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ABSTRACT
Acoustical, nuclear, and electrical nondestructive, surface 

pavement thickness measuring techniques have been studied for portland . 
cement concrete pavement, and a few have been recommended. This research 
is concerned with uses and a study of an acoustical technique, for 
thickness determination of asphaltic concrete paving.

Variables such as temperature and mixture design are studied 
in the measurement of pulse velocity and resonant frequencies necessary 
for the "resonance method" of thickness determination.

Asphaltic concrete is found to have poor vibrational qualities, 
but promising relationships resulted to suggest the necessity for 
further research before a decisive Statement can be made.



CHAPTER 1

INTRODUCTION '

Definition of the Problem 
. During recent years, most of the State and Interstate highway 

systems and city streets have been built of bituminous concrete. During 
construction, pavement surface thickness has to be determined to estab
lish compliance with the specified design. The two major factors that 
necessitate this determination are performance as defined by technical 
requirements and economics as outlined by anticipated construction 
and maintenance costs.

The major qualities that influence a desirable performance 
level for pavements are stability, durability> flexibility, and safe
ty. Stability is the ability to support the traffic loads imposed with
out cracking or distorting. Durability is the capability to resist the 
forces of weathering and abrasive action without disintegrating.
Good resistance to repeated flexure is needed to the inevitable move
ments of the base and subgrade. Safety is the provision of adequate 
resistance to skidding and freedom of vehicular motion, that can cause 
the driver to lose control. These variables along with experience 
and records of performance work together to produce a desirable thick
ness design. If during construction the thickness of pavement surface 
is built less than the desired specified magnitude, the above four 
technical requirements will not be adequately met and failures such
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as cracking, deformation, and disintegration of mixture may soon take 
place.To avoid outcomes of this kind, contractors tend to construct 
pavements to greater thicknesses than planned, and this will ultimately 
result in higher construction costs.

Justification for Research

Ordinarily, the seriousness of constructing a pavement surface 
above or below the specified design thickness is measured by incurred 
construction and maintenance costs during the life of the pavement.
There seems to be a close relationship between design, construction 
practices, and maintenance costs. For instance, improper design or 
improper construction can result in expensive patching or surface repair. 
From records (1)*, about one quarter of all highway funds go to maint
enance, and over half of the state highway maintenance fund goes to the 
proper care of the roadway surface. Consequently, it is desirable to 
seek a technique or method that can possibly establish controlling 
measures in the construction operation in order to cut down construction 
and hopefully maintenance costs.

The general current practice of measuring pavement surface 
thickness is to take one or two random cores per lane-mile as an 
evidence for satisfactory contract performance. Sometimes a maximum of 
10 cores per lane-mile is required to establish adequate and represent
ative information (2). Obviously, the larger number of cores gives a 
more reliable measure, but top many core-cuts represent too many 
inhomogcneity spots in the pavement structure and can introduce

* The number in parenthesis refers to the listing of References 
on page 76.
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weakness to the bending resistance. This coring technique is thought to 
cause damage that may be serious, and yield insufficient information 
that could likely be misleading. Beside costing money, these cores 
look ugly. Therefore the desired technique should be non destructive, 
economical, and reliable.



CHAPTER 2

THEORY OF A NEW TECHNIQUE

Purpose of the Reasearch 
The ultimate objective of this research is to investigate a 

nondestructive technique that will permit a larger number of measure
ments per lane-mile, and so establishes a more accurate basis to check 
the specifications required without disadvantage of coring method.
When it is possible to run a large number of measurements, statistical 
sampling procedures can be used to obtain more meaningful and adequate 
information. In the event of having better control of the paving 
operation, construction becomes more economical.

The areas where nondestructive testing techniques can be found 
are acoustics, electricity, and nuclear science. This research limits 
its scope to the investigation of an acoustical technique. Before going 
into the introduction and description of this technique, it is worth
while to recall and explain the concepts of elasticity of a solid medium 
and acoustical wave propogatiOn through elastic media.

Elasticity of a Solid Medium 
The elasticity of a solid medium is characterized by stress and 

strain,. Young’s modulus, Poisson’s ratio, rigidity or shear modulus, 
bulk modulus and compressibility modulus (3),

When a force is applied normally and uniformly to a small surface 
area, the force per unit area is designated as stress, S. If the force ' 
pulls on that area, it is called tensile, and if it pushes toward the

: ; 4
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the area, it is know as a compressive force. A tensile force elongates 
the body, while a compressive one tends to shorten it. If the force is 
parallel to the area of application, the stress is called.shear, and the 
deformation in an angular direction is called shearing strain. The ratio 
of elongation Or shortening in cases of tension or compression to the 
original length is know as the longitudinal strain, <£ q_.

Experimentation shows that in cases of tension and compression, 
when small magnitudes of strain are caused, stress and strain are 
related by:

€ " i>: - b
S = E.€ .......................1.

The proportionality constant E, is know as Young's modulus of elas
ticity, which is the slope of the linear portion of stress strain 
curve (4).

Figure 1 shows that when a body is shortened by a compressive 
■ ■ . \ 

force, it will in the same time be elongated in the direction perpendic
ular to that of the stress. Similarly. elongation by a tensile force will 
at the same time be accompanied by shortening in the direction at right 
angles to stress. The ratio of the lateral strain perpendicular to the 
direction of force in either case to that in the direction of force is 
called Poisson's ratio,(SA.,.

• ^  '= . " • • •   2
Poisson's ratio varies from zero to 0.5 for most solids.

