
method of measuring highway thickness. The use of the 
modified sing-around technique, however, is still based on 
the availability of suitable transducers. 

SHEAR TRANSDUCER EXPERIMENTS 

Shear waves can be propogated in concrete but cannot be 
used to eliminate surface waves by destructive interference. 
No method dependent on eliminating surface waves by 
destructive interference can be successful. 

INITIAL PUISE T I M E - O F - F L I G H l MI.THODS 
(DUAL-FRtQUFNCY M E T H O D ) 

The dual-frequency method is capable of enabling thickness 
measurements to be made with an accuracy of about ± 4 
percent. It has the severe disadvantage, however, of re
quiring a skilled operator to first adjust the transducers to 
an optimum position with the aid of an oscilloscope and 
then to interpret the oscilloscope trace to determine the 
arrival point of the reflected pulse. Further transducer de
velopment in the direction of more highly damped trans
ducers or larger transducers is necessary to obviate these 
disadvantages. 

DAMPED LLECTROMECHANICAL TRANSDUCERS 

This was an attempt to design very highly damped trans
ducers for use in a pulse time-of-flight method as described. 



The aim was to achieve sufficient damping for time separa
tion between the unwanted surface wave and the reflected 
signal to be achieved. It was found that present damping 
techniques have reached the limit of the state-of-the-art in 
this direction. It will require an extensive research pro
gram to produce transducers that have significantly lower 
quality factors so that time separation in a pulse time-of-
flight method could be used. Therefore, no further work 
in this direction is recommended. 

MOSAIC TRANSDUChRS 

Large mosaic transducers have been developed for use in 
conjunction with the pulse time-of-time technique. The 
resulting method is capable of being used to measure high
way thickness to within ± 2 percent. It still requires a 
semiskilled operator to adjust the apparatus initially. The 
arrival point of the desired signal, however, is sharp enough 
to be handled electronically by a pulse sing-around system. 

Predictions based on the performance of these mosaic 
transducers and linear array types have enabled a still larger 
transducer to be designed. It is predicted that this final 
transducer will be capable of being used by a completely 
unskilled person to measure highway thickness to an accu
racy of ± 2 percent in a pulse sing-around technique. Tests 
may also show that a continuous-wave sing-around tech
nique could be used in a resonance method. Such a 
method could have the advantage of being capable of still 
higher accuracies and of using less complicated, hence less 
costly, electronic equipment. This cannot be predicted 
until the transducer is built. 

MECHANICAL IMPACT TECHNIQUE 

A new type of method for producing short pulses by me
chanical impact is capable of achieving pulses short enough 
for time separation methods to be used in a pulse time of 
flight technique. This method is capable of accuracies of 
± 2 percent in a thickness measurement. It has one serious 
drawback, however, in that the detector used is an ultra-
micrometer, an instrument which is delicate and needs 
careful adjustment. This instrument will have to be modi
fied considerably, therefore, before it is suitable for use by 
an unskilled person in the field. 

NUCLEAR TECHNIQUES 

In considering the application of various nuclear techniques 
to the nondestructive measurement of in-situ pavement 
thickness, it was concluded that gamma rays and/or neu
trons ofl"er the most promise. Techniques involving the use 
of charged particles (i.e., electrons, protons, etc.) were 
ruled out because of their inherent lack of sufficient range. 
The selection of a given form of radiation or energy is 
rather straightforward, being based on energy levels, inter
action phenomena, etc. However, the manner in which this 
energy is employed to give a measure of pavement thick
ness poses a question which requires considerable attention. 
Therefore, this investigation has included considerations of 

various source geometries; i.e., the placement of that ma
terial from which radiation is ultimately detected and 
related to pavement thickness. (The word "source" is 
used herein to denote radioactive material.) Various ap
proaches are briefly summarized as follows: 

1. Attenuation of radiation through the pavement, using 
a source beneath the pavement. The source can be pro
duced by (a) neutron activation of an inert material de
posited prior to laying the pavement, (b) neutron capture 
in an inert material deposited prior to laying the pavement, 
or (c) spreading a radioactive isotope prior to laying the 
pavement. 

2. Total intensity of radiation from sources distributed 
within the pavement. The .sources can be produced by (a) 
neutron activation of an inert material mixed in the con
crete, (b) neutron capture in an inert material mixed in the 
concrete, or (c) mixing a radioactive isotope with the con
crete. 

3. Backscattering of radiation from a source above the 
pavement. 

The following section contains summarized discussions 
of these techniques. In some cases a rough analytic treat
ment is possible which aids in evaluating the potential of 
the technique. Calculations indicate that the first method 
(source beneath the pavement) shows the most promise 
and is more sensitive than the second (source distributed 
within the pavement) by approximately a factor of 20. 
Both techniques are relatively insensitive to the type of base 
course, because gamma rays scattered back into the detec
tor from the base course will be reduced in energy and not 
counted by the detectors. The variation of the first method 
which employs materials that are initially inert rather than 
radioactive is preferred. This approach avoids the need for 
handling large quantities of radioactive isotopes and there
fore poses no health hazards. Methods requiring the dis
tribution or mixing of radioisotopes appear to present a 
formidable problem, even for the quantities estimated by 
this survey. Backscatter techniques appear to be applicable 
to bituminous pavements, but require further experimental 
evaluation. 

The survey was limited by the need for (a) more infor
mation on pavement and roadbed composition, and (b) 
specification of the properties of the medium for neutron 
and gamma interactions based on this composition and the 
appropriate cross-sections. This additional information will 
aid in any further analysis of nuclear techniques. For those 
cases where an accurate analytical treatment is complex, 
experimental data are required to establish basic informa
tion on sensitivity and response. 

Description of Experiments 

Initial investigations into the nuclear properties of port-
land cement and bituminous concrete showed that no nu
clear technique that did not require some sort of pre-
preparation of the pavement could be used.* Techniques 

• One exception to this is the possible method o( activating the 
aluminum present in the concrete by a nuclear source on top o f the 
pavement This could only be used i f the pavement were on a base 
course having a relatively low aluminum content 



involving pre-preparation of the concrete are of two types— 
active and passive. The active techniques involve the 
spreading of a radioactive material in or under the pave
ment and the passive techniques involve the spreading of 
or doping of the pavement with a nonactive material (in
dium and cadmium are recommended) which is later made 
radioactive just prior to making a measurement by irradia
tion from a source above the pavement. Both of these 
techniques have been thoroughly investigated (details are 
given in Appendix B ) . They both have serious disadvan
tages associated with the large quantity of radioactive ma
terial that would be needed and with nuclear interactions 
in the concrete itself. However, further work in these areas 
is deemed not worthwhile owing to the discovery of the 
technique of radioactive pellets, which has none of these 
disadvantages. 

The radioactive pellet technique is capable of an accu
racy which increases with the counting time. For a count
ing time of a few minutes, pavement thickness can be 
measured to an accuracy of ± 1 percent. The technique 
is simple and can easily be used by an unskilled person. 
The measuring apparatus is basic and inexpensive, and the 
cost of pre-preparation of the pavement would be about 
$80 for a strip of concrete 15 ft wide and 1 mile long. The 
technique is equally applicable to portland cement concrete 
and bituminous concrete in both the plastic and the hard
ened states. 

Even without any special precautions being taken, no 
real safety hazards are associated with this method, al
though it is recommended that the pellets should not 
be carried in the pocket. A simple automatic dispensing 
device would completely eliminate the need for handling 
the pellets at all. 

Radioactive isotopes having a suitable half-life for the 
length of time over which thickness measurements are 
required can be chosen. For example, Co"" will enable 
thickness measurement to be made over a period of 10 to 
20 years, whereas if the measurement is to be made within 
1 month of laying the pavement Rb"" can be used. 

Observations of practical road laying procedures have 
indicated that no difficulties would be entailed in the initial 
placement of the pellets. They can easily be made in a 
form so that they will remain at the base course-pavement 
interface after the concrete (either portland cement or 
bituminous) has been placed. 

ELECTRICAL TECHNIQUES 

If an electric current is caused to flow in a wire coil, a 
magnetic field will be produced which will vary in sympathy 
with the current. Now, if the coil is placed close to and 
with its axis normal to an electrically conducting surface 
(metal plate), circulating (eddy) currents will be induced 
in the plate. These eddy currents, in turn, produce a mag
netic field of their own, which is in direct opposition to 
that of the coil. The net result, looking into the electrical 

terminals of the coil, is a decrease in the coil self-inductance 
(Appendix C ) . For flat conducting surfaces or plates 
which are large compared to the coil diameter, the induc
tance of the coil is found to change in sympathy with the 
coil-plate separation; a decrease in separation results in a 
decrease of inductance. Hence, it is seen that this change 
in inductance can be used eff'ectively to measure displace
ment. Several methods for electrically indicating this dis
placement to an accuracy of at least ± 1 percent are de
tailed in Appendix C . 

Empirical data have been obtained to verify that the 
presence of either portland cement or bituminous concrete 
between the measuring coil and a conducting surface does 
not alter the variation of inductance with coil-plate spacing. 
Consequently, if the lower surface of the pavement rests 
on a conducting material and the coil is placed on or near 
the upper surface, the coil-plate spacing is related to the 
pavement thickness, and this thickness may be determined 
through measurements of coil self-inductance. 

A typical conducting surface might be a 0.001-in. thick 
metallic foil on a 0.010-in. thick plastic film placed con
tinuously along the roadbed as a vapor barrier. A thick
ness measurement, based on these principles, involves a 
comparison measurement. One coil is placed on the pave
ment surface. Separate from this measuring coil is an 
identical second coil mounted on a calibrated fixture which 
incorporates a large flat metallic reference plate. Because 
the coils are identical, the effect of the metallized film 
upon the measuring coil will be the same as the efi'ect of 
the reference plate upon the reference coil at equal spac-
ings. An electronic indicator (bridge circuit) is used to 
detect the difference in inductance between coils when the 
spacing, from their respective conductors, is unequal. By 
adjusting the reference coil-plate spacing until zero dif
ference in inductance exists between coils, a direct reading 
of pavement thickness is obtained. 

No electrical technique is recommended for the follow
ing reasons: 

1. The research has shown that the electrical properties 
of concrete preclude the use of any direct technique which 
does not entail the placing of conducting foil prior to laying 
the pavement. A technique has reportedly been developed 
by the Time Engineering Laboratory which does not re
quire pre-preparation, but evaluation of this method was 
not feasible under the project limitations. 

2. Any method involving pre-preparation of the road 
by the placement of conducting foil is much more expen
sive than the nuclear pellet technique. The cost of pre-
preparation would be about $675 for a 15-ft wide strip of 
concrete 1 mile long. 

3. In order to avoid interference from the reinforcing 
mesh, an elaborate twin-coil technique is necessary. This 
technique does not have the simplicity, reliability, and 
accuracy of the nuclear pellet technique. 



CHAPTER THREE 

APPLICATION OF RESULTS 

This chapter summarizes the results obtained from the 
point of view of how they could be used in the future for 
practical highway thickness measurements. 

As previously noted, three successful techniques (two 
acoustic and one nuclear) have been experimentally and 
theoretically evaluated and are recommended for future 
application in a thickness-measuring apparatus. Of the two 
acoustic techniques, the mechanical impact method has 
been completely tested in the laboratory, but has a draw
back in that it will require modification of the detector part 
of the equipment to make it suitable for application in the 
field. The other acoustic technique requires no modifica
tion, but a full-scale version of the equipment has not yet 
been constructed. Therefore, a complete experimental 

evaluation of its capabilities is not available. If, however, 
future tests with this equipment, when it is constructed, 
yield results in accordance with predictions, this acoustic 
technique will be recommended in preference to the other. 
In any case, acoustic techniques do not require any pre-
preparation of the pavement before it is laid and are there
fore recommended for all existing highways. 

In the future it is recommended that all highways on 
which a thickness determination may be required should 
be seeded with nuclear pellets prior to the laying of the 
concrete. Large-scale mapping of the thickness can then 
be accomplished by the nuclear technique. Then, if a 
particular area needs more detailed small-scale mapping, 
an acoustic technique can be used. 

CHAPTER FOUR 

CONCLUSIONS AND SUGGESTED RESEARCH 

As a result of the work performed in this project, it is 
possible to recommend three different techniques that 
could be used in equipment to measure highway thickness. 
Also as a result of the project studies, it is recommended 
that the following further research be performed: 

1. The large mosaic transducers described in the final 
recommendations contained in Appendix A should be con
structed according to the specifications given. Laboratory 
tests should be made to check the performance of the 
apparatus for measuring thickness (a) by means of a 
pulse time-of-flight system and incorporating the pulse 
sing-around technique, and (b) under continuous-wave 

conditions using the modified sing-around technique. A 
prototype instrument should then be built and tested under 
field conditions. 

2. If, and only if, the tests with the large mosaic trans
ducers, give negative results (this is believed to be unlikely), 
the ultramicrometer used in the mechanical impact tech
nique should be modified for use under field conditions and 
the technique tested in the field. 

3. The nuclear pellet technique should be tested under 
field conditions to determine the optimum size and shape 
of pellets. Isotopes having various half-lives should be 
used. 
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APPENDIX A 

ACOUSTIC TECHNIQUES 

ACOUSTIC WAVE PROPAGATION IN SOLIDS 

In order to reduce the reader's effort in referring to other 
sections of this report and to other literature, the various 
modes or propagation of acoustic (elastic) waves in solids 
are defined. 

1. Longitudinal waves, sometimes called compressional 
or dilatational waves, have the characteristic of oscillatory 
particle motion in the direction of propagation. Normally, 
distinction is made between two extreme boundary con
ditions: 

(a) Propagation in a solid of infinite extent normal to 
the direction of propagation. This approximation is 
valid if the lateral dimensions are greater than a few 
wavelengths. In this case, lateral strains vanish. 
Propagation velocity in an isotropic solid is 

C{-^BIp (A-1) 

in which C j is the propagation velocity, B is the 
plate modulus, and p is the density; 

(b) If the lateral dimensions are small (wire or slender 
bar), the lateral stresses must vanish and the gov
erning modulus is Young's modulus, or 

Cr' = Elp (A-2) 

2. If vibrations are at right angles to the direction of 
propagation, the wave is known as a shear wave, and its 
velocity of propagation is governed by the shear modulus, 
ii\ that is, 

C„' = i^/p (A-3) 

3. Rayleigh waves or surface waves are observed on a 
free surface of a solid. Particle motion is elliptical, reduc
ing exponentially with distance beneath the surface. The 
Rayleigh wave velocity is somewhat lower (approximately 
5 percent) than the shear wave velocity, depending pri
marily on the shear modulus, with other moduli modifying 
the velocity slightly; that is, 

C, = kC, (A-4) 

The constant, k, may be computed in terms of Poisson's 
ratio, <T, by the approximate relation 

)t - (0.87-I-1.126o-)(l-f 0-) (A-5) 

Wavelengths must be less than the slab thickness; otherwise, 
these waves become Lamb waves. 

4. Lamb waves in a sheet or slab of material are bend
ing waves of the slab as a whole; wavelengths are greater 
than the slab thickness. Velocity is governed by both 
material elastic moduli and slab thickness. 

All the different types of waves may be generated by a 
simple length expander transducer placed on the surface. 

Let a coordinate system be designated as shown in 
Figure A-1, in which the base of the slab is in the x,y 
plane, and the top of the slab is in the z = Z plane, Z being 
the thickness of the slab. 

Transducers are placed at (— X, 0, Z ) . Longitudinal 
transducers will produce motion at the interface in the 
z-direction. Waves propagating in the block will all have 
a component in the vertical (z) direction. Waves normal 
to the slab surface will be purely longitudinal. At other 
angles shear waves are also produced. On reflection at the 
lower surface, mode conversion takes place for all except 
the perpendicular direction of incidence. In other words, 
an incident longitudinal wave gives rise to both a reflected 
longitudinal and a reflected shear wave and similarly both 
types are produced by a pure shear wave in which there is 
a vibration component in the z-direction. In addition, a 
Rayleigh (surface) wave is produced along the upper 
surface. 

For the case of pure shear transducers in which the di
rection of propagation is in the y-direction, only pure shear 
waves are transmitted between transducers, lying with their 
centers on a line parallel to the jc-axis. 

For shear transducers vibrating along a line parallel to 
the jc-direction, a component of motion in this direction is 
to be expected. Therefore, a longitudinal wave in this direc
tion must be anticipated. This longitudinal wave near the 
surface would seem to be particularly convenient for 
measuring the longitudinal wave velocity in this direction. 

THEORETICAL METHOD OF CORRECTING FOR VARIATION 
OF VELOCITY WITH DEPTH IN CONCRETE 

Let it be assumed initially that the velocity of sound, v.^, is 
constant throughout the concrete. Let the velocity of sound 
in the material above the concrete be v ,̂ the angle of 
incidence 0•^, the angle of refraction 0.,, and the thickness 
of the concrete D (Fig. A-2) . 

Let L be the half-distance spacing between the points of 
entrance into and exit of the sound from the concrete. 
Then 

(sin S , ) / V i = (sin e j v . . 

and 

(A-6) 

(A-7) co%e, = D / { L - + D-Y' 

If T is the half-time of travel in the concrete, 

T=(L^ + D-y./v., (A-8) 

In Eqs. A-6, A-7, and A-8, T , L, fl,, and V j are known 
experimentally and v., 0.,, and D are unknowns. These 
three equations can therefore be solved to give 
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Figure A-2. 

O^C^I^-LA' (A-9) 

To obtain a better approximation to a continuously 
varying sound velocity in the concrete, it may be assumed 
initially that the top half of the concrete has a velocity v„ 
and the bottom half a velocity (Fig. A-3) . Then 

(sinfl , ) /v, = (sin e.)/v, 

(sin e,)/v.. — (sin d j / v , 

D/2 

D / 2 
[ (D /2 )^ + L,-' l i 

L , -I- L , = L. , 

l(D/2)' + Lr]' ^ [ (P /2) - ' + Lr\-
V., V , 

cos tf^ — . 

(A-10) 

(A-11) 

(A-12) 

(A-13) 

(A-14) 

( A - I 5 ) 

In Eqs. A-10 through A-15 the unknowns are v̂ , v,,, 
ff.j, 0,f, L , , L.^, and D. In order to solve for D, therefore, an 
additional equation is needed. This may be obtained by 
using another pair of transducers and obtaining the time-
of-flight for another set of angles (8/, 6./ and 6 / ) and 
corresponding displacements ( L , ' and L./). This will give, 
in all, 12 equations with 11 unknowns, which can be used 
to determine D. 

A better approximation can then be obtained by dividing 
the pavement into n strips, and by using 2n pairs of trans
ducers the equations can be solved in each case to give D. 
The variation in velocity (v,, v_,, . . ., v„) can also be 
obtained. 

Figure A-3. 

CONVENTIONAL SING-AROUND TECHNIQUES 

Pulse Sinfi-Around 

Many methods are available for measuring transit times 
with high accuracy. One of the best such methods is the 
pulse sing-around technique. In this method a pulse is 
sent into the material by one transducer and is detected by 
a second transducer. The received pulse from the second 
transducer is used to trigger the next transmitted pulse. 
Thus, a continuous series of pulses is generated, with the 
pulse repetition frequency being inversely proportional to 
the sum of the acoustic transit time and the electronic de
lays. The pulses can be either pulsed modulation of a 
high-frequency wave, or a D C pulse. Normally, the delays 
occurring in the electronic apparatus are small in com
parison to the acoustic transit time. 

This conventional sing-around method is subject to one 
major disadvantage—the transducers used to convert elec
trical to acoustic energy must have relatively low Q's 
(high mechanical damping), because each pulse is made 
up of a large number of spectral components. The low-Q 
transducers result in low sensitivity, and therefore require 
much greater electrical power for adequate results. Cumu
lative errors will be introduced unless the coupling between 
the transducers and the pavement is held constant. 

CW Sing-Around 

The C W sing-around technique utilizes a simple, positive, 
feedback loop comprising a transmitter and a detector, 
with the signal from the detector going via an amplifier 
and a limiting circuit to drive the transmitter. In such 
a system the circuit goes into self-oscillations at a fre
quency corresponding to the total delay time, T, in the 
whole system. T is made up of the acoustic delay, T , 
and an electronic delay time, /, which is a known constant. 
The frequency, /, of the self-oscillations is given by 

/ = i / ( „ r ) = i / [ « ( T + o ] 

in which M is a positive integer. 

(A-16) 
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The system is thus only semi-stable and can either ring 
at the fundamental frequency, l / r ( n = l ) , or it can be 
tripped into the higher harmonics. This simple system 
thus has no real advantages over the direct phase-com
parison method and cannot be used for measuring con
crete thickness for the same reasons. 

STANDING WAVES IN A PAVEMENT 

Consider two arrays of transducers mounted on a slab. 
Elements of each array are between adjacent pairs of the 
other array and the elements of each array are spaced 
less than one-quarter slab thickness apart. One array is 
fed with an oscillatory signal such that the wavelength 
of a sound wave in the slab is exactly twice the thickness 
of the slab. Assuming that the lower surface is essentially a 
free surface, a reflected signal from this surface will 
arrive at the upper surface in phase with the next trans
mitted cycle. 

Now let the amplitude of the reflected wave be h « 1) 
times the original amplitude so that the amplitude of the 
wave which has been reflected n times is b". 

I f tuning is not exact, the amplitude of the received 
wave will be the sum of many multiple reflected waves, 
making allowance for the phase shift. In other words, the 
received signal will be of the form 

A cos (at —e)=b cos ( o j f — 2kx) + 
b- cos.(o>t—2x2kx)+... + bi cos (o>t — jkx) (A-17) 

To improve readability, write /8 = 2kx, and for easier 
manipulation, use complex notation. Then 

^ gn^t-g) = b' e""' e- (A-18) 

or 

Ae-'» = \imy'l^^ b'e-"P (A-19) 
n->co 

be-'PA e-'O = lim T b' e-'^ (A-20) 

Therefore, 

(1 -be-'P) A e-'O ^\\mbe-'P (1 - b" 6-"^) (A-21) 

But 

Therefore, 

A-^ e'« = 
e'P 

1 

A-' cos e = fc-' cos j8 - 1 

A ' sin e = 6-1 sin 8̂ 

A--^ = b-- + \ - 2b-^ cos j8 

cot 6 = cotp — b cosec p 

(A-22) 

(A-23) 

(A-24) 

(A-25) 

(A-26) 

(A-27) 

Thus, the amplitude of the received wave is 

/4 = 1 / ( 1 - 1 - 6 - - 2 6 - ' c o s / e ) ^ (A-28) 

which has a maximum value when 

P = 2nn (A-29) 

and the phase shift between the received and transmitted 

e = cot-' (cot fi— b cosec ;8) (A-30) 

(Note: when = 2nir, 6 — 2nn.) 
Consequently, maximum amplitude does not occur for a 

phase difference between transmitted and received waves 
of 2nn + IT/A, n =0, 1,2 This is in direct contrast 
to the Portland Cement Association method. 

An effective Q for the slab is derived by finding the 
frequency shift for a 3-db reduction in amplitude. Thus, 

/!-•,„„, = 2 ^ r (A-31) 

A\,,, = { l - b - ' ) - ' (A-32) 

2̂ 1-= = 2(1 +h - • - 2 A - i c o s / 3 , ) - i = (1 - 6 - ' ) - - (A-33) 

hence 

i + b - - 2b-' cos ;8, = 2( 1 - b-^y- (A-34) 

(1 - A - i ) - - 2 A - ' ( c o s / S i - 1) = 2 ( 1 - b - ' ) - (A-35) 

2/;-' (coS|8, - 1) = - ( 1 - 6 - 1 ) - (A-36) 

( 1 - 6 - ^ ) = cos /8, = -f 1 

Now 

2b-
= 1 - ( b - l)-/2b (A-37) 

Q = 

fi = 2kx—Trfx/c 

fi, = 2n 

fo ^ 

(A-38) 

(A-39) 

(A-40) 

(A-41) 

cos (27r-)8 , ) = -I- cos/3, = 1 

2 ( / „ - A ) ( 2 ^ - j 8 , ) 

For small values of b tables are used; for values of b 
approaching unity further approximations can be made, 
as 

l ^ J l ' ^ 1 - i l 
2h 2 

(A-42) 

(8,̂  ~ ( A - 1 ) - ' / / ) (A-43) 

fi, = ( \ - b ) / b (A-44) 

from which it follows that for reflection, b, of 0.172, 0.2, 
0.4, 0.6, 0.8, 0.9, 0.95, and 0.99, the effective Q is 1.0, 
1.4, 3.61, 6.02, 14.0, 28.7, 60.5, and 308.0 respectively. 

The question has arisen as to why a 90° phase shift was 
observed by Muenow ( / ) at resonance. It has been 
shown in the foregoing that maximum amplitude occurs 
when the thickness is an integral multiple of half wave
lengths or when the phase shift is 2nir radians. A second 
wave could easily have been introduced through electrical 
leakage or Rayleigh wave transmission. It is then possible 
to get a 90° phase shift if the extraneous signal is near 
the desired signal in amplitude. However, the 90° phase 
shift occurs at the antiresonant point, and not for the 
resonant condition. 

The phase shift might have been due to the transducers 
themselves and would explain the difficulty of repeating 
this technique with more conventional and more power
ful transducers. 

As a final point, and this is really mentioned only from 
an academic point of view, it should be noted that a 90° 
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phase shift can be attained if the attenuation in the con
crete or base course is sufficiently large. The complex 
reflection coefficient, R, at the pavement-base course inter
face is given by 

R ^ i z , - z , ) / { z , + zJ (A-46) 

in which z, is the complex acoustic impedance of the 
concrete and is the complex acoustic impedance of the 
base course. 

The expression for the complex impedance is given by 

z = p c { l - j a / k ) (A-47) 
in which p is the density of the medium, c is the velocity 
of sound, a is the attenuation coefficient, and k is the wave 
number (subscripts 1 and 2 refer to the pavement and 
base course, respectively). 

Examination of Eqs. A-46 and A-47 shows that if a, 
is small, the phase change upon reflection is 0 if p.^c. < 
P,c, (i.e., R is real and positive if the base course has 
much lower acoustic impedance than the pavement) and 
the phase change is 180° if p,Ci < p,c, (i.e., R is real 
and negative if the base course has a much higher acoustic 
impedance than the pavement). In fact, unless is very 
large the phase change will always be nearly 0 or 180°. 
The attenuation would have to be much higher than it 
is known to be for the concrete samples tested so far in 
order to give a 90° phase shift. However, the attenuation 
coefficient, a ,̂ for the base course could well be very large 
and give rise to any value for the phase change. The phase 
change would, in fact, depend on and the relative mag
nitudes of PiCiA î and p.,c,k., and would be accordingly 
completely unknown if a is small (as it is in most cases 
at 10 kcps). The phase change could only be determined 
by extensive field tests—it may be found for the normal 
types of base course used that it would always be the 
same or it may vary greatly. This cannot be predicted 
theoretically. 

GENERAL THEORETICAL CONSIDERATIONS OF 
ACOUSTIC TECHNIQUES OF THICKNESS MEASUREMENT 

The following is a brief review of some acoustic theory 
necessary for comprehension of some of the problems asso
ciated with ultrasonic thickness-measuring techniques. 

The propagation of clastic waves, sonic or ultrasonic, 
is governed by the elastic wave equation. In an electric 
medium of infinite extent, all elastic waves obey the 
general wave equation 

(X + 2,.)V2(V,^) + ; . V ^ ( V X ^) =p^^^(V4,+ V x^) 

(A-48) 

in which X is the Lame constant, is the shear modulus, 
p is the density, <̂  is the scalar potential, and ^ is the 
vector potential. _ _ _ 

The quantities V<^ and V A: i | i are the dilatational and 
shear particle displacements associated with the wave 
motion. The stresses, particle velocities, or variations in 
density may be calculated from these displacements. The 
wave equation combines Newton's laws and the continuity 
equation with the equation of state for the material. 

Wave propagation is also controlled by boundary con
ditions. I f an elastic wave impinges upon the interface 
between two materials having different densities or elastic 
constants, part of the energy will be reflected and part 
transmitted. Both the reflected and transmitted portions 
will, in general, be composed of longitudinal and shear 
modes. In addition, Rayleigh waves, Lamb waves, or any 
other mode that exists with special boundary conditions, 
may also be generated. The laws of optical reflection 
and refraction are obeyed by elastic waves, but must be 
extended to include mode conversion at interfaces. 

The reflection of elastic waves at an interface between 
two materials of different properties permits the most 
direct measurement of thickness. I f a short pulse is di
rected downward through the pavement, part will be 
reflected at the pavement-base course interface and return 
to the surface. A measurement of the time of flight and a 
knowledge of velocity permits calculation of the thickness. 

If longitudinal waves are propagated in a material, the 
transverse dimensions of the material may alter their 
velocity. As an example, a steel rod excited longitudinally 
at a frequency such that the sound wavelength is many 
times the rod diameter will have a phase velocity given 
by ( £ / p ) i . If now a high frequency is used, so that 
the rod diameter is much greater than a wavelength, the 
velocity will be given by (X -|- Ip-Zp)', which is equivalent 
to [ £ ( 1 — o-)/p(l -|- 0-) (I — 2cr)]i, in which o- is Poisson's 
ratio. This second expression is about 10 percent greater 
than ( £ / p ) i for such metals as steel and aluminum. Simi
lar effects would be noted for concrete. Therefore, when 
the transverse dimensions of a pavement are large in 
comparison to a sound wavelength, as would occur when 
an elastic wave propagates normal to the surface, the 
velocity will be greater than if the longitudinal wave 
propagates parallel to the surface. 

