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•IN RECENT years engineers have become increasingly interested in the use of vibra
tory techniques for in situ testing of roads and road construction materials. Although 
these techniques are still in the development stage, they show promise of becoming 
rapid nondestructive testing methods for the evaluation of road material quality and for 
assessing the probable performance of an entire pavement structure. 

Burmister's theoretical equations (1) for the stresses and displacements in layered 
elastic systems show that the stresses-and deflections imposed by traffic on a roadway 
depend on the relative values of the modulus of elasticity and the thickness of the re
spective layers forming the pavement structure . Theory also indicates that the dy
namic moduli of elasticity of the layers as well as their thickness can be determined 
from vibrational measurements made in the field both during and after construction 
(2, 3). 
- While a conslU.erault:J 11umuer of experimentai and theoretical studies of the propaga

tion of vibrations in pavement structures have been made, the development of dynamic 
testing techniques as an engineering method has been slow. This is due primarily to 
the difficulties of interpreting the relationships between velocity of propagation and 
frequency of vibrations generated at the surface with the dynamic moduli of elasticity 
and thicknesses oi the layers. Divergence of opinion am ong the respective investigators 
on the interpretation of results in terms of the mechanical properties has also been a 
contributing factor to the slow development of these techniques ( 4). 

The present study employs a laboratory vibrational techniqueto determine the veloc
ity of propagation of a compressional wave through common road construction materi
als. This investigation is a part of National Cooperative Highway Research Program 
Project 1-6, conducted by the Texas Transportation Institute. One of the objectives of 
NCHRP Project 1-6 is to study and evaluate the effectiveness of vibratory testing sys
tems for estimating the stiffness and thickness of individual pavement layers in place. 
Tht:J Shell road vibration machine, a high-frequency electromagnetic vibrator developed 
by the Royal Dutch Shell Company of Amsterdam, Holland, is one such device being 
studied. 

A series of flexible pavement structures designed for the specific purpose of calibra
ting the Shell vibratory equipment was constructed at the Texas A&M Research and 
Development Annex near Bryan, Texas. This test facility was statistically designed to 
furnish a selection of pavement sections composed of subgrade, subbase and base 
layers of varying thickness and type of material with a variable depth of asphaltic con
crete surfacing. 

The test facility consisted of 27 pavement sections constructed in three parallel lanes 
of nine sections each. Each pavement section was 12 ft wide and 40 ft long. The thick
ness and type of material composing the various layers of the respective sections are 
given in Table 1. 

Typical flexible pavements are composed of layers arranged so that the moduli of 
elasticity decrease with depth. In designing the test facility it was desired to vary this 
arrangement in the base and subbase layers so as to have some sections in which a 
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TABLE 1 

DESIGN OF TEST SECTIONS 

Actual Design 

Sec. Layer Thickness (in.) Material Typea No. 

Surface Base Sub base Base Subbase Subgrade 

1 5 4 4 c R NC 
2 1 12 4 c R NC 
3 1 4 12 c R NC 
4 5 12 12 c R NC 
5 5 4 4 R c NC 
6 1 12 4 R c NC 
7 1 4 12 R c NC 
8 5 12 12 R c NC 
9 5 4 4 R R GC 

10 1 12 4 R R GC 
11 1 4 12 R R GC 
12 5 12 12 R R GC 
13 5 4 4 c c GC 
14 1 12 4 c c GC 
15 1 4 12 c c GC 
16 5 12 12 c c GC 
17 3 8 8 L L SC 
18 1 8 8 L L SC 
19 5 8 8 L L SC 
20 3 4 8 i._ J.,._ SC 
21 3 12 8 L L SC 
24b 3 8 8 R L SC 
25 3 8 8 c L SC 
26 3 8 8 L R SC 
27 3 8 8 L c SC 
28 3 8 8 L L NC 
29 3 8 8 L L GC 

0 Materials Code : Surface-Hot-mix asphaltic concrete, oil sect ions; base ond 
subbase-R = row (untreated) crushed limestone, L = lime-treated crushed 
limestone, C = cement-treated crushed limestone; Subgrade-NC =natural clay, 
GC =clayey gravel, SC= sandy clay. 

bNos. 22 and 23 were duplicate sections and were not constructed . 

layer having a high modulus was overlaid by a layer with a low modulus. It was also 
desirable to obtain as wide a range of elastic moduli as possible in the three materials 
used in the subgrade layers. 

Pulse velocity measurements were made on laboratory specimens of the respective 
materials using the equipment and procedure described herein . These velocities were 
considered indicative of the relative elastic moduli and aided in the selection and posi
tioning of the subgrade materials and in determining the amount and type of stabilizing 
agent to be used with the crushed limestone for the base and subbase layers . 

ELASTIC WAVE VELOCITY 

The theory of transmission of impulses through a solid body has been studied exten
sively in connection with the propagation of earthquake waves through the earth. In an 
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Figure 1. Relation between Poisson 'sratio (µ),and 
velocities of propagation of compression (P), shear 
(S), and Rayleigh (R) waves in a semi-infinite 

elastic medium. 

extended solid any generated impulse can 
be shown to separate into two groups of 
waves: a longitudinal or compressional 
wave, in which the particles vibrate in a 
direction parallel with the direction of wave 
transmission, and a transverse or shear 
wave, in which the particles vibrate in a 
direction perpendicular to the direction of 
wave transmission. In some instances a 
surface wave may be generated at the inter
face between two different media, either on 
a free surface or in a layered system. The 
general mode of vibration of surface waves 
is either an elliptical motion in the vertical 
plane in the direction of wave transmission 
(Rayleigh waves) or transverse to the di
rection of propagation in the horizontal 
plane (Love waves) (5). Compressional 
and shear waves travel with a velocity 
determined by the elastic constants and the 
density of the medium. The longitudinal or 
compressional wave travels with the 
greatest velocity . 

The motion that is produced in an elastic 
\...-..l-- 1.... •• - _ _ _ ..J...] _ _ , __ ---1.!--l S:--- - - =- - - "' 
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transmitted immediately to all parts of the body. Initially, the most remote parts of 
the body are undisturbed and the deformations that are produced by the stress are 
propagated through the body in the form of elastic waves . The theory of the propagation 
of these waves is developed from the fundamental static stress-strain relationships of 
elastic bodies. The theoretical development of the equations of plane wave propagation 
can be found in most texts on elastic theory (6), seismic waves (7), or sound trans-
mission (8). - -

The equations of motion in terms of particle displacement in a homogeneous, iso
tropic , elastic medium define the transmission of two types of waves , i.e. , compres
sional and shear waves. In the case of a compressional type wave the velocity of pro
pagation, V c is expressed by 

V = f E (1 - 11) 
cp (1 + 11 ) (1 - 2 11) 

and in the case of a shear type wave the velocity of propagation, Vs is 

where 

E = Young's modulus, 
11 = Poisson's radio, and 
p = mass density. 