Shear stress, Ss, is proportional to shear strain, 0., as show 
in Figure 1c. For small shear strains,

Sg -— G 0 ...................5
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G = rigidity or shear modulus, psi 
The ratio of stress to a corresponding change in volume per 

unit volume is known as the bulk modulus,

k =KSj/ v .............4
k = Bulk modulus, psi 
S - Stress, psi 

A V = Change in volume, in̂
V = Original volume, in̂

The reciprocal of bulk modulus is called compressibility modulus.
A good elastic medium is one with high resilience, average Poisson's 
ratio, fair rigidity, and fair compressibility modulus.
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Propogation of Wave in Solids ,
The displacement of a point in an elastic medium due to an 

impact causes it to oscillate about on equilibrium position, and as a 
result a mechanical wave is originated. This disturbance moves from one 
portion to the next due to the elastic properties of the solid. The 
object as a whole does not move along with the wave motion. The various 
parts oscillate in a rather limited path. The energy of the wave is 
composed of kinetic and potential energy of the matter, but the trans
mission of energy comes along by its being passed from one portion of 
the medium to the next after having been caused by an outside disturb
ance (5) . Mechanical waves are characterized by the transport of energy 
through matter by steady regular motion of a pulse in that matter without 
any corresponding bulk motion of the solid itself.

Transmission of waves in the manner described above can only 
exist in a medium that has inertia and elasticity; Elasticity is the 
property of the medium that gives rise to restoring, forces on any part 
of the medium displaced from the equilibrium position. The simplest 
type of wave propogation through a homogeneous, infinite, and elastic 
medium consists of alternating condensations and refractions of part
icles during which adjacent particles get closer together and then 
farther apart than normal as one goes from one cycle to the other.

• . A particular type of a mechanical wave is defined by the 
relation of the direction of the oscillatory particle motion to the 
direction of the wave propogation. The four major types (2) of 
mechanical sound waves are longitudinal, shear,, Raleigh, and Lambe 
waves. '
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Longitudinal waves are those with oscillatory particle motion 
in the direction of-propogation.-.These .waves are sometimes called 
congressional or dilatational. There are two cases of interest for this 
type of wave propogation through a slab and propogation through a beam. 
In the first case lateral dimensions are greater than a few wavelengths, 
and if lateral strains vanish, wave velocity CC is

ce = B/f        . .5 .
B = Plate Modulus, lb.sec

7 ' ■C = Density of the Slab, lb.sec 
• m " .

In the second case lateral dimensions are very small, and. if lateral
strains should vanish wave velocity, C^ ,is,

Ct2 = E/e-...............  6
E = Young's Modulus of Elasticity, psi
<? = Density of the Beam, Ib.seĉ

m

The second type of wave is the transverse or shear type that is 
characterized by a particle motion perpendicular to the direction of 
wave propagation, and the wave velocity Cs , is

G.= Shear Modulus, psi 
Raleigh or surface waves are observed on the surface since the 

particle motion is elliptical with the plane surface as a plane of 
tangency. The velocity of propogation, Cr, is slightly below the shear 
wave velocity and is related to it by a constant k.

CV = k C  ....   8
k = '(0.87 + 1.126 uQ (1 + p.) .9
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ilp= Poisson's Ratio 
Raleigh wavelengths are generally less than slab thickness. Wavelengths 
larger than slab thickness are known as Lambc waves. These four types 
of waves are shown in Figure 2.

Description of Waves 
A wave is characterized by a wavelength, a period, and a 

frequency. A wavelength, X , is the length of one complete wave cycle,
X=  . . . . . .  10

c = Velocity of the wave, in/sec. 
f = Frequency of the wave, rad./sec.

A period is the time necessary for the elastic solid to oscillate 
through one complete cycle. Frequency is the number of cycles of oscil- z 
lation per unit time. .

If a certain elastic solid is acted upon by an external 
frequency of impulses equal to its natural frequency, the solid system 
is set to oscillate at the highest possible amplitude, and this condition 
is identified as resonance.

Hie nondestructive acoustical method which is about to be inves
tigated here is formulated on the basis of the principle of resonance in 
deformable and elastic media.

Resonance Method 
The resonance method for pavement thickness measurement, as it 

appears in Figure 3 ., consists of transmitting a continuous wave normal .. . 
to the pavement surface and. varying the frequency, f, until the wave
length, X > in the pavement slab is exactly twice the thickness of the
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slab, D,
D = 1/2 X   ......... ...11
C = Wave velocity

Therefore:

In order to reliably use this method, the slab should have a 
fair amount of inertia and elasticity so that the propogating wave 
can retain its energy and continuity. Added to that, one should have 
dependable equipment to enable obtaining accurate measures of pulse 
velocity and resonant. frequency. ■ . .
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Figure 2. Types of Waves Generated in a Slab.
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This work examines the validity of using the resonance principle 
to asphaltic concrete pavements. The vibrational characteristics of 
asphaltic concrete were tested by resonating it and finding the changes 
of its natural frequency of vibrations with changes in temperature. 
Although f in Formula 12 is the longitudinal resonant frequency in the 
thickness dimension, the transverse or flexural resonant frequency was 
measured and used to analyze the vibrational properties of asphaltic 
concrete pavement. ’

Measurements of wave velocity of these various temperature 
changes as explained in Chapter IV will reflect the physical as well 
as the structural properties.

In general, this investigation will consist, of two independent 
variables: asphaltic mixture and temperature, and two dependent 
variables; wave velocity and resonant frequency.



Sonoscope
Generator Amplifier

Transmitter Receiver

Shear WaveThickness

Figure 3. Resonance Method.



CHAPTER 3

ASPHALTIC CONCRETE MATERIAL
Asphaltic concrete is highly susceptible to temperature changes. 

Its physical state is governed by the degree of temperature, and its 
behavior is dependent on its physical properties. Asphaltic concrete 
seems to be dominantly elastic at temperatures up to about 45° F, 
and viscous at higher temperatures of about 95°F and above. In the 
range of normal temperatures 0°F -- 100°F, the asphaltic concrete 
material shows a combination of viscous and elastic behaviors.
Therefore it is described as viscoelastic. The viscoelastic'behavior 
has been proved to depend primarily on the frequency and duration of 
load application.

