

































































from these tests agreed well with values of x computed from shear
tests run on the same soil.

Burland (1961) ran compression tests on three types of soil;
silty sand, silt (very fine quartz), and silty clay (a mixture of 80%
quartz and 20% bentonite). The silty sand and silt were tested in
one-dimensional compression, and the silt and silty clay in triaxial
compression. The soils were prepared from slurries, air dried
to different initial degrees of saturation, and then compressed with
drainage of the air and the water allowed. Figure III-2 presents
typical results from one-dimensional compression tests on the
silty sand. Burland found that the drier the sample the smaller the
initial void ratio and the less compressible the soil and, consistent
with this, soaking under load resulted in a reduction in volume.
Reduction in volume on saturation is termed "collapse.'" Application
of the equation

) (6)

C = - + -
c =0 -u, x(ua u,

to a collapse behavior, yields a negative value of the factor ¥
since there is a reduction in volume when the effective stress is
reduced.

A detailed analysis of Burland's experimental work would
not be revealing because:

1. The initial structures were different.

2. During compression the water content,
pore water tension, and the degree of
saturation of the sample changed.

Burland also dried a sample by increasing the pore water
tension and found that the sample decreased in volume. This
behavior is consistent with the idea that volume change is a unique
function of the effective stress. He was able to compute values of
the parameter yx for these experiments (see Fig. III-1).

The swelling of compacted clays on saturation has been
extensively studied. Two types of oedometer tests are usually run:

1. The soil is saturated under a nominal
confining pressure (commonly, 200 1b. /
sq. ft., i.e., 0.1 kg./cm?) and the change
in volume is measured.
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2. The soil is saturated at constant volume and
the swelling pressure is measured.

The tests indicate that most soils swell on saturation, e.g., Holtz,
1959; Ladd and Lambe, 1961. However, this does not preclude the
possibility that the same soils would collapse on saturation under
larger confining pressures or for different molding conditions.
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C. EXPERIMENTAL INVESTIGATIONS

1. General Program

The experimental program as originally conceived (M.I.T.,
1962) consisted of the experimental determination of the parameter
¥ in the equation,

o = d'ua+x(ua-uw) (6)

for one particular soil under each of several triaxial shear and
volume change conditions. This program, however, was subse-
quently modified in an attempt to determine a more fundamental
representation of the shear strength and volume change behavior,
than that suggested by the existing interpretation of Eq. 6 and
the parameter .

The triaxial shear tests investigated the effect of the two
components of the intergranular stress, the "effective" confining
pressure or applied stress (o -ua) and the capillary pressure
(uy - uy) on the shear strength and the stress-strain characteristics
of the soil. Such an investigation required considerable modification
of the standard triaxial shear equipment; the modifications and the
ancillary components of the apparatus are described at length in
Appendix III-A.

The one-dimensional compression tests investigated the
effect of the capillary pressure (u, - U,) on the compressibility
of the soil and the effect of changing the capillary pressure under
different total stresses on the volume. These tests required the
building of a special consolidometer which was able to measure,
or control, the vertical pressure, sample volume, water content,
pore air pressure, and pore water pressure. It was also designed
to allow measurements of both air and water permeability to be
made. The apparatus is described in detail in Appendix III-B.

2. The Soil

The soil used was an artificial mixture by weight of 80%
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* *k
Potters flint and 20% Peerless clay (South Carolina kaolin). The
mixture had:

Liquid Limit = 31%
Plastic Limit = 22.5%
Plasticity Index = 8.5%
Specific Gravity =  2.65.

The Potters flint was ground quartz which passed through a
No. 325 mesh sieve; it had a specific gravity of 2.66. The kaolinite
was a commercial product in the form of a fine white powder; it had
a specific gravity of 2,61. The clay was acidic, having a pH of four.
Three different batches of the kaolinite were used but the difference
in index properties was not significant. Grading curves for the
Potters flint, kaolinite, and the mixture are shown in Fig. III-3.