V -y E s -2 p (1 + 11) 

The relation between compressional, shear, and Rayleigh wave velocities and 
Poisson's ratio in a semi-infinite efastic medium is shown in Figure 1 (9). 

(1) 

(2) 

Equations 1 and 2 have been employed directly or in slightly modifiedform by many 
investigators to compute the dynamic modulus of elasticity of various materials. The 
use of these equations is hased on the assmnption that the materials behave as per
fectly elastic solids. This is not strictly true, since most materials exhibit plastic as 
well as elastic properties . 
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Long et al. (10) reported good agreement between dynamic modulus values computed 
from pulse velocities in concrete and those determined from static flexural strength 
tests. However, there appears to be some doubt as to the value of dynamic moduli cal
culated from measured pulse wave velocities. Batchelder and Lewis (11) derived no 
benefit from calculating modulus values from pulse velocity measurenleirts in their 
study of freeze-thaw det erioration of concrete specimens. They found the changes in 
velocity with deterioration of the specimen to be a more accurate indication than cal
culated values of moduli of elasticity. Whitehurst (12) also states that it appears that 
the pulse velocity (compressional or shear wave velocity) itself is as good a criterion 
for comparison as any other value which might be calculated from it. 

EXPERIMENTAL DETAILS 

Equipment 

The equipment used to measure compressional wave velocities consisted of four 
major components: (a) a pulse generator, (b) a source transducer, (c) a receiver 
transducer and (d) an oscilloscope. These foui· components are shown in Figures 2 
and 3, and sehematically in Figure 4. 

A schematic wiring diagram of the pulse generator is shown in Figure 5. The gen 
erator has two functions: (a) to provide the electrical pulse necessary to actuate the 
source transducer, and (b) to trigger the oscilloscope. Operating on 110-volt, 60-cycle 
alternating current, the pulse. generator provided an 1100-volt 60-cps DC spike pulse 
to the source transducer. The spike pulse was obtained by the discharge of a condenser 
through a thyratron tube. The pulse generator also provided an 11-volt DC signal (1/100 
of the pulse voltage) to the triggering circuit of the oscilloscope at the same instant 
that the compressional pulse was transmitted to the specimen. 

The source and receiver transducer as semblies were constructed identically. The 
transducer was a 1 Y2-in . diameter by %-in. thick lead titanate zirconate ceramic disc. 
This commercially available (Clevite Corporation) piezoelectric disc with a resonant 
frequency of 140 kc/sec was glued with epoxy cement between two brass discs of the 
same size. A solid lucite cylinder was cemented to one face of this assembly. The 
total cylindrical assembly was 1% in. in diameter and 2% in. tall. 

The brass discs were the terminal electrodes of the assembly. The disc between 
the lucite cylinder and the ceramic disc served as the positive terminal and the other 
brass disc as the negative terminal. The ground terminal was placed in contact with 
the specimen being tested and served to protect the ceramic crystal as well as to pre
vent the passage of current through the material. An electrical pulse was applied 
across the ceramic disc, exciting thickness modes of vibration, and transmitting a 
compressional wave or pulse into the bottom of Ute cylindrical specimen. 

When this wave reached the top of the specimen, the particle disturbance of the 
material was transmitted to the receiver a duplicate of the source transducer , con
nected directly to the vertical input connection on the oscilloscope. This piezoelectric 
transducer converted the mechanical energy to an electrical signal which was amplified 
and displayed on the oscilloscope. 

The oscilloscope was a Tektronix type RM545B unit with a type B wide-band high gain 
plug-in unit (peramplifier unit). This type of instrument features two time base gen
erators which can be used in delayed sweep operations for highly accurate time mea
surements. With the preamp unit, the oscilloscope has a calibrated vertical deflection 
sensitivity of 0. 005 volts/cm to 20 volts/cm, and a horizontal time sweep range of 2 
microsec/ cm to 1 sec/ cm with an accuracy within ± 3 percent. The rise ti.me of the 
amplifier is 18 nanosec (1x10- 12 sec). 

Procedure and Accuracy 

The procedure used for determining the compressional wave velocity was relatively 
simple. A compressional pulse was introduced into one end of a cylindrical specimen 
and the length of time it took the pulse to travel to the other end was accurately mea
sured. The velocity V c was the ratio of the length of the specimen to the travel time 
of the pulse. 
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Figure 2. Osei lloscope and pulse generator on mobile cart. 

Figure 3. Source and receiver transducer assemblies. 
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A cylindrical specimen was placed on top of the source transducer and the receiver 
was placed in the center of the top face of the specimen. The propagation path was 
along the vertical axis of the specimen and the pulse traveled from the bottom to the 
top. To improve the coupling between the transducers and the material being tested a 
light coat of vaseline or silicone grease was applied to the face of the transducers 
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before they were placed in contact with the specimen. The oscilloscope was initially 
triggered by the pulse generator at the same time that voltage was applied across the 
source transducer. When the triggering circuit of the oscilloscope was actuated, it 
caused an electron beam to travel in a straight line from left to right across the face of 
the cathode ray tube. As the input compressional wave reached the receiving trans
ducer, a voltage was generated which caused the electron beam of the oscilloscope to 
deflect vertically. The travel time of the compressional wave through the specimen 
was measured from the beginning of the electron beam trace to the beginning of the 
vertical deflection or "first arrival." 

A photograph of two typical electron beam traces is shown in Figure 6. The top 
trace is for a specimen of sandy clay and the bottom trace is for a specimen of clayey 
gravel. The measured travel time of the compressional wave in the sandy clay was 
200 microsec and the computed velocity was 3407 fps. For the clayey gravel speci
men, the travel time was 350 microsec and the computed velocity was 1950 fps. 

The electron beam trace was a steady display on the oscilloscope screen. The travel 
time was determined by moving the display to the left and reading the time per cm of 
length of the initial horizontal portion of the trace directly from the oscilloscope dials. 
This time reading was then corrected for the travel time in the transducer assemblies. 
The correction was made by subtracting a "transducer constant" from the gross travel 
time read from the dials. This constant was the length of time required for the wave to 
travel through the two brass ground plates of the source and receiver transducer as
semblies. 