During recent years a great amount of research has been conducted 
in order to describe objectively the viscoelastic nature of polymeric 
and rubberlike materials as well as asphaltic concrete . Bland (6) 
and Flugge (7) have introduced theoratical approaches to describe and .. 
define viscoelasticity. Gross (8) has successfully formulated a 
mathematical structure common to all the present theories of linear 
viscoelasticity. Linear viscoelasticity is within the straight line . 
proportionality between stress and strain at low level of stressing at 
a constant strain or straining at a constant stress treating duration 
and frequency of load application as the independent variables.

15
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Young's modulus is a measure of elasticity, and in viscoelas
ticity some, researchers such as Yachovlev and Barenberg (.9) feel that 
the concept of complex modulus is indicative of the viscoelastic be
havior v The complex modulus is a complex function whose real part is 
representative of the amount of elasticity present, and the imaginary 
part is a measure of the viscosity of the material.

Wave Transmitting Characteristics 
The two major features that retard the wave propogation through 

a viscoelastic solid medium are solid dissipation of energy (10) and 
dispersion (11) of sound waves. '

In order to transmit a wave through a solid, the portion 
receiving the pulse should be elastic enough to vibrate and transfer 
the energy to the next adjacent portion, and so on down the line.
Biot (10) points out that viscosity and porosity in viscoelastic 
media cause energy dissipation when an acoustical wave is prdpogating 
through.

Porous materials possess a large area of contact between the 
solid and the fluid or the asphalt, binder in the pores. The interfacial 
surface behavior will play a significant if not dominant role. Hence, 
the separate physical properties of the solid and the binder in the 
pores,are not sufficient to predict the dynamic behavior and it becomes 
necessary to consider the porous material system as a whole. Interfacial 
energy contributes substantially to the over all elastic rigidity. In 
other words, surface tension will play the role of elasticity for the 
viscoelastic system as pointed out by Blot in "General Theory of Three 
Dimensional Consolidation" (16). ,
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At high temperatures, 90°F and above the, interfacial surface 
tension becomes weaker due to the change in the physical state of the 
fluid or binder in the pores. A weaker tension resistance is indicative 
of a weaker elastic rigidity and the plasticity of the system will 
increase the wave energy dissipation and the vibrational quality of 
the system becomes poor.

Stress waves cause a temperature differential between the solid 
and the binder, which initiates interfacial heat flow associated with 
a time spectrum. In solids, dissipation is descriptive of solid 
relaxation. In fluids or in the binder, the appearance in time lag 
between changes in pressure and changes in volume is a sign of bulk 
relaxation of the solid material.

Viscoelastic media that are not effectively isotropic and 
homogeneous may distort the wave pulse path due to changes in physical 
properties from one portion to the other or from one direction to 
the other. As a result erroneous pulse velocity measurements can be 
obtained.



CHAPTER 4

THE EXPERIMENT 

Materials
The materials used in this research are two distinct asphaltic 

mix designs; the 3/8 inch mix* with gradation shown in Table 1, and 
Figure 4, seven percent asphalt content, and 60-70 penetration grade, 
and the 5/8 inch mix with gradation described in Table 1, and Figure 
4, six percent asphalt content, and 85-100 penetration grade. It is 
clear that both mixes are densely graded and that they cover a wide 
variety of engineering uses.

The asphaltic concrete mixtures were acquired from the M. M. 
Sundt Construction Company's Hot Plant. They were Stored in cans for 
a few days, and then heated to 300°F for compaction. Time of storage 
was kept constant for all sample materials to minimize differences due 
to storage time.

* 3/8 inch mix means that the maximum aggregate size is 3/8 inch.

18
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Preparation, of Samples 
The nominal thicknesses of the 18 inch diameter disk specimens 

prepared are 2,3,4, and 5 inches of the 3/8 inch mix and 3 inches of 
the 5/8 inch mix. The machine used to prepare these samples was the 
Vibratory kneading compactor of Figure 5, designed and built by Dr.
R.A. Jimenez, a Professor of Civil Engineering at The University of 
Arizona at Tucson. The mold rests on a tilted turn table that rotates 
at 16 revolutions per minute. The loading forces acting on the sample 
during compaction are explained in Figure 6. The live load component 
is determined by the number of metal disks added to the eccentrically 
rotating elliptical plate like members called cams. These cams are 
driven by an electric motor to rotate at a specified frequency.
The dead load consists of the basic fixed weight of the equipment 
transferred to the specimen during compaction, a removable plate, and 
a removable compaction head of 18 inches.in diameter. Therefore; 
the total compactive effort is,

Total Force = Live + Dead.....14 
As.shown on Figure 6, A is the operating point for live load; arrangement 
of four cams plus four disks, and a frequency of 1200 rpm. The dead load 
level is chosen to be composed of the basic weight, one plate, and a 
static head of 18 inches. Live load at point A is 400 pounds, and the 
dead load at the chosen level is 282.5 lbs. Therefore equation 14 
gives,

... Total compactive: effort = 400+282.5
= 682.5 lbs.



Table 1. Gradation of Aggregates 
of the Asphaltic Concrete Mixtures.

U.S. Standard Percent Passing
Sieve Size 3/8 inch Mix 5/8 inch Mix

100 100
3/4" 100 95-100
3/8" 100 70-85 ■

• 4 85-100 50-63
8 65-90 37-50
16 . 45-70 23-40
30 30-50 19-30
50 18-30 14-23

• 100 10-20 . 8-16
200 5-15 4-10
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The procedure to prepare these samples with the same density 
allowing +_ 4 Ibs/cu.ft. tolerance limits is to compact the 2 inch 
thick sample in one 2-inch layer, the 3 inch sample in two 1-1/2 
inch layers, the 4 inch sample in two 2-inch layers, and the 5-inch 
sample in three layers 2, 1-1/2, and 1-1/2 inches. The duration of 
compaction was set at 2 minutes per layer with one degree tilt of the 
turn table plus a final levelling duration of one-half minute at zero 
degree tilt. The temperature of asphaltic concrete at the start of 
compaction was 300°F. Figure 7 shows the four prepared samples from 
the 3/8 inch mix, and Table 2 shows the actual thicknesses of the 
prepared specimens.

