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Over 200 lesls were performed on three basic soil types while 
studying experimentally the relationship between pulse veloc
ity, dry density, water content, and compactive effort. Lab
oratory test specimens were prepared by kneading and impact 
compaction methods in split Proctor and Harvard molds, and 
in situ field tests were performed on the shoulders of a re
cently compacted highway embankment. All soils tested 
showed a monotonically increasing pulse velocity with in
creases in dry density until the optimum water content asso
ciated with a particular compactive effort was attained; then 
a rapid drop in pulse velocity was observed for further in
creases in dry density. 'T'hP. c11rve of peak velocities and the 
curve of maximum dry densities were approximately parallel 
and lie within ±0. 5 percent water content of each other . Sev
eral factors are discussed which seem to influence the mea
sured velocities. These are (a) size of the laboratory speci
me11, (b) type of compaction, (c) subsequent desiccation of the 
specimen, (d) method of defining the first arrival time of the 
pulse on the oscilloscope, and (e) the spatially dependent an
isotropic macrostructure caused by the edge effects of the 
mold during compaction. 

•THE stress-strain and strength properties of a soil are important in the construction 
of compacted embankments. Assuming that these properties are unique functions of 
dry density and water content for a given soil, specifications for the construction of 
compacted embankments normally require that each layer of soil be compacted to some 
stated minimum density and within a given moisture content range. To verify that the 
specified minimum density has been achieved, numerous in-place density tests are usu
ally performed at random times and locations during the placement of the fill. Since 
the direct measurement of in- place densities by undisturbed sampling, sand cone, oil 
displacement, and rubber balloon methods is very time-consuming, engineers have at
tempted to correlate soil density with other more easily and more quickly measured 
physical soil parameters or indices, such as nuclear adsorbtion, electrical rP.Rist.ivity, 
and penetrometer resistance. The relative usefulness of these auxiliary methods for 
measuring soil density depends on the ease with which the two variables can be corre
lated and the extent to which this correlation is affected by changes in other variables, 
such as moisture content or electrolyte concentration. In this paper, a pulse velocity 
teclmique for measuring in-place soil dry density is studied and discussed. 

The pulse velocity technique is already well established as a valuable engineering 
tool for quality control of many materials. Some of the more successful applications 
have been reported in the allied fields of concrete, asphalt, wood, metals and polymers. 
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TABLE 1 

son. PROPERTIES 

Soil Specific Liquid Plastic Percent Finer Than 

Sample Gravity Limit Limit 
(G) (WL) (Wp) 1 mm 0.1 mm 0.01 mm 0.001 mm 

SM-1 2.74 32. 1 17. 2 95 86 62 31 
SM-2 2. 77 33. 0 17. 4 95 87 65 31 
SM-3 2. 76 27.0 16. 8 91 72 54 25 
SM-4 2.74 31. 6 18. 3 94 80 54 24 
SM-5 2.76 34. 9 17. 6 97 88 66 33 
cs 2. 66 99 27 22 18 
MC 2.72 53.0 23.3 99 91 68 39 

For example, Long, Kurtz and Sandenaw (1) observed guod agreement betweenconcrete 
moduli determined by pulse velocity and static flexural testing methods. Similarly, 
Goetz (2) reported that the pulse velocity technique provided a relatively regular and 
uniform relation between wave velocity and asphalt content for different mixtures. Manke 
and Gallaway (3) claimed reasonable success in applying the pulse velocity technique to 
certain soils and bituminous mixtures. Wyllie, Gregory and Gardner ( 4) examined a 
heterogeneous mass of aluminum and lucite discs and showed that experimental veloc
ities differed from theoretical ones, thereby indicating that theoretical conditions were 
not satisfied. Jones (5) showed that dynamic moduli of elasticity and layer thicknesses 
can be determined from field vibrational measurements, and McCoy (6) presented a 
single resonant frequency technique for determining shear wave veloclly in infinitely 
large masses. Whitehurst (7) stated that pulse velocity provided a good criterion for 
comparing materials. In addition, Jones and Whiffin (8) presented an excellent survey 
of dynamic techniques for measuring the properties of pavement and subgrade materials, 
and summarized many of the divergent opinions expressed by researchers regardingthe 
proolems involved. 