Inasmuch as elastic waves are periodic disturbances, 
they obey the laws of diffraction. Waves are commonly 
generated by conversion of electrical energy to mechani
cal energy through the use of a transducer. The radiation 
of acoustic energy into the pavement is governed by dif
fraction theory and depends principally on the ratio of 
the wavelength to the diameter of the transducer. If the 
transducer is very small compared to the wavelength, 
energy will be radiated in a hemispherical pattern; if it 
is infinitely large compared to the wavelength, the energy 
will be radiated in a parallel beam. For the case of the 
transducers used for pavement thickness measurement, this 
latter condition can only be approximated and one has to 
consider optical diffraction theory to obtain the radiation 
pattern. This theory was used in the design of the large 
mosaic transducer described in the final recommendation 
for an acoustic technique. 

The chief results of diffraction theory for a piston 
radiating in an infinite baffle are summarized in Figure 
A-4. Near to the source (in the Fresnel zone) the beam 
may be considered to be almost parallel for a distance 
4a-/X where a is the diameter of the piston and X is the 
acoustic wavelength. Up to this point the beam will have 
a succession of maxima and minima of intensity along its 
axis due to interference of rays from different parts of 
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Figure A-4. Diffraction tlieory for a piston radiating in an 
infinite baffle. 

the piston. The last minimum point occurs at a distance 
along the axis of 2a-/\ and the last maximum at a dis
tance of 4a-/)^, when the beam enters the Frauenhofer 
zone. The axial intensity then falls off according to an 
inverse square law with distance and diverges with a semi-
angle, a, given by 

a = sin-' 1.22 X/a (A-49) 

The angle a defines the edge of the main beam and is 
the angular distance to the first minimum of intensity. 
For larger angles one finds side lobes of energy being 
radiated in many directions (Fig. A-5) . 

In general, the greater the ratio, a/\, the greater is the 
suppression of the side lobes and the more the total radi
ated energy is confined to the main beam. 

This theory was worked out for a circular piston radi
ating in an infinite baffle, which is not strictly the case 
for many of the transducers used in the experiments. The 
general results, however, are still applicable in at least 
a qualitative way. 

The upper operating frequency for pavement thickness 
measurements will be dictated by attenuation considera
tions. There exist in concrete several mechanisms by 
which elastic energy is dissipated. Probably the most 
significant is scattering. 

Concrete is a distribution of rather coarse aggregate 
in a matrix with different acoustic properties. The elastic 
wave equation is derived on the basis that the medium 
through which the wave propagates is homogeneous. As 
frequency is increased and the wavelength approaches the 
dimensions of the aggregate, the assumption of homogeneity 
is violated. In effect, each interface between the matrix 
and the aggregate forms a reflecting surface. The random 
orientation of the surfaces causes reflection in all directions. 
Instead of coherent wave motion, the randomly reflected 
components of the wave recombine with random phases 
and directions of propagation to produce a greatly at
tenuated wave. 

For wavelengths less than about three times the aggre
gate size, the attenuation varies inversely as the fourth 
power of wavelength. A damped progressive stress wave 
may be represented by 

Figure A-5. Polar plot of intensity as a 
function of angle. 

(A-50) 

in which o is the attenuation; x is the distance; w is the 
angular frequency, related to the frequency, / , by OJ = 2nf; 
and k is the wave number, related to the wavelength, /, 
by k — ln/l. Because a varies inversely as the fourth 
power of frequency and because it appears as an exponent, 
a small increase in frequency can produce a large de
crease in amplitude. 

At frequencies such that the wavelength is from three 
times to one-third the aggregate size, the attenuation varies 
inversely as the square of the frequency, and at higher 
frequencies the scattering losses are independent of fre
quency. 

The minimum frequency that should be used for thick
ness measurements is determined by the instrumentation 
available and by the accuracy required of the measure
ment. Two separate difficulties are introduced by using 
excessively low frequencies; one is associated with the 
increased percentage accuracy of phase or frequency 
measurement, the other with transducer performance. 
Measuring thickness with a wave of known velocity then 
involves the measurement of time. Alternately, the re
ciprocal of time, frequency, may be measured. Another 
alternative is the measurement of phase. If a resonance 
technique is used with the third harmonic of the funda
mental resonant frequency, the relative phases of the re
flected and incident waves need be adjusted with only 
one-third the accuracy required using the fundamental for 
the same thickness accuracy. 

The second effect of excessively low frequencies is 
that transducer rise times become long. If two transducers, 
operating at substantially different frequencies, each have 
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an identical quality factor, Q, the number of cycles re
quired for the vibrational amplitude to build up will be 
the same. The absolute time is directly proportional to 
the period, and thus inversely proportional to the frequency. 
When the accuracy of a measurement depends on the pre
cise identification of the beginning of a pulse, short rise 
times are necessary to permit this precise identification. 

In principle, any frequency between the upper and lower 
limits as determined may be used. As high a frequency 
as possible, consistent with adequate acoustic transmis
sion, should be selected. By selecting a high frequency, 
wavelengths are reduced and transducers of reasonable 
size then become many wavelengths wide. Use of a large 
transducer diameter-wavelength ratio will prevent genera
tion of spurious modes that can confuse the empirical 
measurement. If the transducer radiates a nondirectional 
wave, the wave will then approach the boundary surfaces 
of the pdvement over a large range of angles. The condi
tions for generation of other modes will be satisfied and 
these spurious waves will propagate with different velocities 
and in a variety of directions. Some of these spurious 
waves will reach the detecting transducer, be reconverted 
into the desired type of wave, and interfere with the 
desired wave to produce an uninterpretable result. 

REFRACTION 

Any acoustic wave arriving at an interface between two 
media having different sound velocities will, in general, give 
rise to two reflected and two refracted waves (Fig. A-6). 
Both longitudinal waves and shear waves (polarized in a 
plane normal to the interface) will emanate from the 
intersection of this incident wave and the interface. 

The amplitude relations of the various waves are rather 
complicated; they are not reproduced here because they 
may be found in textbooks. The directions of the various 
waves are simply related by Snell's law. 

c„/sin 0- = constant (A-51) 

in which c„ is the velocity of the wave under consideration 
and 0„ is the angle this wave makes with the normal to the 
interface. 

Whenever conditions arise so that c„/constant > 1, no 
transmission takes place. Because the longitudinal wave 
velocity is always greater than the shear wave velocity, it 
is possible to generate only shear waves. 

When the angle of incidence, 0, is adjusted so that 

c,/sin fl. = c„„„,.i (A-52) 

Rayleigh waves only are produced and these are particularly 
strong for this condition. 

The foregoing consideration assumes plane waves, which 
implies a plane wave of infinite extent in the direction 
normal to their propagation direction. At the edge of the 
sound beam departure from plane wave, conditions arise 
and the propagation direction and incidence angles are ill 
defined. 

It is possible to generate acoustic waves in particular 
directions in concrete using a wedge of material having a 

low sound velocity between the transducer and the speci
men. Adjustable wedges using a liquid coupling medium 
have been used by us and others. An alternate system 
using quadrants of cylinders with a sliding shoe have been 
described in the literature (2). 

It is theoretically possible to obtain pavement thickness 
with adjustable wedges using a triangulation method. Re
sponse peaks, however, are very broad and both the desired 
precision and simplicity are difficult to obtain. The method 
does show promise if used in conjunction with some time-
of-flight method. 

By suitable adjustment of the angle of the wedge of 
each transducer, each of the following waves may be given 
primary emphasis in order of decreasing angle of incidence: 

(i) Rayleigh wave. 
(ii) Shear wave parallel to surface. 
(iii) Longitudinal wave parallel to surface. 
(iv) Shear wave reflected off lower surface. 
(v) Longitudinal wave reflected off lower surface. 

The following equations will then hold: 

sin ^(1) = C i ^ / c , ; c , = L / T ( , ) 

sin ^(,„ = c „ / c , ; c , = L / r „ „ 

sin 0,^ 

(A-53) 

(A-54) 

"(ill) =Ca . / c / ."c , = L / T „ i i , (A-55) 

sin = sin 0,, ( c „ / c j = I + 2D^ L-'-)-'- (cjc,); 
L= + 2D= = r , , , , (A-56) 

sin = (1 +2Z>-L-^)-i ( c j c j ; 
U + 2D= = c, r , , , (A-57) 

Once the sound velocity, c„, in the wedge is known, the 
velocities of the Rayleigh, shear, and longitudinal waves 
in the concrete may be determined, as well as the thick
ness, D. 

Individual measurements of angles require excessive 
transducer dimensions to generate a sharply defined beam. 
However, the critical angle measurements serve as a check 
on measurements of flight time and signal variation, because 

I n c i d e n t 
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R e f l e c t e d 
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Re f l e c t e d 
Shear Wave 
( i n s o l i d ) 

R efracted 
Compressional 

Wave 
Refracted 
Shear Wave 

A i r or Base Course 
Figure A-6. Mode conversion at interface of two solid media 
having different sound velocities. 
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the angle will indicate to an experimenter which part of a 
signal is due to each particular wave. 

This combination of techniques is thus suitable for the 
independent velocity determination required in the reso
nance method. 

SPACING OF TRANSDUCERS IN SHEAR WAVE 
INTERFERENCE TECHNIQUES 

The following calculation was made to determine the 
optimum spacing distances, and I2, of the shear trans
ducers. Figure A-7 shows the positions of the transmitters 
( T j and T , ) and the receiver ( R ) . The receiver has an 
image ( R ' ) , as shown. The thickness of the concrete is 
denoted by D and the velocity of shear waves by c. 

Assume that at a time t = 0 a negative pulse starts out 
from T i and at a time t.^ ( = li/c) a positive pulse starts 
out from T2. Waves traveling along the surface will there
fore cancel. 

The time, r„ of arrival of the reflected pulse at R from 
T i is then given by 

t,^ l / c V ( i , + / , ) 2 + ( 2 D ) ^ 
= 2D/C I + {l,/2D + U2Dy 

Now let 
a=U2D 

and 

Then 

b = U2D 

2D 
h = —^l + (a + by 

(A-58) 

(A-59) 

(A-60) 

(A-61) 

The arrival time, tt, of the reflected pulse from T j is 
given by 

Top Surface 
of Concrete 

Bottom 

Image of Top Surface 

t,= t, + —vi/+(2Dy 
c 

c c 

2D 
= — ( a + VI - b - ) 

c 
(A-62) 

The difference in arrival time, therefore, is given by 

2D. 
ts — t. -[a+^/\+b'-^l + (a + by] (A-63) 

tj. - t.. 

For maximum reinforcement of the reflected signals, 

J _ 
2/ 

in which / is the resonant frequency of the shear trans
ducers. Thus, 

(A-64) 

[ f l + V I - l - 6 - ^ - V I + (a + 6)2] (A-65) 

2/ c 

For this case, 

{a + br-<\ (A-66) 

so E q . A-65 simplifies somewhat to 

- - = - _ | _ l - - - 6 j (A-67) 

Hence, 

6 = 1 
4a Of 2 

Substituting Eqs. A-59 and A-60 in E q . A-68 gives 

2c D 

(A-68) 

li=4D 
kf 

21, (A-69) 

Using the value of D = 25 cm, / = 10= c/s (100 kcps), 
and c = 2.2 X 10" cm per sec, gives the values in Table 
A-1 of /, for values of I, between 0 and 10 cm. 

METHOD OF DUAL-FREQUENCY EXCITATION 

By exploiting a generally adverse characteristic of most 
electrostrictive ceramic transducers (i.e., large Poisson's 
coupling), two signals of different frequency can be simul
taneously generated by a single transducer element. The 
basic concept involves the use of ceramic disc-type elements 
which have a high-frequency (250 to 400 kcps) thickness 
mode resonance and a low-frequency (40 to 90 kcps) 

T A B L E A-1 

V A L U E S OF / j FOR S E L E C T E D V A L U E S OF IN EQ. 69 

Figure A-7. 
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radial mode resonance. When such an element is excited 
with a large-amplitude nonresonant electric pulse, analo
gous to hitting the transducer element with a hammer, the 
element will tend to vibrate in all its possible modes. In 
the case of the selected disc, the radial and thickness modes 
predominate. Because of large Poisson coupling, the ele
ment will simultaneously vibrate both radially and in thick
ness at both frequencies: i.e., the thickness mode of vibra
tion will include both low and high frequencies. Similarly, 
radial vibrations will be of two frequencies. Thus, the 
transducer is generating two acoustic signals of different 
frequencies. Both signals are coupled into the pavement 
and propagate as longitudinal, Rayleigh, and shear waves. 

MATERIAL PROPERTIES 

As discussed in Chapter Two, an accurate measurement of 
pavement thickness is predicated upon independent and 
accurate measurements of sound velocity and time. How
ever, a review of the literature has indicated that sound 
velocities over different paths in a given specimen can vary 
considerably, due to the presence of velocity gradients 
through the thickness ( i ) . These velocity gradients would 
necessarily be associated with variations in density, moisture 
content, aggregate distribution, and even boundary condi
tions. 

Measurements were carried out on a 3 X 2 X 0.5-ft 
specimen of Type 1A-- portland cement concrete. The 
specimen was constructed under controlled conditions using 
standard construction practices. 

Initially, the velocity was measured in the orthogonal 

•Compos i t ion : 13 3% high early strength Portland cement, 24 2% 
N o 2 torpedo sand, 49.7% 11-in. aggregate, 12.8% water. 

direction, as shown in Figure A-8, using 2-in. diameter 
ceramic transducers resonant at 300 kcps. A large-ampli
tude electrical impulse, of variable width and repetition 
rate, was applied to one transducer (on the surface of the 
concrete specimen) and simultaneously to the counter. At 
the same instant that the elastic wave was generated in the 
concrete, the counter was turned on. The wave propagated 
to the second transducer, where it was detected and this 
received signal was used to turn the counter off. Hence, 
the time of flight was measured directly; with the trans
ducer spacing known, the velocity was readily calculated. 
Comparison of the velocities so obtained showed less than 
1 percent variation, indicating that the frequency was suffi
ciently high to avoid induced velocity dispersion. In addi
tion, these measurements indicated the absence of anisot-
ropy. 

A second series of measurements was made to determine 
the degree to which the laboratory specimen exhibited 
settling of aggregate. Figure A-9 shows both the relative 
placement of the transducers and the experimental results. 
The dimensions of the transmitting transducer were small 
compared to a wavelength so as to provide a point source. 
The radiation pattern was then assumed to be hemispher
ical. The transmitter was first mounted at position A and 
then at position B on the slab. The pulsed sound energy 
introduced into the concrete was assumed to propagate 
over a straight-line path to the receiving transducer, as 
shown. The velocity was again measured over a range of 
path lengths by varying the position of the receiving trans
ducer. The empirical velocity data determined from this 
measurement were also found to differ by less than 1 per
cent from the sound velocity measured over a path between 
transducers diametrically opposite. If it can be assumed 

6 cm 

T 
91.5 cm 

6 cm 

T • 0 

61.5 cm 

3 

16cm 

Figure A-8. Tiansduicr arrangement for investigating geometiually induced velocity 
dispersion and degree of anisoiropliy. The aioiistic transdiicei.s are 2-in. diameter PZT 
disc s having a resonant fiequenty of approximately 400 kcps. 
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Figure A-9. Measurement of composition nonuniformity in Type IA Portland cement 
concrete specimen. The transverse dimension of the transmitting transducer was small 
compared to a wavelength to produce a point source with a hemispherical radiation 
pattern. 

that the test specimen is typical of concrete pavement struc
tures, it is safe to assume that velocity gradients in standard 
Portland cement pavements are negligible. This particular 
specimen was made using construction techniques under 
laboratory conditions; the concrete in its plastic state was 
vibrated according to accepted practice. However, if a 
concrete pavement is placed on a base course material 
that has an excessively high moisture content, or if the 
pavement is placed without due regard to standard con
struction techniques, it is questionable whether the fore
going conclusions are, in fact, valid. 

The apparatus shown in Figure A-10 was used to evalu
ate the upper frequency limits for concrete measurements. 
A typical measurement is shown in Figure A-11. The ultra
sonic frequency is approximately 500 kcps, with a pulse 
width of 2.0 /tsec. The electrical pulse applied to the trans
mitting transducer is shown in the upper trace and the 
received acoustic signal, after traveling through 6 in. of 
Type I A concrete, is seen in the lower trace. Careful study 
of the lower trace shows that: 

(a) The mechanical Q of the transducer is rather high, 
thereby causing "ringing" in both the transmitting 
and receiving transducers, and precludes rapid rise-
times of the pulse. 

(b) The wavelength is small compared to aggregate 
size. It therefore produces scattering or reverbera
tion, as noted by the interference in the lower trace. 

(c) The attenuation is such that the start of the received 
pulse is lost in the electrical noise and prevents ac
curate time-of-flight measurements. 

These observations are in complete agreement with the 
theory of elastic wave propagation. 

INITIAL MEASURING TECHNIQUES 

Low-frequency measurements were initially the subject of 
experimental investigation. Resonant measurements were 
tried, as discussed under "Resonance Methods," but indi
cations were that further transducer development is re
quired. One of the major difficulties in low-frequency 
velocity measurements is the generation of spurious modes 
at a frequency of about 20 kcps (the transducer diameter 
was about one-fourth wavelength). Consequently, a broad 
radiation pattern resulted and the wave approached the 
concrete surfaces over a wide range of angles. Spurious 
modes were generated, which, after multiple reflection and 
mode reconversion, interfered with the desired signal. The 
detected composite signal then became uninterpretable. 

Indications were found in the literature (4) that pulsed 
techniques had been used at low ultrasonic frequencies. 
The wisdom of attempting low-frequency pulse methods 
for pavement thickness measurements is questioned, be
cause neither sufficiently fast risetimes nor short pulses can 
be obtained below about 100 kcps. Although these limita-
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3" 

Figure A-10. Apparatus for determining the upper frequency limits for concrete thickness measurements. The instrument at left is 
a high-power, high-frequency (200 kcps to 100 mcps) pulsed oscillator, which is used to drive a 500-kcps ceramic transducer. 

t ions, based on t ransducer theory , were expected, e m p i r i c a l 
c o n f i r m a t i o n was ob ta ined . 

Several papers rev iewed i n the l i t e ra ture survey {1, 5) 
re fe r to resonance techniques f o r thickness measurements . 
V a r i o u s methods have been e m p l o y e d w h i c h y i e ld a w i d e 
range o f results. 

T h e ins t ruments shown i n F igu re A - 1 2 inc lude a c o m p l e x 
impedance locus p lo t ter , w h i c h provides a measure o f bo th 
the real and i m a g i n a r y components o f t ransducer i m p e d 
ance over a w ide f r e q u e n c y range. A l t h o u g h not speci f ica l ly 
designed f o r this purpose, the ins t rument can be used to 
o b t a i n a measure o f wave p ropaga t ion t i m e . Instead o f 
d i r ec t l y measur ing the t ime r equ i red f o r an acoustic wave 
to propagate t h r o u g h a sample pavement and r e tu rn , the 
resonant f r e q u e n c y is measured. Resonance occurs w h e n 
the pavement thickness is an in tegra l n u m b e r o f h a l f wave
lengths. U n d e r these cond i t ions , the acoustic impedance 
presented to the t ransducer and appear ing at its e lec t r ica l 
t e rmina ls , i n paral le l w i t h its pure ly e lec t r ica l impedance, is 
a m i n i m u m . T h i s is t rue o n l y w h e n the inherent resonant 
modes o f the t ransducer alone are f a r r emoved f r o m the 
f r e q u e n c y range o f interest, o r w h e n the t ransducer is o f 
l o w - 2 design. T h e n , the acoustic impedance m i n i m u m and 
the resonant f r e q u e n c y can be obta ined d i r ec t l y f r o m the 
impedance p lo t te r and e lec t ronic f r e q u e n c y counter . T h e 
success o f this technique depends largely o n the mechanica l 

Q o f the concrete s t ruc ture ; excessive mechanica l d a m p i n g 
w i l l render this technique useless. ( T h e ef fec t o f losses is 
not considered here . ) 

ELECTROMECHANICAL TRANSDUCER DEVICES 

A l l acoustic techniques depend o n the convers ion o f elec
t r i ca l energy to mechanica l a n d / o r vice versa. I n a d d i t i o n , 
the u l t ima te f eas ib i l i t y o f an acoustic measurement o f i n -
s i tu pavement thickness is s t rongly dependent o n the de
ve lopmen t o f suitable t ransducer devices, as i m p l i e d i n the 
previous sections. A l t h o u g h this p r o g r a m d i d no t a l l ow 
an extensive inves t iga t ion o f t ransducer deve lopment , sev
eral devices were cons t ruc ted and tested on concrete speci
mens to de te rmine f u t u r e design considerat ions . 

Ene rgy convers ion can be accompl i shed i n a va r i e ty o f 
ways. H o w e v e r , the more p r o m i s i n g techniques w o u l d 
appear to be t h r o u g h the use o f "e lec t ros t r i c t ive" or 
"magne tos t r i c t ive" mater ia ls . Suitable e lec t ros t r ic t ive ma
terials are b a r i u m t i tanate and the lead z i rconate t i tanate 
( P Z T ) ceramics. These mater ia ls become stressed w i t h the 
app l i ca t ion o f an e lect r ical po ten t i a l , or , conversely, gen
erate a vol tage w h e n stressed. T h e more c o m m o n magneto
s t r ic t ive mater ia ls are pure n i cke l , pe rmendur , and n i cke l -
i r o n f e r r i t e . These mater ials experience a change i n d i m e n 
sion w h e n exposed to a magnet ic f i e l d ; the p r e d o m i n a n t 
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Figure A-Il. Oscillograph presentation of a high-frequency 
time-of-ftight measurement. The upper trace is a 2-/isec wide, 
500-kcps electrical pulse applied to the transmitter transducer. 
The lower sweep is the received pulse after propagation through 
6.0 in. of Type IA concrete. 

d imens ion changes occur in the d imens ion para l le l t o the 
appl ied field. These mater ia ls also e x h i b i t an inverse raag-
netos t r ic t ive effect ( i .e . , the genera t ion o f a magnet ic field 

under an appl ied stress). V a r i o u s e lec t ros t r ic t ive and 
magnetos t r ic t ive t ransducer conf igura t ions are shown i n 
F igu re A - 1 3 . T w o magnetos t r ic t ive " w i n d o w " transducers 
are shown at the r i gh t o f the pho to . A t h i r d , l o w - f r e q u e n c y 
(15 kcps) water -cooled magne tos t r i c to r is s h o w n at the 
top o f the pho to . T h i s t ransducer is coup led to an exponen
t i a l h o r n , w h i c h a l lows the genera t ion o f ex t r eme ly large 
sound intensit ies; acoustic in tens i ty is i n excess o f 100 
wat t s /cm' - . T h e r e m a i n i n g t ransducer conf igu ra t ions are 
e lec t ros t r ic t ive ceramics . A l l are e i ther thickness ( f o r the 
plates) or length ( f o r the rods and bars) v ib ra to rs . T h e 
pa r t i cu la r cons t ruc t i on is d ic ta ted by p e r f o r m a n c e requ i re 
ments. A s an example , the ce ramic t ransducer s h o w n 
upper center consists o f 43 b a r i u m t i tanate rods, h a v i n g a 
length resonance o f 200 kcps, bonded i n an epoxy base. 
T h i s mosaic t ransducer was cons t ruc ted to give l o w me
chanica l Q and yet p rov ide a large act ive area. A pa i r o f 
h i g h l y damped , 300 kcps, ceramic transducers are shown 
i n F igu re A - 1 4 . D a m p i n g here is accompl i shed t h r o u g h 
b o n d i n g a cone-shaped, lead-and-brass-impregnated epoxy 
back ing to the ce ramic disc. T h e lead and brass chips 
p r o v i d e a h i g h loss media to the sound wave radia ted f r o m 
the back surface o f the t ransducer and the cone shape pre
vents r e f l ec t ion o f the wave back to the t ransducer surface. 
T h e presence o f the d a m p i n g ma te r i a l ( h i g h mechanica l 
resistance) reduced the mechanica l Q o f the ceramic ele
ments f r o m a p p r o x i m a t e l y 2 ,000 to 15. T h i s resulted i n 
a change o f b a n d w i d t h f r o m about 150 cps to 20 kcps. 

Figure A-12. Instruments for measuring pavement thickness using resonant techniques. The instrument in upper center is a complex 
impedance locus plotter, which is u.sed to indicate pavement resonance through a measure of the acoustic impedance. 
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Figure A-13. Experimental electrostrictive and rnagnelostrictive transducer devices. 

The increased bandwidth allows the generation of much 
narrower acoustic pulses having significantly faster rise-
times. 

The transducers shown in Figure A-15 were constructed 
for use in obtaining the measurements discussed previously 
under "Material Properties." The transducers were designed 
to allow operation over a range of frequencies (using dif
ferent ceramic elements) in addition to providing repeat-
able coupling to concrete surfaces. A layer of castor oil 
was maintained between the ceramic element and a rubber 
diaphragm. A slight excess pressure on the diaphragm 
caused it to extend slightly beyond the metallic face. Under 
normal use, a thin layer of cellulose gum is used between 
the rubber diaphragm and the concrete surface. It will be 
noted that the interior of the transducer housing is also 
cone shaped and designed to accept various liquid loads. 

As was mentioned in the previous section, methods have 
been investigated for measuring phase difl'erences when 
continuous-wave techniques are used. One of the most 
promising of these methods has been the modified sing-
around technique. 

MODIFIED SING-AROUND TECHNIQUE 

It should be emphasized at the beginning that the modified 
sing-around technique is not a method for overcoming 

some of the basic difficulties discussed earlier in connection 
with continuous-wave systems. The use of this technique 
assumes that the basic problems of transmitting a single 
well-collimated beam into the concrete have been solved. 
The problem, then, reduces to one of measuring the phase 
dilference between the transmitted and received signals. 
This can be done by using the modified sing-around tech
nique very accurately and quickly and in such a way that 
ambiguities of multiples of 2n associated with conventional 
phase measurements are eliminated. In order to under
stand this more clearly, it is helpful to first consider con
ventional techniques. 

Consider the simple transmit-receive system shown in 
Fig. A-16. If it is known that the frequency, /, of the 
ultra-sound is low enough for the wavelength to be greater 
than the total path length, 2X, of the sound in the pave
ment, then X, and hence the thickness, can be calculated 
unambiguously from the measured phase difference, 8; 
that is, 

X = Sc/2nf (A-70) 

in which c is the ultrasonic velocity, determined from 
another measurement (e.g., by using the same apparatus 
with a difi'crent angle of transmission). 

If, however, the frequency, /, is not low enough, there 
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Figure A-14. Experimental low-Q ceramic transducers. The ceramic disc is mass-
loaded with a lead-and-brass-impregnated epoxy cone. 

is an ambiguity in the value of A', 
value given by 

V 

In fact, X can be any 

(A-71) 

in which n is zero or any positive integer. 
This simple method of measurement of phase thus re

quires that only low-frequency ultrasonic energy be used. 
For a 10-in. thick slab of portland cement concrete, the 
maximum possible frequency would be about 10 kcps. Such 
a limitation completely precludes the possibility of operat
ing with collimated beams. It is this severe limitation that 
is obviated by means of the modified sing-around tech
nique. 

Originally the term "sing-around" was given to auto
matic pulse triggering systems and later to a direct positive 
feedback loop using continuous waves. These systems are 
described in the earlier section on "Conventional Sing-
Around Techniques," but do not offer a solution in this 
case. For this reason the modified sing-around technique 
was developed at I I T R I on another program. The mode of 
operation is shown in Figure A-17. 

A modulated continuous wave is used to excite a gen
erating transducer coupled to the concrete. After propa
gating to the lower surface and returning, the acoustic 
wave is detected by a second transducer. The electrical 
output is demodulated and the modulation is used to am
plitude (or frequency) modulate the carrier applied to the 
generating transducer. If the phase shift in the demodu
lator and other electronic components is an even multiple 
of liT radians and independent of frequency, the frequency 
of modulation will be such that the phase shift of the modu
lation envelope will be a multiple of In radians in the 
acoustic path. In effect, the modulation frequency will be 
controlled by the acoustic phase shift, inasmuch as positive 
feedback is required to maintain the modulation. The path 
length, 2X, in the pavement is then computed from the 

product of the known sound velocity and one-half the 
period of the modulation envelope. 

The modified sing-around method using amplitude mod
ulation has been used experimentally in I I T R I laboratories 
for air-path experiments. The use of resonant transducers 
increased the overall sensitivity by a factor of 10 and 
permitted measurements over appreciably greater air paths 
than was possible with the conventional method. Applied 
to pavement thickness measurements, the modulated con
tinuous wave permits selection of an optimum carrier fre
quency (e.g., 150 kcps) without regard for the require
ments of phase measurement at this frequency. The use 
of a relatively high carrier permits better wavelength-
transducer diameter ratios. This, in turn, provides better 
collimation of the transmitted wave and results in reduced 
spurious mode generation. The measurement of modula
tion frequency, rather than time, may be accomplished 
using any one of a large number of available instruments. 