Figurt: 6. Typical pulse traces for sandy clay (top) ond clayey gravel (bottom) . 
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TABLE 2 

STEEL STANDARD OBSERVATIONS 

Length of 
Steel (in.) 

3.025 
5.956 

12 . 008 

Gross Travel Velocity (fps) Time (microsec) 

17 . 1 19,240 
30 . 0 19,090 
56 . 8 18,950 

Figure 7. Determining transducer constant by 
extrapolation from steel specimen observations. 
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The transducer constant was obtained by placing the assemblies in direct contact 
and measuring the travel time as described above. For the set of transducers used 
throughout the study this constant was 4.14 microsec. To check this value , travel 
times corresponding to the first arrivals through steel samples of different lengths 
were determined. By plotting travel time against gage length and extrapolating to zero 
length the transducer constant was determined. Results were in excellent agreement 
with the direct measured value . 

The steel specimens were cut from the same bar of 1%-in. diameter SAE 1020 cold
rolled steel. The travel time observations and calculated velocities are shown in 
Table 2. Figure 7 shows the plot of these measurements and their extrapolation to zero 
length. These steel specimens were measured frequently throughout the study and 
served as standards to demonstrate that the equipment was giving consistent readings. 

Actually the "first arrival" is not an abrupt deflection of the horizontal electron beam 
trace. Even when the received signal is very strong it arrives gradually rather than 
suddenly with only a slight positive increase in slope initially. The "toe" of this slope 
recedes to the left toward shorter times as the amplification is decreased and wave
length is increased. This gradual onset of the first arrival is the principal limitation 
on the accuracy of the velocity determination. With high amplification the uncertainty 
of locating the beginning of the toe could be reduced to about 0. 04 microsec in favorable 
cases. 
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The total transit time measurements ranged from a minimum of 4 microsec to a 
maximum of 600 microsec. For all of the velocity determinations made, the readings 
could be repeated to within ± 2 divisions of the multiplier dial. The corresponding time 
interval depended upon the setting of the delay time dial and varied from ± 0. 04 micro
sec to ± 4. 0 microsec. Over the range of transit times measured, the accuracy of the 
readings is within ± 1 percent. 

Materials 

Subgrade, Subbase, and Base. -Three different types of locally available materials 
were used for the subgrade portions of the test sections. These materials consisted of 
a highly plastic black clay indigenous to the construction site, siliceous gravel with a 
small amount of clay binder and a red sandy clay-the latter two materials coming from 
pits located a few miles from the site of construction. The base and subbase material 
was a crushed limestone from a quarry near New Braunfels, Texas. Depending upon 
the design of a given section (see Table 1), this material was placed in the untreated 
condition or was stabilized with 3 percent lime or 4 percent portland cement. 

A summary of the gradation, Atterberg limits and classification of each of these 
materials is shown in Table 3. Gradation curves for the materials are shown in Fig
ure 8. 

Surfacing. -Each of the test sections was surfaced with hot mix asphaltic concrete 
conforming to the Texas Highway Department specifications (13) for a modified Type E 
sheet asphalt surface course mixture. The aggregate used inthis mixture was a com
bination of a wet-bottom boiler slag with limestone rock asphalt screenings and fly ash. 
The materials were blended as follows: 75 percent (by weight) slag aggregate, 20 per
cent (by weight) rock asphalt screenings, and 5 percent (by weight) fly ash. The sieve 
analysis of the individual materials is presented in Table 4 and the gradation curve of 
the blend is shown in Figure 9. 

The asphalt binder used was a standard paving grade asphalt cement meeting the 
specifications of the Texas Highway Department (14) for grade AC-20, and The Asphalt 
Institute specifications ( 15) for a penetration grade of 60- 70. Viscosity-temperature 
information for the asphalt cement is listed in Table 5. 

Specimens and Compaction 

The method of compaction and the size of the laboratory specimens of the subgrade, 
subbase, and base materials conformed to those specified in Test Method Tex-113-E 
(June 1962) of the Texas Highway Department (16). This method uses an automatic 
compaction device (Fig. 10) with a base plate tohold a 6-in. ID, 8Y2-in. tall forming 
mold. The automatic tamper is equipped with a 10-lb ram that falls 18 in. The striking 
face of the ram is a 40-deg segment of a 3-in. radius circle. The compactive effort in 
terms of number of blows per layer or total energy input, expressed as foot-pounds per 
cubic inch of specimen, is specified for various types of material. Four layers of 
material are compacted to yield a specimen approximately 8 in. in height and 6 in. in 
diameter. 

Specimens of the clayey gravel (GC), sandy clay (SC) and untreated crushed lime
stone (R) were compacted using 50 blows of the 10-lb ram per 2-in. lift of material. 
The black clay (NG) specimens were compacted with 25 blows per 2-in. layer. Speci
mens made using these compactive efforts were used in determining the moisture
density relations of the various materials and for the Texas triaxial compression tests 
(Test Method Tex-117-E). Specimens of the cement-treated and lime-treated crushed 
limestone received a compactive effort of 25 and 50 blows per layer, respectively. 
These specimens were tested according to the procedures outlined in Soil-Cement and 
Soil-Lime Compressive Strength Test Methods (Tex-120-E and Tex-121-E). 

In addition to the 6-in. diameter specimens described above, a number of larger 
specimens 12 in. in diameter and 5 to 10 in. in height were made using the sandy clay, 
clayey gravel, and untreated crushed limestone materials. The purpose of these large
diameter specimens was to evaluate the effects of thickness, layer interface and particle 
orientation on the compressional wave velocity. In order to obtain a more representa
tive value of velocity, particularly for studying the particle orientation and interface 
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TABLE 3 

FLEXIBLE BASE AND SUBGRADE MATERIALS 

Material Black Clay Red Sandy Clay Gravel Clay Crushed 
Description (NC) (SC) (GC) Limestone 

Gradation: 

Percent passing 
l{,4 in. 100 100 100 100 
1 f4 in. 100 100 98 98 
~- 100 100 97 96 a in . 
Ya in. 100 100 91 62 

No. 4 100 100 82 55 
No. 10 100 100 65 45 
No. 40 100 100 33 22 
No. 100 93 45 11 14 
No. 200 87 33 8 11 

Atterberg limits: 
"Liquid limit 58 34 18 14 
Plasticity index 38 14 3 2 

Classification: 
Texas 5.0 4.0 3 . 6 1. 0 
AAS HO A-7(20) A-2(1) A-1(0) A-1(0) 

F~~4__,11_M__.1~~~1~12__.3/8~~--'-4~~~~10~~~-2~0~~~40~~~~1~oo~~_J2d:i°0 

SIEVE SIZE 

Figure 8. Gradation of subgrade, base and subbase materials. 
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TABLE 4 

SIEVE ANALYSIS OF AGGREGATES IN SURFACE COURSE MIXTURE 

Sieve 
Size 

%in. 
No. 4 
No . 10 
No. 40 
No . 80 
No . 200 

70 

60 

~ 5¢ 

"' ~ 
"' 4 

"' ~ 
30, 

2 

10 

0 
I 

Slag Aggregate, Asphalt Screenings, Fly Ash, 
Percent Passing Percent Passing Percent Passing 

100 100 100 
99.1 100 100 
80.2 96.8 100 
19.7 35.1 96.2 
11. 5 11.2 80.0 

6 . 1 3.0 56.0 

.033 .017 007 ,00 

10 

20 

30 

100 
3/4 1/2 3/6 4 10 20 40 60 200 

SIEVE SIZE 

Figure 9. Gradation of aggregate blend. 

