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~ : . SEISMIC WAVE VELOCITY AS A MEANS OF IN-PLACE DENSITY MEASUREMENT
J. M. Hogan and R. L. Handy

INTRODUCT ION

o

The objective of this investigation was to apply principles of

first-arrival seismic refragtion to the problem of determining in-place

: dry density in a soil embankment. The seismic refraction teéhnique is a
method by which velocity of a sgismic wave is obtained by measuring the
time for the wave to travel between known distances measured on the
ground :surface. The laboratory method of study involved correlation of
results of seismic wave measurements with conventional dry density and
moisture content measurements of several soils. Field seismic measure-
ments were correlated to in-place moisture-density determinafions. The
ultimate goal was an economic improvement in construction control testing,
since the time required to perform an in-place seismic measurement on an
embankment in much less than that required for conventional moisture-

density determination.

REVIEW OF LITERATURE

Seismic test methods are based upon properties of a material that
govern the propagation and dissipation of stress waves. The theory of
transmission of impulses through a solid body was first examined in con- -
nection with propagation of earthquaké wavesl° Other investigétions have
centered 6n theoretical considerations and experimental results' related
tq waves produced in a soil mass by vibrating foundation léadsz. There

have been two general approaches to the study of soil properties by



dynaﬁic methods. One inﬁolves the applicétion of avibrational load to

the soil, while the second is based upon inducing a single sonic pulse.

A summary of the results obtained by different applications of the vibratory
method to the study oflin—place properties of highway structural components
has been reported by Jones and Whiffen3. Investigations utilizing the
vibratory method have generally been directed towards problems of road
design. There is no general agreement on the most pertinent dynamic
properties, and a satisfactory general method of road design has not

been developed.

Goetz applied sonic testing techniques to specimens of asphaltic
concrete to study tﬁe correlation between resonant frequency and asphalt
content®., A ﬁroblem with such measurements is that resonant frequency is
a function of specimen size, in addition to the physical properties of the
specimen. Other studies relate resonant frequenéy of portland cement
concrete to strength and durabilitys.

Numerous engineering applications héve utilized velocity measurements
of a single sonic pulse. For materials such as concrete, asphalt, wood,
metals, and polymers, the teghnique provides a means of quality testing.
Whitehurst summarized pulse velocity techniques and equipment for testing
concrete structures to detect cracks and deterioration5’6. Leslie iﬁvesti-
gated samples of soii, wood and concrete by using pulse techniques, and
found that maximum velocity occurred in a silty clay at conditions of
optimum moisture content and maximum dry densityZ. Manke and Gallaway
showed that for a natural clay and a silty clay, maximum veloéity oc-

curred slightly on the dry side of optimum moisture content8. The ef-

fects of confining pressure and temperature were also studied. As
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confining pressure increased, pulse velocity generally increased. Above
freezing, temperature had littie or no effeét, and below freezing,‘the
wave velocity greatly increased for soils that contained moisture.

Moore studied thé relation of seismic wave velocity to degree of
densification for several soils and crushed stoneg. Tests were con-
ducted under both field and laboratory conditions and results showed a
comparatively straight-line relation of seismic wave velocity to in-
creasing density. The equipment used was a Model MD-1 seismic unit
manufactured by Geophysical Specialties Division of Miﬁngtech Labs, Inc.{
Minneapolis, Minnesota. The relationship of seismic velocity to amount
" of compaction given an in-place soil was sfudiéd at the Illinois Instifufeof
Technology Research Institufe. Seismic equipment similar to that men-
tioned above was used, and results showed velocity genera11y>increases
with number of passes gf compaction eqﬁipmentloo

Phelps and Cantor developed a microseismic refraction system to
study concrete deterioration under asphalt sverlaysll. This approach
enabled the thickness of the overlying asphalt to be determined and the
quanﬁity of the underlying concrete to be estimated by a nondestructive
test. The length of the refraction. line was about 3 ft, whereas the common

length for a shallow subsurface investigation is often 100 to 200 ft.