Initial experiments to demonstrate the feasibility of this 
technique in concrete were made with transducers set up 
on either side of a lO-in. thick slab of portland cement 
concrete so that the ultrasound was propagated directly 
through the thickness of the slab. Separate tests using the 
same technique were also performed with a 5-in. thick 
bituminous slab. This, of course, was not intended to 
represent a realistic thickness measurement, but was merely 
a method of testing the system in the absence of spurious 
surface waves. The results of both sets of tests were very 
good (the thickness was measured with an accuracy of 
± 0.2 percent) and demonstrated that if the problem of 
spurious signals could be eliminated by better beam col
limation the modified sing-around technique would be an 
ideal way of measuring phase. The tests also showed that 
some of the difficulties of acoustic noise encountered in 
"air" tests were absent in the concrete thickness measure
ment. By using a 150-kcps carrier wave, the ratio of carrier 
wave frequency to modulation frequency (10 kcps) was 
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Figure A-15. Variable-frequency transducers. The transducers are designed to accept ceramic elements over a wide fre
quency range, in addition to providing a stable coupling medium between the trcmsducer and the concrete surface. 

sufficiently large to be handled by the detector circuit con
structed for this application. The measured modulation 
frequency was found to be very steady, thus enabling 
accurate measurements to be made. 

During the literature survey, a thickness measuring tech
nique developed at the Portland Cement Association ( / ) 
was evaluated. Close examination of this technique showed 
it to have serious disadvantages that would make measure
ments with this apparatus very suspect under certain con
ditions. A description of this technique is included in the 
following section, as it serves also to illustrate a statement 
made in the previous section to the effect that it is necessary 
to perform two independent measurements in any thickness 
measurement because the velocity also must be considered 
to be an unknown. 

RESONANCE METHODS 

Resonance methods are essentially a special case of phase-
measuring methods using continuous waves. Instead of 
measuring phase directly, the frequency is varied until a 
certain phase relationship corresponding to resonance is 
obtained. In fact, the resonance thickness measurement 

consists of transmitting a continuous wave in and normal 
to the surface of a pavement and adjusting the frequency, 
/, until the sound wavelength, X, in the slab is exactly twice 
its thickness. The thickness, D, of the pavement is then 
obtained from 

D = c/2f (A-72) 

However, the wave velocity, c, must be determined by an 
independent measurement. The determination of the half-
wavelength condition can be obtained by either of two 
methods. One method relies upon tuning of the trans
mitter for a maximum signal response in a receiving trans
ducer placed adjacent to the transmitter. Although a Port
land Cement Association publication ( / ) claims reliable 
thickness measurement using this technique, tests made at 
I ITRI show that there are certain reservations to be con
sidered prior to adopting this method for field use by 
personnel unskilled in ultrasonics and uncertain of the 
pavement thickness prior to measurement. These reserva
tions are as follows: 

1. The signal response maximum is quite broad, and 
therefore requires considerable technical background to 
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Figure A-16. Conventional phase-measuring tetlinique 
thickness measurement using continuous waves. 

for 

merits at I l T R l have shown that with the following modi
fications some of the difficulties enumerated could be 
overcome: 

1. Shear waves were used instead of longitudmal waves 
for both resonance and velocity measurements. These 
shear waves were generated without also generating Ray-
leigh waves, so that the interaction problem with spurious 
waves was overcome. The propagation of horizontally 
polarized shear waves also assisted with separate velocity 
determination, because their velocity is not affected by 
geometry. 

2. Use of the modified sing-around technique (see previ
ous section) would have the benefits associated with using 
a high-frequency carrier wave, which would introduce the 
following advantages: 

(a) The phase shift at the pavement-base course layer 
is believed to be an unknown quantity and not 90°. 
At high frequencies it would not be necessary to 
know the phase shift. 

(b) Phase shifts in the transducers would be negligible, 
so transducers could be used at their resonant fre
quency. 

(c) The high-frequency waves would be highly atten
uated, so reflections from remote points, such as 
the edge of the slab or joints, could be neglected. 

(d) The independent velocity measurement could be 

evaluate. This was discussed further in the earlier section 
on "Standing Waves in a Pavement." 

2. Original measurements made with this technique 
showed that the point of maximum response can be recog
nized by a 90° phase shift. This is believed to be in part 
fortuitous and can lead to significant errors. This factor 
is also further discussed in the section on "Standing Waves 
in a Pavement." 

3. The technique is susceptible to additional error be
cause several response maxima, due to the interaction of 
different waves arising through mode conversion, are also 
present. This is especially true if measurements arc made 
near an edge or a joint in the pavement. However, if an 
approximate thickness of the pavement is known use of 
Eq. A-72 will generally allow identification of the proper 
resonance provided it is not masked by resonance effects 
of Rayleigh (surface) waves. 

4. An independent method of measuring the wave 
velocity is open to question also. A frequency (11 kcps) 
that was below the resonant frequency of the pavement was 
used for measuring the velocity in a length direction; i.e., 
parallel to the surface of the pavement. This means that 
the condition for a large dimension normal to the propaga
tion direction (see section on "General Theoretical Consid
erations of Acoustic Techniques of Thickness Measure
ments") was not satisfied and geometrically induced disper
sion can occur. In addition, Rayleigh waves and reflections 
from the bottom may also interact, making phase measure
ments (i.e., location of half-wavelength or wavelength 
nodes of continuous waves) questionable. 

Although criticisms of this resonance method have been 
presented, the technique is, in principle, a good one. Experi-

E l e c t r o n i c 
Counter 

to Measure 
Frequency 

D e t e c t o r Automatic 
Volume 
C o n t r o l 

A m p l i f i e d 

|Amplitude or 
Frequency 
Modulated 
O s c i l l a t o r 

S e c t i o n 
Through 
Pavement 

Base Course 
Figure A-17. Rloik diagram foi modified sing-around tech
nique. 
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done at the same frequency without introducing the 
mode errors due to the finite slab thickness. 

Such a modification, of course, would fundamentally 
change the method altogether. The possibility of actually 
using this technique is discussed further under the sections 
on "Modified Sing-Around Technique" and "Mosaic Trans
ducers (Final Recommendation)." 

3. Apart from using shear transducers, another possible 
way of circumventing the velocity dispersion mentioned in 
the fourth reservation would be to apply a correction factor 
to the velocity measured in the surface. This correction 
factor would be calculated from the elastic constants of the 
concrete and an initial approximate knowledge of the pave
ment thickness to about 10 percent. In order to perform 
this calculation, it would be necessary to know both 
Young's modulus of elasticity and Poisson's ratio for the 
concrete. This information could be readily obtained from 
a combination of a measurement of shear wave velocity and 
longitudinal velocity in the surface. It is known from the 
experiments made with shear waves that both of these 
velocities are readily obtainable. With the application of a 
correction factor calculated in this way, longitudinal propa
gation could still be used. Generally speaking, all acoustic 
techniques have the same common problem of a need for 
two independent measurements. This arises because in
stead of thickness being measured directly, it is the quotient 
of thickness and sound velocity that is measured, and 
inasmuch as the sound velocity varies from pavement to 
pavement, it must be considered to be an unknown. Thus, 
an independent measure of sound velocity is needed to 
obtain an accurate thickness measurement. In all other 
cases considered, this problem has been .solved satisfactorily 
by making two separate measurements at two different 
angles of incidence. It is only in this technique, where 
normal incidence only would be used, that the problem of 
velocity dispersion arose. 

Other solutions were also shown to exist for the inde
pendent measurement needed in resonance techniques. 
Apart from the possibility of using shear waves, for which 
there is no velocity dispersion, the measurement of Ray-
leigh wave velocity is particularly easy, because these 
waves arc usually produced with large amplitude. Rayleigh 
wave velocity is closely related to shear velocity, so that 
even an appreciable error in the determination or assump
tion of the value of Poisson's ratio (see section on "Gen
eral Theoretical Considerations of Acoustic Techniques of 
Thickness Measurement") gave a measure of shear wave 
velocity to a resonably high degree of precision (within 
2 or 3 percent). 

A second method for determining pavement resonance 
relies upon measuring the change with frequency of the 
electrical input impedance of the transmitting transducer. 
In particular, all acoustic transducers exhibit a marked 
change in their impedance at electromechanical resonance. 
When a transducer is mechanically coupled to another 
medium that also exhibits a mechanical resonance (which 
need not be the same as that of the transducer), the elec
trical impedance at the terminals of the transducer will also 
change. By using a transmitting transducer which has its 

fundamental resonant frequency far above the resonant 
frequencies normally expected in typical pavements, and 
measuring the change in the real (resistive) portion of the 
transducer impedance, the resonant frequency of the pave
ment can be accurately determined. The typical resonance 
curve shown in Figure A-18 was obtained on a 7-in. thick, 
air-back, reinforced portland cement concrete slab. The 
transducer (Fig. A-19) consisted of 16 ceramic rods 
having a resonance of 50 kcps. The resonant frequency of 
this slab is seen to be 14 kcps. Although an oscilloscope 
display of resonant amplitude versus frequency is shown 
with the plotted curve, the maximum signal amplitude and 
corresponding resonant frequency can be measured to 
better than 2 percent with sensitive meters. 

At this state of development it was evident that use of 
any type of continuous wave system would require develop
ment of transducers capable of producing well-collimated 
beams with a marked suppression of surface waves. At
tention was then turned toward the possibility of using 
shear transducers to produce a single mode of propagation. 

10 11 12 13 14 15 16 17 18 19 20 21 22 23 
Frequency, kcps 

Figure A-IS. Resonance frequency (kcps) respome of a 7-in. 
leinforced poitUmd cement conciete .slab. The lesonance cuive 
shows- the change in electrical resistance with fieqiiency for a 
5()-kips transducer coupled to the slab. 
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Figure A-I9. In-line transducer array developed for resonance and time-of-flight measurements. The transducer consists of 16 '/s-
in. diameter ceramic rod transducers, each resonant at 50 kcps. 

SHEAR TRANSDUCER EXPERIMENTS 

Shear wave transducers recommended themselves because 
wedge couplers could be designed to eliminate longitudinal 
waves but not shear waves (see earlier section on "Refrac
tion" for a more complete discussion of this point). Thus 
it was hoped that a transducer could be designed which 
would generate only one mode of propagation, so that the 
surface wave could be eliminated by destructive interfer
ence. In order to conduct initial feasibility tests with the 
shear transducers, it was decided to use pulses, as the 
transducers were too small to produce collimated con
tinuous waves. 

At this point it should be noted that previous attempts 
had been made to eliminate the surface wave by setting up 
two transmitting transducers and one receiving transducer 
on the concrete surface. With experimental conditions 
properly arranged, it should then have been possible to 
cause destructive interference to occur between the two 
surface wave pulses. However, this dipole transmitter ar
rangement was shown to be unsuccessful in producing sur
face wave cancellation when longitudinal transducers were 
used. The reason for this lack of interference was that 
many different modes of propagation, each traveling at a 
difi'erent velocity, were produced by the longitudinal trans
ducers. The use of shear wave transducers, generating only 
one mode of propagation, should have thus obviated this 
difTiculty. For these experiments, small rectangular (IV2 in. 
X % in. X V* in.) PZT ceramics were obtained, which 
were polarized for shear wave propagation. Initial experi
ments with these transducers showed that the shear wave 
being propagated through the top surface of the concrete 
was larger in amplitude than the shear wave being reflected 
from the bottom. For this reason, it was decided to arrange 
two transmitters spaced at an optimum distance from each 
other and from the receiver (Fig. A-20) so that the surface 
waves generated by each would destructively interfere 
and the desired waves traveling through the concrete would 
constructively interfere. Experimental attempts to deter
mine the optimum positions were not successful, owing to 
the number of separate variables involved. Therefore, a 
theoretical calculation was made, as given in the earlier 
section on "Spacing of Transducers in Shear Wave Inter
ference Techniques." 

To avoid confusion, the transducer holders and asso

ciated electronics for the shear wave "interference" method 
are not shown in Figure A-20. However, the method of 
excitation was to use two pulses from a Beckman double-
pulse generator. One pulse was delayed in time by a 
variable amount, t, with respect to the other, the later pulse 
being used to excite the transmitter nearest the receiver. 
By adjusting the delay to a value calculated from the 
earlier section on "Spacing of Transducers . . .," optimum 
interference effects could be obtained. Separate attenuators 
were included for both pulses so that their amplitudes 
could be independently varied and complete interference 
could be produced. 

Prior to the use of the shear transducers some difficulty 
was anticipated with coupling problems. For this reason, 
various coupling systems were tried experimentally and a 
thermosetting resin was found which has proved to be 
successful as a coupling agent. 

The arrangement of the transducers is shown schemati
cally in Figure A-21. The three transducers were spaced at 
optimum distances, /, and I,, as calculated in the earlier 
section on "Spacing of Transducers. . . . " A short positive 
electrical pulse having a duration of 5 /usee was applied to 
transmitter T,. After a further interval corresponding to 
the time taken for a surface wave pulse to propagate from 
T i to T j , a second negative electrical pulse was applied to 
transmitter T^. Under these conditions the surface waves 
from T, and T, should have destructively interfered and, 
provided /, and I, corresponded to the values calculated 
previously, there should have been constructive interference 
between the two reflected waves. 

The results of these experiments, however, showed that 
it was not possible to obtain destructive interference over 
the whole length of the surface pulse. The reason for this 
was that due to the increase of attenuation with frequency, 
the higher frequency Fourier components of the pulse were 
attenuated more rapidly; hence, the surface pulse changed 
its shape in traveling from T i to T_.. Varying the delay time 
and the amplitude of the two signals applied separately to 
T i and T^ enabled various portions of the surface wave to 
be cancelled out, but under no conditions could the whole 
surface wave be cancelled. The experiments were carried 
out using a dipole receiver as well as a dipole transmitter. 
Even in this case, however, the same objection still applied 
and it was found impossible to get complete cancellation 
of the surface signals. 
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Figure A-20. Shear transducers (two transmitters and one receiver) removed from their holders. Insert shows unit wrapped as 
used in actual service. 

Prior to the commencement of these experiments this 
difficulty due to dispersion had been anticipated, but the 
difficulty of theoretically calculating the change in shape 
of a pulse traveling through concrete under these particular 
conditions made the experimental evaluation necessary. 
It has therefore been decided that any type of interference 
effect cannot be used to advantage (i.e., to produce can
cellation of the surface wave signal) either using shear 
wave transducers or with any other type of transducer. 

Another attempt was made, however, to measure the time 
of flight of the shear wave being propagated downward into 
the concrete at 90° to the concrete surface by using the 
transmitting transducer as the receiver as well. It will be 
remembered that such an arrangement was ruled out for the 
case of longitudinal waves; because it is necessary to mea
sure two independent times of flight in the concrete, both 
times of flight had to be measured for waves propagating 
down at nearly normal incidence, as for smaller angles of 
incidence geometrical dispersion eft'ects introduced errors. 
For shear waves, however, there is no geometrical disper-

T r a n s m i t t e r 
To Receiver 

1 J I ^ Top Surface Top Surface 
o f Concrete 

Bottom Surface 

Figure A-21. Relative positions of two transmitting and single 
receiving shear transducers. Distances 1̂  and \., are selected to 
produce destructive interference between the surface waves re
ceived at R, and constructive interference between the two 
waves reflected from the bottom surface. 



28 

sion. Theoretically, therefore, it should be sufficient to 
measure the normal reflected time of flight and the 
time of flight along the surface of the concrete. A single 
shear transducer was therefore set on the surface of the 
concrete and, with the aid of an electronic transmit/receive 
switch, the crystal was excited with a short electrical pulse 
and then used to look for the return of the reflected signal 
from the bottom. It was found, however, that even when 
used under these conditions the transducer continued to 
ring mechanically for a sufficient length of time to totally 
obscure any reflected signal from the bottom. This was 
found to be the case for tests with both portland cement 
concrete and bituminous concrete. 

In conclusion, therefore, it may be said that although 
shear wave transducers enable an accurate measurement to 
be made of shear wave velocity, they suffer from the same 
disadvantages as longitudinal transducers for measuring the 
time of flight of the reflected wave. Also, owing to a con
tinuous change in the shape of the surface wave pulse, 
pulse interference techniques cannot be used. 

At this stage in the program it was evident that if con
tinuous-wave systems were to be used, well-collimated 
beams and single-mode propagation would be necessary. 
This could be achieved only by the construction of trans
ducers having a large diameter/wavelength ratio. Attention 
was then diverted to pulse time-of-flight techniques and, 
as was subsequently discovered, pulse techniques also re
quired large diameter/wavelength ratio transducers if elec
tromechanical transducers were to be used. Experiments 
with these large transducers are therefore discussed in the 
following sections. 

INITIAL PULSE TIME-OF-FLIGHT METHODS 

Basically, the pulse time-of-flight method involved propa
gation of a short wave train into the concrete and measur
ing the time taken for the reflected pulse to return from the 
bottom. Initially, tests were made with 7- and 10-in. thick 
air-backed slabs of portland cement concrete. Later the 
tests were found to be repeatable both with a 10-in. slab 
of Portland cement concrete on a typical 4-in. thick base 
course, and with a 5-in. slab of air-backed bituminous con
crete. Initially encountered with this technique in portland 
cement concrete were limitations imposed by attenuation 
of the high-frequency components by the concrete. This 
meant that pulse risetimes were long, thus making the 
precise start of the pulse hard to determine. This was 
particularly true in the case of inspection from only one 
side of the slab. The received signal consisted of a combi
nation of many waves propagating by different modes (i.e., 
longitudinal, shear, Rayleigh, etc.) and reflected from 
many irregularities off the lower surface. It was possible 
to pick out the longitudinal wave having traveled the 
shortest distance to the opposite surface and back, by the 
fact that it arrived first. However, when a reflection tech
nique of this kind was used, some component of the wave 
was scattered inside the material at the aggregate interfaces. 
These waves may have traveled a shorter distance and 
thus arrived before the main pulse. Although small in am
plitude, these waves seriously hampered a precise identifi
cation of the start of the main pulse. After much practice. 

the arrival of the main pulse could be discerned. Bradfield 
and Woodroofe (5) have reported successful results mea
suring the thickness of a slab of concrete using this method. 
They plotted the square of the spatial separation, L^, of 
two transducers against the square of the delay time, T-, 
of the arrival of the pulse, the intercept on the T- axis 
giving the square of the slab thickness, D-, from 

c- T- = L- + D- (A-73) 

A preliminary evaluation of this technique was carried 
out in the following way. Two in-line transducer arrays 
(see Fig. A-19) having a resonance of 50 kcps were 
mounted on a 7-in. thick portland cement concrete slab as 
shown in Figure A-22. 

The transmitting transducer was excited with a very 
narrow pulse having a duration of less than 10 ^sec. Time-
of-flight measurements were made at spatial separations, 
L, of 10, 30, 40, 50, 60, and 70 cm. Several typical re
ceived-signal displays are shown in Figure A-23; Figure 
A-23a has a time scale of 20 /isec per large division, and 
Figures A-23b and A-23c a time scale of 50 /isec per large 
division. The upper trace in each figure is the electrical 
input pulse to the transmitter, used here as the zero time 
reference. The lower trace is the signal obtained at the 
receiving transducer. Analysis of these received signals, 
based on prior knowledge of the slab thickness, shows that 
the first indication of a signal in the lower trace is the 
longitudinal wave which has been reflected from the bottom 
surface of the slab. It will be noted that at a transducer 
spacing of 10 cm this reflected signal is obliterated by the 
Rayleigh wave propagated in the near surface. Inasmuch 
as the Rayleigh wave velocity is approximately one-half 
that of the longitudinal wave, increased transducer separa
tion provides time separation of the two signals, as shown 
in Figures A-23b and A-23c. As the spatial separation is 
increased beyond the radiation pattern of the transmitting 
transducer (Fig. A-23c), accurate identification of the re
flected pulse becomes impossible, as would be expected. 
However, assuming that spatial separation between trans
ducers is optimized to provide definite identification of the 
reflected pulse, as in Figure A-23b, the primary limitation 
of this technique arises in the precise determination of 
the start of the received reflected pulse. Unfortunately, even 
with added signal amplification inherent discontinuities in 

Rayleigh 
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ransmitter 

/ 
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Figuie A-22. Transducer arrangement for evaluation of pulse 
time-of-flight technique. 
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(a) Separation of 10 cm. 
The pulse r e f l e c t e d 
from the bottom s u r f a c e 
of the s l a b (^39 iisec) 
i s p a r t i a l l y obscured by 
the s u r f a c e wave p u l s e 
(41 lasec) . 

(b) Separation of 30 cm. 
The d i f f e r e n c e i n l o n g i 
t u d i n a l and s u r f a c e wave 
v e l o c i t i e s a llow time 
s e p a r a t i o n of r e f l e c t e d 
and s u r f a c e wave p u l s e s . 

(c ) Separation of 60 cm. 
The reduced amplitude 
of the r e f l e c t e d pulsfe 
('^'ISO p,sec) i n d i c a t e s 
the transducer separa
t i o n i s too great f o r 
the p a r t i c u l a r r a d i a 
t i o n p a t t e r n of the 
t r a n s m i t t e r . 

Figure A-23. Pulse time of flight for transducer separations. 

the concrete will scatter energy toward the receiver along 
shorter paths than that from the bottom surface, so that 
some precursors will always be observed prior to receiving 
the main reflector pulse. 

With the simple pulse time-of-flight method described, 
the two necessary independent measurements were ob
tained by making two separate measurements with two dif
ferent separations of the transmitting and receiving trans-
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ducers. To obviate the necessity of making the second 
measurement in this way, a modified time-of-flight tech
nique was developed. 

MODIFIED TIME-OF-FLIGHT TECHNIQUE 
(DUAL-FREQUENCY METHOD) 

The modified time-of-flight technique is basically a combi
nation of the standard time-of-flight technique and refrac
tion theory (see earlier section on "Refraction"). In addi
tion, this modified technique incorporates the use of two 
ultrasonic frequencies. Its major advantages are as follows: 

1. Obviates the need for an independent measure of 
sound velocity normally required for thickness determina
tion using standard time-of-flight techniques. 

2. Simplifies identification of the pulse reflected from 
the bottom surface of the pavement slab through the use 
of two frequencies. 

3. Requires only one placement of transducers per area 
to be measured. 

The basic concept is best understood by considering the 
system shown in Figure A-24, where transducer elements 
are coupled to angular lucite wedges, which in turn are 
coupled to the pavement structure. The lucite wedge is 
used to introduce the sound wave into the pavement at a 
given angle of incidence. 

When a sound pulse is introduced into the pavement at 
an incident angle a, both refraction and reflection of the 
wave occur. Snell's law provides the following relationship 
between angles of incidence and refraction and velocities: 

and 

c,/sin a = c.Jsin p (A-74) 

It will be readily seen that the velocity of sound, c^, in the 
wedge material must be selected relative to the velocity, 
c.,, in concrete to obtain the desired refraction. By defini
tion. 

c, = z/t. (A-75) 

in which t.^ is the total time of flight in the pavement. From 
geometrical considerations. 

sin /8 = x/z (A-77) 

in which x is the center-to-center separation of the trans
ducer elements and z is the path of propagation. Thus, 
substitution of Eqs. A-75 and A-77 in Eq. A-74 gives 

c,/sin a = z-/(.xt^) 

and substition of Eq. A-76 in Eq. A-78 gives 

\ s ina / 

(A-78) 

(A-79) 

h'=(z/2)'-ix/2)' (A-76) 

Examination of Eq. A-79 shows that only those variables 
which are easily measured are involved. By use of a fixed-
angle wedge, sin a becomes a constant. Similarly, the 
velocity in the wedge, C j , need only be measured once and 
it then becomes a constant. The time of flight in the pave
ment, t.^, is the difference between the total time of flight 
(see later discussion for measuring technique) in the sys
tem, ti, and the propagation time in the wedges, t,^; wedge 
flight time is obtained from c,, x, and a geometrical con
stant. Thus it is seen that there are only two variables, the 
transducer spacing, x, and the pulse travel time, that 
need to be measured. The adjustment and measurement of 
these two variables is discussed in the following. 

At this point it should be recalled that for the earlier 
time-of-flight techniques accurate time measurements and 
fine tuning for maximum amplitude of a reflected wave 
were almost precluded due to the presence of spurious 
signals that arose through mode conversion at the trans
ducer-pavement interface. In fact, the adverse effects of 
spurious wave propagation are not only relevant to time-
of-flight techniques but also appear almost any time that 
acoustic energy is introduced into a solid, as has already 
been discussed. Of particular nuisance value in thickness 
measurements has been the adverse effect of Rayleigh wave 
interaction with the desired longitudinal wave reflected off 
the bottom surface of a pavement. The dual-frequency 
method for measuring transducer spacing and pulse travel 
time was an attempt to overcome deleterious effects of 
spurious wave interaction by using a different way of in
terpreting the output from the receiving transducer. 

R e c e i v i n g 
T r a n s d u c e r 

G e n e r a t i n g 
T r a n s d u c e r 

L u c i t e Wedge 

Figure A-24. Combined pul.se time-of-flight refraction technique 
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It has been seen in previous experiments that high-fre
quency (above 200 kcps) ultrasonic energy is rapidly dis
sipated in typical pavement structures. However, when 
pulses of long duration are used in conjunction with slow 
pulse repetition rates, the low-frequency limit can be ex
tended considerably below that dictated by geometrical 
considerations. The dual-frequency method takes advantage 
of these two conditions to provide identification of the 
various modes of wave propagation present in the pave
ment. 

Figure A-25 shows the transducer and wedge assembly 
used in the experiments. The technique is best described by 
first assuming that the transmitting transducer can generate 
both a high- ( ~ 300 kcps) and low-frequency ( ~ 60 kcps) 
signal simultaneously (see earlier section on "Method of 
Dual-Frequency Excitation"). Both signals undergo mode 
conversion at the transducer-pavement interface; thus, Ray-
leigh waves, longitudinal waves parallel to the surface, 
and longitudinal waves normal to the surface are propa
gated at both frequencies. However, the high-frequency 
wave which travels normal to the surface is highly attenu
ated and thus will not be seen at the receiver. By making 
the transmitter-receiver spacing, x, small compared to the 
low-frequency wavelength in the pavement, only a very 
small fraction of the low-frequency surface wave and 
longitudinal wave parallel to the surface was seen at the 
receiver. Consequently, the predominant signals were the 
high-frequency Rayleigh wave and longitudinal wave propa
gating parallel to the surface, and the low-frequency longi
tudinal wave reflected off the bottom surface of the pave
ment. 

Atypical received signal is shown m the lower oscilloscope 
trace of Figure A-26; the upper trace shows the electrical 
excitation pulse used as the time of flight zero time refer
ence. Figure A-27 is an expanded time scale of Figure 
A-26. It will be noted that several cycles of the low-fre
quency Rayleigh wave are present due to a large spacing 
between transducers. However, the desired eft'ect is quite 
obvious. The reflected low-frequency signal is of larger 
amplitude than its Rayleigh wave counterpart because the 
angle of incidence and transducer spacing were chosen to 
favor it (see the earlier section on "Refraction" for a de
tailed discussion of critical angles for various modes of 
wave propagation). 

Through use of this dual-frequency or modified-pulse 
time-of-flight technique, identification of the reflected sig
nal is greatly enhanced, although at this stage this type of 
signal presentation under field conditions would not have 
been acceptable. Further extensive experimental analysis 
was therefore undertaken in an attempt to improve the 
system and to further understand the mechanism involved 
in the dual-frequency effect, as it was not altogether clear 
why the high-frequency component should disappear so 
abruptly. A complete frequency analysis was therefore 
made of the output signal from the receiving transducers 
with the aid of filters. It was found that the high-frequency 
component was not necessary as a marker for the signal. 
In fact, on the oscilloscope pictures the high-frequency 
component only seemed to disappear abruptly, but in fact 
was smoothly attenuated. The true indication of the start 

of the received signal was a change in amplitude, which is 
partially masked by complicated interference effects. This 
can be seen in Figure A-28. 

Figures A-29 and A-30 show the type of effect produced 
by the introduction of a filter into the system. In Figure 
A-29 a Krohn-Hite model 310-AB active filter was used 
with a high cutoff frequency at 250 kcps; in Figure A-30 
the cutoff frequency was 65 kcps. Analysis of oscilloscope 
traces obtained in this way showed that the start of the 
desired signal could be detected only by an amplitude 
change. 

Further improvements were made to the system by cut
ting the wedge, which was originally made in one piece, 
completely through the center in order to eliminate direct 
coupling through the wedge material. The side locating 
flanges were then used for initial lining-up purposes and 
later removed because they, too, were sources of potential 
coupling of unwanted signals. In addition, the optimum 
spacing of the transducers was found for the thickness of 
the block being measured. This could be determined quite 
accurately by observation of the change in amplitude at 
the point at which the received signal arrived. This necessi
tated a preknowledge of the thickness of the block to 
within 2 or 3 in., but in this way the thickness could be 
measured quite accurately by a skilled person capable of 
interpreting the oscilloscope signal. A typical example of 
some measurements made on a portland cement concrete 
slab is: Actual concrete thickness, 25.5 cm; measured 
thickness, 24.8 cm. 