The five prepared specimens were cut into hemidisks and beams 
as shown in Figure 8. The hemidisks were for pulse velocity measure
ment and the beams were for resonant frequency determination.



Figure 5. Vibratory Kneading Compactor with Tilted Turn Table.
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Figure t6. Live Load Force Versus the Number of Revolutions 
per Minute.
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Figure 7. Four Asphaltic Concrete Samples: 2, 3, 4, and 5 inches 
Thick Prepared by the Vibratory Kneading Compactor of Figure 5.
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Table 2. Actual Magnitudes for Nominal Temperature and 
Thickness Figures.

Thickness of 3/8 inch Mix , . Thickness of 5/8 inch Mix
Nominal Actual  Nominal______ Actual
2" 2.25" 3" 2.65"
3" 3.10" (b)
4" 4.00"
5" 5.. 10"

(a)

Temperature 0F
Nominal Actual
10 10
30 : 31
50 55
70 78
90 98
120 125

(c).



Measurements
Specific gravity, pulse velocity, and resonant frequency . 

constitute the necessary data for this study.
Measurements of loose and compacted specific gravities of 

asphaltic concrete are performed in order to find the void volume 
present in all prepared samples and at the same time check the constant 
density requirement.

Impregnated or loose mix specific gravity determination consists 
of finding the weight of a sample of the loose asphalt mix and the 
weight of its equivalent volume of water,

Q  =    15

Gi = Impregnated Specific Gravity.
Ws = Weight of the Sample, pounds.
Ww = Weight. of Equivalent Volume of Water, pounds. 

Data and calculation of the impregnated specific gravity for the two 
mixes are shown in Appendix At' .

Bulk or compacted specific gravity is the weight of the spec
imen divided by the weight of its equivalent volume of water ,

, %  = »■■■■■■■■■■.....

Gy = Bulk Specific Gravity.
The weighing set up is shown in Figure 9. Data and calculation for the 
bulk specific gravity of the two mixes are shown in Appendix A.

Tabulation of the results of impregnated and bulk-specific 
gravity determinations and percent void volume are shown in Table 3. : /
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Pulse Velocity measurement was made with the James V-Scope
shown in Figure 10. Specifications pertaining to this instrument are 
listed in Appendix B. This instrument generates ultrasonic energy that 
supplies pulsed energy to a transducer that changes electrical energy to 
mechanical energy. Through a second transducer that receives the 
mechanical wave energy and transfers it into electrical energy, it 
detects, amplifies, and displays the received signal. The instrument 
contains a very accurate system for digital measuring of elasped time 
of the sound pulse passing through the sample.

Pulse velocity was measured using three different placements of 
transducers shown in Figure 11. Figure 11a shows the placing of both 
transducers on the same surface with spacings of either 6 or 12 inches on 
centers. Time readings in microseconds of elasped time were made at each 
position and,

Pulse Velocity, inches per second.

Elaspsed Time for the 6" Spacing

Elapsed Time for the 12" Spacing

Figure 11b shows the placement of transmitting transducer on the edge 
of the pavement slab before the outer shoulder lane is built and the
receiver is placed at 3 and 6 inches from the edge

18.

19

20



Table 3., Density Characteristics o£ Specimens.

, Specimen Bulk Impregnated
Thickness Specific Specific Percent

Mix_____ Inches Gravity Gravity  Voids
3/8 in. .2 2.09 2.34 10.6
3/8 in. 3 2.08 2.34 . 11.4
3/8 in. 4 2.09 2.34 10.6
3/8 in. 5 2.15' 2.34 8.4
5/8 in. 3 2.24 2.38 ' 6.0
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Figure 9. The Bulk Specific Gravity Measuring set up, the Figure 
shows the Measurement of Weight in Air.



Figure 10. The Pulse Velocity Measuring Apparatus: V-Scope, 
Transmitting and Receiving Transducers Mounted on the Specimen.
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A-A

(1) Surface
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h - 3 - *_3"_+

B-B

C-C

(2) Shoulder

1
tT

(3) Longitudinal

1 Measurement Number 
t Thickness

Figure 11. Methods of Measuring Pulse Velocity.
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Figure lie demonstrates the direct longitudinal method through a slab 
beam. The transmitting and receiving transducers are placed in line 
on opposite surfaces of the beam. This method was run to check the 
homogeneity of the material in the thickness direction and at the same 
time check the other two methods.

Measurement of the wave travel time in the direction perpen
dicular to the thickness direction was obtained in order to examine the 
isotropy of the slab material.

Measurements and sample calculation of pulse velocity are shown 
in Appendix A. The calculated velocities for the three methods and the 
average of the three methods are listed in Tables 4 and 5 respectively. 
Actual temperature of measurements are listed in Table 2c.

The equipment and set ups for measuring the resonant frequency 
of asphaltic concrete are shown in Figures 12, 13, and 14. The 
Electro Sonometer* consists primarily of two parts: the mechanical 
vibration generating section and the mechanical vibration sensing 
section. The frequency range of the Sonometer is 0-20,000 cycles per 
second. Details of the sonometer structural description and measuring 
setup are in Appendix C.

the transverse or flexural mode as shown in Figure 14 and Appendix C, 
and the .longitudinal mode in the tiiickness dimension as the case is in ; ; 
Figure 14.

* Sonometer is model 4100, and it is made by Electro Products Laboratory 
Chicagoy Illinois

t = Thickness of the Beam.

