Effect of Density and Moisture on

Consolidation of Compacted Soil

VIRGINIA WAI-CHING Mok, Traffic Engineer,
District of Columbia Highway Department

This paper reports an investigation of the consolidation that takes
place in a compacted soil under specific density and moisture content.
Seven representative soil samples ranging from fine sand to clay were
selected from the 45 major soil series in the United States. Four tests
were made with different density or moisture for each sample.

The results were analyzed and correlated in a number of basic dia-
grams of the consolidation stress-strain relations. The time-consoli-
dation curves and consolidation stress-strain curves at various densi-
ties and moistures are given to show the relationship between the dis-
placement and the applied loading. From these the settlement of the
soil under pressure in the field can be predicted. By comparing these
different curves, the relative sensitivity of soils when encountering

water and external pressure can be obtained.

These curves indicate that soils at maximum dry density and opti-
mum moisture have the minimum consolidation. Settlement for sand
is very small compared to that for clayey soils. Clay samples showed

a wide range of volume change.

® SOIL is compacted to increase its
strength and decrease its volume
change. The required density is usu-
ally specified to a certain percentage
of the maximum by AASHO Method
T 99. Ag an aid in determining the
required density, consolidation tests
at three moisture contents and two
densities were run on seven soils
ranging from sand to a very plastic
clay.

DESCRIPTION OF MATERIALS

The materials tested were Houston
black clay, Davidson clay loam, Wil-
liams loam, Sharpsburg silt loam,
Portneuf silt loam, Ruston loamy
sand, and Lakewood fine sand. They
were selected from a group of 45
soil samples and identified by the
Soil Conservation Service of the U.S.
Department of Agriculture. The soil

samples have been used in the test-
ing program of the Bureau of Public
Roads, and were air-dried at 140 F.

Classification and compaction tests
of these seven soil samples have been
performed by the laboratory of the
Bureau of Public Roads. The results
of these tests are given in Table 1 and
Figure 1. The compaction curves
are given in Figure 2. For brevity,
the soil type is referred to by its first
name only.

Estimated compressibility and per-
meability are based on the Unified
Classification determined by the Bu-
reau of Public Roads.

Houston black clay is a combina-
tion of two samples with similar
characteristics. It is an inorganic
clay of high plasticity and dry
strength. It also has high shrinkage,
expansion and elasticity. In other
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poorly-graded fine sand without dry
strength. It has almost no shrink-
age, expansion and elasticity. Below
saturation, the phenomenon occur-
ring in this soil when encountering
water is just opposite to the clay or
clayey soils. Increasing its moisture
will not increase its volume but may
make it more dense. The permeabil-
ity of this soil is excellent; it takes
only a short period for consolidation.
The Sharpsburg and Lakewood
have a wide range of percentage of
moisture content in compaction.

TEST PROCEDURE

Four conditions of each sample
were taken (Table 2) from the den-
sity-moisture curves. The maximum
dry density at optimum moisture was
chosen as a basic condition, then the
same optimum moisture but 95 per-
cent of the maximum dry density was
used. This density intersects the
compaction curve at two different
moisture contents—one more, the
other less, than the optimum mois-
ture. The Sharpsburg was the ex-
ceptional sample in selecting the
moisture contents in conditions 8 and
4, because its compaction curve did
not follow the same pattern as the
other soils. In this case, the 95 per-
cent density did not interseet the
compaction curve. Therefore, the se-
lected moisture contents, either wet-
ter or drier than the optimum, could
not be based on the same principle,

SOILS, GEOLOGY AND FOUNDATIONS

and were chosen 5 percent and 9
percent less than the optimum by fol-
lowing the shape of the compaction
curve approximately.

In specimen preparation, the sam-
ples were pulverized by a rotating
drum containing a number of rubber
rollers (1), then checked for natural
moisture content. The specimen was
134, in. in diameter and 1% in. thick,
rather small for use in the small con-
solidometer used.

Because specific dry density and
moisture were required for each spec-
imen, a special compaction procedure
was necessary before the consolida-
tion testing began. A certain weight
of the pulverized soil and a certain
amount of water were mixed and
placed in the consolidometer for com-
paction. For convenience, a CBR
loading apparatus was used to com-
pact the sample.

Consolidation Test

The specimen was tightly fitted
into a solid brass ring, which was
placed on a base consisting of a por-
ous stone in a brass base of the same
diameter as the specimen. The top
surface of the specimen was covered
by another porous stone and a brass
cylinder fitting the ring was con-
nected to the ring. A loading piston
with a cover plate was then placed
on top of the upper porous stone.
The assembly was clamped to the
base by means of two tie rods.