After the experiments described, it became clear that 
further improvements in pulse techniques could not be ob
tained by more sophisticated methods of interpreting the 
signal. The state-of-the-art had been advanced to the 
point at which a highly skilled operator could use the 
modified time-of-flight technique to make quite accurate 
thickness determinations. Further modifications, however, 
to enable an unskilled man to operate the device, would 
require an improvement in the reflected signal/surface wave 
signal ratio, so that the signal could be handled electroni
cally. The possibilities for doing this were to make trans
ducers which were more highly damped (i.e., low-Q trans
ducers) so that wanted and unwanted signals could be time 
separated; or to make transducers having a higher diam
eter/wavelength ratio (the same requirement as for con
tinuous-wave techniques) to reduce the magnitude of the 
unwanted signal. 

DAMPED ELECTROMECHANICAL TRANSDUCERS 

It would be possible to ignore the unwanted spurious sig
nals, if it were possible to generate single, isolated pulses 
of acoustic energy similar to the pulses of electrical energy 
used to drive the transducers. Unfortunately, however, 
when a disc of piezoelectric ceramic is energized by an 
electrical pulse, it continues to ring like a bell long after 
the pulse has passed. Instead of single acoustic pulses, 
long wave trains of acoustic energy at the natural fre
quency of the transducers are produced. Hence, the de
sired reflected signal from the bottom of the concrete over
laps with the spurious signals, and identification of the 
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Figure A-25. Transducer and wedge assembly used for the dual-frequency modified time-of-fiight technique. 



L o n g i t u d i n a l Wave _ 
P a r a l l e l to Surface 

I R e f l e c t e d L o n g i t u d i n a l 
Wave Off Bottom 

Ra y l e i g h 
Wave 

Figure A-26. Typical received signal using dual-frequency modified time-of-flight technique. Sig
nal in upper trace is excitation pulse and zero time leference. Signal in lower trace shows start 
of vaiious waves propagating in 10-in. thick pavement. 

Figure A-27. Received signal of Figure A-26, but with ex
panded time scale. 

u> 
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Figure A-28. Oscilloscope trace of dual-frequency signal with no filter in the system. Right trace has time base magnified to show 
more detail. 

Figure A-29. Oscilloscope trace of dual-frequency signal with filter cutting off frequencies above 250 kcps. 
base magnified to show more detail. 

Right trace has time 

Figure A-30. Oscilloscope trace of dual-frequency signal with filter cutting off fiequencies above 65 kcps. 
base magnified to show more detail. 

Right trace has time 
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\ 

V 
Figure A-31. Transducer housing disassembled, showing the damping arrangement. (Both transducers are mounted on the fixed-
angle wedge.) 

start of the reflected signal is made difficult. One method 
of preventing this difficulty is to damp the transducers, 
either by using a different transducer design or by loading 
the backface of the transducer. In this way, the mechanical 
quality factor, Q, of the transducer is reduced and its fre
quency response is flattened out from a sharp resonance 
curve. Ideally, to efficiently damp a transducer, it should 
be arranged for the backface to be radiating into an infinite 
medium having an acoustic impedance equal to that of 
the transducer material itself. In practice, what was done 
was to make a cone of Woods metal alloy, which was 
bonded onto the backface of a PZT4 disc and mounted 
inside a transducer housing with a rubber pressure pad 
(Fig. A-31). For the size of the PZT4 disc used, it was 
not practical to make a long cylindrical backing, although 
this may be possible with smaller transducers, thus delaying 
the reflected signal from the backing cylinder until after 
the desired signal has reached the receiving transducer. A 
typical oscilloscope trace seen from the receiving transducer 
is shown in Figure A-32. As can be seen, it was still diffi
cult to determine the start of the wanted received signal so 
that the backing material was not as effective as had been 
hoped for in damping the transducer. 

Further attempts were made to construct other types of 
damped transducer having still lower Q values. Small 

cylindrical PZT transducers having a long, coiled-wire 
backing were used with the notion that the time taken for 
a pulse to be reflected from the end of the wire would be 
long, compared to the time for the reflected wave to reach 

Figure A-32. Oscilloscope trace of signal from damped trans
ducers. 
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the receiver. However, direct measurements of the Q of 
these devices with an electrical Q-meter showed that Q was 
reduced only to a value of 15 to 20. The damped trans
ducers used in the previous experiment had Q's of 20 to 
30. In the literature, the lowest Q transducer that could be 
used for thickness measurement was a magnetostrictive 
device described by Camp (7), which was designed to 
operate at 100 kcps with a Q only as low as 10. Inasmuch 
as a transducer having a Q at least one order of magnitude 
lower than this would be required for effective time separa
tion, it was concluded that the state-of-the-art of transducer 
design is not sufficiently advanced in this direction at the 
present time. 

After the development of \ow-Q transducers had been 
shown to be impractical, the next logical step was to in
vestigate further the use of transducers having a large 
dimension/wavelength ratio. Such transducers are not 
normally constructed from a single piece of ceramic, but 
rather are made up of a mosaic of smaller pieces. This has 
the advantage of being less expensive and at the same time 
reducing unwanted cross modes inside the transducer itself. 

MOSAIC TRANSDUCERS (FINAL RECOMMENDATION) 

As indicated previously, a promising technique for elimi
nating the unwanted surface wave is to develop a transducer 
having a large diameter/wavelength ratio. Elementary dif
fraction theory shows that the degree of collimation of a 
sound beam from a transducer depends on the diameter/ 
wavelength ratio. The higher this ratio, the greater will be 
the degree of collimation and, hence, the greater the sup
pression of surface waves. This ratio can be made larger 
either by making the frequency higher or by using trans
ducers having a larger diameter. As has been seen, how
ever, for propagation in concrete there is an upper fre
quency limit of about 200 kcps. Therefore, to increase the 
degree of collimation of the beam, it is necessary to work 
with larger transducers. 

To evaluate the effect of the higher degree of collimation 
on surface wave generation, a transducer was made in the 
form of a mosaic consisting of a large number of ceramic 
rods embedded in an epoxy disc. Two transducers (reso
nant at 100 kcps) were made in this way and mounted on 
the fixed-angle wedges discussed. It was found that there 
was a great reduction in the amplitude of the unwanted 
surface wave. The oscilloscope trace (Fig. A-33) shows 
a sharp onset for the start of the reflected wave. This onset 
was sharp enough for electronic handling of the signal using 
a pulse sing-around system. Using such an arrangement, 
it was possible to measure the thickness of the concrete test 
specimens to an accuracy of about 2 percent. This high 
signal-to-noise ratio, however, could not be reproduced on 
test blocks varying much in thickness from the specimens 
used in these experiments without readjustment of the 
apparatus by a semi-skilled operator. However, because 
these results were encouraging, it was decided to investigate 
the properties of transducers having still larger ratios of 
diameter to wavelength, and hence an even higher degree 
of collimation and consequent higher degree of suppression 
of surface waves. 

For these subsequent investigations, a transducer which 
was a simple linear array of rods (see Fig. A-19) was used 
in a position as shown in Figure A-34. The transducers 
used in this way thus radiated a beam which was collimated 
in the plane of the diagram but virtually uncollimated (i.e., 
behaved as a point source) in directions at right angles to 
this plane. This meant that surface waves in the direction 
of interest should have been completely suppressed, al
though at right angles to this direction there was a strong 
surface wave contribution to the total energy transmitted. 
The oscilloscope trace obtained using this arrangement is 
shown in Figure A-35. From calculations, it was known 
that the time of flight of the reflected pulse should be about 
ISO /isec. As can be seen from Figure A-35, there was 
little or no surface wave signal arriving before the l80-/isec 
mark, and at about 180 /isec the reflected wave started to 
arrive. Unfortunately, the risetime of the reflected wave 
for this one-dimensional array was rather long, and the 
signal built up only slowly owing to the transducer ringing. 
This prevented accurate measurement of the time of flight. 

Because of the promising results obtained in these ex
periments, it was decided that a large pair of mosaic trans
ducers would provide a solution to the problem of measur
ing pavement thickness. A large mosaic transducer-wedge 
assembly was therefore designed to produce a beam having 
a semi-angle of 4° in a vertical plane containing the trans
mitter and the receiver. In this plane the length of the 
Fresnel zone would be 25 in. In the vertical plane making 
an angle of 90° with the plane containing the transmitter 
and the receiver, the corresponding figures for the semi-
angle and Fresnel zone length would be 6° and 13 in. To 
achieve this performance at an operating frequency of 
150 kcps, the transducers were rectangular and designed 
to the following dimensions: Element size, cylinders 0.375 
in. long by 0.125 in. in diameter; element spacing, 0.375 
in.; overall length along wedge, 10 in.; overall width, 7 in. 

The elements were to be made from PZT5 material in 
order to obtain a damping factor as high as possible. The 
construction of the transducer in the form of a mosaic of 
many small elements embedded in an epoxy resin, also 
has the advantage of reducing cross modes to a minimum 
and decreasing the Q of the whole array. It is anticipated 
that the degree of collimation and surface wave suppression 
that would be attained with these transducers could enable 
a continuous-wave modified sing-around technique to be 
used. 

In order to obtain further experimental evidence that the 
construction of these large mosaic transducers would be 
worthwhile, some further experiments were conducted with 
existing mosaic transducers. Two 3-in. diameter circular 
transducers were placed side by side on the fixed-angle 
wedges and used in parallel as a transmitter. A third 
smaller transducer was used as the receiver. Once again, a 
fairly well-defined beam was produced, but in this case it 
was difficult to evaluate the overall performance of the 
system owing to a dilfercnce between the resonant fre
quency of the transmitter and the receiver. At this point, 
all of the experimental results tend to show that a suitable 
solution to the problems encountered so far would be 
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S t a r t of Surface Wave R e f l e c t e d Wave 
Pulse from Reaches Reaches R e c e i v e r 
T r a n s m i t t e r R e c e i v e r (Very Sharp Onset 

(110 lasec) Enables Time to 
be Measured 

E l e c t r o n i c a l l y and 
A c c u r a t e l y - 188 |j.sec) 

Figure A-33. Electrical pulse applied to the transmitting tiansduter (upper trace), and 
electrical output from the mosaic disc transducer (lower trace), as a function of time. 
(Time scale is 50 /isec per division.) 

presented by construction of the larger mosaic transducers 
described. 

Although the construction of large mosaic transducers 
offers a solution to the problem, another promising tech
nique was also investigated. I n this technique, time separa
tion of the wanted and unwanted pulse has finally been 
achieved by using mechanical impact devices instead of 
conventional electromechanical transducers. 

MECHANICAL IMPACT TECHNIQUE 
(FINAL RECOMMENDATION) 

As was demonstrated in the earlier section on "Damped 
Electromechanical Transducers," it is impossible to get 
short enough mechanical pulses to enable unwanted surface 
waves and reflected signals to be time separated using con
ventional transducers. Because of mechanical ringing in 
the transducers which could not be damped sufficiently, a 
mechanical wave train of many times the length of the 
original pulse was produced when they were excited by 
the application of a short square pulse of voltage. To avoid 

Fixed-Angle 
L u c i t e Wedges 

L i n e a r Array 
Transmitter 

L i n e a r Array 
Receiver 

Figure A-34. Transmitting and receiving linear array trans
ducers. Each array consists of a single line of ferroelectric 
ceiamic elements. The beam is well collimated in the plane of 
the diagram, hut will he poorly collimated in the plane normal 
to the drawing. 
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S t a r t of 
Pulse from 
T r a n s m i t t e r 

No Surface R e f l e c t e d Wave 
Wave Can Be Reaches Receiver 

Seen before the (Very Slow Onset 
A r r i v a l of the Time 180 p-sec) 
R e f l e c t e d Wave 

Figure A-35. Electrical pitlsc applied to the transmittin/; transducer (upper trace), 
and electrical output from the line-array-type transducer (lower trace), as a function 
of time. (Time scale is 50 iisec per division.) 

this difficulty, two possibilities using different types of 
sound sources were considered—(a) a single shock pulse 
produced by explosives, electrical discharges, an electro
magnetic device, or by coupling airborne shocks into the 
concrete; and (b) mechanical removal of the sound source 
after a very short interval of time. 

Preliminary experiments were conducted to investigate 
the second possibility, in which small ball bearings and 
other objects were dropped onto the concrete surface and 
contact times as short as 10 /isec were obtained. Although a 
ball bearing has a very high Q and continues to ring after 
impact with the concrete, the physical contact is broken 
after it has bounced away f rom the surface and energy is 
only radiated into the concrete for the duration of the 
impact. I t was found that to take advantage of these short 
pulses it was necessary to use a nonresonant type of micro
phone. As a result, an ultramicrometer, which is essentially 
a condenser microphone, was used. As can be seen f r o m 
the output (Fig. A - 3 6 ) , the signal received was just visible 
above the noise level, but with larger pulses (obtained using 
shock sources or a high-velocity small projectile bouncing 
f rom the concrete surface) the signal level would be quite 
adequate. The time of flight of the reflected signal in 

Figure A-36 enabled the concrete thickness to be deter
mined to within 20 percent, and it was predicted that this 
error should be capable o f being reduced to about 2 per
cent i f higher-amplitude pulses or more sensitive detectors 
were used. 

Further experiments were then performed using very 
small PZT elements for detectors. The system used for these 
experiments is shown schematically in Figure A-37. A 
ball bearing connected by means o f a very thin copper wire 
to an electrical triggering circuit was dropped onto a 
0.001-in. thick piece of silver fo i l secured with vaseline to 
the concrete surface. The silver fo i l acted as the second 
electrode for the triggering circuit and a single sweep of 
the oscilloscope was started as soon as contact was made 
between ball and silver f o i l . Spaced along the concrete 
surface at known distances f rom the impact point were 
three receiving transducers. The output f r o m each of these 
transducers was amplified and then filtered to remove any 
spurious unwanted frequencies, oefore being displayed on 
the oscilloscope. By using an oscilloscope having a memory 
storage feature, the time differences between the arrival of 
the reflected pulse at the first and second transducers, and 
the second and third transducers, could be measured; and 
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Time of 
B a l l Bearing 

Impact 

Surface 
Wave Pulse 

(Time - 65 lasec) 

R e f l e c t e d 
Wave Pulse 

(Time - 120 |isec) 
Figure A-36. Trace showing electrical output of a transducer mounted directly on the surface 
of the concrete. The pulse was produced by dropping a hall bearing onto the concrete a short 
distance from the receiving transducer. The times of flight in this experiment are shorter 
because there is no time spent in traveling through coupling blocks. The apparent fogging 
of the picture is due to the fact that an oscilloscope with a memory storage feature was used, 
resulting in some background emLssion. (Time scale is 50 iisec per division.) 

22-1/2 V o l t 
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Figure A-37. Block duigiam of apparatus used for pulse lime .sepatation e.xpeiiment. 
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by eliminating the sound velocity f r o m the equations as 
described in previous reports, the thickness could be cal
culated. The reflected pulse was the second pulse to 
arrive at the transducer in each case, being clearly dis
cernible f r o m the first surface wave pulse (see Fig. A - 3 6 ) . 
However, the thickness of the block obtained in this way 
was not accurate and showed spurious deviations f r o m one 
experiment to the next. This was eventually found to be 
due to a complicated interaction between a signal produced 
by the ringing of the receiving transducers and the elec
trical filter-amplifier arrangement. 

To circumvent this difficulty, it was necessary to use 
the condenser microphone again. Then sensitivity of the 
condenser microphone was very low because essentially a 
condenser microphone is a low-impedance detector and 
concrete is a high-impedance medium. There was thus a 
severe mismatch. For this reason it was necessary to con
sider other methods fo r producing very short pulses having 
a somewhat larger amplitude. 

Init ial ly the pulse amplitude was increased simply by 
increasing the impact velocity of the ball. A n air rifle and 
balls propelled f r o m an explosive-driven tube were used 
for this purpose. I t was found, however, that although the 
pulse amplitude could be increased in this way, the pulse 
length also increased to the point at which time separation 
could no longer be obtained. Measurements were then 
made of the duration of contact of the missile with the 
concrete, using the electrical triggering circuit to measure 
the time. The missiles used varied f r o m long rods to small 

ball bearings. A typical curve of contact time against the 
length of the rod (or diameter of the ball) is shown in 
Figure A-38. Generally it was found that balls or rods 
having a rounded end had a longer contact time than rods 
having a flat end. Smaller balls and rods had a contact 
time much longer than that predicted theoretically (the 
theoretical contact time is equal to the time required for 
an acoustic pulse generated by the impact to be reflected 
f r o m the top end of the rod, provided this time is much 
less than the propagation time through the concrete). 

I t was concluded that this disagreement resulted f r o m 
the impact being not purely elastic, with a certain amount 
of plastic deformation of the concrete or the missile tend
ing to increase the contact time. I t was to be expected 
that this plastic deformation would be more prominent fo r 
curved surfaces (smaller impact area), smaller missiles, 
and higher velocities; and indeed, it was found experimen
tally that generally under these conditions the contact time 
was greater. I n an effort to maintain a short contact time 
and still obtain higher pulse amplitudes, a long rod having 
its upper end case hardened was used to couple the impact 
into the concrete. The rod was made 40 in. long so that 
reflections to and f r o along its length would not arrive in 
the concrete until much later than the desired pulses. 
Init ial experiments using this arrangement have proved to 
be very successful and high-amplitude pulses having a 
duration of only 10 /isec have been produced by striking 
the top end of the rod with a ball bearing fired f r o m an 
air gun (see Fig. A-39) . 
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Figure A-38. Experimenlcil curves of impact times agtiin\t length for rods and halls dropped onto concrete 
surfaces. 
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Figuie A-39. Ouillogiam showing {upper trace) signal received by 
ultramicrometci at the end of a steel rod for a pulse produced at the 
other end with a hall fired fioin an air gun, and (lower trace) arrival 
of the .second reflection nearly 400 /isec later. 

In Figure A-39, the pulse appears as a step-function and 
the width of the step is a measure of the width of the pulse. 
The reason for this step-function shape is that the con
denser microphone actually measures displacement of the 
rod, which is the integral of the velocity with respect to 
time. Thus, differentiating the step-function would yield a 
curve representing a single-velocity pulse. This method of 
producing short pulses is the most successful of all the 
various methods tried so far. These include small explosive 
detonators placed on the concrete, airborne shocks pro
duced by powder charges, and explosively propelled mis
siles. I t was found that detonating types of explosives 
produced pulses which were too short and hence were 
rapidly attenuated in the concrete by scattering f rom the 
aggregate. The pulse could only be lengthened by in
creasing the dimensions of the detonating explosive to a 

dangerous size. For the airborne shocks, not enough energy 
could be coupled into the concrete f r o m an explosion of a 
size reasonable to use on a highway. Although other 
methods, including an electromagnetic shock source and 
the underwater spark method of producing short pulses, 
still remained to be explored experimentally, work was 
suspended owing to the satisfactory performance of the 
system using the case-hardened rod and the air gun. 

The only remaining difficulty with the pulse method was 
the choice of a suitable detector. Although the condenser 
microphone is perfectly suitable for laboratory experiments, 
some modification may be needed before using it in the 
field, owing to the fact that usually instruments having the 
requisite sensitivity are extremely delicate and need precise 
alignment and setting before being used. I t is possible that 
a modified condenser microphone could be constructed for 
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a final thickness-measuring device which would be reason
ably sturdy and fa i r ly easy to use. Further work was con
tinued, however, in an attempt to find a substitute for the 
condenser microphone. Types of microphone that were 
constructed include small ferroelectric elements, carbon 
granule types (telephone mouthpieces), and a small mag-
netostrictive detector. I n all cases, it was impossible to get 
a fa i thfu l response to the pulse without ringing occurring. 

For a final overall evaluation of the method, the ultra-
micrometer was used and the thickness of a 10-in. slab of 

Portland cement concrete on a 4-in. thick base course was 
measured to an accuracy of ± 2 percent. A high degree of 
accuracy was also obtained using an air-backed slab of 
bituminous concrete, although in this case the bottom 
surface was so rough that even direct measurements wi th 
a ruler were only accurate to ± 5 percent. Attempts to 
measure the thickness of a layer of bituminous concrete on 
Portland cement concrete were unsuccessful, probably 
owing to the fact that a sufficiently large acoustic mismatch 
was not present at the boundary. 

APPENDIX B 

NUCLEAR TECHNIQUES 

ISOTOPES PLACED ON THE SUBSTRATE 

Consider a layer of radioisotope distributed uniformly over 
the base course with an area density of o- gm per cm-. 
Let p denote the density of the concrete, A the atomic 
mass of the radioisotope, X its disintegration constant, 
Avogadro's number, the fraction of disintegrations re
sulting in emission of a gamma ray of energy E^, and S 
the area of a detector placed on the top surface of the 
concrete. Then the gamma rays entering the detector per 
second are found by 

ki p a- N f , \ S 
2A 

e^fE,(p^,pZ) (B-1) 

in which E, is the exponential function (8) defined by 

EAx)= j\e-'ydy/y') (B-2) 

This method also shows the greatest sensitivity when 
p., pZ ^ 2; i.e., for a high-energy gamma ray. 

In this technique one can tell the difference between 
Z = 17.5 cm and Z = 20 cm in a medium of density 2.35 
with a detecting system whose overall accuracy is 1 per
cent i f 

£ , ( 4 1 . 1 - £ , ( 4 7 , x , ) > 0 . 0 I £ , ( 4 1 . 1 (B-3) 

This is satisfied by any practical values for n^, provided, 
of course, that £ , ( 4 1 . 1 / x , ) is not too small to be de
tectable. 

Taking As ' " as an example and using /ci = O.IO, £ i = 1.20, 
/ I , = 0.058, a detector of area 50 cm-, and an efficiency 
of 20 percent, one obtains for Z = 20 cm, 

cr X 0.10 X 6 X 10-' X 0.73 X j O X e^'-- X 0.2 X 50 
2 X 7 6 

£ , ( 2 . 7 3 ) = 2 X 10" o- counts/sec. 
Similarly, for Z = 17.5 cm one obtams a value about 

70 percent higher. Because 20 counts/sec are sufficient 
to statistically establish this difference of 70 percent in 
1 sec, o-= 10 ' ' g of arsenic are required per cm-' of 
base course area. Figure B - l shows the dependence of the 
relative counting rate of 1.2 Mev gamma rays, £ , ( 0 . 1 3 6 Z ) , 
versus the thickness, Z, for As'". 

ISOTOPES PLACED ABOVE THE PAVEMENT 

Consider a pavement of mass density, pp, and thickness, 
Z, over a base course of mass density, p^. Let / i , be the 
effective mass scattering coefficient of the source radiation 
and ix„ be the effective mass absorption coefficient of the 
backscatter radiation. A n approximate analytical treat
ment ignoring the angular and energy dependences of the 
scattering process can be made, assuming fi„ and p-a are 
independent of energy and that the scattered radiation is 
distributed isotropically. 

I f a source emitting Q gammas per second is placed 
on the surface of the pavement, and i f this point is taken 
as the origin of a coordinate system such that the z axis 
is perpendicular to this surface, the scattered radiation 
produced per unit volume at points z < Z is 

R = e 1^, aP,(x-+ + z-)- (B-4) 
4n{x- + y- + Z-) 

and for z > Z, is replaced by p^ in the fraction and by 
the factor (p, Z / z — p^ Z / z - I - p j in the exponent. I f 
the detector, of area A, is located at the point ( X , 0, 0,), 
the number of gammas entering the detector per second is 

RA z 
477 [ ( i - X)- + y' + W ' / -

Xe-« aP(x- + y^ + z-)' (B-5) 

in which p = Pp for z<Z and p — p^ Z/z — Pg Z/z + p^ 
for z > Z . This integral is difficult to evaluate, even though 

/ t/z / dx r ' 
J« J X J ra 

dy 
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Figure B-1. Relative count rate vs pavement thickness with radioisotope As^^' spread over subbase. 

it is an approximate treatment. The influence of pavement 
thickness and density on backscattered gammas is best 
determined by direct experimentation. 

ISOTOPES INTIMATELY MIXED WITH 
PAVEMENT MATERIALS (9) 

Consider a radioactive isotope intimately mixed wi th the 
cement paste. Let p denote the density of the concrete, 
and / denote the fraction by mass of the radioactive iso
tope of atomic mass A. Then i f \ is the disintegration 
constant (half- l ife equals 0 .693 / \ ) , the number of dis
integrations per unit volume at a time, t, after the mixing 
is given by 

/ p A / „ X e x p ( - X / ) (B-6) 

in which N„ is Avogadro's number (6.02 X 10^ ' per gram 
atomic mass). I f each disintegration is accompanied by 
emission of gamma radiation, the gamma rays may be of 
several energies depending on the decay scheme of the 
radioactive isotope. I f one considers a particular gamma 
ray energy, emitted in a fraction, of the disinte
grations, and i f the mass absorption coefl[icient for gammas 
of this energy is /*,, the gamma rays per second entering 
a detector of area, S, placed on the surface of the pave
ment f rom a unit volume located at a depth, z, below the 

surface point, which is a distance, r, f r o m the center of 
the detector, is given by 

^ ' ; ( 7 ^ r ^ ^ / r - ' ' ^ - ^ ' - - ^ ^ ^ - ' + -'>^^ 
Multiplying by the volume element, r dr dz d<t>, and 

integrating over ^ f r o m 0 to 2ir, over r f r o m 0 to oo, and 
over z f r o m 0 to Z, one obtains 

2^, A 
\0.5-E,(p.,pZ)] (B-8) 

in which £ , is the exponential function {10) defined by 

ESx) = ; {e-ody/y^) (B-9) 

This method wil l show the greatest sensitivity in deter
mining the thickness, Z, when the derivative of Eq. B-9 
with respect to Z is a maximum; i.e., for the largest value 
of 

/c I p f N„\S e-
2A 

£ / ( / ^ , p Z ) (B-10) 

This occurs when p., pZ — 0; i.e., for zero thickness or 
zero absorption. Because the thickness is likely to be 
of the order of 20 cm, the absorption needs to be low. 
This requirement, in turn, means a relatively penetrating 
gamma ray; i.e., a high-energy gamma ray. 
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I n order to tell the difference between Z— 17.5 cm 
and Z = 20 cm in a medium of density 2.35 gm per cm'' 
with a detecting system whose overall precision is 1 per
cent, a value o f / i ^ is needed which makes 

£ , ( 4 1 . 1 / . J - £ , ( 4 7 Ml) > 0.01 [1/2 - £ 3 ( 4 7 , . i ) ] (B-11) 

which implies that /nj must be less than about 0.065, so 
that the gamma energy must be greater than about 1.0 Mev. 

Other requirements of this method are: (1) a high 
value for k^, and (2) a high value for Xe-^'. Inasmuch as 
the time after mixing at which the measurement is likely 
to be made may be of the order of a few days, or 10' sec, 
X should be of the order of 10 " sec"'. 

A search for the radioisotopes best satisfying these 
requirements has not been made. Nevertheless, a possi
ble candidate might be As"", which has a half-life of 26.5 
hr (X = 0 . 7 3 x 1 0 s e c " ' ) and emits gammas of energy 
0.55 Mev in about 40 percent of the disintegrations, 
gammas of energy 0.64 Mev in about 9 percent of the 
disintegrations, gammas of energy 1.20 Mev in about 
10 percent of the disintegrations, gammas of energy 1.40 
Mev in about I percent of the disintegrations, and gammas 
of energy 2.05 Mev in about 2 percent of the disintegra
tions ( / / ) . Selecting the 1.20-Mev gamma ray (by using 
a scintillation detector or other detector which can select 

gammas in a narrow energy range), one can put the 
values ^1 = 0.10 and = 0.058 cm- gm ' (which is a 
good value for elements f r o m Z = 10 to Z = 40) (10) 
into the foregoing equations. Using p = 2.35 gm per cm'' 
for the concrete and A =76 for arsenic, one obtains, for 
Z = 20 cm, 

0.10 X 6 X 10-' X 0.73 X 10-' X c"" ' ' X Sf_ 
2 X 76 x 0.58 " 

10.5 - £ , ( 0 . 0 5 8 X 2.35 X 20) ] = 1.2 X 10"' Sf gammas/ 
sec (B-12) 

Similarly, for Z = 17.5 cm. one obtains about 1.4 percent 
fewer gammas per second. Figure B-2 shows the relative 
counting rate of 1.2-Mev gamma rays, 1.0 — 2 £ , ( 0 . 1 3 6 Z ) , 
versus the thickness, Z, in cm, for As'". 

I f one wants to detect this 1.4 percent difference in 
1 sec and i f a detector of efficiency 20 percent and area 
50 cm- is used, and since 5 x 10' counts per second are 
required to realize 1.4 percent statistical accuracy in 1 sec, 
a value of 4.2 X 10 " results for / , the number of grams 
of As '" per gram of cement. Although this value seems 
small, it amounts to 0.1 /icuries per gram of concrete or 
0.1 curies per ton of concrete. The problem of obtaining 
such large amounts of radioactive isotope and mixing it 
uniformly in the concrete looms very large, although not 

1.0 

Thickness, cm 

Figure B-2. Relative count rate vs pavement thickne.\s with radioisotope As''' nu.\ed m pavement 
material. 
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insurmountable. This technique rapidly becomes insensi
tive at thicknesses larger than 20 cm. For example, a 
I percent difference between the counting rate at 20 cm 
and that at 17.5 cm becomes only a 0.25 percent difference 
between the counting rates at 30 cm and at 27.5 cm. 
To see this difference, the overall system would have to 
be much more accurate, and the amount of As ' " would 
have to be 16 times greater than that required at 17.5 
cm. Though these evaluations show that problems exist 
in the use of this technique for pavement thickness 
measurements, they do indicate that further considerations 
should definitely be given to i t . 