TABLE 5 

VISCOSITY-TEMPERATURE RELATIONSfilP 
OF ASPHALT CEMENT 

(Designation: Texas, AC-20; Asnhalt Inst., 60- 70) 

Penetration 
100 gm/ 5 sec/ 77F 

60 

Specific 
Gravity 
at 77F 

1.015 

Temp. 
F 

50 
77 

140 
275 

bDetermined using sliding p late mi crofi Im viscometer . 
Determined using capi 1 lary-tube viscometer. 

Absolute 
Viscosity, 
Poises 

a9. 2ox 101 

al. 96X 106 

b2. 30X 108 

ho. 52 x 101 

~ 
0 w 
z 
~ 
w 
a: 



Figure 10. Texas Highway Department compaction device. 

Figure 11. Vibratory-kneading compactor and 12-in. diameter split-ring mold. 
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l'igure 12. Texas Highway Department gyratory- shear compactor. 

effects , it was considered desirable to increase the path length traveled by the pulse. 
Also, it was considered that with the large-diameter mold there would be less influence 
on orientation of the particles in the central portions of the compacted material from 
the restraining effects of the mold at the periphery of the specimen . 

These specimens were compacted using a vibratory-kneading compactor , as de
scribed by Jimenez (17) a."ld Jimenez and Gallaway (18) , and a 12- in. ID split - ring 
forming mold, shown in Figure 11. -

The specimens were compacted in 2-in. iiits using the following compaction pro
cedure: 

1. A dead load of approximately 280 pounds was applied. 
2. A dynamic force caused by the rotation of eccentric masses of about 500 pounds 

at a frequency of 1200 rpm was then applied. 
3. The base plate of the compactor was canted (3/1e in. in 171/2 in .) and the mold was 

turned counterclockwise continuously during the period of dynamic compaction. 
4. The duration of compaction used was 2 min per approximately 8, 000 grams of 

material. 
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5. A final period of dynamic compaction (30 sec) with the base plate in the horizontal 
position was used in order to square the faces of the specimen. 

The compacti ve effort was indeterminate because the state of density of material 
varied during compaction and changed the inertial forces of the compactor. 

Specimens of the individual materials were molded separately and tested to determine 
the average velocities in both the vertical (perpendicular to the plane of compaction) and 
horizontal (parallel to the plane of compaction) planes of the specimens. Following this, 
several two-layered specimens were made. The first or bottom layer of these specimens 
consisted of a 5-in. compacted thickness of a subgrade material and the top layer was 
a 5-in. compacted thickness of the untreated crushed limestone aggregate. 

The compacted asphaltic concrete specimens were 4 in. in diameter and 2 in. thick. 
These specimens were made using the Texas Highway Department method of compacting 
test specimens of bituminous mixtures (Test Method Tex-206-F, Part II, Tentative, 
June 1964). This method imparts a kneading action to the mixture being molded and 
compactive effort is applied until the densified mixture has a certain resistance to 
load. 

The motorized gyratory-shear molding press is shown in Figure 12. Compactive 
effort is applied by hydraulic pressure and rotation of the mold in a canted position until 
one stroke of the pump handle causes a pressure indication on the low-pressure gage of 
150 psi or more. When this end point is reached, a pressure of 1588 psi is applied to 
the specimen with the mold in a horizontal position and then released slowly. In order 
to vary the specimen densities obtained with this molding press, end points of 100 and 
200 psi were also used. 

The size of all the specimens used in this study was well suited for the determination 
of the compressional wave velocity of the respective materials. Several investigators 
(19, 20, 21) using pulse velocity techniques have demonstrated that the first arrival 
travels atthe theoretical velocity V c in materials for which the elastic constants can be 
determined independently. Using materials such as glass, steel, and aluminum and 
observing specimens of different sizes, they have found that this velocity is independent 
of length and diameter of the specimen and transducer frequency within certain ranges 
of dimensions and experimental accuracy. According to Birch (20), the ratio of length 
to diameter of the specimen should not exceed 4 or 5, because ffillarger values less 
energy arrives with the velocity V c as more energy is converted to disturbances 
arriving later than the first arrival. 

This is due to conversion to other types of waves at the boundaries of the specimen. 
Part of the longitudinal waves emanating from the source transducer are reflected at 
grazing angles of incidence at the material-air interface. This reflection leads to a 
conversion of part of the compressional energy into shear waves, which, in turn, can 
be reconverted to compressional waves by reflection at the specimen boundary. The 
amount of energy converted from one wave type to another depends on the angle of in
cidence of the wave and on Poisson's ratio of the material (22). 

RESULTS AND DISCUSSION 

The results of the compressional wave velocity determinations for all the_ materials 
used in this study are shown graphically in Figures 13 through 23 and in tabular form 
in Tables 6 and 7. 

The individual factors investigated and their influence on wave velodty are discussed 
separately except where a combination seemed logical. For the base and subgrade 
materials a discussion is presented for the effects of (a) moisture content and density, 
(b) confining pressure, (c) temperature, (d) stabilizing agents and (e) layer interface 
and particle orientation. For the asphaltic concrete surface course mixtures the effects 
of (a) temperature and asphalt content, and (b) voids on velocity are discussed. 

Effects of Moisture and Density 

The relations of moisture content to density and wave velocity at atmospheric pres
sure in the natural clay and sandy clay materials are shown in Figures 13 and 14. These 
two materials exhibit similar types of velocity-moisture relationships. The velocity in 
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these materials increases with moisture content to a maximum value and then decreases 
rapidly as the moisture content continues to increase. The maximum velocity is attained 
before the materials reach maximum density. In the case of the natural clay, this 
occurs at a moisture content of approximately 1. 4 percent less than optimum and in the 
case of the sandy clay about 1.1 percent less than optimum. 