The resonant frequency was measured in two different modes:
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The:transverse mode of vibration is normally more severe and distinct 
since its flexural action cause a higher amplitude and a higher number 
of vibrations per second. This research used this mode for defining the 
vibrational characteristics of asphalt.;: Sonic moduli of elasticity of . 
different modes are related by a constant. The transverse and longi
tudinal resonant frequencies measured are presented in Table 6. Sonic, 
modulus of elasticity calculated for the transverse mode is presented 
in Table 7, and its calculation is shown in Appendix A.
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Table 4. Pulse Velocity Versus Temperature in Indies per Second 
for Two Mixes.

For 3/8 Inch Mix
Th
ic
kn
es
s

Vp 
Me
th
od

10 °F 30 0F . 50°F 70°F . 90°F 120°F .
(1) 152,000 134,000 128,000 114,500

2" (2) 152,500 135,800 120,500 100,000
(3) 150,000 130,000 125,000 112,500 83,400 67,000
(1) 140,000 139;500 135,000 121,800 117,000 100,000

3" (2) 141,000 123,500 113,500 105,000 94,400 71,000
(3> 143,000 136,000 120,000 115,500 85,700 81,000
(1) 153,000 135,000 131,500 120,000

4" (2) 145,000 120,500 107,500 99,000
(3) 154,000 133,000 121,500 108,000 89,000 74,000
CD 135,500 124,000 116,800 108,300 98,000 89,500

5" (2) 135,500 117,000 105,500 90,500 78,500 70,500 .
(3) 115,500 106,000 91,000 86,400 72,500 67,000

For 5/8 Inch Mix
(/) ri dm-. o

; 1 1  
• H

10°F 30°F : 50°F 70 °F 90°F ■ 120°F
(1) 158,300 144,000 134,000 112,800 107,500 83,000

3" (2) 152,000 150,000 135,000 123,000 100,000 81,500
(3) 165,000 148,000 147,000, 120,500 98,700 91,500
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Table 5 Average Pulse Velocity in Indies per Second 
Versus Temperature for Two Mixes.

For 3/8 Inch Mix.
Thickness 10°F 30°F 50°F 70°F 90°F 120°F

2" 151,500 133,000 124,600 109,000 83,400 67,000
3" 141,300 133,000 122,800 114,000 99,000 84,000
4" 150,600 128,600 120,000 109,000 89,000 74,000
5" 128,30.0 115,600 104,600 95,000 83,500 76,300

For 5/8 Inch Mix.

Thickness 10°F 30°F 50°F 70°F 90°F 120°F
3" 158,400 147,300 138,600 118,300 101,900 85,300
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Figure 12. Electro-Sonometer with a Sonoscope for Measuring the 
Resonant Frequency of Asphaltic Concrete.

Figure 13. Apparatus Arrangement to Measure the Transverse 
Resonant Frequency.



Figure 14. Apparatus Arrangement to Measure the Longitudinal 
Resonant Frequency in the Thickness Dimension.
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Table 6. Transverse and Longitudinal Resonant Frequencies 
in Cycles per Second Versus Temerature for Two Mixes.
For 3/8 Inch Mix. -

Thickness 10°F 30°F 50°F 70°F 90°F 120°F
2" FT 1350 1325 1300 1250

fl 1325 1200 1150 1000
F3" T 1500 1400 1300 1150
fl 1425 1400 1300 1100
F4" T 1475 1400 1250 1200
fl 1450 1350 1200 1150 r

5" FT 1450 1400. 1250 1150
FL 1400 1350 1200 1050

For 5/8 Inch. Mjx.

Thickness .10°F 50°F ,50oF 70°F 90°F 120°F.
F3" T 1650 1550 1350 1300
p -L 1500 1225 1100 1050
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Table 7. Transverse Sonic Modulus of Elasticity Versus Temperature 
in Pounds per Square Inch for Two Mixes.
For 3/8 Inch Mix. .

Thickness 10°F 30°F 50°F 70'°F 90°F 120°F
2" 2.46 . 2.28 2.20 2.11
3" 2.79 2.43 2.10 1.64
4" 2.63 2.37 1.89 1.74
5" 2.49 2.32 1.85 1.56

■ For 5/8 Inch Mix.

' Thickness 10°F 50°F 50°F 70°F 90°F 120°F
3" 4.76 4.20 3.19 2.96



CHAPTER 5

INTERPRETATION OF RESULTS 
The perspective of this chapter is to explain how pulse vel

ocity and sonic modulus of elasticity vary with temperature, and to 
look into the possibility of finding.or formulating an objective 
relationship between pulse velocity and the sonic modulus of elasticity 
which can define those two variables in a way to judge the suitability 
of the resonance technique for surface pavement thickness measurement.

Pulse Velocity Versus Temperature 
The speed of pulse waves propogating through an asphaltic 

concrete pavement slab depends primarily on the physical state and 
the density of the medium. Air transmits sound at approximately 
12,000 in/sec., water transmits it at 56,000 in/sec.(5) , and solids
in general transmit sound at a higher rate than air or water. In the 
case of a longitudinal wave in a beam, the pulse velocity is approx
imated as that of equation 6,

V  (E/eji-
This equation shows that the speed of a pulse wave is directly pro
portional to the modulus of elasticity and inversely proportional to 
the mass density of the solid. In the physical sense an increase in 
density will cause an increase in the modulus of elasticity, and 
as a result, it is safe to say that the denser the medium is, the 
faster the wave propogates.

42
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The; amplitude, wavelength, and regularity of the signal received 
reflect the quality, soundness, and homogeneity of the solid medium. 
Cracks and voids act as poor conducting regions.

The magnitude of pulse velocity measurement explains the 
density characteristics as well as the elasticity of the medium. 
Particles with elasticity and inertia conduct the wave energy in a 
fairly well and regular manner in asphaltic concrete below a certain 
level of temperature. Figure 15 shows a fairly linear relationship 
between pulse velocity and temperature. Pulse velocity decreases with 
an increase in temperature. Asphaltic concrete becomes soft and very 
inelastic at higher temperature. That causes part of the wave energy 
to dissipate as the wave propogat.es. The promising feature of this 
change is the approximately constant slopes of the curves shown in 
Figure 16. The 5/8 inch mix appears to have higher conducting ca- 
pacity than the 3/8 inch mix due to it being denser and more coarse.
The magnitude of pulse velocity obtained by Manke (12) is comparable 
with the results listed in Table 3.