METHODS

The first part of the investigation was to develop a technique ap-
plicable for measuring seismic velocities at small distances in' both
laboratory and field. An advantage of determining velocity from a -

distance-time graph is elimination of inacurracies due to delays in the



timing system. A relationship of pulse velocity to.dry density and
moisture content Qas'obtained by -laboratory measurements on standard
and modified AASHO compaction sampleé°

Equipment used for making shallow subsurface seismic investigations
consists of three‘components; i.e., seismic timer, transducer, and impact
source. gThe,timer measures elapsed time for a seismic wave to travel
from the impact source to the transducer. For geophysical studies the
impact source can Be a sledge hammer or explosive charge, and theAtrans-
ducer is usually a geophone. When a hammer is used, energy is often
transmitted into the ground through a steel plate or ball.

The investigation began by using a Model MD-3 refraction timing
system obtained from Geophysical Specialties Division of Minnetech Labs,
Inc., Minneapolis, Minnesota, Fig. 1. Because of the short seismic line
length required, some equipment modifications were made: a tack hammer
was ‘used, and the energy couple was a 5/8-in. diameter steel ball bearing.
To make sure the timer started counting exactly when the hammer blow
generated the seismic wave, the timing circuit was modified to close at
the contact of the hammer and the ball bearing. This equipment gave ac-
ceptable results in the field where=a 3-ft seismic léne was used, but not
in the laboratory where maximum diséance was about 4-1/2 in. The counter
recorded time to the nearest one~tenth millisecond, adequate in the field
but inadequate in the laboratory, causing nonreproducibility of results.
Part of the 1a£fer was thought due to inconsistencies of hammer energy,
but a miniature drop hammer failed to glleviate the broblem.' It was also
difficult to adapt the geophone to produce reliable first-arrival detections

when mounted on a proctor specimen.



The above described seismic refraction system was similar to that
used by R. W. Moorgg, Bureau of Public Roads, for finding in—élace
velocities using a 5-ft seismic 1ineland by the Illinois Institu&e of
Technology Research Institute, where the velocity measurements utilized
a line 2 ft 1ong10.

A second refraction system used was a Model 217 Micro-Seismic Timer,
available from Dynametric, Inc., Pasadena, California, in which the
counter is controlled by a sfable oscillator measuring travel time in
microseconds, Fig, 2. Common flashlight batteries provide power. The
transducer was a phonograph needle mounted in a brass case, supported
on three rubber feet, Fig. 3. . Needle contact pressure is controlled by
a leveling screw attached to one of the feet. The impact device and

energy couple were the same as used with the refraction system-previously

described. Tapping the ball bearing with the small hammer gave reproducible

results and a constant energy source was not necessary. This microseismic
apparatus allowed the field and laboratory pulse velocity measurements to
be made by the same equipment and technique.

Field measurements of microseismic refraction tests were made along
a 2-ft line divided into 3-in..stations. To provide good contact betﬁeen
the transducer and soil, a l-in. flathead wire nail was driven flush
into the soil and the needle placed in contact with the nail. At each
station the ball bearing was seated into the subgrade to a depth one-half
its diameter and was not tapped hard enough during the testing to drive
it deeper into the subgrade. At each station 10 first-arrival measure-

ments were recorded. Standard rubber balloon volumeasure density and

moisture content determinations were then made at midpoint of the seismic
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line. Pulse velocities were calculated using.data oBtained from distance-
time plots. Analysis of field velocity plots was accomplished by
methods common to shallow seismic investigation.

in the 1aboratory, standard and modified AASHO compaction tests were
performed on soil-samples obtained from material used in the field em-~
bankment constructionll. The specimen size was 4 in, diameter by 4.58 in.
high, produced in a split mold in order to minimize specimen disturbance
during removal. Two variations of the AASHO compaction procedure were
used in molding specimens. Specimens noted as '"remolded' were prepared
by successive addition of ﬁater to the original soil. Specimens. noted
as 'monremolded" were prepared by adding calculated amounts of water to
individual batches of soil. Moisture was addedlto the nonremolded
laboratory soils 24 hours before molding. Initially moisture was added
to the remolded soils 24 hours before molding with successive additions
of water prior to molding each specimen. Data from these tests were
used to express velocity as a function of dry density and moisture content
at constant compactive effort and curing time.