These results do not agree exactly with previous pulse velocity experimental work 
by Leslie (23). Leslie reported the same gene.ral type of velocity-moisture relation
ships in silty clay specimens. However, in his specimens the maximum velocity oc
curred at maximum density and optimum moisture content for the material. Differences 
in equipment and material characteristics may be responsible for this slight disagree
ment in experimental results. Leslie used the standard Proctor method to compact his 
specimens and the discrepancy is probably due to the difference in compaction proce
dures. 

The increase in velocity with moisture content up to approximately the optimum value 
in the clays is apparently related to the nature and thickness of the water films sur
rounding the particles. Water may be held as a film around a colloidal clay particle 
either by direct adsorption of the dipole water molecules on the surface of the particle 
or may be the result of the hydration of ions of an electrolyte that are associated with 
the particle (24). In any event, when these films are thin the molecular forces of ad
sorption are quite strong and the apparent viscosity of the water is high. As the films 
become thicker, i.e., more water is added, the attractive force lessens and the water 
becomes less viscous with distance from the particle. 

Within a certain moisture range for a given clay material the tension effects of the 
water films between the colloidal particles impart to the clay its cohesive properties. 
The cohesion between particles is greater when the water films are thin and decreases 
as the films increase in thickness. These water films also aid in the compaction of clay 
materials, functioning as a lubricant to promote the orientation of the particles into a 
denser state. Thus, below the optimum moisture content the velocity increases with an 
increase in moisture, due to densification of the material aided by the lubricating action 
of the water films and better coupling between particles related to the cohesive forces 
associated with thi,n water films. 

The two more granular materials also show similar types of velocity-moisture 
curves (Figs. 15 and 16). The velocity steadily decreases as the moisture content in
creases and apparently bears little relation to the density of the material or its optimum 
moisture content. In the crushed limestone there is a decrease of approximately 1, 800 
fps or almost a 50 percent reduction in velocity with an increase of only two percent in 
moisture content. The clayey gravel shows the same percentage decrease with an in
crease of approximately four percent in moisture content. 

At low moisture contents, the material at the top surface of the specimens of crushed 
limestone was relatively loose and powdery. In this condition it was difficult to obtain 
good coupling between the receiver transducer and top of the specimens, and the velocity 
could not be determined for the specimen at 4. 2 percent moisture content. 

Hardin and Richart (25) in their work with Ottawa sand found that the velocity for sat
urated specimens and specimens drained prior to testing was less than that for dry 
specimens. From their results they concluded that the velocity was decreased by the 
mass of water which moved along with the solid framework of the specimen as it vibrated 
and that at low pressures the water reduced the stiffness of the material frame and 
further reduced the velocity. These concepts are logical and appear to explain the re
sults obtained with the more granular materials in this study. 

Effects of Pressure 

The variation of the compressional wave velocity with pressure was determined for 
the red sandy clay and the clayey gravel subgrade materials. Specimens of each of the 
materials were made at two different moisture contents below optimum and tested at 
various combinations of vertical and lateral pressure in a Texas triaxial cell (16). 

This cell is a lightweight stainless-steel cylinder, 6% in. ID and 12 in. in height, 
fitted with a standard air valve and a tubular rubber membrane 6 in. in diameter. The 
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tubular rubber membrane is clamped at each end of the cylinder and functions as an in
flatable liner of the cell . The specimens were placed in the cell and loaded axially by 
means of a screw jack press. Lateral stress was applied to the specimens by means 
of air pressure in the cell. 

Specimens were subjected to vertical stresses of 0, 5, 10, 15, and 20 psi. At each 
of these vertical stresses, the velocity was determined first with no lateral restraint 
on the specimen, then the cell was pressurized and determinations made at lateral 
stresses of 5, 10, 15, and 20 psi. The application of the lateral stress was accom
panied by a tendency of the specimen to elongate axially. In order to keep the height of 
the specimen constant, the load was increased slightly to maintain the same deformation 
gage reading observed when there was no lateral stress on the specimen. No correction 
for this increase in vertical stress was made so that the confining pressure cannot be 
considered completely uniform. 

The clayey gravel specimens were subjected to a 2. 5-psi lateral stress before the 
15- and 20-psi vertical stresses were applied. This was done to prevent possible failure 
of the specimens before the testing was completed. 

The data from these tests are shown in log-log curves with the velocity in feet per 
second plotted as the ordinate and confining pressure in pounds per square foot as the 
abscissa (Figs. 17 and 18). 

The variation of velocity with pressure was determined from these plots using the 
following equation: 

where 

v =eel c 

V c = the compressional wave velocity, fps; 
C = a constant; 
cr =confining pressure, psf; and 
e =slope. 

(3) 

Figure 1 7 shows the results for the red sandy clay specimens. At low pressures the 
velocity is affected only slightly by confining pressure. A slight break in the curves 
occurred at 1440 psf and the velocity varies with approximately the 0. 04 power of the 
confining pressure for the specimen with 15. 5 percent moisture and the 0. 03 power for 
the specimen at 13. 5 percent moisture in the range of 1440 to 2880 psf. 

The results obtained for the clayey gravel specimens are shown in Figure 18. The 
effect of confining pressure is more pronounced on this material as is indicated by the 
greater slopes of the curves. A break in these curves occurred at 720 psf and the 
velocity varies with the 0. 15 power of the confining pressure for the specimen at 5 per
cent moisture and the 0 . 19 power for the specimen at 'I percent moisture in the range 
of 720 psf to 2880 psf. 

These results are in fair agreement with results of the other investigators . Hardin 
and Richart (25) found that for clean sands the compressional velocity varies with ap
proximately the 0. 25 power of confining pressure. Matsukawa and Hunter (26) found 
the same value for dry sand specimens in the range of 40 to 400 psf. At higher pres
sures (600 to 10, 000 psf) Shannon et al. (27) found lhe velocity to vary with approxi
mately the 0. 33 power of confining pressure in dry Ottawa sand. Wilson and Miller 
(28) found a variation of about the 0.17 to 0. 20 power for compressional waves in 
various soil specimens in the pressure range of 600 to 10, 000 psf. 