TABLE 2
CONDITIONS OF DENSITY AND MOISTURE CONTENT FOR TESTING

Conditions!
1 2 3 4

Soil Type D M D M D M D M
Houston 97 24 92 24 92 27 92 19
Davidson 89 31 85 31 85 35 85 27
Williams 108 17 103 17 103 21 103 14
Sharpsburg 97 22 92 22 92 27 92 13
Portneuf 107 16 102 16 102 20 102 14
Ruston 108 19 103 19 103 21 103 15
Lakewood 102 16 97 16 97 22 97 3

1 D denotes dry density in pef; M, moisture content in % of dry weight.
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The load was applied through a
beam placed directly on top of the
piston. The compression of the soil
was measured by an extensometer
dial graduated to 0.001 in.

After assembling the consolidom-
eter and loading device, the first load
of 0.5 kip per sq ft was applied, d1a1
readings were taken at 0, 14, 14, 1,
4, 9, 16, 25 min and a convement in-
terval progresswely until complete
consolidation. The specimen under
the first loading test was at its spe-
cific density and moisture. Before
the second load was applied, water
was poured into the two standpipes
of the base to keep the sample satu-
rated. The openings of the stand-
pipes were covered during testing so
that some free water could be main-
tained over the surface of the sample
to prevent drying due to evaporation.

Time was allowed for the specimen
to swell by saturation. Then the
second load was applied and readings
were again taken. The other loads
were added in steps. The consolida-
tion pressures were applied in five
convenient increments until the maxi-
mum pressure of 16 kips per sq ft
was reached. Each load inerement
is equal to the previous total load.
The load was applied slowly for two
reasons: (a) to avoid the shock ef-
fects if the load were applied sud-
denly; (b) because in practice, the
load on the soil builds up gradually
with the progress of construction.

To obtain complete consolidation of
the soil under the different consolida-
tion pressures, each load increment
was allowed to remain for a minimum
time of a few minutes for sand and
24 hr for clay before the next load
was applied. The 1-day duration is
commonly used for clays for obtain-
ing primary consolidation.

TEST RESULTS

The consolidation test results are
given in Table 3 and shown in Fig-
ures 3 through 14. Complete time-
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consolidation data have previously
been given by Cheng (3). Two rela-
tionships are shown: the time-con-
solidation relationship and the stress-
strain relationship.

In the stress-strain diagrams, the
strain is expressed by

Initial thickness—
Final dial reading
for each load

Strain= x 100 (1)

Initial thickness

The initial thickness is 0.5 in. for
all specimens.

It should be noted that a test on the
Portneuf silt loam (density 102 pcf.,
moisture 20 percent has been re-
peated, and the results checked with
the previous test. The repeated data
are given in Table 3 and shown in
Figure 11.

Test results are presented by two
kinds of curves. Figures 3 through
6 represent the relationship between
the thickness and the logarithm of
the time with different consolidation
pressures.

Figures 7 through 14 represent the
strain against pressure. This repre-
sentation expresses the consolidation
behavior of the selected soils at vari-
ous densities and moistures.

DISCUSSION OF RESULTS

To point out the basic factors af-
fecting the stress-strain relationship
for the selected soils and for those
soils having similar characteristics
and properties, discussion and inter-
pretation of the test results are
needed. The density and moisture
of the soil are the focus for discus-
sion.

The consolidation of all samples is
rather rapid for loads below 8 kips
per sq ft. Time-consolidation curves
for loadings less than 8 kips are not
shown. Under heavier loads (8 and
16 kips per sq ft), the shape of the
curves depends on the character and
properties of the soil: the curves of
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elastic materials, such as Houston, kips per sq ft, four curves represent-
Davidson, Williams and Sharpsburg, ing the four conditions are shown to
show a characteristic pattern (Figs. give a general picture of the rate of
3 and 4). Because the four groups consolidation (Figs. 5 and 6). In
of curves of various conditions follow material like clay, the initially drier
a general pattern for each sample, sample consolidates more rapidly
only the group of curves at maximum than the others after it is saturated.
density and optimum moisture is pre- This phenomenon is not true for
sented for all soils. For Houston Davidson, which shows that the wet-
and Davidson, at a heavier load of 8 ter sample has this character.
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With the time-consolidation data,
the coefficient of consolidation C,,
which indicates the rate of compres-
sion under a load increment, can be
computed by applying the square-
root fitting method. When the ap-
plied loads are less than 4 kips per
sq ft, the curves are rather flat, and
at the application of the maximum
load, the specimen consolidates so
rapidly that it is difficult to obtain
the %4-min dial reading for some
samples. In such a case, the dial
readings under a load increment
from 4 to 8 kips per sq ft are most
convenient for furnishing the values
of C,. For cohesiveless soil, such as
sand, the 90 percent consolidation
occurs very rapidly (at about 14