This soil mixture was chosen because it had properties
which were very suitable for the test program. Most important was
the fact that samples compacted 3% dry of optimum had interconnected
air voids. This fact was deduced, prior to testing, from tests run
by Bourque (1961) on the same soil in which the value of u, -u,, was
found to remain constant as u, was varied, and in which equilibrium
was achieved rapidly; Bourque's conclusion was confirmed during the
test program. The value of uy -uy, for compaction 3% dry of optimum
was about 0. 80 kg./cm2; it was possible to measure this pressure
directly using a pressure transducer. This combination of molded
water content, air continuity, and initial pore water pressure was
admirably suited to the measuring range of the equipment. The com-
paction procedures were different for the shear and compression
tests and are described later.

3. Strength Tests

a. Specific Test Program

Four test series representing three different types of
triaxial shear tests were run. Except for Series SA, which used

* Supplied by Newton Potters and Supply, Inc.,
1021 Boylston Street, Newton, Mass.

k%
Supplied by R. T. Vanderbilt Co., Inc.,

230 Park Avenue, New York 17, New York.
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miniature sized samples (diameter = 1.405'" and height = 3.15"),

the tests were conducted on large soil samples having a diameter

of 4 inches and a height of 8 inches. Use of the large sized samples
was necessitated by the need for a reasonable degree of accuracy

in the measurement and control of volume changes. That this could
be better obtained in the large sample is indicated by the table below
which compares the magnitudes of the relevant volumes for the two
sizes.

Sample Total Volume Volume of Watef*
Miniature size 80 cc. 23 cc.
Four inch diameter 1648 cc. 475 cc.

* Based on a dry density of 100 1b. /cu.ft. and a water
content of 18%.

Most samples were compacted by impact compaction,
Standard Proctor effort, at a water content of 17.5 + 0.2% which
yielded a dry density of 100.0 + 1.2 1b. /cu. ft. . This water content is
approximately 3% dry of the optimum moisture content for the com-
paction used. Tests on Series SB, SC, and SD were run in a
constant temperature room with temperature at 21°C.

Test Series SA

To obtain the effective stress envelope for the soil, four
SA -1 to SA-4 miniature samples, compacted statically at the same
water content and dry density as the large samples, were saturated
by back pressuring under effective consolidation pressures of 1.0,
2.0, 3.0, and 4.0 kg. /cm2 respectively and tested in undrained shear
with pore pressure measurements.

Test Series SB

To determine the effect of the degree of saturation and con-
sequently of pore water tension on the strength characteristics of
the soil, three samples with the same "effective confining'' pressure,
(o -ug) of 0.14 kg. /cm2, but different preshear values of capillary
stress (ug - ) were tested. One of the samples, SB-1l, was tested
at essentially its "as compacted' value of capillary pressure of
0.71 kg. /ecm*“. The capillary pressure of the other two, SB-2 and
SB-3, was increased by different amounts, 1.27 and 1. 56 kg. /cm?
respectively, by decreasing their degree of saturation to different
values. The decrease in saturation was achieved by the '"desaturation'
process described in Appendix III-A. '
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To study the effect of density on the strength of partially
saturated soils, a sample, SB-4, was compacted at a water content
of 18.2% (higher than that of the rest of the samples); it was
desaturated to the preshear stresses of Sample SB-3 and sheared.

All partially saturated samples tested in this investigation
were sheared at constant water content, constant chamber pressure,
and constant air pressure; measurements were made of the pore
water pressure and of the changes in the sample volume.

Test Series SC

Saturation of compacted samples by back pressuring at some
arbitrary effective consolidation pressure is likely to induce dis-
turbances in the sample which may modify its strength characteristics.
To minimize this disturbance a sample, SC-1, was saturated at constant
volume and then sheared undrained with pore pressure measurements.
This saturation process also enabled the determination of a X factor
for triaxial consolidation.

Test Series SD

To determine the influence of 'effective confining' pressure
(0 -uy) on the shear strength behavior of partially saturated soils,
three samples, SD-1 to SD-3, were desaturated to essentially the
same value of (u, -uy,) of 0.77 kg. /cm2 but with different values of .
effective confining pressure (o -u,); for Sample SD-1(o -uy) was
0.14 kg. /cm2, for Sample SD-2 0,63 kg. /cm2, and for Sample SD-3
0.93 kg. /cm?2.

Details of the test procedures are described in Appendix
III-A.

b. Results

b-1 Volume Characteristics

Changes in the sample volume during desaturation (increase
in (ug -uyw)), and consolidation (increase in (o -uy) were small. Typical
values have been presented in Table III-1. Figure III-4 shows the
relation between the degree of saturation and pore water tension
obtained on desaturation for samples of series SB, SC, and SD. Sample
SC-1 was desaturated to a value of 1. 26 kg. /cm?2 and then saturated at
constant volume. The relation between the degree of saturation and
(u, -u_) obtained is graphed in Fig. III-5.