Although not specifically directed toward development of testing procedures, much work 
has been reported on wave propagation in soils. Leslie (9) investigated the velocity-water 
content relationship for a silty clay and found that maximum velocity occurred at maximum 
density and optimum moisture content. In their work on Ottawa sands, Hardin and Richart 
( 10) studied wave velocities in saturated, partially saturated (drained), and dry sands, and 
forwarded certain concepts which Manke and Gallaway (3) later found to be consistent with 
their work. Utilizing the concept of logarithmic decrement, a study of the propagation and 
dissipation of elastic wave energy in granular soils was made by Richart, Hall and Lysmer 
(11) and Hall and Richart (12). Heierli (13) reported a similar study taking into account the 
complex nonlinear and inelastic stress-strain relationship for soils. 

The transmission of impulses through a body has been investigated extensively for 
various geometrical configurations and idealized material properties. In any extended 
body, a generated impulse separates into a compression (or longitudinal or dilatational) 
wave and a shear (or transverse or distortional) wave. Under certain other conditions, 
surface waves may be generated at the interface between two different media, such as 
a free surface or the boundary between a layered system. These waves are categorized 
as Rayleigh or Love waves. Compression waves generally travel with the greatest ve
locity and are the only type considered in this investigation. 

SCOPE OF TEST PROGRAM 
• 

Three basic soil types, a clayey sand (CS), a Vicksburg buckshot clay (MC), and a 
sandy silt (SM), were tested in this experimental program. Samples of the sandy silt 
were obtained at five different locations along the embankment approaches to the inter
section of I-57 and I-80 south of Chicago; these are referred to as samples SM-1 through 
SM-5. The Atterberg limits, specific gravities, and grain size distributions of all 
samples are given in Table 1. 
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TABLE 2 00 

SCOPE OF TEST PROGRAM 

Compaction Effort 
Energy No. of Tamps per Soils No. ofWater Range of Range of 

Device Source Layers Layer Tested Content Levels Water Contents Dry Densities 
(w%) (pcf) 

10-Lb hammer, 
drops of 

Impact Lowest 12 in. 3 13 
18 in. 3 25 
18 in. 5 25 SM-2 4 12-19 109-125 

Highest 18 in. 10 25 

Tank air 
pressure 

Kneading Lowest 40 psi 5 16 
65 psi 5 16 SM-1 3 11-16 110-125 

65 psi 10 16 
SM-2 3 12-16 105-124 

Highest 70 psi 10 24 SM-5 6 11-18 101-123 

Spring 
compression 

Harvard Lowest 10 lb 5 3 
Tirpe A 20 lb 5 3 SM-3 4 11-20 87-122 

40 lb 5 6 SM-4 4 11-18 80-115 

Highest 80 lb 5 9 MC 9 12-28 69-104 

Spring 
compression 

Harvard Lowest 10 lb 5 3 
Type B 20 lb 5 3 

40 lb 5 3 cs 4 4-15 79-118 

Highest 80 lb 5 3 

Spring 
compression 

Havard Lowest 10 lb 5 9 

Type C 20 lb 5 9 
40 lb 5 9 cs 4 4-15 83-127 
80 lb 5 9 

Highest 80 lb 10 9 
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Figure 1. Test apparatus. 

By using different types of compaction and several levels of compactive effort, over 
200 test specimens covering a wide range of water contents and dry densities were 
prepared from these samples. The different types of compaction were accomplished 
by using a Havard miniature compaction device, a kneading or pneumatic compactor, 
and an impact or dynamic compactor. In t.ne latter two instances, '!so cu ft Proctor 
molds were used. The scope of the test program is summarized in Table 2. 

EXPERIMENTAL PROCEDURE 

Measurement of Pulse Velocity 

The propagation velocity of a pulse through the compacted soil specimens was mea
sured with a commercial electronic system which combines a pulse generator, source 
and receiver transducers, and an oscilloscope in one unit called a V -Scope. The source 
and receiver transducers consist of Rochelle salt crystals mounted in an aluminum 
case with a rubber membrane stretched over the open end; after the air is removed, 
oil is forced into the case under pressure. The pressure causes the rubber membrane 
to bulge beyond the end of the aluminum case so that it does not touch the specimen 
during the test. 

The sweep rate of the oscilloscope is matched to the pulse frequency so that a sta
tionary trace is displayed on the screen. The transducer tare time, which is the time 
required for the pulse to travel through a system with zero specimen length, is ob
tained by placing the source and receiver transducers in contact and reading the time 
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Figure 2. Resu Its for SM- l soi I: Kneading compaction with Proctor mold . 

on the oscilloscope. When calculating the time required for the pulse to traverse the 
specimen alone, the tare time is subtracted from the total time reading with the speci
men in place. The pulse velocity is then obtained by dividing the gage length by the net 
pulse propagation time through the specimen. Figure 1 shows the V- Scope and a typi 
cal test setup. 