Effects of Temperature 

Specimens of the sandy clay and clayey gravel materials were prepared at different 
moisture contents and then tightly sealed in aluminum foil to prevent the escape of 
moisture. The compressional wave velocities of these specimens were determined at 
100, 75, 38 and 30 deg F at atmospheric pressure. These temperatures covered the 
range that was considered likely to be experienced by these materials in a road sub
grade. 
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Figure 17. Variation in velocity of compressional wave with confining pressure and moisture content 
for sandy clay. 
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The results are shown in Figures 19 and 20. The velocities remained essentially 
constant in the range of 100 to 38 F but increased drastically as soon as the water in 
the interstices of the material became frozen. A great increase in the amplitude of 
the received pulse was also observed. The ice is an effective cementing agent and in
creases the acoustical coupling between the material particles. Thus the more rigid 
matrix is able to transmit the compressional wave at a much higher velocity and with 
less attenuation. The velocities observed in the respective specimens remained con
stant between 3 0 and -10 F. 

That portion of the curves between 32 and 38 F is shown as a dashed line. Although 
it is reasonable to assume that the curves are linear, there may be a nonlinear re
lationship of velocity with temperature related to the change in viscosity of the water 
in the voids of the material in this temperature range. 
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Wave velocities could not be determined for the specimens after thawing. The ex
pansion of the water in freezing was enough to disrupt the intergranular contact achieved 
by compaction to the point that attenuation losses prevented the transmission of a read
able pulse signal. 

It is interesting to notice that in both materials the specimens with the higher mois
ture content had the lower velocities at the higher temperatures and had the higher 
velocities after freezing. 

Effect of Additives 

The effects of cementitious additives and moist curing time on the compressional 
wave velocity in the crushed limestone material are shown in Figure 21. Although the 
specimen densities obtained after the addition of the cement and lime are somewhat 
lower than those of the untreated material, the initial velocities determined immediately 
after molding are higher. This suggests that the finer materials in an aggregate mix
ture play an important part in the transmission of the wave energy. 

As seen in the figure the velocities of the lime and cement treated specimens in
crease with curing time although at much different rates. The velocity in the cement
treated specimen was about 3. 7 times the velocity of the lime-treated specimen at the 
end of 7 days' moist curing. 

These results were not unexpected but do serve to illustrate the effects of increased 
rigidity or stiffness on the wa:ve velocity due to cementation of the particles. Good solid 
contact between the grains is requisite to good transmission of the wave energy and high 
velocities. 

Effects of Layer Interface and Particie Orientation 

The purpose of the large 12-in. diameter specimens was to study the effects of thick
ness, layer interface, and particle orientation. Velocity measurements were made on 
these specimens in the vertical direction after each lift of material was compacted. 
After molding of the specimen was completed, the split-ring mold was removed and 
horizontal measurements made at several locations at mid-height of the specimen. In 
the layered specimens these horizontal measurements were also made in both materials 
immediately adjacent to the interface between them. Typical data obtained for the two
layered specimens are listed in Table 6. 

The results of this series of tests were not conclusive. In general, the thickness of 
material or the total path length of the pulse in a given material had little or no effect on 
the velocities determined with the equipment used in this study. The presence of an 
interface between compacted lifts of the same material affected the velocity very little. 
However, the top of each compacted lift was scarified to eliminate a smooth interface 
before the compaction of the next lift. This assured good contact between lifts and may 
account for this slight effect. 

Little difference was observed in velocities measured perpendicular to the plane of 
compaction and those measured parallel to the plane of compaction in the sandy clay 
and clayey gravel. The observed horizontal velocities in the gravel were slightly less 

. than those in the vertical direction. In the crushed limestone which contained larger 
and more elongated particles, the horizontal velocities averaged about 200 fps or ap
proximately 7 percent higher than those measured in the vertical direction. This in
dicates that the orientation of the particles with their long axes parallel to the plane of 
compaction does have some effect on velocity although it was less than anticipated. 

The theoretical velocities shown in Table 6 were computed from the following 
equation: 

( 4) 

where 

V = average velocity of system, 
Vi, V 2 = average velocities of the two materials where Vi > V 2, and 

cp = fractional length of material with slowest velocity in the total path length. 



TABLE 6 

TYPICAL VERTICAL AND HORIZONTAL COMPR:ESSIONAL WAVE VELOCITIES 
IN TWO-LAYERED TWELVE-INCH DIAMETER SPECIMENS 

Specimen · Layer and 
No . Type of Material 

5 Lower-Sandy 

6 

Clay 

Upper-Crushed 
Limestone 

Lower- Clayey 
Gravel 

Upper-Crushed 
Limestone 

Measurement Path Me:i.sured 

Location a Length (in.) 
Velocity 

(fps) 

AB 5.375 2, 350 
FG 12.000 2,347 
HI 12.000 2,294 

AC 7.500 2,441 
(2 .125 is LS) 

AD 9.625 2,253 
(4.250 is LS) 

AE 10. 687 2,141 
(5. 312 is LS) 

JK 12.000 2,976 
LM 12 . 000 3,048 

AB 5.000 2, 863 
FG 12.000 2,770 
HI 12.000 2,747 

AC 7 .125 2, 113 
(2. 125 is LS) 

AD 9 . 250 1,971 
(4.245 is LS) 

AE 10.312 2,017 
(5. 312 is LS) 

JK 12.000 2, 525 
LM 12.000 2, 625 

°Cross section through a diameter of specimen showing measurement path location . 

E 
, D 

L I ------re ___ _ M 

I 
J t--- -- tB--- --jK 
H - ,- - - I 

F - -- _ _J ____ _ 
I 
I 

A 

G 

Top layer -5 in. thick 

Interface 

Bottom layer - 5 in. thick 

bSee Eq. 4. The ve locity in the crushed limestone was 2,712 ft/ sec . 

Theoretical Dry 
Velocity!> Density 

(fps) {lb/cu ft) 

98.9 
-
-

2,445 127.5 

2,506 

2,519 

134.9 

2,825 127.5 

2,801 

2,793 

Moisture 
Content 

(%) 

20.0 

5. 0 

5.2 

5.0 

... 
~ 
00 



149 

TABLE 7 

DESIGN VALUES OF TYPE E (MODIFIED) MIXTURE 
WITH 60 PENETRATION ASPHALT MOLDED BY TEXAS GYRATORY-SHEAR METHOD 

Asphalt Specimen Impregnated Relative Total Hveem Cohesiometer 
Content Density Density Voids Stability Value 

(%) (gm/cc) S.G . (%) (%) (%) (gm/ in.) 

6 . 0 2.210 2.391 92 . 4 7 . 6 36 219 
7. 0 2.223 2 . 358 94 . 3 5. 7 37 261 
8 . 0 2 . 244 2 . 336 96 . 1 3 . 9 36 276 

This equation was adopted from one used by Wyllie et al. (29) to calculate "time
average" velocities in layered systems of aluminum and lucite discs. According to 
Wyllie et al. , in elastic media systems this equation gives the theoretical velocity if 
the wave travel is directly through the specimen normal to the layers and if there is no 
slippage or separation of interfaces. The difference in measured and theoretical 
velocities indicate that these theoretical conditions were not met in the specimens 
tested. 