Since soil volume, an engineering property dependent on
effective stress, was kept constant while Sample SC-1 was saturated,
a comparison of the relevant stresses in the two states of saturation
will yield a value of the empirical factor X, (see calculations below).
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At saturation

_ 2
o-uw-0.58kg./cm .

Under partial saturation
_ 2
o-u, =0.14 kg. /cm
and
u_ -u_ =1.26 kg./cm2
a w
0.58 =0.14 +1.26

and
x = 0.35 for S = 66.4%

Because of the incompressibility of the soil used, great precision
in volume control was necessary. The error in keeping the sample
volume constant was estimated to be not greater than + 0.2% ; even
such a magnitude, however, is likely to have significantly affected
the value of x obtained.

b-2 Triaxial Shear Characteristics

The results of the triaxial tests on miniature samples of
Series SA are summarized in Table III-2 and Figs. III-6 through
III-11. The effective stress envelope for the soil is given by the
equation

(o - 35)/2 = [ (5, + 55)/2] tan (30.2°) .

Tables III-3 through III-5 list the values of certain soil
properties that describe the state of the samples of Series SB, SC,
and SD during three significant stages before the samples were
sheared.

Figures III-12 through III-15 present the stress-strain
relations of samples of Series SB. Stress paths for these samples
have been plotted in Figs. III-16 and III-17, Due to the presence of
two pore fluids in partially saturated soils, two stress paths are

16



necessary to describe the soil behavior. The first path is the rela-
tion between (o) - 03)/2 and [(0}+ 03)/2] -u, and the second path is
the loci of values of (o) -03)/2 and [(o)+ o3)/2]-u, . Bishop (1960)
uses the "failure' points on these stress paths on a plot with the
axes of Figs. III-16 and III-17 to obtain graphically the values of his
empirical factor x.

Triaxial test results of the large saturated sample, C-1,
are presented in Figs. III-18 and III-19.

Results of test series SD have been plotted in Figs. III-20
through III-23. To facilitate comparison of stress paths of samples
SD-1, B-1, SD-2, and B-2, the stress paths of samples SB-1 and
SB-2 have been repeated in Figs. III-22 and III-23. Figure III-24
presents a plot of the maximum stress difference as a function of
the preshear values of (o - ua) and (ua - uW).

b-3 Experimental Error

The similarity in the stress-strain characteristics of the
two samples, SB-1 and SD-1, having essentially the same preshear
values of applied stress and pore water tension, is indicative of
the reproducibility of the triaxial test results presented.

Measurement of changes in the sample volume, however,
were less precise. This lack of precision was a consequence of the
incompressibility of the soil and the absence of some means of
determining accurately the changes in the volume of the entrapped
air in the triaxial cell with increasing time and changing pressure
(see Appendix III-A). The error introduced is significant in calcu-
lations involving the total sample volume, such as for the degree of
saturation, because of the large sized samples used. It is signi-
ficant in the values presented of changes in sample volume during
increase of pore water tension or increase of applied stress. However,
even if these values were in error by 20%, the qualitative conclusions
derived from them remain unaffected.

_The preshear value of (ug - uy) for Sample SB-3 was 1. 56
kg. /cm2; the air entry pressure of the ceramic stone, measured
just before Sample SB-3 was tested, was 1.76 kg. /cmz. The pore
water pressure measurements during shear of Sample SB-3 did not
follow the pattern of other partially saturated samples. It is sus-
pected that in the latter part of the test, air entered the pore pressure
lines and distorted the measurements.

The air pressure line in the triaxial cell burst while Sample

SD-3 was being sheared, as such, only the preshear data for Sample
SD-3 has been presented. The test could not be rerun for lack of
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time. It was hoped that results from Samples SB-3 and SD-3would
help reinforce some of the observations made in the discussion;
unfortunately, only the results of Samples SB-2 and SD-2 can now
be cited.

c. Discussion

c-1 Negative Pore Water Pressures

The relations between the degree of saturation and the
capillary pressure, obtained on desaturation, have been plotted in
Fig, III-4, They strongly suggest that there exists a unique
relation between the two parameters for soil having any constant
set of initial conditions (density, molding water content, fabric, etc.).
The relation is different for different initial soil states. Comparison
of the curve for Sample SB-4 with curves of other samples suggests
that for a given degree of saturation, higher pore water tensions
correspond to a denser fabric (see also compression tests).