Field Technique 

The field testing was done on a compacted highway embankment which had been in 
place for about one month. Since the concrete lanes had already been placed, the shoul
der areas were used; however, these areas had served as haul roads for heavy equip
ment and no check on the as-compacted densities was possible. Because Illinois re
quires no water content control, it was impossible to tell whether the embankment was 
compacted wet or dry of optimum or if significant wetting or drying of the soil had oc
curred subsequent to placement. 

Using an 8-in. diameter earth auger, two holes were excavated about 12 in. apart 
and 16 in. deep. After the sides of the holes were trimmed to facilitate a greater con
tact area between the soil and the transducers, and to assure that the aluminum case 
did not touch the soil, the transducers were positioned about 12 in. deep and held 
tightly (exact force was not measured) against the soil by two small screw jacks placed 
against the back of the hole. Then, the distance between transducers and the oscillo
graph reading were recorded. 

Following these measurements, the soil between the holes was excavated with a 
pick and a balloon density test was performed. In addition to water content samples, a 
minimum 20-lb sample of the soil was taken from between the holes for laboratory testing. 

Laboratory Procedure 

Laboratory specimens were compacted in either a split Harvard miniature compac
tion mold or a split Yso cu ft Proctor mold; the interior of all molds was sprayed with 
a fluorocarbon dry lubricant. After the mold was removed, the transducers were po
sitioned at each end of the specimen and the combination was subjected to approximately 
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3 psi axial pressure; this same pressure was used in determining the transducer tare 
time. A rubber pad was placed under the lower transducer to prevent waves from 
traveling through the apparatus and influencing the measurement. 

For the specimens compacted in the Harvard mold, one velocity reading was taken 
in the axial direction; then, the water content was obtained by drying the entire speci
men. For the specimens compacted in the Proctor mold, axial velocities were mea
sured at five locations, once along the centerline and once at each of the quarter points 
near the edge of the specimen; the readings were then averaged. Water contents were 
obtained by splitting the specimens axially and securing a sample from the interior. 

... 
" a. 

o Lowest 

: i 
v Hiohest 
o Field test 

(al 

110..._--""=:;_'-----'-----J_--'"--' 
12 14 16 

w (%) 

18 20 

.. 
a. ... 
> 

4800 

4000 

w(%) 

0 12.87 :!. 0.13 
0 13.81 :t 0.13 
A 16.l&t.0.42 
v 18.94 
.o Field test 

0 

(bl 

eoo.__ _ __ ..__ ___ ..__ _ __ ,__ __ __, 
110 115 120 125 130 

Yd (pc!) 

Figure 4. Results for SM-2 soil : Impact compaction with Proctor mold. 



232 
130 2800 

w(%) 31°01fp1) 
Slli!! 0 11.80± 0.12 

o Lowest c 14.15 ± 0.10 
~ ~ "' 16.62 :!: 0.23 

120 v Highest v 19.03:!: 0.05 
o. Field test 

2400 0. Field test 

110 2000 -u -;; ... ... -..., 
)... > 

100 1600 

(bl 

110 

W(%) rd (pcfl 

Figure 5. Results for SM-3 soil: Kneading compaction with Harvard mold. 

EXPERIMENTAL RESULTS 

The experimental results of all laboratory and field tests are given in Figures 2 
tlu·ough 9. Part a of each figure shows a plot of dry density, 'Y d• vs water content, w, 
for several different compactive efforts. Part b shows the propagation velocity, V, 
plotted vs dry density for a relatively constant water content. In Part a of each figure 
a dotted line is drawn to connect the points of maximum dry density and optimum mo is -
ture content associated with each compactive effort. Similarly, in Part b the dashed 
line connects the points of maximum velocity. Finally, the dashed line connecting the 
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Figure 7. Results for SM-5 soi I: Impact compaction with Proctor mold . 

velocity peaks is superposed on the dry density-water content plot in order to evaluate 
its relationship, if any, to the associated dotted line connecting dry density peaks. 