min) ; therefore, the C, value of sand
is not shown. Some C, values of the
six soils are given in Table 4.

Table 3 indicates the relationship
of the variation of density and mois-
ture with consolidation under each
load for the seven types of soil. How-
ever, the stress-strain curves of Fig-
ures 7 through 14 express the com-
parison between the different condi-
tions more clearly. One unloading
curve for each soil is plotted for ref-
erence on the shape of these curves.

In analyzing the stress-strain
curves with the data from Table 3,
the general phenomena for all the soil
samples and some particular charac-
teristics in consolidation for each soil
will be discussed.
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elastic materials, such as Houston,
Davidson, Williams and Sharpsburg,
show a characteristic pattern (Figs.
3 and 4). Because the four groups
of eurves of various conditions follow
a general pattern for each sample,
only the group of curves at maximum
density and optimum moisture is pre-
sented for all soils. For Houston
and Davidson, at a heavier load of 8

10 100 1000

Time - min

Time-consolidation curves for 16-ksf pressure.

kips per sq ft, four curves represent-
ing the four conditions are shown to
give a general picture of the rate of
consolidation (Figs. 5 and 6). In
material like clay, the initially drier
sample consolidates more rapidly
than the others after it is saturated.
This phenomenon is not true for
Davidson, which shows that the wet-
ter sample has this character.
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With the time-consolidation data,
the coefficient of consolidation C,,
which indicates the rate of compres-
sion under a load increment, can be
computed by applying the square-
root fitting method. When the ap-
plied loads are less than 4 kips per
sq ft, the curves are rather flat, and
at the application of the maximum
load, the specimen consolidates so
rapidly that it is difficult to obtain
the 14-min dial reading for some
samples. In such a case, the dial
readings under a load increment
from 4 to 8 kips per sq ft are most
convenient for furnishing the values
of C,. For cohesiveless soil, such as
sand, the 90 percent consolidation
occurs very rapidly (at about 14

min) ; therefore, the C, value of sand
is not shown. Some C, values of the
six soils are given in Table 4.

Table 3 indicates the relationship
of the variation of density and mois-
ture with consolidation under each
load for the seven types of soil. How-
ever, the stress-strain curves of Fig-
ures 7 through 14 express the com-
parison between the different condi-
tions more clearly. One unloading
curve for each soil is plotted for ref-
erence on the shape of these curves.

In analyzing the stress-strain
curves with the data from Table 3,
the general phenomena for all the soil
samples and some particular charac-
teristics in consolidation for each soil
will be discussed.
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TABLE 4

COEFFICIENT OF CONSOLIDATION BY SQUARE ROOT FITTING METHOD
APPLIED PRESSURE 4-8 KIPS PER SQ FT

639

Fitting Time, Cy,
Density Moisture I tgo 0.848H*/to
Soil Type (pef) (%) (in.) (min) (f12/day)
Houston 97 24 0.5240 0.6084 3.8
92 24 0.5143 0.0400 56.1
92 27 0.5102 0.0272 81.1
92 19 0.5273 0.1060 22.2
Davidson 89 31 0.4996 0.0625 33.9
85 31 0.4966 0.0306 68.2
85 35 0.4922 0.3906 5.2
85 27 0.4948 0.3600 8.0
Williams 108 17 0.4949 0.0729 28.5
103 17 0.4904 0.3249 7.4
103 21 0.4870 0.4030 5.0
103 14 0.4874 0.2401 8.4
Sharpsburg 97 22 0.5060 0.0676 32.2
Portneuf 107 16 0.4981 0.0225 93.5
Ruston 108 19 0.4987 0.0430 49.0
-9
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-7 < D=92 —
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Figure 7. Consolidation stress-strain curves for Houston black clay.
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First, test results prove that under
heavier loads the soil is relatively
less compressible when compacted
to the maximum density at optimum
moisture than under the other condi-
tions. Obviously, based on the same
moisture, the lower density makes the
soil consolidate more, and different
moisture contents have different ef-
fects on consolidation. At the initial
state (in other words, before the soil
is saturated) the compacted samples
have very low compressibility under
0.5-ksf pressure, especially in the
drier state.