Desaturation and the subsequent saturation of Sample SC-1
produced the hysteresis loop presented in Fig. III-5. It follows the
pattern observed by other researchers (Puri, 1949; Carman, 1953;
Croney and Coleman, 1960) who have discussed it at length.

c-2 Experimental Values of x From Triaxial Shear

Values of x obtained for the partially saturated samples are
presented in Table III-6. They were computed from the equation
.- [(o) - ogKcot @-1) - 2(0g -u,)]
2(u_ - uw)

(8)

which is derived in Appendix III-C., This equation is the algebraic
counterpart of Bishop's graphical procedure of obtaining x.

The value of a used in Eq. 8 was obtained from test series
A. Two possible objections may be raised regarding the use of an @
so obtained; first, that the size and the type of compaction for samples
of Series SA were different from those of Series SB and SD, and
second, that for Sample B-4, the molding water content and the dry
density at compaction were also different from those of samples of
Series SA. As regards the first objection, it is interesting to note
that the effective stress path of Sample SC-1 follows the pattern of
the effective stress paths of samples of Series SA and falls on the
effective stress envelope of the latter samples, Fig. III-19. It is
unlikely that this was just a coincidence. Test Series SC was dis-
continued because of excessive time (it took four weeks to test
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Sample SC-1). Referring to the second objection, triaxial data on a
soil mixture similar to the one used in this investigation, indicated
that the effective stress parameters are insensitive to the molding
water content and dry density at compaction (Gulhati, 1961). Lambe
(1958) also has shown that samples compacted wet and dry of optimum
water content yield the same effective stress envelope.

All the empirically obtained values of X are greater than 1.0.

c-3 Effect of Applied Stress (o -u,) and Capillary

Pressure (uy -uy) on the Shear Strength and
Volume Change Characteristics

The sum of the preshear values of (¢ -u,) and (u, -u,) is
the same for Samples SB-2 and SD-2. The former term is smaller
in Sample SB-2 than in Sample SD-2; the reverse is trueof the latter
term. The two samples display markedly different behaviors. The x
value for Sample SB-2 from triaxial shear is 1.0l whereas for Sample
SD-2 it is 1. 36. In Sample SB-2, the stress builds up rapidly to a peak
and then drops suddenly to a considerably lower value. In Sample
SD-2, the stress builds up to a higher value than that of Sample SB-2
and then gradually drops off; the relative drop in Sample SD-2 is much
smaller than that in Sample SB-2.

The soil mixture used was essentially incompressible; data
in Table III-1 do indicate, however, that the volume decrease on an
increase in applied stress was larger than on an increase in capillary
pressure.

These differences in behavior are believed to be a consequence
of the difference in mechanisms by which intergranular stress is
generated from applied stress and capillary pressure. This will be
discussed further in Section c-5.

c-4 Stress Paths in Partially Saturated Soils

Effective stress paths in saturated soils have become an
important source of knowledge about soil characteristics. Presented
in Figs. III-16, III-17, III-22, and III-23 are the stress paths for
partially saturated samples. The stress path

ot o o)~ 03

5 -ua vSs. )

is a straight line making an angle of 45° with both axes with an
intercept on the x-axis equal to the preshear value of (o -u_). This
shape reflects the manner in which the test was performed, that is,
with constant chamber and air pressure during shear. No deductions
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from the shapes of the other stress path

oo
——-u, vs. (o) - 03)/2

are possible at the moment. They are, however, interesting to look
at and it is hoped that in the future, with the availability of a larger
collection, they may also become revealing.

4. Compression Tests

a. Specific Test Program

Test Series CP

One-dimensional compression tests were made to check out
the equipment on samples compacted with 25 blows of a 5-1/2 b,
hammer falling 12 inches (Standard Proctor Compaction). The
remainder of the compression tests (all one-dimensional) were run
on samples compacted with 12 blows of a 5-1/2 1b. hammer falling
12 inches.