The following observations and interpretations are advanced in an attempt to explain 
and correlate the response obtained. When comparing the laboratory results of the five 
field samples, it was observed that the specimens compacted in the Harvard mold by 
kneading methods tended to yield velocities much lower than those of specimens com
pacted in the Proctor mold by both impact and kneading methods. Even though the den
sities obtained in the former case were generally lower, this does not completely 
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explain the discrepancy. Hence, in addition to possible effects due to variations in soil 
structure caused by different compaction methods, it appears t hat specimen size affects 
the propagation velocity; perhaps this is attributable to such causes as lateral inertial 
effects. Also, correlation with fif'\lo data was poor for these specimens, cw may be 
seen in Figures 5 and 6, while such correlation was generally good for the larger lab
oratory specimens compacted by kneading and impact methods. 

As can be seen in Part a of Figures 2 through 9, the peak velocity curve approxi
mately parallels the peak dry density curve and lies generally within 0. 5 percent water 
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content either wet or dry of optimum. Three of the four samples compacted with the 
Harvard device had peak velocity curves falling wet of optimum, while the samples com
pacted in the Proctor mold by kneading or impact methods always had peak velocity 
curves on the dry side of optimum. A similar relationship between velocity and dry 
density peaks for a single compactive effort has been reported by Leslie (9) and by 
Manke and Gallaway (3). It seems apparent that the peak velocity is related to maxi
mum dry density and optimum water content, and that some major soil characteristic 
which affects the compression wave velocity is changing at or near optimum. 

There is some evidence that a change in structure occurs around optimum, but this 
structural alteration does not seem to be wholly responsible for the drastic velocity 
changes which were observed. Seed, Mitchell and Chan (14) have indicated that the 
structure developed in a compacted soil is greatly influenced by the shear strains in
duced during the compaction process. These strains apparently tend to produce a dis
persed arrangement of soil particles in the region adjacent to the shear planes. There
fore, for soils in which the inter-particle forces are not so great that a random structure 
occurs under all conditions, compaction methods which induce large shear strains tend 
to produce a greater degree of particle orientation. Since relatively little shear defor
mation takes place in normal laboratory specimens compacted dry of optimum, soil 
fabric is not very sensitive to the method of compaction. However, for specimens 
compacted wet of optimum, particle orientation is dependent on the compaction method 
and tends to decrease in the order of kneading, impact, vibratory, and static compaction. 

In the case of the clayey sand material, it was observed that the velocity-dry den
sity data given in Figure 9 could be reasonably represented by a straight line for each 
water content dry of optimum. Furthermore, if these data are plotted in the form of 
the product of water content and propagation velocity vs dry density, all data dry of 
optimum tend to collapse empirically within reasonable experimental error into the 
straight-line relationship shown in Figure lOa. In addition, Figure lOb shows data 
taken directly from experimental results presented by Manke and Gallaway (3) and 
plotted in the same form. Moore (15) has presented the results ofover 500 in situ field 
tests and over 50 correlation tests \mostly sand cone with a few oil displacement) from 
8 or 10 different projects; approximately two-thirds of these were on granular base and 
subbase materials. Although no water content measurements were recorded, the veloc
ity and dry density measurements taken under in-place field conditions seemed to in
dicate a straight-line relationship independent of water content. However, despite this 
fortuitous occurrence in the cases cited, it must be pointed out that such a collapse and 
straight-line relationship appears to be applicable only to the data dry of optimum. 
Furthermore, such a convenient and concise representation was not obtained for the other 
data in this experimental program, nor has it been substantiated by the works of many 
other researchers. 

The results of an attempt to show velocity changes which occur as a compacted 
sample is desiccated are shown in Figure 7b, The specimen was compacted at 13. 8 
percent water content with the kneading compactor using the highest compactive effort; 
it was then allowed to dry to 12. 9 percent, placed in a plastic bag, and stored in a 
humid room for several days to allow for a more homogeneous distribution of moisture. 
The velocity was measured at the end of this storage period. The same process was 
repeated at 12. 0 percent, 8. 0 percent and ovendry. At each point the dimensions of 
the specimen were measured, and these dimensions were used in the density calcula
tions. The specimen appeared to be near the shrinkage limit at a water content of 8 
percent. From these limited data it seems that water content below the shrinkage 
limit has little or no effect on the velocity. It is also interesting to note that the final 
velocity of the desiccated specimen is nearly the same as the maximum velocity in
dicated on the 13. 8 percent curve; however, insufficient evidence is available to deter
mine whether or not this is coincidental. The respective structures of the conventionally 
compacted specimen at peak velocity and of the desiccated specimen should differ sig
nificantly, since they were compacted with different compactive efforts and with mois
ture contents on different sides of optimum. 
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FACTORS INFLUENCING RESULTS 

As with any experimental study involving relatively new techniques, there are a 
multitude of technical factors which influence measured results. While none of these 
factors were studied in sufficient detail to justify any conclusive statements, some qual
itative comments are possible. 