In Table 3 the 5-inch specimen is listed to be denser than the 
3-inch sample of the 3/8 inch mix, but Figure 15 shows that the pulse 
velocity of the 5-inch is lower than that of the 3-inch. It is believed 
that this lower pulse velocity measure in the 5-inch sample is most 
likely to be erroneous due to causes such as dispersion of wave motion.
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Sonic Modulus and Temperature 
In order to study the flexibility or stiffness of asphaltic 

concrete pavements, one should evaluate the dynamic modulus of elas
ticity as calculated from the measurement of the sonic resonant 
frequency of the material in the transverse mode.

The magnitudes of the transverse and longitudinal resonant 
frequencies show that the resonance level of asphaltic concrete is 
rather low and this is one of the most restricting feature to the usage 
of the resonance technique. Low frequency level indicates large 
wavelengths that are much greater than slab thickness to be measured. 
Changes of frequency with temperature do not seem linear, but there 
seems to be a certain relationship shown in Figure 18. Also, Figure 
16 shows that differences in mode do not appear to give distinct 
frequency measures for the 3/8 inch mix. The coarser mix displays a 
much better difference in magnitudes of different modes.

Figure 17 displays a definite relationship between transverse 
modulus of elasticity and temperature. For the 3/8 inch mix the 3 and 
5 inch samples show a fairly linear decrease of sonic modulus with 
increase in temperature, and the reason that the 5-inch sample has a 
lower modulus is the fact that the sample has a larger thickness.
The greater thickness causes a higher moment of inertia in the cross 
sectional area,

b = Width, in. 
h = Thickness, in.
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1050
20 40 60 100

TEMPERATURE, °F.
Figure 16. Transverse and Longitudinal Resonant 

Frequencies Versus Temperature.
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and the higher moment of inertia decreases the number of vibrations 
per unit time. The 5/8-inch mix is coarser and more elastic, and as 
a result the modulus is higher. It is noticed that the resonant 
frequency measurement was made up to 78°F. Beyond this temperature, 
the specimens have shown deflections under their own weights due to the 
softness and fluidity of the asphalt binder.

Wavelength Versus Temperature 
The acoustical technique for surface pavement thickness 

measurement lends itself to finding some dependable relationship 
between pulse velocity and the resonant, frequency or the sonic modulus 
of elasticity.

A most valuable attempt is the. investigation of the wave
length of the prOpogated wave.

A = | P  ................. ...22

A = Wavelength, In. .
V = Pulse Velocity, In/Sec.P
f = Resonant Frequency, Rad,/Sec.

In the course of a. wave propogating through the asphaltic concrete slab
in the flexural mode, the wave tends to bend tiie specimen as is shown 
in the figures of Appendix C. As discussed above, thicker specimens 
have higher moments of inertia and lower frequencies provided that the
energy of the wave sent through all the samples is the same. Lower

' " _ -frequencies mean larger wavelengths considering the velocity of a wave
at a certain temperature is independent from the geometry of the
specimen. . .
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Figure 18 shows approximate constant wavelengths for 3 specimens. 
In order to successfully use the resonance technique the wavelengths 
of a certain specimen at all temperatures should be equal since the 
thickness dimension remains constant. Slight variations due to tem
perature are shown in Figure 18 and Table 8. The major reason for the 
displayed variations from a constant level is believed to be due to 
inaccuracy in measurement techniques.

Et/Vp and EtVp Versus Temperature 
The ratio Et/Vp and the product EtVp were studied to investigate 

the physical changes taking place in the asphaltic concrete on the pulse 
wave.

The product EtVp as presented in Table 9 and Figure 19 seems 
to show meaningful results graphically as well as dimensionally. 
Graphically, it decreases with an increase in temperature, and dimen- 
sionally analyzed,

EtVp = l y   .....  23

F - Force
L = Length
T = Time
EtVp = -EL / L3 / L   24' ' /

T
Equation 24 states that the capability of the medium to transmit wave 
energy per a certain volume decreases for a certain length portion.
As temperature increases, Figure 19 shows that this capability de
creases. This phenomenom is analogous to Biot's (10) conception
in Chapter 3. Another observation on Figure 19 is that the coarser
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Figure 18. Variations of Wavelength with Temperature.
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Table 8. Wavelengths in Transverse and Longitudinal Modes Versus 
Temperature for Two Mixes.
For 3/8 Inch Mix.

Thickness 10°F 30°F 50°F 70°F 90°F 120°F
2" AT17.90 16.00 15.30 13.90

18.20 17.60 17.30 17.40

3" AT 15.00 15.10 15.00 15.80

XI 15.80 15.10 15.00 16.50

4" Ar-16.30 14.60 15.30 14.50

XL 16.50 15.20 15.90 15.10

5" XT' 14.10 13.20 13.30 13.20

XZ 14.60 13.60 13.90 14.40

For 5/8 Inch Mix.

Thickness 10°F 30°F 50°F 70°F 900F 120°F
3" AT 15.30 15.10 16.40 14.50

AL 16.80 19.20 20.10 17.90
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A  3 indi Thickness, 3/8 inch Mix

D 5 inch Thickness, 3/8 inch Mix

80

60

40

20

0
40 60 800 20

TEMPERATURE, °F

Figure 19. Relationship between Temperature and the Product 
of Transverse Modulus and Pulse Velocity, Ê Vp.
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Table 9. The Product of Sonic Modulus and Pulse Velocity Versus 

Temperature for Two Mixes. '
For 5/8 Inch Mix.