A i r 

7 Pavement I 
\ ^ r J 

A d d i t i v e I 
L a y e r \ 

Base Course S 

Figure B-3. A.mimed pavement configuration for activation 
of gamma coimting from additive layer. 

CALCULATION OF GAMMA FLUX 

Calculations of the gamma flux are based on the geometry 
given in Figure B-3. A thermal neutron source of strength 
S„ (neutrons per sec), assumed to be a point source for 
simplification of the calculation, is placed at point 0 on the 
surface of the concrete. A t any point in the pavement, the 
neutron flux density, <l)„{r,z), coming f r o m the source 
at the origin, 0, is approximated by using the solution to 
the neutron diffusion equation for an infinite medium; 
i.e., (12, p. 167), 

'''"^''''^ = 4^D(r^ + Z^/2 
(B-13) 

The diffusion length for thermal neutrons is L; the 
thermal neutron diffusion constant (sometimes also called 
the diffusion coefficient) is D. Both L and D are charac
teristic constants of the material through which the neutrons 
are diffusing and both have the dimensions of length 
( c m ) . For type 04 portland cement concrete: L = 9 cm 
and D = 0.7 cm (13, p. 662) . 

Activated Isotopes with Long Half-Lives 
in Additive Layer 

I f the thickness, d, of the additive layer is much less than 
that of the pavement, z, the neutron flux at any point in 
this layer wi l l be <^„(r, z ) , and the number of activated 
atoms per unit area, N(r), at this point immediately after 
neutron irradiation wil l be 

N(r) (rT<j>„(r,Z) (B-14) 

as long as the time interval, T , during which the neutron 
source remains at 0 is short compared to the half-l ife, 
7 , / J , of the activated isotope in the additive layer. I f 
this condition is not met, the assumption that only a 
negligible number of the atoms activated during the 
interval T w i l l have decayed by the end of that interval 
is not valid. The additive layer is assumed to be com
posed of a single element with a mass density of p(gm 
cm =*), a gram-atomic weight of ]V(gm), and a thermal 
neutron activation cross section of o-(cm'- per a tom); iV„ 
is Avogadro's number. 

Due to the neutron activation, the additive layer has 
become a circularly symmetrical planar source of gamma 
radiation of one or more characteristic energies, E„ depend
ing on the particular element used. The initial gamma 
source strength, S.,(r) (photon cm-- sec ' ) , is obtained 

(B-15) 

by multiplying the initial number of activated atoms per 
unit area by the disintegration or decay probability constant, 

x = - '"2-

and the fraction, k„ of decays emitting a gamma ray of 
energy E„ or 

S^M = k, X N(r) = K { t I ) { - W ''-) ' 
(B-16) 

Eq. B-16 is the initial , and also the maximum, gamma 
source strength. The assumption is made that the gamma 
radiation wi l l be measured at point 0 immediately after 
the neutron source is removed f r o m this point. The 
number of activated atoms remaining after the n-source 
is removed decreases exponentially, so that the gamma 
source strength at any later time, t, is 

S.,,(r-t)=S.,,(r)e-^' (B-17) 
The initial gamma ray flux density at the origin, 0, 

is given by the expression for flux density on the symmetry 
axis of an axially symmetric, thin-disc source radiating 
isotropically (12, p. 219) ; i.e.. 

<l>^,(0) = j " S^,(r) 
2nr 

(B-18) 
rn(r- + Z') 

The upper l imit of integration, R, has been taken to be 
infinity in all the following examples. I t could be assigned 
a finite value with only a slight added complication in 
the calculation. This was not done in computing these 
initial estimates, however, because the contribution to 
the integral decreases rapidly for large r, and fo r any 
measurement away f r o m the edge of an actual pavement 
R wi l l be much greater than Z . I n Type 04 portland 
cement concrete (Table B-1) , p., is the gamma ray at
tenuation cross section ( in cm- ' ) for gamma rays of 
energy E^. The values of p^ used in the following examples 
were obtained by interpolation (13, p. 653, Table 8-10). 

The complete expression for the initial gamma flux 
density at 0 in terms of known quantities may now be 
written by combining Eqs. B-16, B-17, and B-18; i.e.. 

S„(]n2)N^,k,pd^r 
-S^T,;7W j „ (r^ + Z') '/^ 

e-' dr 

(B-19) 
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TABLE B-1 

COMPOSITION OF PORTLAND CEMENT CONCRETES 

P E R C E N T A G E B Y W E I G H T 

T Y P I C A L O R D I N A R Y 

T Y P E 04 P O R T L A N D P O R T L A N D C I M E N T 

E L E M E N T C E M E N T C O N C R E T E C O N C R E T E 

H 0.55 1.0 
O 49.60 52.9 
Si 31.40 33.7 
A 4.55 3.4 
Fe 1.23 1.4 
Ca 8.25 4.4 
Mg 0.26 0.2 
C — 0.1 
Na 1.70 1.6 
K 1.91 1.3 
S 0.13 — 
Co — Trace 

- R e f . 13, p 660; density — 2.35 gm/cm". 
"Ref 12. p 262: density = 2.3 to 2.4 gm/cm''. 

in which 

; c = ( , . . -1- l / L ) ( / - ^ - F Z - - ) i 

The integral, however, becomes 

J , (r'^ + Z-')-'/2 

= (/X, + l / L ) 

(B-20) 

dr 

r 
J ln^+l/l,:/. 

e^dx 

(B-21) 
_ £ a ( ; ^ . + 1 / L ) Z ] 

Z 

The function E.,(x) has been tabulated (14) fo r 0 < jc < 
10 and plotted graphically (13, p. 215) for 0 < ;c < 20. 

This result was used to estimate the gamma flux density 
f r o m an additive layer of thickness d=l mi l ( = 2.5 X 
10 •' cm) under a pavement of thickness Z = 20 cm, 
after irradiation by a neutron source of strength S„ = 10" 
neutrons/sec for a duration T = 1 0 min. The elements 
considered for the additive material were manganese and 

indium, which were chosen (13, Table 8-6) as the ele
ments most likely to produce the highest value of <^.j,(0). 
The results are given in Table B-2. 

Total Gamma Dose from Activated I.sotopes with 
Short Half-Lives in Additive Layer 

I n order to consider possible added activated isotopes 
with half-lives of the order of 1 min, it w i l l be necessary 
to make some changes in the analysis. As indicated pre
viously, unless the half-l ife, T,/^, of the activated isotope 
is much longer than the time of neutron irradiation, T , 
Eq. B-14, in which N(r) depends directly on T , is not 
accurate. Actually, at any time, t, during neutron irradia
tion, the number of activated atoms per unit area N(r,t) 
satisfies the differential equation 

dN 
dt 

N„pd 
W 

<r<^„(r,Z) - X N (B-22) 

in which the first term on the right represents the rate 
at which activated atoms are added due to the absorption 
of neutrons, and the second term the rate at which they 
are removed by gamma decay. As time goes on, the sys
tem approaches an equilibrium condition in which dN/ 
dt becomes 0 and N(r,t) remains at a constant value. 
I f it is stipulated that r be about equal to or greater than 
STi,, in the consideration of isotopes with short half-lives, 
equilibrium wi l l approximately be reached, and the new 
value of N(r) may be taken as 

N(r) 
^ 1 (N„pd\ 

<r<f>nir,Z) (B-23) 

obtained by setting dN/dt — 0 in Eq. B-22. 
The gamma source strength for energy E^ per unit area 

at any time, t, after the neutron irradiation is stopped 
wil l again be given by 

S^,(r, t) = k, \N(r) e-^' (B-24) 

However, because of the rapid decay of the activated iso
tope, it was thought that it would be more reliable to 
measure the integral of the gamma flux at the origin, 
rather than to attempt to measure an instantaneous initial 
value of the rapidly changing gamma flux. I f the gamma 
measurement is continued over a period about equal to 

TABLE B-2 

POSSIBLE ACTIVATED ISOTOPES W I T H RELATIVELY LONG HALF-LIVES 
FOR USE I N A N A D D I T I V E LAYER 

O" <t>:, (0) 
A C T I V A T E D ( B A R N S / ( P H O T O N S / 

E L E M E N T I S O T O P E A T O M ) '1 ( M I V ) ( C M - l ) C M - / S L C ' 

Mn Mn''« 13 2.58 hr 0.845 0.990 0.1617 1.8 X 10-' 
1.810 0.235 0.1114 1.4 X 10-' 

In Iniif. s 145 54.20 min 1.270 1 290 0.1330 7.0 X 10-" 
2.090 0.260 0.1030 2.77 X 10-'' 

•' 1 barn = 10 -' cm-. 
* Metastable (excited) state 
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or greater than ST^/^, approximately all of the activated 
atoms wil l have decayed, and the total gammas emitted 
per unit area of the additive layer wi l l be 

j ^ S , , ( r . t ) d t = k,N(r) (B-25) 

Applying this to the exponential attenuation law used 
before for gamma radiation gives the fol lowing for the 
integrated gamma flux at the origin: 

j 4 > y , ( 0 ) d t = j ' 

(B-26) 

Substituting in Eq. B-26 the explicit expressions for N(r) 
and <l>„(r, Z) gives 

S„N„dT,,,k,pa- 1 / L ) Z ] 
/ - ^ ^ ^ ' ^ ' ^ 8 . D ( l n 2 ) H ^ Z 

(B-27) 

Again, Table 8-6 of (13) was consulted, this time 
considering activated isotopes with half-lives shorter than 
5 min. Rhodium, dysprosium, and vanadium were chosen 

as most likely to give high values s of ^ 4 , . , , d t . The re

sults obtained for these elements are given in Table B-3. 
The configuration of Figure B-3 was again used, with 
Z = 20 cm and d = 1 mi l . 

Activation Gamma Radiation from the Pavement Itself 

In order to compute an estimate for a particular activated 
isotope occurring in the pavement itself, the slab must be 
considered as made up of a series of infinitesimal layers 
of thickness dz, each o f which contributes to the gamma 
flux or dose per unit area (depending, again, on the 
relative magnitudes of T and T^/,) according to Eqs. 
B-19 and B-27. The constant, Z, in those equations must 
be replaced by the variable, z, over which an integration 
must be performed to get the total flux per unit area, 
and p wi l l now represent the effective density of the 
isotope in grams of isotope per cm • of concrete. 

Integrating either Eq. B-19 or Eq. B-27 over z results 
in a constant term times the integral 

£ ^ [ ( , 1 , +yL)z\ dz 
z 

(B-28) 

The lower l imi t of integration, Z , , cannot be simply set 
to zero in this integral, for the integrand has a singularity 
at z = 0, and the integral becomes indeterminate. This 
indicates that i f a realistic estimate of the activation 
gamma radiation f r o m the pavement is expected, a more 
realistic geometrical configuration than that of Figure 
B-3 must be considered. Such a configuration is shown 
in Figures B-4 and B-5. 

In practice, most thermal neutron sources use a ma
terial like paraffin to slow down the neutrons to thermal 
velocities. Thus, in Figure B-4 the origin has been moved 
to a point 5 cm above the top surface of the pavement, 
and the intervening space is considered to be filled with 
the paraffin moderator. The point source of neutrons, 
now thought of as a small piece of a neutron-emitting 
radioactive isotope, is placed at 0. 

A commonly used detection system for gamma radia
tion is a scintillation crystal of N a l or Csl , which, upon 
excitation by gamma radiation, emits visible light, which 
in turn is detected by a photomultiplier tube. Therefore, 
suppose that immediately upon removing the neutron 
source at the end of the interval T , it is replaced by the 
gamma-detection system of Figure B-5 with the center 
of the 10-cm thick scintillation crystal placed at 0, the 
former position of the neutron source. 

Now, because there wi l l be no activation in the region 
0 < Z < 5 cm, the integral (Eq. B-28) wi l l be evalu
ated between the limits Z , ~ 5 cm and Z., — 25 cm. The 
resulting value of Eq. B-19 or Eq. B-27 wi l l represent the 
gamma radiation at the center of the detector crystal. 
In doing this, there is the implicit assumption that the 
properties of portland cement concrete and paraffin for 
neutron diffusion, and those of portland cement concrete 
and N a l for gamma attenuation, are identical. Actual 
values of relevant parameters arc given in Table B-4. 
To avoid mathematical complexity, no attempt was made 
to correct for this inaccuracy. 

The required integral (Eq. B-28) cannot be worked 
analytically in closed form. Therefore, substitution of 
variables (x = (/*, - f 1 /L) z) was made, and 

TABLE B-3 

ACTIVATED ISOTOPES WITH SHORT HALF-LIVES FOR USE IN A D D I T I V E LAYER 

I S O T O P I C cr A C T I - / . ff ,(0)(/ / 
P A R E - N T A B U N D A N C F ( D A R N S / V A I F D Ml ( P H O T O N S / 

I S O rOPE ( % ) AlOM)" ISOTOPl T., ( M E V ) ( C M 1 ) C M - ) 

Rh'" ' 100 140 ± 30 Rh"" 42 sec 0.556 0.02 0.1970 2.34 X 10--
12 ± 2 R h " " - 4.4 min 0.051 1.00 

Dyi"i 28.18 510 ± 2 0 Dy"i-. 1.25 min 0.108 0.90 0.3850 2.66 X 10--
0.515 0.06 0.2022 8.8 X 10--' 
0.361 0.04 

99.80 4.5 ± 0.9 V ' - 3.76 min 1.440 1.00 0 1239 1.03 

1 barn — 10--' cm". 
' Metastable (excited) state of nucleus 



48 

N e u t r o n S o u r c e 

P a r a f f i n -» 0 1 
5 cm 

' 1 ^ 
20 cm 

1 ( 
Figure B-4. Neutron activation of concrete. 

N a l 
S c i n t i l l a t i o n 

C r y s t a l 

P h o t o m u l t i p l i e r 

P a v e m e n t 

5 cm 

20 cm 

Figure B-5. Gamma radiation detector. 

U ) dx (B-29) 
r ' £ . , [ ( ^ , + i / L ) z ] r '".-•z^"^. £ , 

A n accurate graph of E^ (x)/x versus x was plotted, and 
the integral evaluated between the appropriate limits for 
each element in Tables B-5 and B-6 by measuring the 
area under the curve. 

For long half-lives (Table B-5), the gamma flux is 
given by 

5 „ ( l n 2 ) N o * . p < r r / - ^ = £ , [ ( ; . , 
«^^i(0) - —^^ifj^^ fy—]^ 

+ l/L)z] 
dz 

(B-30) 

For short half-lives (Table B-6), the gamma flux is 
given by 

_ S^N^u^k, p a- f-^ E,JXp, + l / £ ) z ] 
z 

'l>y.(0)dt: 
8wD ( ln2)W dz 

(B-31) 

Calculation of Neutron-Capture Gamma Ray Flux 

Using these same methods of calculation, one may estimate 
the capture gamma ray flux f r o m neutron capture in the 
nuclei of the additive layer. I n terms of the previous 
notation, the capture gamma source strength fo r gamma 
radiation of energy E, is 

Syi(r) = k^ - ^ ^ ^ a- <t,„(r. z) (B-32) 

in which a- is now the capture cross section of an atom 
in the additive layer and is the fraction of neutron 
captures causing the emission of a capture gamma ray 
of energy £ , . 0„(r , Z ) is obtained by the same neutron 
diffusion equation as before, and the same gamma-attenua
tion law holds, so that the capture-gamma flux at 0 in 
Figure B-3, due to the additive layer, is 

S„ N,dpk,a- £ , [ ( ; ^ , - H / L ) Z ] 
8ffD W Z 

(B-33) 

Because of its large capture cross section (o- = 3,500 barns), 
cadmium was considered as a suitable additive material. 
The capture gamma ray spectrum of cadmium is a com
plicated one extending over a broad range of gamma ray 
energies, rather than an emission at one or two discrete 
energies, as the activation gamma emissions considered 
were. Thus, all gamma rays of energies greater than 
5 Mev were counted, and the value t̂, — 0.0674 cm- ' 
for £ , = 5 Mev was used. The result for a 1-mil thick
ness of Cd, again using Z = 20 cm and 5„ = 10" neutrons 
sec-' isi^.j(0) = 1.07 photon/cm-7sec. 

The competing capture gamma intensity f r o m the pave
ment itself was estimated by using a formula analogous 

T A B L E B-4 

P R O P E R T I E S O F P O R T L A N D C E M E N T C O N C R E T E C O M P A R E D T O N a l A N D P A R A F F I N 

MATERIAL 

T y p e 0 4 P o r t l a n d 
c e m e n t concrete 

N a l ( s c in t i l l a t ion 
c r y s t a l ) 

P a r a f f i n 
( ~ C , , H , , ) 0.106 

NEUTRON DIFFUSION / i , FOR £ , = 
CONSTANT, LI .NGTH, 0.1 0.5 
D ( C M ) L ( C M ) MEV MI.V 

0 .397 0 .2045 
0 .688 8.93 

5.757 0 .3304 

2.14 

1.0 
MEV 

3.0 
MhV 

5.0 
MhV 

6.0 
MEV 

10.0 
MEV 

0 .2045 0 .1492 0 .0853 0 .0674 0 .0630 0 .0538 

0 .3304 0 .2116 0 .1346 0 .1272 0 .1272 0 .1342 

R E F E R E N C E 

/ i . p p . 662 , 653 

13, pp. 653 

7 i , p p . 112, 115 

• For thermal neutrons. 
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TABLE B-5 

I N I T I A L G A M M A F L U X PER U N I T AREA FROM ACTIVATED ISOTOPES 
I N PAVEMENT W I T H LONG HALF-LIVES 

P A R E N T 

I S O T O P E 

P 
G M I S O T O P E / 

C M ' C O N C R E T E 

O" 

( B A R N S / 

A T O M ) ( M E V ) 

( P H O T O N / 

C M ^ i / S E C ) 

Fe^s 9 X lO- '' 0.90 45.1 days 1.29 0.43 0.1321 1.02 X 10-" 
1.10 0.57 0.1428 1.23 X 10-' 

Si3o 0.023 0.11 2.65 hr 1.26 7 X 10-» 0.1327 4.11 X 10-" 
Ca*" 6.4 X 10-" 0.25 4.90 days 1.31 0.71 0.1304 7.90 X lO-" 
Na23 0.040 0.53 15.10 hr 2.76 1.00 0.0901 1.73 X 10-2 

1.38 1.00 0.1271 1.17 X 10-2 
K " 3.1 X 10-3 1.15 12.40 hr 1.58 0.18 0.1188 2.64 X 10-' 

TABLE B-6 

TOTAL G A M M A DOSE PER U N I T AREA FROM ACTIVATED ISOTOPES 
I N PAVEMENT W I T H SHORT HALF-LIVES 

P A R E N T 

I S O T O P E 

P 
( C M I S O T O P E / 

C M ^ C O N C R E T E 

( B A R N S / 

A T O M ) ( M I N ) ( M E V ) K 
S4>->S^) dt 
( P H O T O N S / 

C M ^ ) 

4.8 X 10 » 0.140 5.04 3.120 0.900 0.0839 139.500 
A127 0.107 0.210 2.30 1.780 1.000 0.1088 2.06 X 10* 
Ca-18 3.6 X 10-* 1.100 8.80 3.100 0.898 0.0842 1.04 X 10' 

4.050 0.100 0.0741 128.000 
Mg26 6.8 X 10-' 0.026 9.45 1.015 0.290 0.1490 13.500 Mg26 6.8 X 10-' 

0.834 0.700 0.1641 27.000 
0.181 0.010 0.3050 0.114 

to that used in the activation analysis based on Figures 
B-4 and B-5; namely. 

Evaluating Eq. B-34 for each element in the pavement 
and summing gives a total of 19.5 photons/cm-/sec for 
all energies greater than 5 Mev. 

QUANTITIES REQUIRED FOR A CONTINUOUS LAYER 
OF RADIOACTIVE MATERIAL 

Let B = activity per unit area, da = an element of area 
in the radioactive layer, and f = the distance f rom do- to 
some point on the surface. Then the surface flux f rom 
d(7 is 

f = \ ' ' p e ^icos<i> (B-35) 

Using the fol lowing substitutions (Fig. B-6) , 

cos<^ = ;c/^ (B-36) 

da- = 2ir 1) dt) 
x' + ri' = ^\-ndy, = ^d^, (B-37) 

Eq. B-35 can be written as 

f — ^ --^^ ^ counts/cm-/sec (B-38) 

Road Surface 

A c t i v e Layer 

Figure B-6. Diagram for computation of the gamma ray flux 
at the road surface due to the presence of a layer of radio
active material underneath the road. 
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The total flux at the road surface is given by 

B 
= — E2(pjc) counts/cm-/sec (B-39) 

E,(o dt (B-40) 

in which E2(pjc) is a tabulated function defined by 

(.) = / 
For 1-Mev gamma rays, p = 0.1492 cm-^ and the road 

is about 20 cm thick. Assuming a counting rate of W 
per min in a counter of area 45.5 cm-, and substituting 
into Eq. B-39, gives B = 1.5 X 10-^ curies/cm^ after con
verting disintegrations per sec to curies. Assuming a 
30-ft road width, the total quantity of radioactive material 
required is approximately 2 curies per mile. 

A MEASUREMENT TECHNIQUE SENSITIVE TO 
THICKNESS BUT INDEPENDENT OF 
DENSITY AND COMPOSITION 

Assuming a small radioactive source beneath the pavement, 
consider the ratio of the counting rate at the surface 
of the pavement to the counting rate at a distance, d, 
above the surface. The counting rate at the surface is 
given by 

R. AD (B-41) 

in which A = counter area, D = source strength, p — linear 
absorption coefficient, and J : = pavement thickness. The 
counting rate at distance, d, above the surface is given by 

(B-42) 

as there is negligible attenuation in the air. The ratio of the 
two rates is 

R, 

(x + d y (B-43) 

Thus, when the detector is raised to a height d = x, 
R,/R,, = 4. The road thickness is therefore equal to the 
height o f the detector, which reduces the counting by a 
factor of four f r o m its value at the surface. The dependence 
on the material through jit completely drops out. I n prac
tice, one must allow f o r the fact that the effective center 
of detection wi l l not coincide wi th the road surface, even 
when the detector is sitting on the road. This correction 
is readily included, however, and wi l l not alter the sim
plicity of the technique. 

The sensitivity of this technique can be determined by 
looking at the change in the count ratio, RJR^, caused 
by a change in pavement thickness. For simplicity, let 
RJ R,j = F. Then the change in F is given by 

r 3 

8F = — 8 ; c = - ( l + d / x y 

= 2 (1 -\-d/x)(-d/x-) Sx ' 

The fractional change in F is given by 

Sx 

(B-44) 

8 F _ 
F ~ 

When d = x. 

-2d 1 _ 
x^ 1+ dix 

8F _ 
F ~ 

8x = 

8^ 
X 

2d Ix 
x-^d X 

(B-45) 

(B-46) 

so that the percent change in the count ratio is the same 
as the percent change in pavement thickness. For example, 
a 0.125-in. change in nominal 10-in. pavement is 1.2 per
cent. This thickness variation would cause a 1.2 percent 
change in the count ratio. This could be detected with 
counting periods on the order of a few minutes. 

ACTIVITY REQUIRED IN A PELLET SOURCE 
UNDER CONCRETE 

Assume a point source (pellet) under a 20-cm road with 
a counter directly above the pellet. As the counter has 
a radius of only 3.81 cm (1.5 i n . ) , the approximate 
counting rate is 

R=AD 
Anx-

(B-47) 

in which R is the counting rate, A is the counter area, D 
is the source strength, p is the coefficient of linear attenua
tion, and X is the road thickness. Assuming R — W 
counts/sec, / I = 4 5 . 5 cm-, /x = 0.1492 cm- ' , and x = 
20 cm, D = 0.98 Mcurie. 

SENSITIVITY OF AN ATTENUATION MEASUREMENT TO 
CHANGES IN THICKNESS AND IN LINEAR 
ATTENUATION COEFFICIENT 

To calculate the effect of a change, S;t, in road depth on 
the counting rate, i t is required to know 'dR/?>xSx — hR, 
where R is the counting rate; that is, 

3^ c V . ^ 1 o 
SR=^ — hx = ^ AD-—- hx 

9x ax 4iT X-
' — ufi-c* 2e~i^'' ~ 

' ^ L - ^ - 4 ; ^ J « ^ -A 
4ir X^ 4ir X^ 

I Sx (B-48) 

Therefore, the percent change in R is given by 

^ ( 1 0 0 ) = - ^ M + | ) 8 J : ( 1 0 0 ) 

For x = 20 cm, p = 0.15 cm- ' , and 8JC = 0.3 cm ( = 0.125 
i n . ) , SR/RX 100 = 7.5 percent. A 0.125-in. change in 
the road depth therefore produces a 7.5 percent change in 
counting rate. 

To calculate the effect of p on the counting rate, i t is 
necessary to know SR = 'dR/ZpSp. Using the same fo rm 
for R as in Eq. B-48, 

a r g-pLx 

8 R = — AD- Sp = - x R S p (B-50) 
Op AIT X^ 

The percent change in R is therefore given by 

so 
^ ( 1 0 0 ) = - ; c S ^ t ( 1 0 0 ) (B-51) 
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Assuming 8/1 = 0.015 (10 percent of p.) and jc = 20 cm, 
SR/R X 100 = 30 percent. Therefore, a 10 percent change 
in p. w i l l result in a 30 percent change in the counting rate. 
As this approximation is linear in Sp., a 1 percent change 
in p, w i l l result in a 3 percent change in the counting rate. 

ATTENUATION METHODS 

Approximate calculations have been made of the sensitivity 
to thickness using a source of radiation beneath the pave
ment. This method shows the greatest sensitivity fo r rela
tively high-energy gamma rays (say 1 Mev) and shows 
promise for thickness up to about 25 cm (10 in.) Using 
As ' " as a typical example of a radiation source, this tech
nique can determine a thickness change f r o m 17.5 cm to 
20 cm in a medium with a density of 2.35 g m / c m ' in 1 
sec using 0.2 /icuries/cm- of As ' " as the source. For 
longer time intervals, the same measurement can be made 
with proportionately less activity per unit of area. A curve 
of the relative count rate versus pavement thickness is 
shown in Figure B - l . Details of the calculations are con
tained in an earlier section of this appendix. 

The radiation source can be produced in several ways. 
I f the activity is produced by spreading a radioisotope, 
the total activity soon reaches the level where handling 
problems are significant. The amount of time between 
the preparation of the material and the measurement of 
thickness is also limited (see later section on "Distributed 
Source Methods"). Neither of these problems exists, of 
course, i f the radiation is produced in-situ by neutron 
activation or by neutron capture. 

When a neutron is absorbed by a nucleus, i t emits radia
tion (generally a gamma ray ) . The process usually results 
in a change of the atomic mass and/or the atomic number 
of the nucleus. This changed nucleus may be stable or 
unstable. I n the latter case, artificial radioactivity has been 
produced by "neutron activation." The unstable nucleus 
may then emit gamma rays at a rate governed by the half-
l ife of the artificial radioisotope. Hence, there are two 
possible techniques utilizing irradiation by neutrons f r o m 
a neutron source and the detection of resulting gammas. 
In the first technique, "neutron capture gammas" are 
detected during the neutron irradiation; in the second, 
"neutron activation gammas" are detected after the irradi
ation. I n both cases the gamma rays have an energy 
which is characteristic of the excited state of the nucleus 
that emits the rays, so that the detector should be capable 
of rejecting gammas not having energies in a selected inter
val. In general, the capture gammas are of a higher energy, 
and therefore of greater penetrating power, than the 
activation gammas. Because the sensitivity depends greatly 
on the penetration of the gammas, the capture gamma 
method may offer greater sensitivity than the activation 
gamma method. 

To further evaluate these methods for producing a radia
tion source beneath the pavement, the nuclear character
istics of Portland cement and bituminous concretes, for 
neutron and gamma radiation, must be specified. This is 
necessary 10 determine the intensity of radiation f r o m 

competing reactions and to calculate the radiation attenua
tion. 

One can also consider the production of gamma rays in 
the base course itself. This technique would involve a 
measurement of the transmission of the neutrons through 
the pavement to the base course and the transmission of 
the gammas back f r o m the base course through the pave
ment to the detector. I t may be necessary to make 
measurements just before and after the pavement is laid 
to determine the thickness f r o m these transmission effects 
involving activation of the base course. 

USE OF BACKSCATTERED RADIATION 

When compared wi th the transmission technique, the back-
scattering technique has the disadvantage that the radiation 
must penetrate the pavement twice. However, there are 
several important advantages in the use of backscattering. 
Special work is not required during the actual construc
tion; for example, the uni form spreading of the radioiso
tope over the base course. I n addition, no special materials 
remain in or under the pavement. Af t e r the thickness 
measurement has been completed, the residual radioac
tivity is insignificant. 