While slippage or separation at the interface between the two materials could not be 
determined, there was a considerable decrease in the amount of energy transmitted 
across the interface. After the addition of the first 2-in. lift of crushed limestone, the 
amplitude of the received pulse was decreased to about 7'10 of the amplitude observed 
prior to the addition. This energy loss is largely attributed to reflection of the wave 
energy at the interface between the two layers (8). No effect of the interface between 
layers on wave propagation in the horizontal plane was found in this series of tests. 

Effect of Temperature and Asphalt Content in Surface Course Mixture 

As expected, the compressional wave velocities in the asphaltic concrete surface 
course mixture were influenced considerably by temperature. Three sets of specimens 
at different asphalt contents were compacted and tested. The design values for the 
mixtures are shown in Table 7 . The results of the velocity determinations on mixtures 
containing 6, 7, and 8 percent asphalt at various temperatures are shown in Figure 22. 
Each data point represents the average value for three specimens. 

In the range of approximately 50 to 120 F, the velocity decreases almost linearly 
with temperature at a rate of about 30 fps per one degree rise in temperature. Below 
50 F there is a slight upward trend of the curves and above 120 F the curves appear to 
level off at some minimum velocity for the mixtures. 

Although measurements were not made at temperatures below 39 F there is reason 
to believe that the curves will show a reversal of curvature between 50 F and 20 F and 
that below 20 F they will continue their upward trend reaching a constant value or 
maximum velocity at some extremely low temperature. This belief is fostered by the 
results obtained by Goetz (30). Although Goetz repor ted only the variation in "sonic 
modulus of elasticity" (Young's modulus) values with temperature between -10 F and 
70 F, since there is a direct relationship between veloc~ty and modulus of elasticity the 
variation of velocity with temperature should be essentially the same. However, due 
to the difference in testing techniques , further investigation is needed before a definite 
conclusion is reached. 

The mechanical behavior of a bituminous paving mixture is complicated by its defor
mation characteristics at different temperatures. At sufficiently high temperatures 
such a mixture may be considered a plastic material. At normal room temperature the 
mixture may exhibit both plastic and elastic characteristics and when the temperature 
is lowered sufficiently it behaves in an elastic manner. Goetz found a "transition zone" 
or reversal of curvature in the modulus curves of his mixtures that occurred between 
20 -F and 40 F. He considered this transition to indicate that the plastic nature of the 
mixtures was dominant at temperatures above 40 F and that elastic behavior was 
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dominant below 20 F. The change in slope of the curves in Figure 22 at about 120 F may 
be interpreted as an indication of the viscous tendencies of the mixture, this change 
occurring at the approximate softening point of the asphalt. 

The results obtained by Goetz show no consistent relation between the resonant fre
quency test values and the amount of asphalt in the mixtures. The pulse technique 
results, however, show a relatively regular and uniform relation between the velocities 
of the mixtures at different asphalt contents. Although the velocity is incrementally 
increasing with asphalt content in the mixtures tested in this study, it is expected that 
a limit to this effect exists for any aggregate-asphalt mixture. As soon as the asphalt 
content is increased to the point that the voids between aggregate particles become 
filled and the aggregate framework is destroyed, the velocity should be lowered con
siderably. Evidence of this decrease in velocity was found in studying the influence of 
voids. 

Effects of Voids in Surface Course Mixture 

A series of specimens of the surface course mixture were compacted so as to obtain 
three different relative densities at the same asphalt content. The percent total voids 
in these specimens was determined at 77 F. This series of specimens was tested at 
different temperatures to determine the relation of total percent voids in the mixture to 
wave velocity at the various temperatures. The results of these compressional wave 
velocity determinations are shown in Figure 23. Each data point represents the average 
value for three specimens. 

As seen in the figure, voids caused a reduction in the wave velocity in the specimens 
at the 50 F and 77 F test temperatures, i.e., velocity decreased with an increase in 
voids. The change in character of the curves between 77 F and 120 Fis believed to be 
another manifestation of the viscous and expansive nature of the asphalt binder. At 
some intermediate temperature there is probably a linear relationship between velocity 
and percent total voids for this mixture (Fig. 23) but at 120 F, the approximate softening 
point of the asphalt, there is a decided change in the characteristics of the curves. 

When asphalt is heated it undergoes a considerable amount of volumetric expansion 
as well as a decrease in viscosity. Thus, in a compacted mixture the asphalt may 
expand with increasing temperature to the point that air voids in the mixture are at a 
minimum but the corresponding decrease in viscosity may still result in reduced ve
locities of the compressional wave. This is due not only to the decrease in velocity in 
the asphalt itself with increasing temperature, but also to the loss of cohesiveness of 
the mixture and the consequent reduction in coupling of the aggregate particles. 

It is interesting to note that the smallest total fluctuation in velocity over the range 
of temperatures was exhibited by the mixture compacted to the 150 psi end point and 
containing 5. 7 percent air voids. 

SUMMARY AND CONCLUSIONS 

This investigation was considered a pilot study of a pulse velocity measurement 
technique and an attempt to determine the suitability and applicability of such a techni
que as a testing procedure for the evaluation of various types of flexible pavement con
struction materials. Within the limits of this statement of purpose the study has been 
reasonably successful. A more thorough investigation of some of the factors involved 
in and influencing wave velocity measurements and their interpretation in terms of 
material properties will be required. However, it is believed that the results of this 
study will give direction to future work in this area of vibrational testing, Further, it 
is hoped that these results will be of benefit in achieving the desired objectives of the 
parent research project with which this study was associated. 

Within the limits of the materials and testing procedures employed, the following 
conclusions may be drawn: 

1. The velocities of elastic waves in clays and more granular highway construction 
materials are related to the properties of the respective material in a complex manner. 

a. In general, the wave velocity is diminished as the moisture content is 
increased. 
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b. In compacted materials, increased density should result in higher velocities 
but elastic wave propagation is complicated by the properties of the fluid in 
the voids and any anisotropic nature of the compacted medium. 

c. External or confining pressure results in increased wave velocities. 
d. Over the range normally experienced by subgrade and base materials in a 

pavement structure, temperature has little or no effect on wave velocity. 
However, temperatures below freezing result in drastic increases in wave 
velocity provided the material contains some moisture. 

e. Cementitious materials in the voids of a granular medium increase the 
coupling between particles and thus increase the wave velocity. 

