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Soil compaction is essentially a process of consolidation.

Our knowledge of that

process leads to the conclusion that the greatest amount of soil consolidation is
produced by the fewest cycles of application of load. This has been demonstrated
by recent research at the Georgia Institute of Technology. Different methods of
compaction such as tamping, hammering, and squeezing were employed, each
exerting the same amount of work. The fewer the applications of pressure nec-
cessary to exert the same amount of work, the greater the density obtained.

@IN the past, soil engineers have empha-
sized the needfor controlling and evaluating
compaction and have largely left the prob-
lem of obtaining it to the contractors and
equipment manufacturers. Thefew studies
which have been made, such as those by the
U. S. Waterways Experiment Station (1) and
the Road Research Laboratory in England
(2) have done much to point out how better
compaction can be obtained easily. Much
research remains to be done, however, on
the basic factors which control the effec-
tiveness of compaction. It is the authors'
purpose to discuss just one aspect of the
problem, the effect of repeated load appli-
cations on compaction efficiency, and to
point out how this affects both laboratory
and field compaction results,

COMPACTIVE EFFORT AND
COMPACTION

The amount of work exerted in compact-
ing a soil is the compactive effort. It may
be described by the number of blows of a
certain weight hammer falling a fixed dis-
tance, the number of applicationsof a cer-
tainpressure to the soil surface, or by the
number of passes of a roller of known weight
and pressure over a specified lift of fill,
Technically it is most accurately expressed
by the work in foot-pounds or inch-pounds
applied to each cubic foot of soil.

A number of field and laboratory studies
of compaction utilizing different amounts of
work applied have come tothe same conclu-
sion: that soil density increases as the
compactive effort increases for any given
soil condition. The relationship isnot lin-
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ear, however, for the rate of increase in
density decreases with increasing work.
For example, research by the Waterways
Experiment Station (1) indicates that a lin-
ear relationship exists betweendry density
and the logarithm of the number of hammer
blows 1n a laboratory test or the logarithm
of the number of passes of a sheepsfoot
roller.

Little has been said about the effect of
the way in which the compactive effort is
applied to the soil. In fact, some investi-
gators have implied that soil density will
always be about the same for a given effort
infoot-pounds per cubic foot regardless of
the manner in which the effort is exerted.

Others have pointed out that considerable
differences in compaction effectiveness do
exist. For example, moisture-density
curves developed by the Standard AASHO
procedure (Standard Proctor Test) do not
necessarily have the same shape as the
moisture density curves developed by actual
rolling inthefield. Thedifference hasbeen
attributed to the fact that the standard lab-
oratory test involves tamping or dynamic
compaction while the compaction of a
sheepsfoot roller is produced by an increas-
ing static pressure. Some laboratory pro-
cedures have been developed to simulate the
action of the sheepsfoot.

Research in the Soil Mechanics Labor-
atory.at Georgia Institute of Technology (3)
has shown considerable difference between
the densities produced by different compac-
tion methods even though all utilized the
same total compactive effort. For example,
identical soil samples werecompactedusing
first, the Standard AASHO method,and sec-
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Figure 1. Relationship between the com-
pacted density of the soil and the per-
centage of total energy exerted by each
tamp of the compaction device (typical
example).

ond, single applications of static pressure
to eachof three layers of soil ina standard
compaction mold. The second method was
adjusted by trial and error to utilize the
same amount of total effort as the first.
The density obtained by the first procedure
was 107 pef. and by the second method was
119 pcf. This indicates that the second
method is more effective in utilizing the
work done in producing compaction.

EXPERIMENTAL STUDY OF FACTORS
AFFECTING COMPACTION
EFFECTIVENESS

A program of study was undertaken at
Georgia Techtodetermine the factors which
affect compaction effectiveness (3). The
work was carried out with a single Soil type
(low plasticity clay, A-6), alimited number
of moisture contents, and a single compac-
tive effort of 34, 000 foot-pounds per cubic
foot. The latter was selected as it is be-
tween the standard andthe modified AASHO
efforts and is representative of modern
compaction requirements.

A number of different devices were used,
These included hammers weighing 5.5, 10,
and 25 1b. with heights of fall ranging from
3to 18 inches, a low velocity punching tam-
per to simulate the action of a sheepsfoot
roller foot, and apiston for applying slow,
static pressure to the soil. The results of
64 tests indicate that for moisture contents
above the standard Proctor optimum all

methods produced substantially the same
densities while at moisture contents equal
to or below the optimum, the densities were
quite different.

A number of factors were considered
which might be the cause of the difference.
These included: (1) velocity of hammer at
point of impact; (2) momentum of the ham-
mer; (3) hammer weight; (4) ratio of the
diameter of the compacting device to the
thickness of the soillayer; and (5) percent-
age of the total energy exerted during each
tamp or application of pressure.

The results of these tests indicate that
the velocity of the hammer or tamper as it
strikes the soil has nodiscernible influence
on the effectiveness of compaction. Neither
do the momentum or the weight of the ham-
mer. These results contradict the conclu-
sion reached by some investigators that the
difference between the standard laboratory
tests and field results lies in the fact that
the laboratory tests are essentially dynamic
(with high velocity of impact)while thefield
work is essentially static (with low velocity
of impact).

The ratio of the hammer or tamper diam-
eter to the soil layer thickness was found
tobe an important factor. Researchis con-
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tinuing on this point at Georgia Tech, but
the tentative conclusion is that the soil den-
sity increases with the square of this ratio,
until the ratio equals approximately 1.