These advantages are counteracted by the fact that the 
base course, as well as the concrete, w i l l backscatter the 
radiation. The character of the backscattered radiation 
f rom the base course in most cases is not predictably dif
ferent f r o m that f r o m the concrete. 

The choice of radiation to be used for backscattering 
is quite limited. Charged particles (protons, deuterons, 
alphas, electrons, and positrons) do not have sufficient 
ranges to be of any use. Many potential techniques de
scribed in the literature were excluded because of this 
limitation ( / 5 ) . This leaves only gamma rays and neutrons 
for consideration. 

Neutron Backscattering 

The neutron moderation technique is used extensively in 
making moisture determinations in soil and in detecting 
the amount of hydrogenous material present in the case of 
oil well logging (16, 17). This technique is based on the 
fact that a particle loses much more speed colliding with 
a particle of the same mass than with a particle of much 
larger mass. Because hydrogen nuclei have nearly the same 
mass as neutrons, they are much more effective in slowing 
neutrons down that are nuclei of other materials. The 
technique employs a source of fast neutrons and a detector 
sensitive preferentially to slow neutrons. Due to the wide 
variations in water content of both pavement and base 
course, this method is probably not directly applicable 
to Portland cement concrete pavement thickness measure
ments. However, it does show promise for the determina
tion of the thickness of bituminous concrete pavements of 
known constant hydrogen content laid on a nonhydrogenous 
dry base course. For example, tests of the application of 
moisture measuring equipment to the determination of 
hydrogen content of bituminous concrete pavements have 
shown that the results depend on the thickness of the 
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pavement, unless that thickness is 4 in. or greater (18). 
This dependence may be extended to greater thicknesses 
by some alteration in the technique, such as increasing the 
distance f r o m source to detectors. 

I f the neutron backscattering method is altered by using 
a source of thermal neutrons instead of fast neutrons, 
the number of neutrons backscattered into the slow-neutron 
detector is no longer primarily dependent on hydrogen 
content. Instead, the problem becomes one of neutron 
diffusion, fo r which solutions are well known though quite 
complicated. Alternately, one could use a source of fast 
neutrons with a detector of fast neutrons. In either case, 
the number of neutrons entering the detector depends on 
the scattering and absorption cross sections of the various 
nuclides in both pavement and base course and on the 
number of the various nuclides per unit volume (19, 20). 
Because these cross sections are not well-behaved functions 
of atomic number, and because of the variability in the 
elemental compositions of pavement and base course, 
i t is difficult to predict whether a difference exists in the 
effective cross sections of pavement and base course. I f 
there is no difference, the neutron diffusion depends only 
on the number of nuclei per unit volume (i.e., on p/A, 
where p is the density of the material and A is the atomic 
mass). 

I t is felt that no further investigation of this technique, 
relative to portland cement concrete, should be made until 
more precise information is available concerning the ranges 
and variations in the elemental compositions of the various 
base courses and pavements. However, this technique still 
bears consideration relative to bituminous pavements, as 
noted. 

Gamma Ray Backscattering 

The gamma ray backscattering technique is used extensively 
in oil well logging and many other applications to measure 
the local density of materials whenever the thickness of 
the material is large compared to the average penetration 
distance of the gammas (21, 22). I t is quite a successful 
technique, and a 1 percent change in density can easily be 
measured (5 percent change in counting rate). Thickness 
may also be measured (17, 23, 24) i f there is a significant 
difference in density between the concrete and the base 
course, and the thickness is not large compared to the 
average penetration distance. However, in a practical situ
ation the base course in most cases w i l l look like an addi
tional thickness of pavement when measured using a 
backscattered gamma technique, because the amount of 
gamma radiation that is backscattered is dependent pr i 
marily on total electron density (both bound and free) 
in the medium. This in turn depends on the product of 
density times Z/A, the ratio of the atomic number to 
the atomic mass. Because this ratio is nearly constant 
(varying f r o m 2.0 for helium to 2.5 for gold) , only a 
difference in density wi l l result in a difference in the 
backscattering. Thus, the only situations in which the 
gamma backscattering technique may show promise for 
pavement thickness measurements are those for which 
the base course has a constant known density appreciably 
different f r o m the density of the concrete. For example. 

tests of equipment constructed for the measurement of 
soils spread over a thick steel plate showed a dependence 
on the depth of the soil for thicknesses less than 5 in. (18). 

A n analytic treatment of the backscatter process is 
given in the earlier section on "Isotopes Placed Above the 
Pavement." The equation is quite difficult to evaluate, and 
because i t is based on only an approximate treatment it 
would be more appropriate to determine the dependence of 
the backscattered gammas on pavement thickness and on 
densities of pavement and base course by direct experi
mentation. A decision as to the desirability of future in
vestigations of this technique can be made only after 
obtaining more information concerning the ranges and 
variations in the densities of the various base courses and 
the various pavements. One can imagine a procedure 
( in cases where the density differences are sufficient) 
wherein the density of the base course is measured before 
the pavement is laid, and then the density of the pavement 
(using low-energy gammas) and its thickness (using high-
energy gammas) are measured after the pavement is laid. 

A n alternative technique which might be considered is 
the production of a large density difference between pave
ment and base course by covering the base course with a 
large thickness of lead or other dense material. Although 
this would make the thickness measurement easier, i t is 
too impractical to be seriously considered. 

DISTRIBUTED SOURCE METHODS 

The determination of thickness by measuring the radia
t ion f r o m sources distributed throughout the paving mix
ture has been examined in the earlier section on "Isotopes 
Intimately Mixed with Pavement Materials." Calculations 
of the sensitivity have been made for As"" distributed in 
the mixture. For this isotope, a change in thickness f r o m 
17.2 cm to 20 cm can be detected in 1 sec using 0.1 iic 
of As ' " per gram of concrete. For longer intervals, pro
portionately less activity per gram is required. For a 
source distributed throughout all the concrete, this amounts 
to 0.1 curies per ton of concrete. The problem of ob
taining such large amounts of radioactivity and mixing 
i t uniformly in the concrete is formidable. A n additional 
consideration is that the material must remain permanently 
imbedded in the road, although its radioactivity wi l l 
decay with a characteristic half-life. Although all possible 
isotopes have not been considered in detail, the amount of 
radioactive material present in the pavement wi l l almost 
certainly constitute an unacceptable health hazard. 

Large quantities of radioisotopes are not involved if 
the radiation is generated by neutron capture or is generated 
by neutron activation. First, only the inert material need 
be activated where a thickness measurement is required. 
In addition, because the measurement can be made immedi
ately after activation, materials that yield short half-l ife 
isotopes can be selected. A distributed source, however, is 
not as sensitive to thickness as a source placed beneath 
the pavement. For example, the sensitivity rapidly de
creases for thicknesses larger than 20 cm when using a 
distributed As"" source. 

This method (19) may be particularly suitable in the 
case of bituminous pavement over a base course contain-
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ing negligible carbon by detecting one of the carbon cap
ture gamma rays wi th energies of 3.68 or 4.95 Mev (11). 
A partial theoretical analysis can be made wi th additional 
information on the characteristics of the medium, but 
an experimental evaluation is necessary to correctly deter
mine the complex effects of multiple scattering and radia
tion diffusion. A curve of relative response versus pave
ment thickness is shown in Figure B-2. 

A t this stage the work performed on the evaluation of 
nuclear methods had reached the point at which further 
information on the nuclear properties of concrete was 
required. A n investigation into the nuclear properties of 
concrete was one of the objectives as originally mentioned 
in the work statement. This work is discussed in the f o l 
lowing section. 

NUCLEAR PROPERTIES OF CONCRETE 

The nuclear properties of portland cement concrete have 
been studied in connection with its use as a shielding 
material for both neutron and gamma radiation around 
nuclear reactors and other intense radiation sources. The 
type of Portland cement concrete used in the calculations 
as representative of those used in highway pavements is 
listed as Type 04 (13, p. 659) . Its elemental composition 
is given in Table B-1 . 

This particular concrete was chosen because i t had the 
most tabulated data for both neutron and gamma trans
mission. I t is compared to other ordinary portland cement 
concretes (13), and another typical portland cement con
crete f r o m a different reference is listed for comparison 
in Table B-1 . The word "ordinary" is used to described 
these concretes to distinguish them f rom special-purpose 
heavy portland cement concretes sometimes used in shield
ing application (e.g., concretes using iron ore, etc., as 
the aggregate in place of gravel). 

ACTIVATION GAMMAS FROM T H I N ADDITIVE LAYER 

The simplified geometrical configuration shown in Figure 
B-3 was used in the calculation of the gamma radiation 
returning to the surface of the pavement after being in
duced in the thin additive layer by neutrons. The results 
are based on an assumed neutron source strength of 10" 
thermal neutrons per sec. The additive layer was assumed 
to be 1 mi l (2.54 X 10 ' cm) thick under an 8-in. (20 cm) 
thick Portland cement concrete slab. The calculations are 
described in the earlier section on "Calculation of Gamma 
Flux." 

The first set of results describes the gamma radiation 
f r o m additive layers which f o r m long half-life gamma 
emitters when activated by neutrons. Manganese and indium 
were selected as materials of this type most likely to 
give high gamma fluxes. For this set a neutron irradiation 
period of 10 min was assumed. 

Table B-2 gives the results, which may be interpreted as 
follows. Selecting the entry with the largest gamma flux 
(1.27 Mev gamma energy f r o m indium) , one asks how 
long a gamma counting period would be required to 
obtain about 1,000 counts. This number of counts is 
chosen because i t gives a statistical accuracy of about 

3 percent (100 counts gives an accuracy of 10 percent, 
and 10,000 counts an accuracy of 1 percent). A gamma 
detector having a surface area of about 125 cm- (5 in . 
in diameter) wi l l thus require about 20 min to count 
1,000 of these 1.27-Mev gammas f r o m an indium layer. 
Adding this time to the neutron irradiation time of 10 
min means that under the conditions assumed (neutron 
source of 10" per sec and 1-mil thickness of additive 
layer), the total time required for a thickness measure
ment with about 3 percent accuracy is about one-half 
hour. 

This time can be appreciably reduced only by increasing 
the neutron source strength or by increasing the thickness 
of the additive layer. Increasing either of these by a 
factor of 100 can reduce the total measurement time to 
3 min (1 min irradiation and 2 min counting). Increasing 
the source strength to 10" neutrons per sec probably 
would require giving up the concept of a portable instru
ment. Still further, one could consider a heavily shielded 
trailer with remote-controlled operation; in such a case, 
a neutron source strength of 10'" neutrons per sec may 
be feasible. In this latter case the thickness of the addi
tive layer of indium could be reduced to a thin (0.01 mi l ) 
f i lm. A section of pavement 1 mile long and 30 f t wide 
would require about 60 lb of indium for a 0.01-mil 
thickness, or about 3 tons for a 1-mil thickness. The 
economic feasibility wi l l depend on the supply and demand, 
as well as the chemical f o r m in which it may be convenient 
to add the layer. These factors are not evaluated here. 

A second set of results describes the gamma radiation 
f rom additive layers which fo rm short half-life gamma 
emitters. Rhodium, dysprosium, and vanadium were chosen 
as materials of the type most likely to give high gamma 
fluxes. For this set of results, the neutron irradiation period 
is assumed to be long compared to the half-l ife. Likewise, 
the counting period is assumed to be long compared to the 
half-life. During this counting period the gamma flux 
decreases f r o m a maximum at the end of the irradiation 
period to nearly zero; therefore, the time integral of the 
flux is measured. Table B-3 gives the results based on 
Eq. B-17. As before, a neutron source strength of 10" 
neutrons per sec was assumed. Also, the thickness of the 
additive layer was again taken to be 1 m i l . 

Table B-3 indicates that vanadium gives by far the 
highest integrated flux per unit area. However, i t also 
has the longest half-life and consequently the longest count
ing period. In the calculation for rhodium, only the acti
vation directly to the ground state of R h " " was considered. 
Because of the relative values of the cross sections, the 
inclusion of the effect of the decay of the metastable state 
would have less than a 10 percent effect on the final result 
for 0.556 Mev. 

This second set of results may be compared to the first 
set after noting that they are different in their dependence 
on the irradiation and counting times, and that no increase 
in these times can give an increased number of counts. 
A 5-in. diameter detector can give only 125 counts f rom 
the additive vanadium layer unless either the neutron 
source strength or the layer thickness is increased. To 
get a statistical counting accuracy of about 3 percent, an 
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increase in neutron source strength by about a factor of 
100 (to 10'' neutrons per sec) is required. Because the 
density of vanadium is near that of indium, a few tons 
would also be required for a mile of pavement 30 f t wide 
if the vanadium layer thickness is 1 mi l . Thus, i t is de
sirable to decrease this thickness. I f the thickness is 
decreased to 0.01 mi l , the neutron source strength must 
be correspondingly increased to 10'" neutrons per sec. 

ACTIVATION GAMMAS FROM THE PAVEMENT 

Elements already present in portland cement concrete 
may also be activated by the neutrons. This gamma 
radiation wil l come f r o m sources distributed through the 
volume of the pavement and must be estimated in order 
to determine whether the radiation due to the material 
in the additive layer can be distinguished f rom this spurious 
radiation. Formulas for making these estimates are derived 
in the earlier section on "Calculation of Gamma Flux." 

The results for Type 04 portland cement concrete using 
a neutron source strength of S„ = 10" neutrons per sec are 
given in Tables B-5 and B-6. In Table B-5, as before, the 
irradiation period is 10 min; in Table B-6 it is again 
assumed that both the irradiation and detection periods are 
long compared to the half-life. Eq. B-21 was used for 
Table B-5 and Eq. B-22 fo r Table B-6. 

These results do not look encouraging when compared 
to the results presented in Tables B-2 and B-3. The con
tribution f r o m the aluminum content in the pavement 
material is especially large and would almost certainly 
make detection of gammas f rom both vanadium and 
indium extremely difficult. The emision f rom the activated 
aluminum decays much faster than that f r o m the activated 
indium, but even with a 10-min irradiation period one 
would have to wait about one-half hour for the aluminum 
emission to decay sufficiently for its counting rate to 
decrease to the point where it is only about ten times as 
great as the counting rate of the indium gammas (this 
assumes a 1-mil thickness of ind ium) . A t about this level 
a large N a l crystal spectrometer may begin to distinguish 
the indium gamma ray peak at 1.27 Mev against the 
Compton tail f r o m the larger (by a factor of 10) alumi
num peak at 1.78 Mev. The background due to Ca'^ 
is not initially as high as the aluminum background, but 
it decays more slowly and hence may be as great a prob
lem as the aluminum. 

The most disappointing feature of these results is the 
fact that i f one tries to decrease the additive layer thick
ness below 1 mi l and to compensate fo r the decrease by 
increasing the source strength to maintain the value of 
the gamma flux f r o m the layer, the background gamma 
flux due to activated material in the pavement increases in 
proportion to the increase in source strength. There are 
two possibilities which may work to counteract this fact. 
One is the possibility of utilizing an additive layer which is 
not continuous but is arranged in some pattern that looks 
random to the pavement contractors but is known to the 
thickness monitor operators. The second possibility is 
that the calculations of the background have overempha
sized the contributions f rom the portion of pavement next 

to the detector. The calculations have assumed that the 
neutrons coming f rom the point source were already 
thermalized, whereas in practice the neutrons emitted f rom 
the source are fast and slow down to thermal in the pave
ment. Thus, too large a value has been assumed for the 
thermal neutron flux near the point at which first the 
source and then the detector is placed. Moreover, even 
if this overestimate is not of a large order of magnitude, 
the ratio of the gammas f r o m the additive layer to those 
f rom the background may be greatly improved by locating 
the detector at some point other than that occupied by the 
source. These eff'ects wi l l have to be investigated experi
mentally, because they greatly complicate the calculations 
and tend to make the computed results uncertain. 

One potentially bright feature of these results is the 
fact that i f paving situations exist in which there is rela
tively little aluminum present in the base course material, 
the aluminum in the pavement itself may be used to 
make a thickness measurement without the necessity of 
using any additive material. 

CAPTURE GAMMAS FROM ADDITIVE LAYER A N D 
FROM PAVEMENT 

In addition to the consideration of activation techniques, 
the possibility of using neutron-capture gamma radiation 
f r o m a thin additive layer was also examined analytically. 
In this process the gamma ray photon is emitted instantane
ously upon the capture of a neutron by a nucleus. For 
this purpose (see earlier section on "Calculation of Gamma 
Flux") cadmium was chosen as the material for the addi
tive layer, because it is most likely to give a high gamma 
flux. As before, a 1-mil thickness was taken for the 
additive layer. Again the results show that the back
ground due to capture gamma rays f r o m the material in the 
pavement is greater by a factor of 20 than the capture 
gamma rays f rom the additive layer, making the measure
ment of the latter gamma rays difficult. In this case one 
cannot improve the situation by waiting, because the cap
ture gammas must be measured while the neutron irradia
tion is taking place. The other possibilities of improvement 
for activation gammas apply also to the capture gammas. 

The work performed at this point had fulf i l led the 
following objectives of the nuclear investigation as out
lined in the work statement: (1) a survey of the nuclear 
properties of portland cement concrete, (2) the experi
mental evaluation of the capture gamma and activation 
gamma technique, (3) the investigation of neutron scatter
ing techniques for bituminous pavement, and (4) the con
sideration of any other nuclear technique which appeared 
promising during the progress of the work. Some promis
ing techniques were revealed, but technical difficulties 
still had to be solved. A t this point, however, a new 
nuclear technique not previously considered was discovered. 
This technique involved placement of radioactive pellets 
on top of the base course prior to laying the pavement. 
Examination of this technique showed it to be promising 
indeed, and it is this method that is the final recommenda
tion. 
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NEW THICKNESS-MEASURING TECHNIQUE USING 
RADIOACTIVE PELLETS (FINAL RECOMMENDATION) 

One general technique which has been considered for 
thickness measurements is to either place or produce a 
radioactive material under the pavement and measure the 
activity at the surface. Although a technique such as 
spreading a continuous layer of radioactive material was 
discarded earlier because of the large quantities of radio
isotopes required (approximately 2 curies per mile, as 
calculated in the earlier section on "Quantities Required for 
a Continuous Layer of Radioactive Mater ial") , a variation 
of this technique using discrete sources has been examined 
recently. The use of radioactive pellets, rather than a 
continuous active layer, reduces the amount of radio
active material required by a factor of 400 and eliminates 
many of the previous objections to laying a radioactive 
material. Pellets can be used in several ways, but in 
conjunction with a measuring technique described in the 
following they provide a technique for thickness measure
ment which is simple and completely independent of pave
ment composition and density. 

In any technique utilizing radioactive pellets, the investi
gator must first sweep out areas of the road until a meter or 
other indicator shows that his detector is over a pellet. 
This should present no problem, and once this is done the 
preferred technique, which does not depend on the paving 
material or the presence of reinforcing rods, is as follows. 
The counter is placed on the road surface directly over 
the pellet and the counting rate is measured. Then the 
detector is raised until the counting rate decreases by a 
factor of four. The distance the detector is raised is equal 
to the road thickness (derivation in earlier section on 
" A Measurement Technique Sensitive to Thickness but I n 
dependent of Density and Composition"). A 1 percent 
change in road depth would produce a 1 percent change 
in detector height. This could be observed with counting 
periods of the order of a few minutes. The measurement 
would be independent of the water content of the concrete, 
location of reinforcing rods, or any other characteristics 
of the material. The only calculation would be to divide 
the counting rate at the road surface by four. The mea
surement could be made with a ruler. 

This description is slightly oversimplified, because i t as
sumes a point detector. However, even introducing a 
finite detector wi l l not destroy the simplicity of the tech
nique. The only effect would be to change the factor of 
four slightly, or one can keep the factor of four (or any 
factor for that matter) and use a specially calibrated ruler. 
Of course one could use a calibration curve and measure 
the count rate at a fixed height, but the simplicity of 
making the depth measurement with a ruler has an un
deniable appeal. 

This technique appears to be the most direct method 
for measuring the road thickness. I t could easily be ap
plied to bituminous roads of all thicknesses i f the appropri
ate size counter is used. Radioactive pellets can also be 
mixed wi th identical-looking dummy pellets and spread 
over the entire roadbed to avoid placement in specific 
locations. This technique also has advantages in terms 

of the amount of activity required, health hazards, and 
cost of active material. 

I f a counting rate of 10' per min in the energy region 
of interest is required, each pellet w i l l have to contain 
k, /icuries of activity, where is the fraction of the ac
tivity which produces events in the energy region of interest 
(see earlier section on "Activi ty Required in a Pellet 
Source Under Concrete"). I f ^, = 1 (as in Co""), 1 /̂ c 
per pellet is the desired activity. I f a discrete source were 
placed in every linear foot of road (1 / i c each), 5.3 X 10-' 
fic would be required in each mile. The average flux on 
the road surface would be 0.001 counts/cm-7 sec. The 
maximum flux corresponds ( for 1-MeV gammas) to a 
radiation dose rate of 7.6 X 10 " roentgen per hr, which 
is 800 times smaller than the allowed exposure rate for 
the population at large. Hence, there is no danger what
soever f rom the road surface. One might also compare the 
l - / i C pellet activity with the activity in a luminescent 
watch, which may be as high as 100 /xc of P m ' ' ' . 

The pellets could consist of aspirin-tablet-size capsules 
or pellets, which are sprinkled on the roadbed. The active 
material can be imbedded in glass, i f desired, to prevent 
any possible migration. This would be inexpensive. I f 
it is desired to be able to measure the road thickness over 
a period of 10 or 20 years, Co' " would be a possible choice, 
because both of its gamma rays have high energy (1.2 
and 1.3 Mev) and it has a half-life of 5.26 years. The 
price of Co"" f r o m Oak Ridge is $2 per mc ( for less than 
1,000 mc per order) so that using the pellets, the Co"" 
required for a mile of highway would cost $10.60. Even 
with fabrication costs, the pellet technique would cost less 
than $100 per mile. I f the road thickness is going to be 
measured within a month or so after the concrete is poured, 
Rb"" (half- l ife 18.68 days) could be used. The rubidium 
costs $0.30 per mc, so pellets for a mile of highway would 
cost $1.80. Other isotopes wi th varying half-lives are 
available f rom numerous supply houses. Oak Ridge 
National Laboratory, for example, lists isotopes with 
half-lives ranging f r o m 14.1 hr (Gallium-72) to 16 years 
(Europium-154), any of which could be used i f desired. 

Two other methods of using radioactive pellets appear 
to be possible, although they are not as attractive as the 
technique described here. 

One technique would use a single measurement of the 
radiation intensity at the road surface f r o m a pellet source 
beneath the pavement. The counting rate in the high-
energy region of the spectrum provides an accurate mea
surement of the product of thickness times density. As
suming that the density is known or is measured, the 
thickness can be accurately determined. The depth sensi
tivity is good, because a Vn-'in. change in the depth of 
the concrete would produce a 7.5 percent change in the 
counting rate (see earlier section on "Sensitivity of an 
Attenuation Measurement to Changes in Thickness and 
in the Linear Attenuation Coefficient"). This change would 
be detectable in less than 1 min of counting wi th the 
assumed counting rate of 10' per min. On the other hand, 
i f fji, the coefficient of linear absorption, changes by 1 per
cent, the counting rate changes by 3 percent. This implies 
that fi, which is dependent on density, w i l l have to be 
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known within 1 or 2 percent. From a sample of concrete 
taken during placement, /n can be determined or the den
sity can be measured nondestructively with a gamma back-
scatter gage. I f this method is used, the pellets should 
be placed between the reinforcing rods so that the rods 
do not obscure the measurement. 

Another method using the pellets is to use the ratio of 
the counting rate in the highest energy peak of the given 
spectrum to the total counting rate as a depth measure. 
This ratio decreases with depth, because the deeper the 
pellet the more gamma rays are scattered into lower 
energy channels. The general advantage of this method 
is that i t does not depend on the source strength. How
ever, this technique is basically sensitive to the thickness-
density product also and would require accurate density 
information, as with the simple attenuation technique. 

I t is apparent that the best method ( in terms of sim
plicity, cost, activity, and convenience) for measuring the 
thickness would be to measure the activity at the road 
surface f r o m a pellet placed beneath the pavement, raise 
the detector until the counting rate drops by a fixed 
factor, and simply read the detector height, which equals 
road thickness, directly on a ruler. The price of the 
active material need be no more than about $100 per 
mile, the average direct radiation flux at the road sur
face would be 1/300,000 of the acceptable value, the 
method is direct reading (no graphs, charts, or interpola
tions needed), and the instrumentation is conventional, 
simple, and readily available. In addition, this method 
can be used for any type of pavement that has been 
previously prepared with the active pellets. Thus, of all 
nuclear techniques available the radioactive pellet method 
is by far the best and is highly recommended. 

In conclusion, a few additional comments are made 
on the cost and storage aspects of the proposed nuclear 
technique using radioactive pellets. Cost estimates are 
given for two different types of sources and radiation f r o m 
a stockpile of pellets is compared with standards for 
allowable radiation exposure. 

Limitations on radiation exposure are normally ex
pressed in terms of the exposure per quarter year. How
ever, it is usually more convenient to reduce this to an 
average exposure per week or per hour for practical use. 
For gamma radiation, the maximum permissible whole 
body ( t runk) dose is close to 100 mr per week. For the 
extremities (hands, forearm, feet, ankles) a higher value 
of 1,500 mr per week is acceptable. Assuming a con
tinuous exposure for a 40-hr week, these values reduce 
to 2.5 and 37 mr per hr, respectively. 

For comparison, a few common dose rates are as f o l 
lows: cosmic radiation and natural body activity produce 
an exposure of 0.04 mr per hr, the average chest X-ray 
gives a dose of 200 mr, a watch with 0.1 / i C of Ra'--'" on 
the dial gives about 0.1 mr per hr at 1 in. distance, and 
typical nuclear density gages produce about 10 to 30 mr 
per hr at the surface of the shielding. 

For radioactive pellets with, say, 1 fic of Co''" in each 
pellet, the radiation would be about 0.8 mr per hr per 
500 pellets at 1 yard. The volume of these pellets would 
be less than 1 cu in. Placed inside a portable lead-lined 

container about 4 in. in diameter and 6 in. high, the 
radiation would be reduced by a factor of 10 to 0.08 mr per 
hr at 1 yard and to 25 mr per hr at the surface of the shield. 
Such a container could be carried 8 hr a day, 5 days a week 
without exceeding the accepted radiation limits. Even 
with the top off the can, the radiation would only be 
50 mr per hr at 4.5 in . so that pellets could be picked 
out one by one with tweezers i f desired. A n automatic 
dispensing device would be simpler, of course. Stored in 
such cans, the pellets can be readily stocked and moved. 
I f pellets are placed in the road with an average separa
tion of 10 f t , about I ' / i cans of 500 pellets each would 
be enough for a strip of concrete 15 f t wide and a mile 
long. A stockpile sufficient for a strip 15 f t wide and 
10 miles long would produce less than 1 mr per hr at 1 
yard. This would not produce an overexposure to radiation, 
even assuming a continuous exposure for a 40-hr week, 
every week of the year. 

To minimize the radiation exposure, i t is not recom
mended that any sources be carried in a pocket. I f sources 
are accidentally carried in a pocket, however, the most 
likely sources of radiation exposure are the beta radiation 
dose to the adjacent skin and the gamma dose to the gonads. 
I f deemed necessary, the beta radiation can be eliminated 
in the fabrication technique by absorbing all beta parti
cles within the pellet itself. This is possible because the 
beta particles f r o m Co"" travel at most about 0.03125 in. , 
even in a low-density material such as plastic. The gamma 
radiation at 4 to 5 in. f r om a single l-fic Co"" source 
is 0.1 mr per hr. Ten pellets in a pocket would thus pro
duce a gonadal dose of only 1 mr per hr, which is not 
an excessive level. A larger number of pellets could 
lead to overexposure, but this would generally require a 
long exposure of hours or days. 

The primary cost of pellets made f r o m radioactive ma
terial wi l l be in the fabrication, inasmuch as the cost of 
isotopes is generally quite low. For radioactive Co"", the 
cost is about $2 per millicurie, which is enough for 1,000 
pellets. For a sandwich-type disc source wi th the radio
activity between layers of plastic, one manufacturer indi
cated a maximum cost of $2 per source in lots of 10,000. 
Another manufacturer estimated a cost of $0.90 for a 
similar sandwich-type source. These costs appear unneces
sarily high when compared with the cost of sources pro
duced by activating cobalt metal pellets or cobalt glass 
pellets. Thousands of pellets can be irradiated simul
taneously in a nuclear reactor at a very low cost. This 
technique eliminates much of the labor cost for fabrication. 