For laboratory measuremeﬁts, each sonic pulse was induced‘by striking
a ball bearing embedded to about one-half its diameter in the center of
the specimen. The transducer was attached to the specimen by rubBer
bands with the needle placed in contact with the head of a stﬁaight pin
embedded flush into the specimen surface. Four pins, cut to a length of
1/8 in., with heads roughened to provide a bettep contact surface, were
placed in a straight line pafallel to the axis 6f the specimen.and spacéd
at 1/2-in. intervals, with the top ?in 2.7 in. below the top oﬁ the specimen,

Fig. 4. Three such lines were spaced 120 degrees apart on the specimen



surface with travelldistanceé being measured from the bottom of the ball
bearing to the heads of the pins. At each transducer location, 10 time
measurements were reco;ded. For each specimen, three pulse velocities

were thus computed from the inverse slope-of the distance-time plots and

the pulse velocity of the specimen was taken as the average value.

THEORY

" The elastic properties of matter may be described by varioué elastic

constants. These inélude:

1. Young's modulus (Ej, 6r modulus of elasticity, a measure of
the ratio of stress to strain in simple tension\or compression.

2. Bulk modulus (k), a measure of the stress-strain ratio under
hydrostatic pressure..

3. Shear modulus (n), a measure of the ratio of stress to strain
during shear.

4o Poisson's.ratio (), a measure of the geometric changeibf shape

\

of a materials mass.

The theory of elasticity indicates that a material can transmit two
principal types of seismic.waves, longitudinal and transverse, each having
different speeds of propagation dependent on the elastic constants.

Longitudinal (compression) waves create a particle motion parallel
to the direction of prdpagation. IThese wgves are similar in effect to

sound waves in ‘air. The velocity of longitudinal waves may be determined

by

IE 1 b 2
) - )
v - (1)

P - o= 2@2

where p is the density of the material.




Transverse (shear) waves create a particle motion perpendicular
to the direction of wave propagation. They may be considered similar to
the waves of a vibrating string. The velocity of transverse waves may

be determined by

P .
E__1 ?
Vp T [? 2(1 + u;} | @

where again p is the density of the material.

of tﬁe three variables, E, p, and u, the latter or Poisson's ratio,
is most Aearly a constant. If u = 0.5 there is no volume change under
stress —'that is, the volume expansionltraﬁsverse to the stress equals.

the volume decrease in the direction of applied stress. In soils y is

about 0.4 to 0.5. Substituting a value of 0.44 into Eqs. (1) and (2)

E

L = 1.80 /p
E

Uy = 0.59 / |

or VL/VT = 2.4, Thus thé instruments available, which record first ar-

gives:

<
]

<
]
o |

rival times, will record longitudinal waves unless the receiving instrument
can be arranged so‘longitudinal waves will not affect it.

Let us now re-examine Eq. (l).‘ According to this equation, the
higher the density the lower the seismic velocity. This is opposite

what was observed in subsequent tests. We therefore may conclude that

density is not a major primary factor affecting seismic velocity. Or

stated another way, seismic velocity is not a direct measure of soil
density, since the effect of changes in density apparently is overridden

by changes in the modulus of elasticity E and/or Poisson's ratio p.




This means that the cdrrelation between density and jeloqity will be
eﬁpirical, and will be influenced by anything which will change E and .
Possible variations include:

e Moisture content

® So0il mierostructure

e Degree of saturation

e Soil minerals

e Structural defects (cracks, spalls).
Thué a correlation may be suitable for a particﬁlar soil, moisturé
content, method of molding, and elapsed time after molding. Hopefully
a meaningful corfelation will be obtained on laboratory Proctor size

specimens for use in the field.