2. In bituminous mixtures the viscoelastic character of the binder influences the · 
wave propagation. 

a. Velocities increase with increased asphalt content up to an expected limiting 
content for a given aggregate mixture. 

b. In these mixtures velocity decreases with increasing temperature. 
c. Velocities increase with increased densification or reduction in percent total 

voids of the mixture. 
d. Using pulse velocity measurements, it may be possible to define the temper

ature ranges in which the plastic, elastic and viscous properties of the 
bituminous mixture are dominant. 

3. The pulse velocity technique using both shear and compressional modes of vibra
tion suggests itself as a promising possibility for finding the elastic constants of flexible 
pavement construction materials. Determination of Poisson's ratio and elastic modulus 
values, particularly in bituminous mixtures that undergo changes in physical state, 
might provide a better understanding of both the design requirements and field perfor
mance of these materials. 

4. The pulse velocity technique, as a form of nondestructive testing, is already 
established as a valuable tool of the engineer. Its application to the field of engineering 
materials, particularly flexible pavement construction materials, has not been fully 
explored and its full potential in this area is yet to be realized. 

REFERENCES 

1 . Burmister, D. M. The General Theory of Stresses and Displacements in 
Layered Soil Systems. Jour. of Applied Physics, Vol. 16, pp. 89-94, 126-
127, 296-302, 1945. 

2. Jones, R. Measurements and Interpretation of Surface Vibrations on Soil and 
Roads. HRB Bull. 277, pp. 8-29, 1960. 

3. Heukelom, W., and Foster, C.R. Dynamic Testing of Pavements. Jour. of 
Soil Mechanics and Foundations Div., ASCE, Vol. 87, No. SMl, Part I, 
pp. 1-28, 1960. 

4. Jones, R., and Whiffin, A. C. A Survey of Dynamic Methods of Testing Roads 
and Runways. HRB Bull. 277, pp. 1-7, 1960. 

5. Van Santen, G. W. Introduction to a Study of Mechanical Vibration. Elsevier 
Press, Houston, 1953. 

6. Timoshenko, S., and Goodier, J. N. Theory of Elasticity, 2nd Edition. McGraw
Hill, New York, 1951. 

7. White, J. E. Seismic Waves: Radiation, Transmission and Attenuation. McGraw
Hill, New York, 1965. 

8. Officer, C. B. Introduction to the Theory of Sound Transmission. McGraw-Hill, 
New York, 1958. 

9. Richart, F. E., Jr. Foundation Vibrations. J our. of Soil Mechanics and 
Foundations Div., ASCE, Vol. 86, No. SM4, Part I, pp. 1-34, Aug. 1960. 

10. Long, B. G., Kurtz, H. J ., and Sandenaw, T. A. An Instrument and a Technique 
for Field Determination of the Modulus of Elasticity and Flexural Strength of 
Concrete (Pavements). Proc. ACI, Vol. 41, pp. 217-231, 1045. 

11. Batchelder, G. M., and Lewis, D. W. Comparison of Dynamic Methods of 
Testing Concretes Subjected to Freezing and Thawing. Proc. ASTM, Vol. 53, 
pp. 10S~-10RS, ms~ 



153 

12. Whitehurst, E. A. Pulse- Velocity Techniques and Equipment for Testing Con
crete. Proc. HRB, Vol. 33, pp. 226-242, 1954. 

13. Texas Highway Department. Standard Specifications for Road and Bridge Con-
struction, 1962. 

14. Texas Highway Department. Revised Specifications for Asphalt Cement, 1964. 
15. The Asphalt Institute. The Asphalt Handbook, Manual Series No. 4, 1965. 
16. Texas Highway Department. Manual of Testing Procedures, Vol. 1. 
17. Jimenez, R. A. An Apparatus for Laboratory Investigations of Asphaltic Concrete 

Under Repeated Flexural Deformations. Report submitted to the Texas Hi~hway 
Department under Research Project HPS-1-25-D, January 1962. 

18. Jimenez, R. A., and Gallaway) B. M. Preliminary Report of an Apparatus for the 
Testing of Asphaltic Concrete Diaphragms. Proc . AAPT, Vol. 31, pp. 477-
499, 1961. 

19. Mason, W. P ., and McSkimin, H. J. Attenuation and Scattering of High Fre
quency Sound Waves in Metals and Glasses. Jour. Acoustical Soc. of America, 
Vol. 19, pp. 464-473, 1947. 

20. Birch, F. The Velocity of Compressional Waves in Rocks to 10 Ki.lobars: Part I. 
Jour. of Geophysical Research, Vol. 65, No. 4, pp. 1083-1102, 1960. 

21. Hughes, D. S., Pondron, W. L., and Mims, R. L. Transmission of Electric 
Pulses in Metal Rods. Physical Review, Vol. 75, No. 10, pp. 1552-1556, 1949. 

22. Rueter, T. F., and Bolt, R. H. Sonics. John Wiley and Sons, New York, 1955. 
23. Leslie, J. R. Pulse Techniques Applied to Dynamic Testing. Proc. ASTM, 

Vol. 50, pp. 1314-1323, 1950. 
24. Baver, L. D. Soil Physics, 3rd Edition. John Wiley and Sons, New York, 1963. 
25. Hardin, B. 0., and Richart, F. E. Elastic Wave Velocities in Granular Soils. 

Jour. of Soil Mechanics and Foundations Div., ASCE, Vol. 89, No. SMl, 
pp. 33-65, Feb. 1963. 

26. Matsukawa, E., and Hunter, A. N. The Variation of Sound Velocity with Stress 
in Sand. Proc. Physical Soc., Sect. B, Vol. 69, Part 8, No. 440B, pp. 847-
848, 1956. 

27. Shannon, W. L., Yamane, G., and Dietrich, R. J. Dynamic Triaxial Tests on 
Sand. Proc. First Panamerican Conference on Soil Mechanics and Foundation 
Engineering, Mexico City, 19 59. 

28. Wilson, S. D., and Miller, R. P. Discussion of Foundation Vibrations, by 
F. E. Richart, Jr. Trans. ASCE, Vol. 127, Part I, pp. 913-917, 1962. 

29. Wyllie, M. R. J ., Gregory, A. R., and Gardner, L. W. Elastic Wave Velocities 
in Heterogeneous and Porous Media. Geophysics, Vol. 21, pp. 41-70, 1956. 

30. Goetz, W. H. Sonic Testing of Bituminous Mixtures. Proc. AAPT, Vol. 24, 
pp. 332-348, 1955. 