The Houston soil is extremely sen-
sitive in volume change due to the
change of water content or loading.
When it is compacted drier than opti-
mum, or more dense, it swells greatly
when it absorbs water, because there
are greater internal forces between
the soil particles and absorbing forces
acting on the water molecules. A

Consolidation stress-strain curves for Davidson clay loam.

wide range of volume change (about
15 percent of the initial thickness)
occurs in the clay that is 5 percent
drier than optimum. This drier con-
dition shows the worst performance;
under lighter load the saturated clay
expands continuously while being
consolidated by the applied load.
Sometimes the swelling is more than
the consolidation. Under the maxi-
mum load, it is more compressible in
this case. The wetter condition shows
less consolidation of the three mois-
tures. In this soil, a reduction of 5
percent in dry density increases the
compresgion to about 5 times the re-
sult for the maximum density. The
change of moisture content to 3 per-
cent more and 5 percent less than
optimum both affect the result less
than 20 percent. In Figure 7, at a
load of about 18 ksf, the curves of the
same density and different moistures
come very close together. This means
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Figure 9. Consolidation stress-strain curves for Williams loam.

that the moisture does not greatly
affect the over-all consolidation.

The Davidson soil has some physi-
cal characteristics similar to Houston,
but has much less volume change.
When it is quite wet it does not ex-
pand; it only expands when com-
pacted to the dry or dense state ini-
tially. Under loads of more than 4
ksf, at the same density, the values
of compression of the wetter state
and the drier state are rather close,
but the drier moisture is a little bet-
ter. The optimum moisture is the
best condition of the three.

Although the Unified Classification
indicates that the Williams soil has
medium compressibility, the consoli-
dation test results show that this soil
is highly compressible. It expands
but little when it becomes saturated,

especially in the wet sample. Under
loadings of 8 and 16 ksf, the consoli-
dation results are close for the sam-
ples at optimum and 4 percent more
than optimum with the same density.
The drier condition is the worst.

In Sharpsburg soil there is a wide
range of volume change (about 17
percent) in the drier sample with a
moisture 9 percent less than opti-
mum. However, this soil has better
performance and causes less trouble
than Houston. At the same moisture,
lower density only increases the com-
pression about 1.7 times the value for
the maximum density. At the same
density different moistures have the
same effects as Williams.

The Portneuf soil shows particular

results in consolidation. Change of
density from 100 percent to 95 per-
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cent increases the reduction in thick-
ness from 1.24 to 2.56 percent of
initial thickness—about 2 times.
Change of moisture increases the
compression to about 3 times, by in-
creasing moisture 4 percent more
than optimum. Decreasing the mois-
ture to 2 percent less than opti-
mum gives entirely different results,
about 70 percent of the value at opti-
mum. Except for the wet sample,
the stress-strain curves of the other
three samples have similar shape. A
repeated test shows the same phe-

Consolidation stress-strain curves for Lakewood fine sand.

nomenon. From the classification of
this soil, its compressibility is rela-
tively low; the comparatively great
amount of consolidation which occurs
in the wetter state may be due to the
structure of the soil and the effect of
water, which fills the air voids in the
soil and makes the material more
compressible. The drier condition is
the best. Special care is needed to
treat this soil or soils of similar char-
acter when placed wetter than opti-
mum.

The reduction in density has a
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Figure 14. Consolidation stress-strain curves for seven soils.

great effect on the consolidation test
result in such a soil as Ruston. At
the maximum density the value for
compression is small, but at 95 per-
cent of the maximum density the
value is approximately 6 times as
great. This is the largest effect of
density on consolidation amount for
the seven soils. The variation of
moisture has only a small effect.
Test results show that the drier the
sample the better the results under
consolidation.

For a granular material in fine
grain size such as Lakewood, there is
almost no volume change when en-
countering water. This soil is rela-
tively incompressible, particularly
when under light pressure. The den-
sity gives an effect about 2.5 times
when reducing the density 5 percent.
The consolidation results for opti-
mum moisture and very dry moisture
of 3 percent at the same density are

about the same amount under loads
up to 2 ksf. Under heavier loads,
the optimum condition shows up bet-
ter. In this case, the wetter condition
is worse than the other two.