‘MATERIALS

Initial in-place seismic velocity tests were performed on highway
embankments constructed of three types of soil. Material for the
laboratory measurements was sampied from the embankment side-slope
adjacent to the area of field tests. A description of the materials
follows:

Wisconsin age glacial till, an A-4(5) clay loam lécated in range
23 west, township 83 north. Embankment of south-bound lane of Interstate 35
near junction of US 30, Liquid limit 23, plasticity index 9. Hereafter
referred to as I-35 tiyl. ' o

KansanAage glacial till, an A-6(10) silty clay located in range 30
west, township 75 north. Reconstruction embankment of Towa Highway 92

seven miles east of Greenfield, Iowa. Two.weathering variations were




tested, referred to hereafter as Greenfield till-gr?y or Greenfield till-
brown. For gray,-liquid limit 30, plasticity index 13; for‘brown, liquid
limit 40, plasticity index 18.

Loess, an A-4(8) silty loam lécated in range 44 west, ;ownship 77l
north. Embankmeﬁts of east and west bound 1aneé of Interstate-80 one
mile east of Loveland, Iowa. Liquid limit 32, piasticity.index 6.
Referred to hereafter as I-80 loess. |

Mucﬁ of the laboratory developmentél work was done on a laboratory
ioessial soil labeled as 20-2, which is similar to the I-80 loess. Results
obtained with the 20-2 loess will be shown with'those of the I-80 loess

‘because of the close similarity of the two materials.

' LABORATORY RESULTS

Velocities measured in specimens obtained in the standard moisture-
density tests were plotted versus moisture content and versus dry density.

Typical curves are shown in Figs. 5 and 6.

Moisture Content

It will be noted that the moisture-seismic velocity curves’ do not

peak out at the same place as the moisture-density curves: therefore

seismic velocity cannot be used to establish optimum moisture éontent>
without some correction. In general a méximum velocity occurred with
.1ess than the optimum moisture content and with a correspondingly lower
dry density. The average différence in moisture contents for maximum

velocity compared  to maximum density was 102.i 0.86%, the + entry indicating
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one standard deviation from the mean. Data are shown in Table 1. Seismic
velocity could therefore be used to determine the optimuﬁ ﬁoisture content
forlmaximum density, but there appears to be little advantage in doing

so. The difference in optimum moisture contents does not seem to depend
on soil type or whether standard or modified compactive effort was used.
These resﬁlts agree with those of Manke and Gallaway in which maximum

, ; 9 . 8
velocity occurred at a moisture content of about 1.5% less than optimum .
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Tdable 1. Summary of laboratory results.

Dry denaity Optimum

Moisture con-

Velocity at maxi-

Max. dry at maximum moisture tent at maxi- Maximum mum dry density —
Compaction density velocity content  mum velocity velocity optimum molgture
Soil procedure (pcf) (pcf) (%) (%) (fps) content (fps)

I-35 till Standard (a)

remolded 123.3 123.3 10.3 10.3 2190 2190?
1-35 till Modified . (&)

remolded 131.0 131.0 7.9 7.9 3570 3570 4
I-35 till Standard

not remolded 122.4 121.8 10.8 10.4 3330 2950
I-35 till Mod{ fied

not remolded 131.0 130.0 8.8 8.0 4180 2800
Greenfield Standard . (a)
till — brown remolded 110.2 107.0 16.0 14.5 3130 3000 *®
Greenfield Modified (a)
till — brown not remolded 125.3 123.8 11.5 12.5 4480 4330
Greenfield Standard B (a)
till — gray remolded 116.7 114.6 13.5 11.7 3300 2990 %
Greenfield: Mod{ fied (a)
till — gray remo lded 127.7 126.6 9.2 8.0 4040 3880
Greenfield Standard
till — gray not remolded 115.3 113.4 14.7 13.1 3388 2610
Greenfield Modified )
till — gray not remolded 126.1 124.7 10.4 9.1 4140 3400
1-80 loess Standard

remolded 109.3 106.2 17.5 14.0 1970 1520
I-80 loess Modified , . (a)

remolded 117.7 114.1 12.5 10.6 4160 2680
I-80 loess Standard

not remolded 106.8 106.5 16.0 15.0 1780 1520
20-2 loess Standard ()

remolded 107.0 103.5 17.4 16.2 2780 - 23408
20~2 loess Modified . (a)

remolded 116.7 116.7 13.4 13.4 3820 382077
20-2 locsa- Standard ,

not remolded 105.8 103.4 17.5 15.4 1830 1250
20-2 loesas Modi fied

not remolded : 114.6 | 112.2 13.8 12.6 3120 2780
()

For these teats the velocities were computed from the average of two measurements on each specimen.