Assuming $10 per pound for cobalt, this amounts to 
only $0,001 per pellet. A generous allowance for irradia
tion costs would be $100 per 1,000 pellets or $0.10 per 
pellet. Adding another $100 per 1.000 pellets for handling 
and other costs would still give only $0.20 per pellet as 
the total cost. This is an order of magnitude below the 
cost of fabricating the pellets individually. Both the irradia
tion and handling costs could probably be cut in half 
f r om these values, giving a cost of about $0.10 per pellet. 
I f sources are separated by an average distance of 10 f t , 
a strip of concrete 15 f t wide and 1 mile long requires 
800 sources costing about $80. 
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SELF- A N D M U T U A L INDUCTANCE 

A sinusoidal current of magnitude / j flowing in a coil w i l l 
produce a sinusoidal magnetic flux, which generates an 
opposing voltage having a magnitude given by 

E , = o>L,/ , (C-1) 

in which a is the angular frequency of the sinusoidal cur
rent. ( In this report the imaginary operator, ja>, has been 
reduced to simply oi.) Although not strictly true, the mag
nitudes of voltage and current calculated are correct for 
low-resistance circuits. 

The relation between the voltage, £ , , and current, is 
determined by L , , self-inductance of the coil. I f current, 
7 ,̂ is caused to flow in a second coil placed near and parallel 
to the first coil , i t wi l l also induce a voltage in the first 
coil, because some of the flux produced by I., links the 
turns of wire of the first coil. This current-voltage rela
tionship is defined by 

£ , = o>M,, / , (C -2) 

in which A/ ,2 is the mutual inductance between the first 
coil and magnetic circuit o f /.,. This relationship is bilateral 
(A/,2 = Af^,,), so the voltage and current relationships in 
two coils coupled by mutual inductance are given by 

£•, = wL, / i + o,M,., I., (C-3) 

= wAf, , / ,+<oL, /o (C -4) 

In general, the mutual inductance between two coils on 
a common axis (a) decreases as the coils are separated, 
and (b) increases with increasing turns on each coil. 

Eddy Currents and Mutual Inductance 

The inductance of a coil can be reduced by bringing a 
conducting surface near the coil. I t can be shown that the 
effect of the conducting plate on the coil is the same as the 
effect of a second coil, identical to the first, carrying a 
current equal and opposite to the coil current and located 
on the coil axis at a distance 2d f r o m the original coil. 
This coil IS said to be an image of the first. 

The voltage induced in the first coil is seen to have two 
components. The first of these is due to the self-inductance 
of the coil in space, and the second is due to the mutual 
inductance between the coil and its image. Hence, 

E^ = E,,+E^.. = wL,l^-\-o>M,.,l.. (C -5) 

But / j , the image coil current, is the negative of / , , so that 

uLi /( — ctfA/,j / , = 0 ) / , ( L , — My,) (C-6) 

Thus, the induced voltage is seen to be the sum of two 
components, one a constant and the other a function of coil-
to-plate spacing. Therefore, the inductance of the coil can 
be used to measure coil-to-plate distance, d, i f the relation
ship between M^, and d is known. 

TWO TYPES OF EDDY-CURRENT GAUGING INSTRUMENTS 

One way to measure distance between a coil and a plate 
would be to prepare a calibration curve presenting as a 
function of "free-space" induction, L,, . This has the disad
vantage of requiring two extremely accurate measurements 
of inductance in order to accurately determine the small 
difference between "free-space" and "near-plate" induc
tance. A better way is to use a comparison technique as 
follows. 

T w o identical coils are used. One, the "measure" coil, 
is placed near the unknown plate; and the second, the 
"reference" coil, is placed near a second "reference" plate. 
A bridge circuit is connected as in Figure C-1 , and the 
distance between the reference coil and reference plate is 
adjusted so as to make the output voltage, £„ , as small as 
possible. When L , = L_„ E^, w i l l be zero, which is true 
only when = Thus the distance, d,i, is a duplicate 
of d^,, and i f the reference coil is mounted on a calibrated 
distance scale, rf,, can be read directly. The accuracy of 
the measurements is limited by the degree to which the 
coils can be made equal, and the sensitivity is determined 
mainly by the smallest voltage difference, E^, which can be 
distinguished. W i t h careful coil construction and sensitive 
voltmeter, these two limitations can be easily overcome. 

A n improvement on this technique uses a somewhat 
simpler technique of voltage comparison rather than induc
tance comparison. Consider the case where the measure 
and reference coils both have two windings on a common 
coil fo rm. The two coils are made as similar as possible. 
Each behaves as a transformer, and they are connected 
as in Figure C-1. With no metal plate near either coil, 
it is seen that 

(C -7) 

and 

/ i , = / , M , , , (C-8) 

The secondary windings are connected so as to add in 
series opposition, so that 

/•;„ = E.,- £ , (C-9) 

and the primary windings are in series aiding, so that 
/ , = Therefore, substituting Eqs. C-7 and C-8 in Eq. 
C-9, 

= ( A f , . , - M , , ) (C-10) 

Thus, i f the two coils are identical, M 1 2 = M^;, and the 
output voltage, E„ = 0. 

Suppose that a conducting plate is placed at some dis
tance, d j f , f r om the measure coil . Now, coil L , wi l l have 
an "image" at 2</„, and the voltage induced in coil L.^ wi l l 
have an additional component due to the mutual inductance 
between coil L and the image coil L.,. This mutual indue-
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Figure C-1. Bridge circuit for inductance comparison measure
ments. 

tance is denoted by A/23, so the current in the image coil w i l l 
induce in coil L.^ a second voltage, which combines with 
that induced by the primary current, or 

E^ = hM,^+l^M.,^ (C-11) 

But, because coil is the image of coil L^, I3 = —l^, and 

£ 2 = / , ( M i 2 - M „ ) (C-12) 

Suppose, also, that a reference plate is placed at a dis
tance, d„, f r om coil L 3 . By the same reasoning, 

£ , = / , ( A f , , , - M . e ) (C-13) 

and 

Eo = h (M.2 - - h (M,, - M,,) (C-14) 

Due to the series connection of the windings and L^, 
1* = ^1 and 

£ 0 = / i [ ( M . , - M,,) - ( M 2 3 - M , , ) ] (C-15) 

But M,.^ = A / j j , so 

£o = / i ( M ^ a - M s e ) (C-16) 

I f the distance, d̂ e, is adjusted so that = 0, Afjs = Wse 
But since both M^a and Afjg vary with and djt in exactly 
the same way, due to the identical coil construction, i t f o l 
lows that dii = dj{. 

I n the case of pavement thickness measurements, dji is 
the distance through the pavement to a conducting surface 
beneath the pavement. I t cannot be measured directly, but 
i f two identical sets of coils are used in the manner de
scribed, wi th a reference surface and a coil mounted on a 
calibrated frame above the pavement, and with the measure 
coil placed flat on the pavement surface, du can be read 
directly f r o m the calibrated frame. 

THE CONDUCTING SURFACE 

As stated previously, use of an eddy current technique is 
predicated upon the placement of a conducting surface 
between pavement and the base material. Although the 
theory requires an infinitely large, infinitely thick, infinitely 
conducting metal layer, laboratory tests have shown the 
fol lowing: 

1. The material effectiveness decreases wi th increasing 
distance f r o m the coil. For the purpose of pavement thick
ness measurement, i f the metal f o i l extends two coil diam
eters beyond the projected area of the test coil, i t is as i f 
i t were infinite i n extent. 

2. Losses due to the use of cooper or aluminum, rather 
than a perfectly conducting medium, are negligible. 

3. A t 100 kilocycles, increasing f o i l thickness beyond 
0.0015 in . does not increase effectiveness. The lower l imi t 
on thickness has not yet been established, but may lie well 
below 0.0015 i n . Aluminized Mylar , wi th metal film thin 
enough to be transparent, was not effective. 

I t is difficult to estimate the cost of a plastic film wi th 
suitable metallic coating, because the cost is a function of 
the supply and demand. However, the economies due to 
accurate pavement thickness may greatly outweigh the 
additional cost. F i f t y square feet of aluminum 0.0015 in . 
thick wi l l weigh approximately 1 lb. 

EFFECTS OF REINFORCING STEEL UPON 

EDDY CURRENT MEASUREMENTS 

Highway pavements generally incorporate a steel reinforc
ing mesh, laid approximately at mid-depth. This mesh is 
available in various sizes, classified according to the size of 
the rectangular mesh and the diameter of the wire. Use of 
this steel reinforcing affects eddy current measurements by 
means of the circulating currents induced in the mesh, 
rather than by changing the magnetic qualities of the con
crete. A mesh appears, therefore, as a series of intercon
nected one-turn coils, and these coils are magnetically 
coupled to the measuring coil. 

The difficulty in estimating the effect of steel mesh on 
eddy current measurements lies in the relatively high re
sistivity of steel compared to copper (approximately ten 
times as great). Due to higher resistivity, the impinging 
magnetic field is less effective in inducing circulating cur
rents than would be the case wi th copper or aluminum 
mesh. This was verified experimentally (Fig. C-2) in two 
tests. I n one, circular loops of copper wire were placed 
near the test inductor, and the decrease in inductance was 
noted. Then loops of steel wire of equal diameter were 
substituted, and the decrease in inductance was found to 
be less than with copper. Similarly, a resistance was in 
serted in series with the copper loop, and the effect was 
also lessened. 

The program scope did not permit tests with actual 
welded steel mesh. I t should be noted that inasmuch as 
the depth of penetration of the field into the conductor is 
small, galvanized steel wi th a low-resistivity zinc plating is 
not equivalent to plain steel mesh. Measurements were 
made on several models buil t of solid copper wire. The 
effectiveness of mesh of two sizes on test coil self-inductance 
is shown in Figure C-3, which confirms that the larger mesh 
is less effective than the smaller. However, because the 
meshes were made of copper, definite conclusions cannot 
be drawn as to the total effect o f steel mesh on the thickness 
measurements. 

Further investigations of eddy current pavement-thick
ness measurements must include a comprehensive experi-



Figure C-2. Simulated reinforcement mesh placed between measuring coil 
and plate to evaluate interference effects. 
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mental program to evaluate the effects of actual steel mesh, 
wi th welded joints, on the measurement. I n an actual pave
ment situation, the size and gauge of mesh used w i l l be 
known, as wi l l its approximate depth. I f the effect is rea
sonably small, compensation for the presence of mesh may 
be possible by inserting a similar section in the reference 
setup. 

SENSITIVITY A N D RESOLUTION REQUIREMENTS OF 

INSTRUMENTATION 

The sensititvity requirements were established through ex
periments carried out in the laboratory. By means of a 
sensitive inductance comparator, the decrease in inductance 
of a simple coil was measured as a function of its distance 
f r o m a metal plate (Fig. C-4) . Because the decrease in 
inductance is due to an increase in mutual inductance be
tween the primary coil of Figure C-5 and its image coil, 
and because the windings of the coil are tightly coupled, 
the percentage change in inductance is equal to the per
centage change in voltage across the coil. I n addition, 
measurements made on one coil are applicable to other 
coils of the same shape, as long as the coil-plate distance 
is expressed in units of coil-diameters, rather than absolute 
units. 

Inspection of the curve (Fig. C-6) of A L / L versus xlD, 
the coil-plate spacing in coil diameters, shows that the rela
tion is semilogarithmic over a range of xlD f r o m about 
0.5 to 1.25. (x is the coil diameter and D the coil-to-plate 
spacing.) This suggests the relation 

Evaluating the constants and gives 

^ = 0.22 e - i scVBi 

(C-17) 

(C-18) 

^l^O C 

I r4-b 6Eo t 

ya Image 
(̂ _̂ C o i l 

Differentiating Eq. C-18 gives 

3.6 (0.22 e-"" <*/^') d [ ^ ] (C-19) '(x)=-
Hence, for small increments of x/D Eq. C-19 is equivalent 
to the output voltage, £'„, referred to the coil voltage, or 

= - 3 . 6 (0.22 e- (C-20) 

The results of applying Eq. C-20 to a 1 percent resolution 
of a 10-in. pavement thickness measurement using various 
coil diameters are given in Table C-1. 

Using an example, this means that to resolve a 0.1-in. 
change in pavement thickness, using a 10-in. coil on a 
10-in. pavement, the null detector must have a resolution of 
approximately 0.0002, or 0.2 millivolts per volt of coil 
voltage. Wi th good electronic equipment, this is not at all 
difficult to do. 

Calculation wi l l determine practical values of coil volt
age, current, and inductance. A 10-in. diameter coil wi th 
only 20 turns of No . 22 wire has an inductance of 224 
/ihenries, and an impedance of 70 ohms at 50 kilocycles. 
This means that a coil voltage of 1 v wi l l be obtained for a 
primary current of 14 milliamperes (0.014 amp) . This is a 
practical value of current, because the current capacity of 
No. 22 wire is nearly 1 amp. 

The foregoing, then, establishes that an adequate resolu
tion of thickness of a 10-in. thick pavement can be obtained 
with a coil of reasonable dimensions, with moderate to low 
current and voltage levels, using only moderately sensitive 
null-detecting equipment. 

PRACTICAL FIELD APPLICATION 

The eddy current technique can be readily adapted either 
for "spot" thickness measurements, or for making a con
tinuous profile of thickness along the highway. In either 
case, the equipment tends to be lightweight and readily 
transportable. 

For spot measurements, the measuring coil is placed 
flat on the pavement surface and connected by a cable of 
shielded wires to the electronic null-indicator. A reference 
coil of identical construction is mounted on a suitable 
marked frame nearby. This frame is arranged so that the 
coil can be positioned on a calibrated rod mounted perpen
dicular to a flat metal plate. The reference coil is similarly 

TABLE C-1 

RESULTS OF 0.1-IN. CHANGE I N PAVEMENT THICK
NESS MEASUREMENT OF 10-IN. PAVEMENT USING 
VARIOUS COIL DIAMETERS 

Figure C-5. Bridge circuit for voltage comparison. 

C O I L 
DIAMETER M 
( I N . ) D L E 

20 0.0050 0.0363 0.001300 
15 0.0067 0.0198 0.000720 
10 0.0100 0.0060 0.000215 
8 0.0125 0.0026 0.000092 
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connected to the null indicator, and the operator adjusts the 
position of the reference coil so as to obtain a null on the 
indicator. The pavement depth is then read direcdy f r o m 
the mounting rod. The advantage of this method is that 
no great skill is required of the operator, nor is any inter
pretation of the measurement necessary. 

Continuous measurements would require that the mea
suring coil be suspended over the pavement at a constant 
height above the surface, mounted on a wheeled trailer, 
suitably shock mounted so as to minimize effects of minor 
surface irregularities. The trailer would be drawn by a 
truck, i n which would be installed the reference coil in its 
supporting framework. I n this case, however, the reference 
coil would be fixed with respect to the reference plate, at a 
distance equal to the sum of the measuring coil elevation 
and the nominal pavement thickness. The electronic equip
ment would produce an output signal proportional to the 
error in pavement thickness (departure f r o m nominal) . 
This signal would be recorded on a strip-chart recorder, 
with the motion of the recording paper synchronized with 
an external odometer. The chart would thus provide a con
tinuous profile of pavement thickness. 

Although the equipment is somewhat more complex than 
that for the spot method, the system does have the capability 
for averaging the thickness over a time period of several 
seconds, and would thus be more likely to detect trends in 
pavement thickness. 

RADIO-FREQUENCY TECHNIQUES 

Thickness-measuring methods have been described which 
depended on the generation of eddy currents produced by 
low-energy, low-frequency (10 to 100 kcps) magnetic 
fields. The radio-frequency (RF) techniques discussed in 
the fol lowing subsections depend, in principle, on the same 
physical phenomenon, but involve the use of much higher-
frequency (0.3 to 40 gigacycles per sec) electromagnetic 
waves. The use of high frequencies, which have very short 
wavelengths, allows the energy to be propagated in a well-
defined manner. I t wi l l be noted that many of the param
eters considered are similar to those discussed previously; 
however, these parameters must now be evaluated in terms 
o f RF wave propagation. 

The principal properties of a medium that govern the 
propagation, absorption, and reflection of an RF wave 

TABLE C-2 

DIELECTRIC CONSTANT OF PORTLAND CEMENT 
CONCRETE 

DIELECTRIC CONSTANT, e. 
SAMPLE T I M L 
NO. (DAYS) 50 CPS 25 KCPS 

I 7 22,000 200 
42 5,600 110 

113 3,300 110 
2 126 10,000 19 
3 9 98,000 560 

are its electrical conductivity and dielectric constant. I n 
the case of concrete pavement thickness measurements, the 
use of RF techniques depends on the degree of change in 
these properties at (1) the air-pavement interface and (2 ) 
the pavement-road base interface. Therefore, a knowledge 
of the manner in which these electrical properties vary as 
a function of pavement composition, water content, geom
etry, etc., is essential. Specifically, the various electrical and 
physical properties of concrete and similar materials which 
govern the use of RF methods must be considered. 

Electrical Properties of Pavement Structures 

Little information exists in the literature relative to the 
electrical properties of concrete pavements at radio fre
quencies. Based on the present state-of-the-art, including 
past experience of I I T R I personnel, approximations and 
extrapolation of property values and curves obtained on 
materials similar to concrete can be made. Although ex
perimental determination of the electrical properties of 
Portland cement and bituminous concrete is beyond the 
scope of the present project, these approximations indicate 
the range of values to be expected in addition to some of 
the problems that might be encountered. 

REFLECTION C O E F F I C H N T 

The reflection coefficient of a material is a function of its 
relative dielectric constant and electrical conductivity. I f 
the reflection coefficient is known, signal characteristics can 
be calculated and measurable parameters can be deter
mined. 

Hammond and Robson (25) have measured both the 
DC and A C volume resistivity as a function of curing time, 
and the electrical capacitance as a function of curing time 
and frequency for three types of concrete. The D C re
sistivity values are shown in Figure C-7 for concrete con
sisting of four parts (by weight) of gravel to two parts of 
silica sand to one part of either normal portland cement, 
rapid-hardening portland cement, or high-alumina cement, 
mixed with 0.49 parts (by weight) of water. The curves 
for the two types of portland cement coincide, hence the 
time dependence of their volume resistivity is the same. 
The volume resistivity is simply related to the conductivity 
by 

ff (mho/meter) = 10 ' /• (C-21) 

in which r is volume resistivity in megohm-centimeters. 
Thus, the resistivity of portland cement concrete approaches 
0.3 megohm-cm, or a conductivity of 0.33 X 10 mho /m, 
whereas alumina cement concrete approaches a conduc
tivity one-tenth as great, or 0.33 X 10-' mho /m. Figure C-7 
clearly shows the rising resistivity (decreasing conductivity) 
with curing time. Most of the change is undoubtedly due 
to the changing moisture content of the concrete. Measure
ments ( A C ) were also made by Hammond and Robson up 
to 25 kcps. Their measurements showed a slight drop in 
resistivity (increase in conductivity) with increasing fre
quency. 

The measurement of capacitance—and therefore of rela
tive dielectric constant—shows a large change with fre-
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Figure C-7. Volume resistivity of three types of concrete as a function of 
time (from Ref. 25). 

quency f r o m 50 cps to 25 kcps (Table C-2). The relative 
dielectric constant, e,, is obtained f r o m the measured ca
pacity, C, of a parallel-plate capacitor (25) by 

.dC/Q.215A (C-11) 

in which d is the thickness of dielectric, in in . ; A is the 
area of each capacitor plate, in sq in. ; and C is the ca
pacity, in picofarads. 

The decrease in dielectric constant with increasing fre
quency is monotonic in almost all dielectric materials. 
Therefore, the values at the higher frequencies (0.3 gcps 
and above) considered for RF thickness measurements 
can be expected to be much lower than those at 10 to 
100 kcps. A n indication of what these values arc is given 
by measurements made by Balachandran (26) at 3.0 
gcps on pure cement. The dielectric constant of dry 
cement at this frequency is 2.1 and the loss tangent is 
0.035. Thus, the conductivity is i ' = 2 i r / t a n 8 = 
0.0123 mhos/m, in which / is the frequency, in cycles per 
sec; is the dielectric constant of free space ( = 10 '•V367r 
farads /m); and 8 is the loss angle. Concrete w i l l , of 
course, have values different f r om those obtained on pure 
cement; however, the values wil l probably be of the 
same order of magnitude. The change of dielectric con
stant and loss tangent as a function of curing time is 
shown in Figure C-8. 

I N S l R T I O N LOSS O F C O N C R E T E AT RADIO F R E Q U E N C I E S 

I n a measurement of insertion loss of concrete (that is, 
of the ratio of signal absorbed or reflected to that trans
mitted), Cuming (27) found the insertion loss of concrete 
to be 2.5 db per in . at 8.6 gcps, and negligible at 3.0 gcps. 
This means that a wave transmitted through a 10-in. 
thick slab of concrete and reflected back again is attenu
ated 50 db i f it is at a frequency of 8.6 gcps. A t a fre
quency of 3.0 gcps there no doubt would also be some 
measurable attenuation over a total path length of 20 in . 

The validity of the data presented for concrete and 
cement is borne out by comparison with measurements of 
various types of soil and water made at different fre
quencies. Table C-3 gives values of relative dielectric con
stant and loss tangent. 

Another set of values is given for frequencies between 
300 mcps and 3 gcps (Table C-4). 

Although no firm conclusions can be drawn f r o m such 
incomplete data, the numbers clearly show the variation 
of dielectric constant and conductivity with frequency, 
time, and type of material. The data for distilled, fresh, 
and sea water certainly indicate that the major factor 
influencing the change in dielectric constant and con
ductivity with time (Figs. C-7 and C-8) is the changing 
moisture content of the concrete. 
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Figure C-8. Change of dielectric constant and loss tan
gent of Portland cement concrete with curing time {from 
Ref. 26). 

TABLE C-3 

DIELECTRIC CONSTANTS A N D LOSS TANGENTS OF 
SOIL A N D WATER* 

D I E L E C T R I C CONSTANT AT LOSS TANGENT AT 

106 108 3 X 10' 10" 108 3 X 1 0 ° 
MATERIAL CPS CPS CPS CPS CPS CPS 

Soil, 
sandy dry 2.59 2.55 2.55 0.017 — 0.0062 

Soil, 
loamy dry 2.53 2.48 2.44 0.018 — 0.0011 

Water, 

distilled 78.20 78.00 76.70 0.040 0.005 0.1570 

• F r o m Ref. (28). 

TABLE C-4 

DIELECTRIC CONSTANTS A N D CONDUCTIVITIES OF 
SOIL A N D WATER BETWEEN 300 MCPS A N D 3 GCPS» 

D I E L E C T R I C CONDUCTIVITY 
MATERIAL CONSTANT ( M H O / M ) 

Desert land 3 0.01 U 
Average land 15 0.0278 
Fresh water 81 0.0050 
Sea water 81 4.6400 

• F r o m Ref. (29). 

Other Factors Influencing RF Thickness Measurements 

One of the factors to be aware of in devising R F thick
ness-measuring techniques for concrete pavements is the 
measurement fluctuations that wi l l be caused by differences 
in mixture proportions, and in size and type of gravel and 
sand used. These kinds of fluctuations wi l l either have 
to be controlled or taken into account by properly 
normalizing or calibrating the measurements. 

Because both the dielectric constant and the conduc
tivity (and hence absorption) of portland cement con
crete change with its moisture content, and because this 
factor is dependent on weather conditions, water content 
of the mix and roadbed, setting time, and other relevant 
factors, it seems likely that an accurate measurement of 
thickness by R F methods wi l l have to incorporate a cali
bration technique that takes the moisture content of the 
concrete into account. Such a technique is certainly feasi
ble to implement electrically i f the moisture content is 
known, though it adds to the complexity of the instrumen
tation required. I t should be pointed out that variability 
of electrical properties due to moisture content wi l l be 
greatly reduced in the case of bituminous concrete pave
ments. 

E F F E C T O F REINFORCING S T E E L 

Another factor which might produce a problem i n the R F 
thickness measurement is the presence of reinforcing steel 
mesh. Steel mesh would reflect much of the R F energy 
entering the concrete slab, thus greatly increasing the 
problems caused by spurious signals mentioned in connec
tion wi th reflections f r o m the surface. The difficulty is 
even greater because variations in the reinforcing mesh 
may cause greater variations in the measurements than 
the thickness variations to be detected. The reason for 
this is that the size of the loops formed by intersecting 
rods and the contact resistance at the intersections vary 
considerably f r o m place to place. A t any given point of 
intersection, the resistance between two rods can be any 
value between negligible and infinite. Rust and corrosion 
at the point of contact may also make the junction non
linear. The result of all these variables w i l l be to cause 
significant changes in the measurements over even one 
section of a steel-reinforced concrete highway, independent 
of any thickness variations that may exist. Just how 
serious these difficulties are should be determined in 
future studies. I t may be possible, for instance, to alleviate 
this problem by selecting a frequency or group of fre
quencies whose wavelength is small compared to the mesh 
diameter. 
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Direct RF Measurement of Pavement Thickness 

A direct RF measurement of pavement thickness is de
pendent on the accurate determination of the pavement-
base course interface. (Direct measurement is used here 
to describe any RF technique by which thickness is de
termined f r o m a single measurement made at a given 
location, as opposed to comparative techniques discussed 
here.) Two factors must be considered in the develop
ment of this technique. One is the difference in dielectric 
constant between the pavement and base course; the other 
is the relative amounts of signal absorbed by the pavement 
material and reflected f r o m its top surface. 

Because the main constituents of the pavement, espe
cially in the case of portland cement concrete, may also 
be the major ingredients of the base course, there may be 
little difference in their respective electrical properties. 
This is particularly true where a portland cement concrete 
pavement is placed on a cement-stabilized soil base. Wi th 
out a well-defined interface (i.e., significant change in 
electrical properties), a direct RF measurement of thick
ness is not possible. However, this difficulty can be over
come by providing a discrete change in the electrical prop
erties through the use of metal foils, metallized plastic 
films, or other forms of vapor barrier material. The 
sheet could be continuous or perforated without affecting 
its reflectivity significantly, providing the diameter of the 
perforations were small compared to the wavelength of 
the RF signal used. A certain amount of tearing o f the 
sheet could even be tolerated, so long as the sheet remains 
in one piece without large gaps. 

Another factor that must be considered is the relative 
absorption and reflection ( f r o m the top surface) of the 
pavement. The signal reflected f r o m the top surface is, 
in a sense, a spurious or interfering signal which tends 
to mask the desired signal reflected f r o m the pavement-
base course interface. Of course, the greater the absorption 
in the pavement, the smaller the desired signal becomes. 
I t is possible to circumvent this problem by designing the 
antenna impedance so that it is matched to the concrete. 
In other words, the antenna parameters can be chosen so 
that the reflection coefficient for the signal is zero for an 
infinitely long concrete slab. Reflection at the pavement-
base course interface wi l l then set up a standing wave 
in the antenna feed line whose magnitude is a direct 
measure of the distance of this interface f r o m the antenna. 

There are a number of difficulties evident in the direct 
techniques. I n need of further investigation are the dielec
tric constants of both portland cement concrete and bitu
minous concrete and their variability as a function of ex
ternal factors. Other factors to be resolved are differences 
in concrete f r o m batch to batch, the degree of R F dis
continuity between the concrete and base course, the 
desirability of a metallized reflecting layer beneath the 
concrete, and the effect of steel reinforcement within 
concrete. The problems of direct RF measurements wi l l 
no doubt be greatest for reinforced concrete, so that a 
somewhat different approach may prove more f r u i t f u l 
in this case. 

Comparison-Type RF Thickness Measurements 

Another method fo r making R F measurements involves 
a comparison technique whereby two measurements—one 
of the concrete pavement surface and one of a reference 
surface level wi th the roadbed—are made. A simultaneous 
comparison of reflections received f r o m these two surfaces 
can give an accurate measure of the distance between the 
two reflecting surfaces and, hence, the pavement thick
ness. This technique, which utilizes the reflection of R F 
energy f r o m a dielectric or the interface between two 
dielectrics is similar to a method discussed by Cohn and 
Ebstein (30). Their method used microwave signals (10 
and 30 gcps) reflected f r o m a plane surface to measure 
the distance of the radiating element (a waveguide or 
dielectric antenna) f r o m a plane surface. The potential 
accuracy of this method, using wood as the reflecting 
surface, is better than 0.001 in . at a frequency o f 10 gcps. 
The dielectric constant of wood is lower than that implied 
(by the data given here) for concrete at these frequencies, 
which indicates that somewhat better results may be ex
pected f r o m concrete. Figure C-9 shows one of the quan
tities, magnitude o f the reflection coefficient, which is 
easily measured using waveguide circuit components, to 
determine waveguide antenna to plane (wood) surface 
distances. 

I n general, the accuracy obtainable with such techniques 
is a function of the frequency of the signal, with accuracy 
decreasing as frequency decreases. Therefore, the fre
quency should be such that the wavelength is comparable 
to or smaller than the distance to be measured. On the 
other hand, i f the wavelength is much smaller than the 
distance in question, an ambiguity in measurement could 
result, because two distances differing by an integral num
ber of wavelengths wi l l give the same indication; the 
quantities being detected are amplitude and phase of a 
standing wave or reflection coefficient. Hence, the fre
quency should be of the order of the pavement thick
nesses expected. A pavement thickness o f 10 in . would 
correspond to one wavelength at a frequency of 1.2 gcps. 
A t frequencies in this range, the energy can be formed 
into beams with cross-sectional areas of 1 sq f t or more, 
which is desirable to average out small-scale variations, 
which are not o f primary interest. This frequency range 
should be taken as a starting point only, inasmuch as 
further investigations and experimental results may dictate 
either higher or lower frequencies. Circuit components in 
this frequency range (L-band) and higher are commer
cially available and would pose no special equipment 
problem. Signals in this frequency range and higher are 
generally transmitted through waveguides, which lend them
selves readily to the types of measurements required here. 