Figure 14 compares the compres-
sion of the seven soils at maximum
density and optimum moisture. The
Houston, Williams, and Sharpsburg
soils have about the same rate of
strain at loadings up to 8 ksf. Hous-
ton has the highest elasticity, with
Sharpsburg second. Under the heavi-
est load, Houston has as much con-
solidation as those silty and sandy
soils, but as soon as the load is re-
leased this clay swells greatly. This
elastic character makes more trouble
when the applied loadings are light.
The Davidson has less compressibility
initially, and becomes more compres-
sible when gradually loaded, the max-
imum rate of strain is at 8 to 16 ksf.
Portneuf and Ruston have the same
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ultimate consolidation at the end of
16 ksf loading. Evidently, the Lake-
wood is the best of the seven soils in
t}%e colncept of consolidation behavior
of soil.

From the laboratory test results,
which indicate the behavior of each
soil under consolidation, it can be pre-
dicted that the soils of these seven
types, or soils of similar character,
will have the same or similar phe-
nomena in the field when placed at
the same conditions of density and
moisture. Because the specimens
were kept saturated after the first
loading until the end of test, this is
equivalent to the condition in the
field when a soil layer is compacted
to the specific dry density and mois-
ture, and then becomes saturated
from rain or other sources of water.
The applied load for test equals the
surcharge or the load of structures
in the field. Therefore, the labora-
tory test is in accordance with field
conditions.

RELATED STUDIES

The test results of this research
can be compared with previous works
(47 5) -

The U.S. Bureau of Reclamation, in
Technical Memorandum 648, has re-
ported the consolidation of fill mate-
rials compacted near optimum to
about 100 percent density (AASHO
Standard Method). The maximum
settlements can be obtained from the
expression

Consolidation =
Compressibility (Density) (Height)?
2,000

(2)

using a compressibility of 0.003 per
kip per sq ft.

With the known compressibilties
of the seven soils, the maximum set-
tlements due to various heights of the
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soil layers in the field can also be
obtained by using the same method.

From 1- to 16-ksf loads the follow-
ing compressibilities are calculated:

Compressibility
Soil Type per kip per sq ft
Houston 0.004
Davidson 0.004
Williams 0.005
Sharpsburg 0.006
Portneuf 0.001
Ruston 0.001
Lakewood 0.0004

The densities required at different
depths under traffic are given in
“Compaction Requirements for Soil”
(6), and the range of densities for
subgrade soils and base materials in
construction has been suggested in
HRB Bulletin 58 (7).

CONCLUSIONS

The time of consolidation is very
short for the Lakewood under all
pressures; a little longer for such
silty soils as Portneuf, then increases
with inereasing percentage of clay.
The Houston and Davidson take more
time to consolidate. Generally, the
time of consolidation is less for ma-
terials compacted to maximum den-
sity at optimum moisture and to a
drier moisture than optimum under
lighter loads.

The clayey materials (such as
Houston, Davidson, Williams, and
Sharpsburg) have a large volume
change. The Houston expands
greatly when saturated.

For cohesiveless materials (such
as silty soils, sandy soils, and granu-
lar materials) the denser the better;
but for clayey soils which have a high
volume change this is not applicable
and the density for this type of soil is
not required to be very high.

For consolidation, based on the
same moisture content lower density,
of course, makes the soil consolidate
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more. Thig is applicable to all soil
samples tested, but the amount of con-
solidation affected by density varies
with the soil type. For instance, at
95 percent maximum density the
thickness reduction is from 1.5 to 6
times the value obtained for the max-
imum density. Based on the same
density, different moisture contents
have different effects on consolida-
tion, depending on the characteristics
of the soil. For clayey soils (such
as Houston, Williams, and Sharps-
burg) the drier condition is the worst
for the consolidation behavior. This
is because the clay expands greatly
when it absorbs water. On the other
hand, for slightly plastic silty soils
or sandy soils the wetter condition
gives worse results because the water
helps the densification of the soil in
the period of applying load.

The test results show that density
plays an important role in affecting
the compression characteristics of
the compacted soils. The amount of
consolidation affected by moisture is
not great except for the unusual
case in the Portneuf silt loam. These
results obtained from the seven se-
lected samples can be used as a
guide to investigate the consolidation
behavior that might be expected in
similar soils at the maximum dry in-
tensity and optimum moisture, or in
the neighborhood of this condition.
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