For all other tests an average of three measurcments were used as atated in the development of method

section.
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Density

The plots on the right in Figs. 5 and 6 show rather conclusively
that seismic velocity cannot be used to predict dry demsity if the
moisture content varies, as it does in these graphs. In order for the
density to be testéd, one must determine the moisture content and go to
velocity versus moisture content curves to determine whether the velocity

is above or below the appropriéte compaction curve.

Discussion

At a given moisture content a higher velocity is not always indicative
of a higher density. For example, in both'Figs. 5 and 6, at high moisture
contents the velocity is lower for modified than for standard compactionf
This may be an advantage, since the seismic velocity thus appears to be
very sensitive to overcompaction, defined as dispersion of clay due to re-
molding at too high a moisture contentlz. According to theory, overcompac-
tion breaks the flocculated clay strucfure and allows clay particles to
become separated by liquid water, greatly weakening the soil shearing'
strength. Overcompacted samples soﬁetimes show internal slickensides, or
shear planes. This explanation appears to be consistent'with the decrease

in seismic velocity in this range, since it indicates a large reduction in

s

3 * 2 . . L0
E, as was found in static tests by Seed and Chan1 . Seismic velocity
therefore could be more reliable than density as an indicator of satis-'
factory compaction, since the density does not ordinarily reflect damages

from overcompaction.

'
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Elapsed Time

Another phenomenon discovered more or less by accident was a gradual
decline in seismic velocity of laboratory specimens as tbey wefe aged.
This decrease occurred even though there was no appreciable change in
moisture content or density. Typical results are shoﬁn in Figs. 7, 8
and 9. Upon aging, the velocity peaks tended to become less pronounced
and move to a lower moisturé content. The reason for this can only be
conjectured, and must relate to a‘reduction in either E or u, since p
remains essentially constant. The reason may relate to a gradual rear-

rangement of the soil water; the clay mineral in all three soils is

montmorillonite, which readily absorbs water by interlayer expansion.

Incorporation of pore water into the clay interlayer structure might

soften the clay and reduce E and V The opposite-effect is expected

L
from thixotropic behavior, or the tendency for remolded and partially
dispersed soil clay to reflocculate with time. According to Barkanlz;
moist clay has a h;gh VLo The explanation for the decréase in seismic
velocity therefore may relate to a change in p. According to Eq. (1),
if u should decrease from 0.44 to 0.42, which is not unlikely with a
removal of pore water, Vi, would become 1.60 VE7E, a decrease of over
10%. (Incidentally the shear wave is much less affected, decreasing
less than 1%.) The circumétantial evidence therefore points to sﬁall
time-dependent reductions in y gradually reducing the longitudinal wave
velocity. The pfactical significance is that velocity tests should be
made the same day that compaction is performed or the velocity will be

lowered to the extent that the compaction may not pass a velocity-criterion

specification.
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FIELD DATA

Results from 35 field tests are shown in Figs. 10 — 18. The
velocities obtained from these graphs are shown in Table 2.

In order to convert the velocity measureﬁents to densities, the
1abora;ory moisture-density and moisture—veldcity curves with standard
and modified compactive efforts weré interpolated for intermediate com-
pactive efforts, as shown in Figs. 19 — 22, The curves for remolded
soils were used since they were less erratic, probably because of more
uniform pulverization. The compactive efforts were arbitrarily numbered
1 through 5, 1 indicating standard Proctor and 5 modified Proctor com-
paction. Each measured velocity and moisture content was thgn éntered'
on the moisture~velocity graphs and the compactive effort estimated;
The compactive effort and the moisture content were then entered on
the moisture-density curves to estimate dry density.

As seen in Table 2, in almost every instance the density inferred
from seismic data were lower than that actually measured in the field.
Exceptions are noted in parentheses, and all occur at high moisture
contents where there is an inverse relationship between velocity and

compactive effort.. Thus in all cases the field velocities were too low,

probably because no attempt was made to test immediately following compaction.