Thickness 10°F 30°F 50°F 70PF 90°F 120°F
2" 37.40 30.30 27.40 23.Off
3" 39.40 32.31 28.80 18.70
4M 41.70 30.50 22.70 19.00
5" 31.95 28.80 19.40 14.80

For 5/8 Inch Mix. .

. Thickness 10°F 50°F 50°F 70°F 90°F 120°F
3" 75.40 61̂ 90 44.00 35.00
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the mix is , the higher the dissipation of wave energy becomes. The ratio 
Ep / Vp, on the.other hand, is not indicative of any trend as Table 
.10 shows. Dimensional analysis gives a meaningless result for the ratio

®T V Vp -

Mass Density and Temperature 
. Mass density is assumed as well as checked by standard measuring 

techniques to be constant. According to equation 6,
e  - Er /vp2

Plotting the calculated mass density from data of this experiment, 
the relative density levels in Table 11 and Figure 20 are consistent 
with the relative magnitudes of Table 3. Variations with temperature 
are highest at higher densities.
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Table 10. The Quotient of Sonic Modulus and Pulse Velocity 
Versus Temperature for Two.Mixes.
For 5/8 Inch Mix.

Thickness 10°F 50°F 50°F 70°E 90°F 120°F
2" 16.23 17.14 17.65 19.35
3" 19.75 17.50 17.10 14.38
4" 17.47 18.40 15.75 15.96
5" 19.40 21.50 ,17.68 16.42

For 5/8 Inch Mix.

Thickness 10°F 30°F 50°F 70°F 90°F 120°F
3" 30.12. 28.51 23.00 25.00
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Table 11. The Quotient of Sonic Modulus and the Square of Pulse 
Velocity Versus Temperature for Two Mixes.
For 3/8 Inch Mix.

Thickness 10°F 30°F 50°F 70°F 90°F 120°F
2" 1.10 1.30 1.40 . 1.77
3" . 1.40 1.40 1.40 . 1.30
4" 1.20 1.40 1.30 1.46
5" 1.50 1.85 1.70 1.73

For 5/8 Incli Mix. : x/i

Thickness 10°F 30°F 50°F 70°F 90°F 120°F
3" '' 1.90 1.94 1.66 2.10
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CHAPTER 6

CONCLUSION
The applicability of the resonance technique to payment surface 

thickness measurement faces a number of very serious difficulties 
when asphaltic concrete pavement is the medium. The first most im
portant difficulty found in this research is the low resonance level 
of asphaltic concrete slabs. Such a low resonance level specifies 
first thatthe lowest wavelength generated at resonance is about 13 
inches, which limits this method to slab thickness of 6.5 inches 
and larger. So, it is recommended that future research should look 
into the possibility of vibrating and resonating asphaltic concrete 
in the ultrasonic range of frequencies: 20,000 cps and higher.

Vibrational characteristics seem to improve with coarser 
choice of mix design. So, it is worthwhile to look into defining 
a group or a range of mix designs that will hopefully resonate at high 
enough frequencies so that the wavelengths of resonance will be smaller.

Elasticity of a viscoelastic meterial like asphalt is very, 
dependent on temperature. Therefore while conducting the two above 
mentioned researches it is advisable to experiment in the most elastic 
range of temperatures, which is approximately 0°F to 40°F. Goetz (13) 
and Hong : (14) have specified almost the same range of temperature for 
the dominantly elastic behavior of asphaltic concrete. ,
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As pointed out in. Reference (2) , design of a transducer 
that will be able to generate a certain type of wave at a wide range 
of frequencies is still a problem to be overcome. So, resonance equip
ment design is still at the beginning stage, and it is very essential 
to overcome equipment difficulties first.

With further future research, one should be in a better 
position to accept or reject the resonance technique as a tool to 
measure asphaltic pavement surface thickness.



APPENDIX A

DATA AND CALCULATIONS

Compacted Sample Specific Gravity 
Determination for 3/8 Inch Mix

18" Diameter Slab
Sample Net Wair gm Net Water gm Specific Gravity % Voids p:
2" 18100. 9488 2.10 10.4
3" 24460 12658 2.07 11.6
4" . 31650 16710 2.12 9.5
5" 40406 22223 :' 2.22 5.5

15" x 4" Beam
2" 4545 . 2365 2.09 10.6
3" 6290 3270 : 2.08 11.4
4" 8057 4200 2.09 10.6
5" 10740 5740 2.15 8.0

60



Impregnated Specific Gravity for 3/8 Inch Mix

(1) (2) (3)
(1): Wt. of Jar, gm. 377 377 377
(2) Wt of Jar + Water, gm 1066 1065 1066
(3) Wt. of Sample, gm 582.5 585 584 •
Sum of (2) x (3), gm 1648.5 1650 1650
Wt. of Jar + Sample + Water,gm 1391<5 1400.5 1399.0
Wt. of Equivalent
Volume of the Sample, gm . 257 249.5 251

Specific Gravity (1) = 582.5
“257“

(2) = 5.85
249.5

(3) = 584
- ' 251

Impregnated Specific Gravity

= 2.23 .

= 2.35 .

= 2.32

=  2751 \



Compacted Sample Specific Gravity for 5/8 Inch Mix

Sample Net Wair Net Water Specific Gravity % Voids
2-3/4" 22260 12430 2.24 6 %.