The most-important factor was foundto
be the percentage of the total energy which
was applied in each tamp, blow, or appli-
cation of energy to the soil. The greatest
density in every case was produced when
all the energy was utilized in a single appli-
cation; the greater number of applications
required to apply the same amount of en-
ergy, the smaller will be the resulting den-
sity. A typical curve from these tests is
given in Figure 1.

CONSOLIDATION AND COMPACTION

The cause of this reduction in compac-
tion effectiveness as the number of appli-
cations of the compaction energy increases
must lie inthe mechanics of the compaction
process. Additional research was there-
fore directed toward that end.

Compaction of cohesive soils is essen-
tially consolidation with limited lateral sup-
port. This isproducedby pressure regard-
less of whether the soil is tamped, ham-
mered, or just loaded statically. When in-
creasing pressure is applied to a soil it de-
forms or compacts. When the pressure is
released, the soil swells but not to its orig-
inal volume. If the same pressure is re-
applied, additional consolidation will take
place, but not nearly as much as during the
first application. The rebound will be pro-
portionally greater. Each successive ap-
plication of pressure will produce less and
less consolidation and proportionally more
and more rebound until the two are equal
and no further consolidation occurs. The
pressure-deflection curves for three suc-
cessive applications of a 140-psi. pressure
to a 3-sq. -in. compaction foot acting on a
2-inch soil layer are shown in Figure 2.

The amount of work exerted in each cycle
of pressure application and release can be
found by integrating the pressure deflec-
tion curve., From Figure 2 it can be seen
that the amount of work exerted is greatest
during the first pressure application and
mvuch less during each successive applica-
ticn. Figure 3 shows how both the amount
of compaction and the amount of work de-
crease sharply with successive load appli-
cations.

The effectiveness of the compaction can
be expressed by the compaction ratio—the
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ratio of the amount of compaction to the
work done in producing it. Figure 3 shows
that it becomes less with each successive
pressure application until it probably even-
tually becomes zero, In other words, the
first application of pressure produces by
far the most compaction for the amount of
work required, and is therefore the most
efficient.
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Figure 3. The amount of compaction, the

work done and the compaction ratio (ratio
of compaction to work) as functions of the
number of pressure applications.

The cause can be inferred from our
knowledge of soil structure. The compac-
tion of the soil under pressure is the
result of elastic deflection of the soil struc-
ture and plastic movement of the soilgrains
into a more dense arrangement, The elastic
deflection absorbs work in the form of strain
energy while the plastic deformation ab-
sorbs work and transforms it to heat.
When the pressure is removed, the elastic
part of the deflection is largely recovered.
The strain energy is dissipated in the vis-
cous resistance of the soil to swelling and
in some plastic deformation and re-ar-
rangement. During a second load appli-
cation the deflection islargely elastic with
only asmall amount of plastic deformation
because the grains were already readjusted
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during the first loading. The only reason
additional compaction is produced is that
some readjustment took place during swell-
ing. After many load applications the
deflection is entirely elastic and no addi-
tional grain adjustment takes place. Work
is still exerted, however, to overcome the
viscous resistance todeformation although
no additional compaction results from it.

SUMMARY OF CONCLUSIONS

The results of this research lead to
three conclusions which have important
implications in field and laboratory prac-
tice: (1) Each successive application of
the same pressure to the soil results in
less and less work done per application,
(2) Each successive application of pressure
results in less compaction per unit of work.
(3) For agiven amount of work, the greatest
compaction results when the work is exerted
in a single application,

APPLICATIONS TO FIELD AND
LABORATORY COMPACTION

When the action of modern compaction
equipment is evaluated with respect to the
above conclusions, some devices are seen
to be inefficient, The sheepsfoot roller,
for example, requires theoretically from
10 to 15 passes to secure complete coverage
of an area. Actually with random rolling
many parts of an area are rolled two or
three times and other parts not at all. A
roller designed with more and larger feet
would produce less overlapping and better
compaction for the amount of work done.
The same applies to rubber-tired rollers.

For greatest efficiency these should have
tire spacings and arrangements so that all
parts of the surface canbe covered just once
without appreciable overlap.

Specifications should be written to re-
quire just one complete surface coverage.
H sufficient density is not obtained in a sin-
gle coverage (and the soil moisture is cor-
rect) the equipment is inadequate, and addi-
tional rolling with the same equipment would
be largely awaste of time and money. This
is particularly important when the owner
must pay for all passes of the roller above
a certain minimum.

The difference between the moisture-
density curves developed in the laboratory
by the customary 25 blows of a hammer on
layers of soil in a 4-inch-diameter mold
and moisture-density curves developed by
rolling can be easily explained by these
studies. In the laboratory test the large
number of blows results in an average of
six applications of pressure to the soil.
In contrast, even 10 passes of a sheepsfoot
roller (a large number) may not even pro-
duce one complete coverage of the surface.
Furthermore the constant pressure exerted
by the sheepsfoot roller means a decreasing
amount of work for each pass of the roller
while the laboratory compaction hammer
exerts an equal amount of energy each time.
The remedy would be to use a much heavier
hammer for laboratory compaction and
fewer blows, say six per layer. On this
basis the author believes that a laboratory
compaction test canbe developed which will
retain the simplicity of the present standard
Proctor and yet be similar in its results to
field experience.
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