Exceptions were tests 30 to 32, which were tested immediately after
compaction. Unfortunately, in many of the teéts the moisture content

was high enough to be in the region of an inverse velocity-compactive
effort relationship, indicated by crossing of the lines.at the right in
Fig. 11. Interpolation of compactive efforts is not appropriate.ih this
region, since the velocity probably peaks out at some intermediate effort

before overcompaction occurs.
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Table 2.
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Summary of field test results (no correction for delay).
Measured Measured
moisture Seismic dry
Field Velocity content  Compactive density density
test (fps) Soil (%) effort (pcf) (pcf)
1 1980 1-35 8.5 1.8 122.4%  129.5
2 2366 1-35 8.9 1.9 123.6% * 129.0
3 1187 I-35 8.6 0.4 1142 125.4
4 1204 I-35 8.1 0.7 115°% 127.2
5 1163 1-35 8.5 0.5 1142 130.2
6 1910 1-35 6.7 2.1 1197 124.2
7 3040 1-35 6.9 4.6 128.4%  130.1
8 1100 1-35 8.6 0.5 1152 117.4
9 1165 I-35 6.9 1.1 1132 119.5
10 1570 1-35 12.5 <1 < 119° 113.3
11 1570 1-35 11.9 <1 <1212 118.4
12 2470 1-35 12.2 5 1212 120.7
13 1590 I-35 13.4 <1 < 118 112.0
14 1094 Grfd gr 10.6 <1 <1082 111.7
15 1094,  Grfd gr 8.0 <1 < 1082 106.6
16 917 Grfd gr 9.3 <1 < 1082 108.7
17 1370 Grfd gr 10.5 <1 < 1082 106.3
18 2630 Grfd br 10.6 1.5 1042 118.8
19 1510 Grfd br 10.5 <1 < 101 111.5
20 1920 Grfd:br 12.2 <1 < 1022 123.5
21 1180 I-80 13.2 <1 < 1022 102.2
22 12200 I-80 14.5 <1 < 1052 103.8
23 1160 I-80 13.7 <1 < 1042 105.0
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Table 2. Cont.

Measured Measured
moisture Seismic dry

Field Velocity content Compactive density density
test (fps) Soil (%) effort . (pcf) (pcf)
2 1150 1-80 16.5 (3.2) (111)*  102.8
25 1160 I-80 12.6 <1 < 103% 106.1
26 1400 1-80' 13.4 <1 < 1032 104.6
27 1110 I-80 12.6 <1 < 103° 107.4
28 1430 I-80 14.2 (5) (114)? 104.0
29 1220 1-80 15.0 (4) A1)?  104.8
.30 1380 I-80 10.6 <1 < 100° 118.4
31 1710 I-80 13.9 (5) (116)°  112.8
32 1410 1-80 15.6 (3) 112)®  109.4
33 1300 i-80 9.9 <1 < 992 117.6
34 1640 I-80 16.8 1 100? 117.8
35 1120 I-80 13.2 <1 < 103%  103.8

8Seismic density test taken up to several days following field com-
paction.

bSeismic density test taken immediately following field compaction.
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CONCLUS IONS

1. Seismic velocity versus moisture content curves for standard and
modified Proctor compacted 1abora£ory soil specimens are similar in shape
to dry density versus moisture content curves, but peak with about 1.2 +
0.9% lower moisture content, the + entry indicating one standard devia-
tion on the mean.

2. The seismic velocity versus moisture content curves are very sensi=
tive to overcompaction, i.e., when compaction proceeds at too high a
moisture content, shearing the soil .and dispersing the clay. The method
therefore does not appear to be usable for measurement of density when
the moisture content greatly exceeds the optimum for compaction.

3. Field velocities obtained in this study in all cases are too low
for a reliable estimation of field density from laboratory seismic data.

Subsequent laboratory tests indicated that the reason is a gradual reduc-

tion in velocity upon aging, apparently because of gradual absorption of
pore water into the expandable interlayer region of the clay. Seismic
tests therefore should be conducted immediately after compaction or the

results become meaningless.
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