Impregnated Specific Gravity for the 5/8 Inch Mix

(1) (2)
(1) Wt. of. Jar + Water, gm 1279.5 1285
(2) Wt. of Sample, gm 566.0 600
Sum of (1) x (2), gm 1845.5 1885
Wt. of Jar + Sample + Water, gm 1609.0 1632

' I ; ■ ■ '
Wt. of the Equivalent
Volume of Sample, gm 236.5 253

(1) Impregnated Specific Gravity = 566 = 2.39
' 236.5

(2) Impregnated Specific Gravity = 600
253 = 2.37

Impregnated Specific Gravity = 2.38
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Pulse Velocity and 
Resonant:Frequency Data

Temperatures: Nominal 10°F Actual 10°F Date: 1-1-70

' - . Pulse Velocity (Time) Msec,
Mix Resonant Frequencies Surface Shoulder Longitunal

3 5 Trans- Longi- Com- Com-
8 in.8 in. Verse Tudinal Torsional 6" 12" puted puted Vert. Horiz
2" 1350 1325 35 70 21 40 10 22
3" 1500 1425 1900 39 95 24 42 17 23
4" - -. 1475 1450 35 89 24 43 23 23
5" 1450 1400 44 89 23 47 43 29

3" 1650 1500 2000 36 80 15 35 11 19

Temperatures: Nominal 30'°F Actual 31O p Date: 1-1-70

2" 1325 1200 41 99 23 46 14 27
3M ' 1400 1400 1600 42 88 27 49 21 28
4" 1400 1350 1750 41 97 30 50 30 30
5" 1400 1350 44 ,83 33 56 47 34

3" 1550 1225 . 1650 40 .89 20 44 16 27

Temperatures: Nominal 50'°F Actual 55O p Date: 1-2-70 .

2" 1300 1150 43 102 28 52 18 31
3" 1300 1300 43 91 30 , 53 25 . 33
4M 1250 1200 43 47 33 57 33 33
5" 1250 . 1200 54 98 36 64 ; 55 41

3" 1350 1100 39 96 23 47 18 . 29
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Temperatures;: Nominal 70°F Actual 77°F Date: 1-2-70

Mix Resonant Frequencies
Pulse 'Velocity (Time) Msec.. 
Surface Shoulder Longitunal

3 5 
8 in.8 in.

Trans- Longi-
verse tudinal Torsional 6" 12"

Com- Com
puted puted Vert. Horiz.

2" 1750 1000 -d 50 110 33 50 20 . 33
3" 1150 1100 50 98 ' 33 56 26 34
4" 1200 1150 48 105 36 62 37 37 .
5" 1150 1050 54 114 44 70 58 44

3" 1150 1100 52 109 26 . 50 22 35

Temperatures Nominal 90°F Actual 98°F Date: 1-3-70

2" 24 42
3" - 52 101 36 63 35 : 44

4” 45 42
5" ■ 60 124 49 77 69 53

3" 52 102 31 63 77 41

Temperatures: Nominal 120°F Actual 125°F Date; 1-3-70

2” : ' : 30 50 .
3" 65 112 ' 45 : 89 37 53
4" : :, 54 ; 54

«5" - 64 140 54 95 ' 75 60
' ' 3" 75 140 39 76 ; • 79 48 ' .



Pulse Velocity

Method I.

For 5" Sample at 10°F 
/ V  12"\l
(44 + W/2 = 135,000 in/sec.

Method II.
Recall Equations 18, 19, and 20

For 5".Sample at 10°F
=(2.5^ + 3 ^ =  3.9 .
=(2.5a‘ + 6*)'*= 6.5

V =/3.9 6.51 /j,
p A 23 + 47/ = 135,000 in/sec.

Method III.
t

Average Three T Locations 
For 5" sample at 10°F

(j,> t d ) !  - 43 msec,,.
V =5 =115 in/sec,

; • ' p ^
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Average Pulse Velocity
Average of three Methods:
5" Sample at 10°F

135,000 + 135,000 + 137,000
3 .= 128,300 in/sec.
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Transverse Modulus of Elasticity
et = cm3'. /

C = Constant ;
W = Weight of Specimen, pounds. - 
N = Resonant Frequency, cycles/sec.

C = C-T ;
0C = Constant 

T = Correction Factor 
Cfb = 0.002452

b = Width of Beam 
= Length of Beam 

t = Thickness of Beam.
T depends on Poisson's Ratio.
Poisson's Ratio, = y  _ /

C" = Geometric Constant 
B = Geometric Constant 
N . = Torsional Resonant Frequency 
N = Transverse Resonant Frequency 

From Tables in Electro Sonometer Manual:
At 10°F
C’ = .0549 B = 0.0123 For 3" Samples 3/8 inch Mix.

Poisson's Ratio = 0.0549 . f 1400 /
(2) (.0173) V750y /
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T is graphically evaluated from Figure 17 of the manual.
T = 1.78 For /u. = 1

c'b is found from Figure 9 of the manual as 0.38 for L/E = 5.0
Therefore =0.38 =0.10

4.0

C = C’T = (0.10) (1.28) = 0.128 
E = 0.128 W N2 
2" Sample at 10°F

N = 1350 
W = 10 lbs.

E = (0.128) (10) .(1350)2 2,46 x 106 psi



APPENDIX B

SPECIFICATIONS OF THE JAMES V-SCOPE

Electrical
1. Operating frequency range 
2„ Time measurement.

3. Timebase accuracy.
4. Amplifier sensitivity
5. Power input requirements

15 to 300 KC
Range - 5k-500 sec.in 1/2 sec stop
Range - Ik-1000 sec in 1 sec stop
Range - 5k-5000 sec in 5 sec stop
100KC crystal + .005% .
10 microvolts/centimeter @ 20 KC
105-130 volts, 50-60 cps AC 
50 watts standby-100 watts operating

6. Input impedance to transmitting : 2800 ohms 
transducer

7. Power output
8. Pulse rate .

Peak 1200 watts, Avg. 3.25 watts 
69 pulses per second

9. Output impedance to transmitting 3800 ohms 
transducer

1. Temperature 
(Instrument § Transducers)

2. Package
3. Dimensions
4. Weight

Physical
Up to 120°F

Aluminum case with plastic handle 
8 1/2" x 11" x 15"
23 lbs.
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; APPENDIX C.

EQUIPMENT AND MEASUREMENT SET UP 
OF TRANSVERSE RESONANT FREQUENCY
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