The comparative technique lends itself well to measure
ments o f pavement thickness both during construction and 
after curing. Figure C-10 shows a possible arrangement 
of the horn antennas so that one illuminates the newly 
laid pavement while the second illuminates the unpaved 
roadbed. The method is attractive because the surface 
reflections obtained are large compared to potential inter
fering signals, due to the wet condition of both the 



66 

0.24 

•s 

g 

o u 

4J 

u 
r- l 

0.18 h 

0.12 U 

0.06 h 

0.1 0.2 0.3 0.4 0.5 0.6 
Antenna-to-Surface Distance, i n . 

Figure C-9. Reflection coefficient magnitude vs distance from reflecting surface at a frequency of 10 gcps 
(from Ref. 30). 

concrete and the roadbed. Another feature of this tech
nique is that i t could give an operator an indication of 
when the concrete being poured was thick enough. Thus, 
a continuous measure would be available to insure proper 
pavement thickness at essentially every point. 

I n the case of completed pavements, comparative mea
surements might be obtained by using the road base at 
the edge or shoulder of the pavement as a reference plane 
instead of the roadbed just ahead of newly poured con
crete. This method is, of course, dependent on whether 
the shoulder can be taken as a suitable reference plane. 
This technique also could give essentially complete mea
surements over the entire concrete surface. I n addition, 
the comparison technique, because i t utilizes surface re
flection, is more promising for steel-reinforced concrete 
than is the direct measurement technique. 

FURTHER INVESTIGATIONS OF ELECTRICAL TECHNIQUES 

A t this stage investigations of electrical techniques had 
shown that reliable thickness measurements could be 

I - > 
Horn Antennas 

Concrete 

Roadbed 

Figure C-10. Antenna configuration for radio frequency com
parison thickness measurement. 

made only i f a metal f o i l could first be placed under the 
pavement. Even then, thickness measurements could only 
be made in the absence of any reinforcing steel mesh 
with existing methods. Further experiments were then 
planned to evaluate the effect of tears and discontinuities 
caused to the metal f o i l when the concrete is initially laid 
and to test further methods fo r obviating the difficulties 
associated wi th the reinforcing mesh. 

These further investigations showed that f o i l discon
tinuities do not introduce appreciable error in pavement 
thickness measurements. The error introduced through the 
presence of reinforcing steel rods and/or mesh was not so 
easily overcome. I t was found that the effect of reinforcing 
members could be significantly reduced through the spe
cific placement of two coils and by the proper combination 
of their inductances. 

Several measurement techniques were developed and 
evaluated on full-scale laboratory models of a length of 
pavement. A n independent- (or single-) coil technique, 
suitable for spot measurements was shown to have an 
accuracy of better than 0.5 in. fo r a 10-in. thick pave
ment. This parallel-coil technique provided somewhat 
higher accuracy, but it could not be used fo r spot mea
surements because the resultant thickness indication de
pended on "averaging" over a length of pavement. 

The dimensions of the f o i l and coils to be used were 
optimized fo r the different measuring techniques. I n 
general, for a specific foil-to-coil distance the larger the 
coil, the more sensitive the measurement. The independent-
coil technique required two concentric coils of different 
diameters; fo r example, 18 and 24 in. The parallel-coil 
technique required two separated coils of the same diameter; 
for example, 24 in . coils separated 48 in . on centers. For 
this latter technique, fo i l strips of the same width as the 
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coil separation are laid across the highway. The coils 
are mounted in a longitudinal line and moved down a 
normal traffic lane of the pavement. 

Considerations of cost, availability, and conductivity in 
dicate that aluminum f o i l be used rather than copper, steel, 
or any other metal f o i l . Experiments have shown that 
0.001-in. (1 mi l ) f o i l is the thinnest that can be used with
out appreciable loss of sensitivity. The cost of the f o i l 
and its placement for the averaging technique should be 
about $450 per lane-mile. The technique can be used 
on any pavement structure which is transparent to elec
tromagnetic waves; i.e., bituminous and portland cement 
concretes in both their aged and plastic states. 

Scaling of Dimensions 

To facilitate matters, some of the experiments were per
formed with coils much smaller than those which w i l l 
be used fo r actual thickness measurements. However, 
the data can easily be applied to larger coils by normalizing 
the variables, because the coil and f o i l variables are ex
pressed as a funct ion of the relevant coil or f o i l param
eter; i.e., as new normalized parameters. 

The most important variables are the inductance change 
(caused by the presence of f o i l ) , AL, and the foil-to-coil 
distance, A'^. To normalize these variables, the inductance 
change is divided by the inductance ( i n the absence of 
f o i l ) , or AL/LCO; and the foil-to-coil distance is divided 
by the coil diameter, or Xp/D. Other linear dimensions 
can also be normalized with the diameter, D. For instance, 
normalized variables were used to find the inductance 
change of a large coil at a given A"^ f r o m the known Xp 
versus A L relationship of a smaller coil. 

Finite Foil Approximation of an Infinite Sheet 

For the inductance change of a coil to be a measure of 
the foil-to-coil distance, the inductance change should 
be only a function of the distance. When the electrical 
parameters of the fo i l are constant, the inductance change 
w i l l be only a function of the foil-to-coil distance i f the 
metal fo i l is so large that it has the same effect on the 
coil as an infinite f o i l sheet. Otherwise, edge effects are 
present and the inductance change is a function of the size 
of the f o i l sheet and the lateral position of the coil . 
For one of the measurement procedures, the coil was 
moving. I t is necessary that when the coil is directly 
over a fo i l section movements of a few inches should 
not cause inductance changes except as they are a func
tion of the foil-to-coil distance. 

The experiment reported in this subsection was per
formed to determine the fo i l sheet dimensions that would 
approximate an infinite sheet for a centered coil. Constant 
inductance fo r lateral coil movements would require 
proportionally larger fo i l sheets. 

A 3.5-in. diameter coil was placed one diameter f r o m 
1-mil aluminum f o i l squares of variable size. Figure 
C-11 gives the change in inductance caused by the dif
ferent sizes of fo i l squares. A 16- by 16-in. square causes 
the same change in inductance as an infinite sheet and 

thus yields a square edge to coil diameter ratio, l/D, 
of 4.5. Comparison of these results wi th other experiments 
indicates that the size of the f o i l sheet needed to approxi
mate an infinite sheet is proportional to Xy and must 
subtend some relatively constant solid angle viewed f r o m 
the center of the coil. For example, when D = 2Xp, 
l/D — lis required. 

A General Radio type 1605A impedance comparator was 
used to measure the inductance change fo r all the ex
periments. Although the GR comparator measures im
pedance rather than inductance, instrument readings were 
considered to be inductance because the coil impedance 
has an extremely small resistive component. The measure
ment coil was connected to one set of terminals; a standard 
impedance, which included a trimmer capacitor, was con
nected to the other. The inductance of the measurement 
coil in the absence of any f o i l was usually matched to 
the standard impedance by varying the trimmer capacitor. 
The change in inductance, AL/AOO, when the coil was 
placed near the f o i l , was read directly on the comparator. 

Foil Discontinuities 

Tears, holes, and other discontinuities in the metal f o i l 
can cause errors in the thickness measurements. When the 
fo i l is placed on the ground, there is the possibility of it 
being torn by workers' feet or by sharp-edged metal braces. 
The f o i l can be reinforced by attaching a paper backing to 
it , although tears can still occur. Experiments were per
formed with simulated fo i l discontinuities to determine 
the error that they can cause. 

The experimental setup is shown in Figure C-12. A 
3.5-in. diameter coil was placed one diameter f r o m the 
f o i l . The experiment was performed first with the tear 
at the center of the coil and then at the edge of the coil. 
The size of the tear was varied and the inductance change 
recorded (Fig. C-13). A tear of a given size located at 
the edge of the coil caused a larger impedance change 
than one located on the coil axis. A 5-in. tear at the 
edge caused an error equivalent to a 0.625-in. thickness 
variation. Tears can also be normalized with the coil 
diameter. Normalized data indicate that a tear at the 
edge and one coil diameter f r o m a 10-in. coil must be 
15 in. long to cause a measurement error of about 2 
percent (0.1875 i n . ) . Similarly, a 5-in. tear would yield 
a measurement error of less than 1 percent. Thus, i t ap
pears that any reasonably small tear wi l l only cause a 
tolerable measurement error. 

The "tear tests" were performed under the assumption 
that the torn fo i l remains in the plane of the f o i l sheet. 
This is reasonable, because the pavement material w i l l 
press any nonplane fo i l onto the pavement base. I t does, 
however, raise the question of how large a piece of fo i l 
can be missing without affecting the thickness measurement. 

Tests were conducted in which circles of varying diam
eter were missing f r o m the f o i l , as shown in Figure C-14. 
This experiment used a 3.5-in. diameter coil located 3.5 
in. f r om the f o i l . The missing circle of f o i l was located 
at different radial distances, /, f r o m the center of the coil. 
The inductance change f r o m that of an infinite plane was 
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Figure C-11. Finite approximation of an infinite foil sheet. 
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Figure C-12. Measurement setup for simulated foil tear effects. 

recorded. The largest change occurred with the center 
of the circle opposite the edge of the coil. Normalizing 
these data indicates that a 10-in. coil would give a maxi
mum error of 0.1875 in. for a 6-in. missing fo i l circle. 

The final test in this series involved replacing an infinite 
sheet of fo i l by two overlapping sheets, as in Figure C-15. 
A n 18-in. by 24-in. sheet was placed 3.5 in. f r om a 3.5-in. 
diameter coil and the inductance noted. The single sheet 
was then replaced by two sheets that overlapped opposite 
the center of the coil , but were insulated f rom each other 
at the overlap. The inductance change was not large 
enough to cause a significant measurement error. Thus, 
in general, these tests indicate that a tear or other anomaly 
in the foi l wi l l not cause appreciable errors in thickness 
measurements. 

Independent-Coil Technique 

The independent-coil technique is especially suitable for 
spot measurements. I t depends on the nonlinear relation
ship between the inductance change and the metal distance 
to remove the effect of the mesh. Foil is placed under 
the pavement where the measurements are to be made, 
and the inductance changes that occur when each of two 
coils is placed at the same spot are a measure of the pave
ment thickness. The theory of this technique is explained 
in the following. 

As a sheet of fo i l approaches a coil, the inductance 
decreases nonlinearly with the coil-to-foil distance, Xf,-. 
A normalized curve of the inductance change as a func-
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Figure C-13. Simulation of a tear. 

t ion of Xp is given in Figure C-16. The inductance is 
also a funct ion of the coil diameter, D. Another variable 
is introduced when steel reinforcement mesh is placed 
between the coil and the f o i l , as in Figure C-17. This is 
the coil-to-mesh distance, X^. The variables can be ex
pressed in the functional f o r m 

or as the set of curves in Figure C-18. ( I n this discus
sion the coil position wi th respect to the grid of the mesh 
is considered as constant. The actual inductance varia
tions that lateral coil movements cause are discussed in 
the paragraphs on experimental results.) 

Inasmuch as variations of either Xp or A', , w i l l cause 
a change in A L / L , the source of inductance variation in 
only one coil cannot be detected. Wi th two coils of dif
ferent diameters, £), and D.,, the source of variation can 

F o i l Sheet 

Figure C-14. Missing circle of foil. Figure C-15. Foil overlap. 
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Figure C-16. Inductance change in the presence of a metal .sheet. 

be isolated, because the coils have difTerent inductance 
changes, A L j / L j and ^LJL.,, and produce independent 
sets of curves like those in Figures C-18 and C-19. For 
any value of Xf = Xtr^ and A'J/ — -^j/.s'i the coils wi l l 
have inductance changes ( A L i / L , ) ^ and {i^LJL.,)^. These 
values are indicated in Figures C-18, C-19, and C-20. By 
combining the data of Figures C-19 and C-20, A L j / L , 
and ^L.JL.^ can be plotted with X^j and Xp as parameters, 
as shown by Figure C-21, in which the more vertical 
family of curves is for constant values of Xy, while the 
other is fo r constant values of A^j,. 

Figure C-21 shows why two coils are necessary. For 
any one inductance change, such as A L / L = ( A L i / L , ) . s , 
there are an infinite number of values of A'^, and A",,. 
However, i f one value of change is taken f r o m each of 

two coils of different diameters, a point is determined in 
the plane; for example, Â;,.,>j and A ' j , ^ . Thus, each pair 
of values X^. and A'^ is uniquely determined by a pair of 
values A L , / L i and A L ^ / L ^ . 

In terms of functional relations, two coils give two 
independent equations involving two unknowns, X^^ and 
X^,. Proper combination of the two equations w i l l remove 
XJ, as a variable and give an expression for Xp in the fo rm 

A L , 

Thus, by measuring the inductance change of two coils, 
is should be possil^e to determine A'̂ ,.. ( I n actual use 
this measurement technique would not involve calculations, 
but might necessitate the use of tables or graphs.) 

(C-24) 
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Figure C 
merits. 

m \. I I 
17. Test setup for independent-coil technique experi-

Experiments were conducted to test this theory. The 
experimental arrangement is shown in Figure C-17. Data 
taken for a 10-in. and an 18-in. diameter coil are plotted 
in Figure C-22 similar to Figure C-2 I . The inductance 
changes were measured at Xy = 10 and A'j^ = 5. The 
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Figure C-18. Inductance change in the presence of foil 
and mesh. 

more vertical gradients are for the constant f o i l depth, 
X j f , and the others are f o r the constant mesh depth, X^. 
Variations of Xj,, of 0.5 in. were detectable. There were 
also inductance variations for lateral variations in the 
coil placement with respect to the mesh grid; i.e., the 
mesh had a variable effect that depended on the lateral 
position of the coil wi th respect to the mesh grid. For 
the 10-in. coil the inductance variations were 0.3 per
cent in the horizontal (longitudinal) direction and 0.02 
percent in the vertical (transverse) direction. The larger 
horizontal inductance variation correlated with the larger 
horizontal wire spacing. 

The accuracy with which Xy can be determined, assum-
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Figure C-19. Inductance change for coil I. 
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Figure C-20. Inductance change for coil 2. 
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Figure C-21. Parallel-coil technique determination of Xy. 

ing that the coil position with respect to the mesh grid 
is known, is limited by the accuracy o f the inductance 
change measurements. I f a 0.01 percent inductance change 
can be detected (the l imi t of the GR comparator), vari
ations of A',, of 0.5 in. should be detectable. 

Magnetic Cancellation Technique 

A n attempt was made to reduce the effect of the mesh 
on a coil inductance by using the ferromagnetic properties 
of the steel mesh, which might be expected to increase 
coil inductance. Opposing this increase is the eddy cur
rent effect, which decreases coil inductance. The eddy 
currents can be increased (inductance decreased) by in
creasing the coil excitation frequency. Both the eddy cur
rent and the ferromagnetic effects are reduced as the 
mesh is moved away f r o m the coil . I n many cases in
volving ferromagnetic materials the inductance change 
varies as a function of the coil-to-metal distance, X, simi
lar to Figure C-23, where is a funct ion of the coil 
excitation frequency and the coil-to-metal distance. A t 
this point the inductance is the same as when the ferro
magnetic material is not present, because the two effects 
have canceled each other. For jc < A'^ the ferromagnetic 
effects are dominant, but for x> the eddy current 
effects are dominant. 

Experiments were performed to discover whether X i 
exists fo r the mesh. Frequencies in the range of 1 to 
500 kc were tested; 10- and 18-in. diameter coils did not 
exhibit dominant magnetic effects for any frequency or 
fo r any distance f r o m the mesh. However, a 3.5-in. 
diameter coil had an Xf of 0.5 in. or smaller in the 

Inductance Change for a 10-in. dlam.Coll 
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Figure C-22. Parallel-coil technique data. 

frequency range of 50 to 100 kc. The axes of the coils 
were always located at the intersection of the mesh wires. 
The absence of significant magnetic effects is probably 
due to the small thickness of steel in the direction of the 
coil axis. 

Parallel-Coil Technique 

The parallel-coil technique can determine the average 
thickness for a length of pavement, but it cannot be used 

10 w 

•a u 

c o i l - t o - m e t a l 
d i s t a n c e , X 

Figure C-23. Inductance change as a function of 
coil-to-metal separation. 
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for spot measurements. Similar to the independent-coil 
technique, it uses two coils, but of the same diameter. The 
coils are moved steadily along the pavement. The signifi
cant data are the percent of inductance difference of the 
two coils, 

% A L = X 100 (C-25) 

The coils are arranged one behind the other along the 
length of the highway, as in Figure C-24. I f there is no 
foi l under the pavement, and because both coils are always 
over the mesh, the inductance difference wi l l always be 
zero. This, however, ignores mesh irregularities. I n the 
actual situation, fo i l strips placed under the pavement 
across the width of the highway are the cause of the 
inductance differences. I f one coil is over the mesh and 
a large fo i l plane, while the other coil is only over mesh, 
the percent AL wi l l be a function of the fo i l depth; i.e., 
the pavement thickness. I f the coils are moved along 
the highway, the percent AL wi l l vary in a cyclic fashion, 
as in Figure C-25, with the peaks occurring whenever 
one coil is over an "infinite" sheet. 

Pavement thickness, then, is a function of the peak-to-
peak value of the percent AL. Because of irregularities in 
the mesh and f o i l , it is necessary to average the peak-to-
peak values for about 10 fo i l cycles. The result is a value 
which is a measure of the average thickness of a length 
of pavement. The percent AL is also a function of inter

related coil and fo i l parameters. The relationships be
tween the parameters of the fo i l , mesh, and coils are used 
to determine the dimensions of the coils and f o i l which 
must be used for the percent inductance difference to 
indicate the actual pavement thickness. 

The width of the fo i l strips must be within certain 
limits. The maximum width of the aluminum f o i l is 
that which is commercially available, 63 in . The mini
mum width of the fo i l is at least twice the diameter of 
the coils, so that it appears to a coil as an infinite sheet 
for longitudinal movements of a few inches. I f there are 
no mesh or fo i l irregularities, the percent AL is a constant 
maximum for those few inches of movement, as shown 
in Figure C-25. Because the irregularities are present, the 
percent AL is irregular, and the specification of the maxi
mum can be difficult. Inasmuch as ideally the maxi
mum percent AL is a constant over a short distance, this 
value can be approximated by smoothing the irregularities. 
To provide a symmetrical inductance difference signal 
with respect to the zero percent AL line, the space between 
the fo i l strips is the same width as the f o i l strips. 

Foil thickness is another variable that affects the in 
ductance change of the coils. A l l the experiments in 
this study were performed, for convenience, with ordinary 
household aluminum f o i l , which is 1 mi l thick. Samples 
of other fo i l thicknesses were obtained and their inductance 
change was compared with that of 1-mil f o i l . The different 
thicknesses of fo i l were placed I in . (approximately 0.667 

C o i l s F o i l M e s h 
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of a diameter) f r o m a 1.62S-in. diameter coil. Percent 
of inductance change f o r each f o i l thickness is given 
in Figure C-26. 

To reduce costs, the fo i l thickness should be a mini 
mum. There are two factors to be considered i n choosing 
the minimum usable thickness: the total percent of in 
ductance change that the f o i l produces and the sensi
t ivi ty o f the inductance change between 2 and 1 m i l and 
between 1 and 0.5 m i l is small, less than 7 percent. How
ever, there is a large decrease between 0.5 and 0.25 m i l . 
The thickness of commercial f o i l is produced wi th a toler
ance of ± 10 percent. Thus, local variations of 0.5-mil 
fo i l can produce — 0.03 and + 0.01 percent inductance 
change variations. The local thickness variations of 1-mil 
fo i l can produce — 0.01 and -|- 0.002 percent inductance 
change variations. I t is hoped that the parallel coil tech
nique wi l l accurately detect pavement thickness variations 
of 0.25 in. , the equivalent of an inductance variation of 
0.05 percent. Therefore, 1-mil f o i l should be used under 
the pavement. 

The coil parameters are as important as the f o i l param
eters. A n increase in the diameter o f a coil increases the 
sensitivity of the coil inductance to coil-to-metal distance 
variations. Because sensitivity should be maximized, the 
coil diameter should be as large as possible. However, the 
diameter of the coils must be less than one-half the width 
of the fo i l strips so that the coils "see" an "infini te" sheet. 

Another l imi t on the maximum coil size is that i t be 
manageable. The spacing between the coil centers must 
be an integral multiple of the transverse wire spacing of 
the mesh so that both coils w i l l always be over similar points 
with respect to the mesh grid pattern. For the percent 
A L signal to be symmetrical about the zero percent A L 
line, the coil centers must be spaced the same as the f o i l 
strip width. For a 6-in. by 12-in. grid mesh (12 in . 
longitudinally), a possible set of dimensions f o r the f o i l 
and coils is: fo i l strip and spacing width, 48 in . ; coil 
diameter, 24 in . ; f o i l thickness, 0.001 in . ; coil spacing, 
48 in . 

To verify the preceding ideas, the full-scale model of 
a reinforced concrete pavement shown in Figure C-27 was 
used fo r experimentation. The model was composed of 
two 36-in. wide f o i l strips 36 in . apart, a 6-ft by 12-ft 
piece of 6-in. by 12-in. reinforcement mesh, and two 
18-in. coils whose centers were 36 in . apart. The f o i l 
strips were taped vertically on a wall . The two coils 
were attached to a horizontal wooden bar and oriented 
parallel to the mesh. I t was not necessary to use con
crete in the model because both portland cement and bi
tuminous materials are transparent to the magnetic field 
that produces the eddy currents. As before, the General 
Radio impedance comparator was used fo r inductance 
measureinents. The coils were connected to i t so that the 
output meter read the percent A L . A trimmer capacitor 
in series with one of the coils was used to equalize the 
coil impedance in the absence o f the mesh and the f o i l . 

The coils were moved horizontally, analogous to their 
movement along a pavement, and percent A L values were 
recorded every 2 in . f o r a distance of 5 f t . Figure C-28 
shows the results fo r the following combinations of fo i l 

(a) I d e a l 

Average 

( b ) R e a l i s t i c 
Figure C-25. Inductance variations along pave
ment. 

and mesh distances: (a) the f o i l at X f . = 9 in . and no 
mesh present; (b ) the mesh at X^ = 4.5 in. and no f o i l 
present; and ( c ) wi th the f o i l at Xf — 8.5, 9, 9.5 i n . wi th 
the mesh at X^g = 4.5 in . Neither the mesh nor f o i l were 
perfectly flat or parallel to the coils. These irregularities 
were intentionally retained so as to better approximate the 
irregularities in an actual highway. I f the f o i l and mesh 
were always parallel at the same Xj[ and Xp and con
tained no other irregularities, the percent A L curve fo r 
any combination o f X^ and Xp would be similar to Fig
ure C-25a. However, the f o i l and mesh curve in Figure 
C-28 shows many irregularities, most of which can be 
traced to the " f o i l only" or "mesh only" curves as men
tioned in (a) and ( b ) . The cusp at point A and the 
double hump at C appear in the mesh only curve, whereas 
the peak at B appears in the f o i l only curve. The rise 
i n the mesh only curve between 20 and 30 in . imitates the 
curvature of the mesh. Variations of the foil-to-coil dis
tance by 0.5 in. fo r a constant mesh-to-coil distance, gave 
peak-to-peak percent A L variations o f at least 0.2. 

For the parallel-coil technique, the peak inductance dif
ference between the two coils is a function of the foil-to-coil 
distance, A'^., the average mesh-to-coil distance beneath the 
coils, A',,, and the variations of the mesh-to-coil distance 
between the coils, dXu/dl. Variations of average mesh 
distances, Xn, do not have significant effects on the in 
ductance measurements; i.e., i f the mesh is parallel to the 
coils, variations of A',, of 1.5 in . have no detectable effect. 
The mesh is, of course, never perfectly parallel to the coils 



75 

and its depth may vary a couple of inches over a few feet. 
I f the mesh is a different distance f r o m each coil or is not 
parallel to the two coils, variations of its average distance 
can cause percent AL changes of the same amount as simi
lar variations of the f o i l distance. For example, differential 
changes in mesh distance of 0.5 in. have caused inductance 
difference changes of 0.1, similar to f o i l distance variations 
of 0.5 in . 

There is no reason to expect that variations in X^ w i l l 
occur with any repetitive frequency. Thus, averaging a 
small number of f o i l cycles (approximately 10) should 
substantially reduce the dependence of the inductance 
changes on the mesh. Averaging also w i l l reduce the effects 
of irregularities in the steel mesh and of steel mesh sup
porting rods on the f o i l depth measurement. Measurement 
accuracy w i l l increase with the number of cycles averaged; 
however, the smaller the number of cycles averaged, the 
more localized is the measurement. The length of pavement 
included in one average can also be reduced by taking read
ings along different transverse locations instead of only at 
one as has been implied. Averaging at different transverse 
points has an additional advantage in that i t w i l l represent 
a two-dimensional area rather than one longitudinal line. 
The exact accuracy of this technique still must be deter
mined; however, an accuracy of 0.25 in . at 10 in. may be 
possible. 

1.20 1.30 1.40 
Impedance Change 

Figure C-26. Effect of foil thickness on inductance. 

1.60 

General Feasibility Considerations 

This report has only considered a cured concrete pavement, 
reinforced wi th 6-in. by 12-in. mesh. The measurement 

Figure C-27. Experimental setup for parallel-coil tests. 
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Figure C-28. Parallel-coil technique data. 

techniques that were described earlier can be used just as 
accurately for pavements built wi th different materials. 

For the parallel-coil technique, other grid sizes w i l l re
quire the use of different fo i l widths and coil spacings, but 
wi l l not affect the accuracy of the measurements. Gr id 
size, hopefully, w i l l not affect the independent-coils tech
nique. However, this should be experimentally verified. 

Continuous bars, rather than mesh reinforcement, should 
allow more accurate measurements because the longitudinal 
and transverse bars are not welded at their intersections. 
Therefore, it should be more difficult for eddy currents to 
form. As a result, inductance measurements should be less 
sensitive to variations of X^|. In addition, there should be 

smaller changes of inductance, because the variation of A",, 
is less for continuous reinforcement than for mesh. 

Often, the mesh is simply placed on top of one layer of 
concrete with another layer poured over. For continuous 
reinforcement the transverse bars are constructed with steel 
legs, so that the bars are a predetermined height above the 
base. The longitudinal bars arc also at a nearly constant 
height, because they are placed on top of transverse bars 
located 4 f t apart. There is little depth variation of the 
longitudinal bars between the transverse bars because the 
former are about 0.5 in. in diameter and do not bend. 

Although all discussion has assumed that the pavement 
was cured concrete, this is not necessary. Any of the eddy 
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current techniques can be used immediately after paving 
because water is also transparent to the magnetic fields 
causing eddy currents. I f measurements are made immedi
ately after paving, any areas that are too thin could be 
corrected before the concrete sets. 

Asphaltic pavements do not require the two-coil tech
niques because there is no steel reinforcement. Because 
asphalt is electrically transparent, an eddy current measure
ment only requires that f o i l be placed under the pavement. 
One coil is sufficient to determine the foil-to-coil distance. 

Combined concrete and asphaltic pavements should be 
no more difficult to measure than concrete pavements. I f 
the pavement to be measured is an asphalt layer on top of 
a concrete pavement, the f o i l must be placed below the 
layer to be measured. I f the f o i l is placed between the 
asphalt and the concrete, the f o i l should not be a continuous 
sheet because this would stop the asphalt f r o m binding to 
the concrete and would allow the asphalt to flow over the 
concrete. More investigation is needed on this problem. 

The acceptability of the suggested techniques is as de
pendent on the cost as i t is on the accuracy. The major 
cost, besides instrumentation, is the fo i l and its placement. 
Aluminum converter fo i l (1 mi l ) costs $0.53 per pound.* 
A 1-mile, 10-ft wide lane contains 52,800 sq f t . For the 

* Kaiser Aluminum. 

parallel-coil technique, 26,400 sq f t of the base must be 
covered with f o i l , at a fo i l cost of $197. To strengthen the 
fo i l and reduce the possibility of i t tearing, the f o i l can be 
laminated to kraf t paper. The fo i l and kraf t w i l l cost $246 
per lane-mile. I t is estimated that the placement of 48-in. 
wide strips, approximately 660 per mile, w i l l take two men 
about 2 days per mile and cost about $200. Thus, fo i l in 
place wi l l cost $450 per lane-mile. This cost can be com
pared with the present highway construction cost of $100,-
000 per lane-mile and the cost of dril l ing core samples at 
$150 to $250 per core. 

Electrical Technique Developed by Time Engineering 
Laboratory 

I t was brought to the attention of the research agency that 
Time Engineering Laboratories, in Chicago, had developed 
an electrical technique that required no pre-preparation of 
the pavement. Preliminary arrangements were made for 
agency personnel to visit the Time Engineering Labora
tories. However, after several telephone calls made by the 
agency, the Time Engineering Laboratories were unable to 
arrange for the visit or to give any technical information 
concerning the device. Unfortunately, no evaluation of 
this technique has been possible. 
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