A definite problem exists in defining on the oscilloscope trace a single point which 
can be identified as the first arrival time of the pulse. In addition to the anticipated 
difficulty associated with defining the point where the slope of the trace is no longer 
horizontal, the reading varies with the input gain setting, since a higher gain setting 
magnifies that small amount of high-velocity energy which arrives ahead of the major 
portion of average-velocity energy. This same reasoning applies to the output energy 
setting. For example, very wet specimens displayed such a gradual slope change that 
the velocity could not be determined within 10 percent. The problem of defining the 
first arrival time in the field was compounded by the increased attenuation of the wave 
over a longer sample gage length. The amount of energy received was difficult to dis
tinguish from the background noise in some cases. For very wet or very dry speci
mens, some problems were encountered in differentiating between a wave traveling 
through the air and one traveling through the specimen. Although a variation in axial 
pressure was found to affect velocity readings, this effect was not taken into account 
in this study. 

When specimens were compacted wet of optimum, a definite spatially dependent an
isotropic macrostructure was observed as a result of the soil being squeezed horizon
tally under the tamping foot. When the specimens were broken open, they exhibited a 
more-or-less radially-symmetric, saucer-shaped pattern. As a result of this orienta
tion, the average propagation velocity near the edge was about 3 percent greater than 
that through the center; however, as previously mentioned, lateral inertial effects may 
also contribute to this phenomenon. 

In order to study the directional dependence of velocity, two extra specimens were 
prepared; one was compacted wet of optimum, and the other was compacted as close 
to optimum as possible. After the axial velocity was obtained in the normal manner, 
the samples were trimmed into a square cross section with a slow-cutting power saw, 
thereby removing that portion of the specimen with the inclined planes. The axial ve
locity was again measured and found to correspond with previously measured values 
within about 10 or 20 ft/sec, well within experimental error. Then, velocity measure
ments were made in the perpendicular direction at several points. For the specimen 
compacted near optimum, the lateral velocity was about 2. 5 percent greater than the 
axial, but for the specimen compacted wet of optimum, this difference was about 
25 percent. 

SUMMARY 

The study consisted of pulse velocity measurements on over 200 specimens of three 
soil types compacted in the laboratory by kneading and impact methods in split Proctor 
and Harvard molds. The measured pulse velocities were related graphically with water 
content, dry density, and compactive effort. In addition, data from several field tests 
on one of the soil types were reported. 

Based on these results, pulse velocity was found to increase monotonically with dry 
density for a constant water content until a maximum velocity was reached; thereafter, 
an increase in dry density resulted in a rapid decrease in pulse velocity. The curve 
connecting the peak velocities was found to approximately parallel and lie within ± O. 5 
percent of the curve of maximum dry densities for several compactive efforts. For 
comparable water contents and dry densities, there were considerable variations be
tween the velocities measured in the specimens compacted in the Harvard mold and 
those compacted in the Proctor mold. In addition to possible differences due to the 
method of compaction, lateral inertial effects may be more predominant in the smaller 
Harvard mold specimens, thus introducing a specimen size effect on the measured 
velocity. 
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Other factors influencing the pulse velocity measurements included specimen edge 
effects imposed by the mold during the compaction process and the anisotropy of the 
soil structure. For specimens compacted wet of optimum, the average velocity near 
the edge of the specimen was about 3 percent higher than the velocity at the centerline. 
Some preliminary tests on the effect of anistropy indicated that velocities in the lateral 
direction were approximately 2. 5 percent higher than those in the axial direction for 
specimens compacted at approximately optimum conditions, and about 25 percent higher 
for specimens compacted wet of optimum. Indications are that desiccation drastically 
affects the measured pulse velocity and that the velocity in desiccated specimens is 
approximately constant for water contents below the shrinkage limit. 

The pulse velocity technique has yet to be fully evaluated as an auxiliary method for 
measuring the in-place mechanical properties of compacted soil masses. Much work 
remains to be done in understanding the relationships between pulse velocities and other 
soil parameters and in developing techniques for obtaining pulse velocity measurements. 
However, if successful, this technique may offer some advantage over currently used 
controlled-density techniques. Because it can be directed toward the measurement of 
soil parameters which may be of more interest and importance than dry density in the 
construction of compacted embankments, the pulse velocity technique perhaps offers a 
method to circumvent the assumption that the mechanical properties of compacted soils 
are a unique function of dry density. 
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