Test Series CA (3 tests)

The samples were compressed to 12 kg. / cm2 and rebounded
to 1/8 kg. /cm* at a constant capillary pressure (ua - uy) equal to the
capillary pressure immediately after compaction (about 0. 88 kg./cm¥?)
with measurements of the changes of volume and water content.

Test Series CB (2 tests)

At constant volume under a nominal axial confining pressure
of 1/8 kg. /cmz, the degree of saturation was increased until the
capillary pressure was 0.25 kg. /cm¥; then the samfles were com-
pressed to 12 kg. /cm?2 and rebounded to 1/8 kg. /cm? at a constant
capillary pressure of 0.25 kg. /cm2 with measurements of the change
in volume and water content.

Test Series CC (3 tests)

At constant volume under a nominal axial confining pres-
sure of 1/8 kg. /cm2, the samples were saturated (capillary pressure
equals zero) and then compressed to 12 kg. /cm2 and rebounded to
1/8 kg. /cm#4 with measurements of volume change.

Test Series CD (2 tests)

The samples were compressed to 6 kg. / cm2 at a constant

20



capillary pressure of 0.88 kg. /cmz. The degree of saturation was
then changed in steps until the capillary pressure was 0.25 kg. / cm?
at: '

Test CD-1: constant axial load (cr-ua)

Test CD-2: constant volume
with measurements of the change in volume and axial load respect-
ively. The samples were finally compressed to 12 kg. /cm2 and
rebounded to 1/8 kg. /cm2 at a constant capillary pressure of 0.25
kg. /cm“ with measurements of the change in volume and water
content.

Test Series CE (1 test)

The sample was compressed to 1/2 kg. /cm2 at a constant
capillary pressure of 0. 81 kg. /¢m2 and air and water permeability
measurements were made as the degree of saturation was increased
to a capillary pressure of 0.25 kg. /cm2. The sample was then com-
pressed to 12 kg. /cm?2 at a constant capillary pressure of 0.25
kg. /cmz; at this stress, water permeability measurements were
made as the degree of saturation was decreased to a capillary pres-
sure of 0. 69 kg. /cm?2.

Test Series CF

To supplement the permeability measurements made in
Series CE, permeability tests were run on samples prepared by
static compaction and saturated at constant volume.

The detailed test procedures for Series CA, CB, CD, and
CE are described in Appendix III-B.

b. Results

Preliminary Tests

The preliminary tests (Series CP) were run on the soil
compacted with 25 blows of the 5-1/2 1b. hammer falling 12 inches.
Figure III-25 shows the compaction curve for this technique.

The results of Test CP-4, the only preliminary test run
satisfactorily to completion, are presented in Tables III-7 and III-8
and Fig. III-26. From Fig. III-26, it is seen that for a load of
12 kg. /cm2 the value of Ae/(l+ e,) is 0.023, which is equivalent
to an axial strain of only 2. 3%.

This compression was considered to be too small and so
the test program was run on the soil compacted by 12 blows of the
hammer; the compaction curve for this technique is plotted in Fig.
III-27,
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b-2 Series CA, CB, and CD

The results of these tests are presented as follows:

1. Tables showing the initial conditions, testing conditions,
and a summary of the results of each test:

Series CA Table III-9
Series CB Table III-13
Series CD Table III-17

2. Tables showing the change in void ratio, water content,
and degree of saturation for each load increment:

Series CA  Tables III-10, 11, 12
Series CB Tables III-14, 15
Series CD Tables III-18, 19

3. Figures showing the void ratio and degree of saturation
as functions of the logarithm of the applied stress:

Series A Figures III-28, 29, 30
Series B = Figures III-31, 32
Series D Figures III-33, 34

In general it should be noted that:

1. The compression is small, the maximum axial strain
being about 5%.

2. The degree of saturation increases as the stress
increases, the effect being quite marked at high stresses, and
remains about constant during rebound.

3. For compression at loads less than 1 kg. /cm‘?', the
applied stress has been taken as equal to the stress applied at the
top of the sample; for compression and rebound beyond this load,
the stress is considered to be the average of the stress applied at
the top and the stress measured at the bottom by the transducer.

In terms of the modified effective stress equation, the applied stress
is equivalent to the total stress less the air pressure = (o -ua).

.b-3 Compression at a Capillary Pressure
of 0.88 kg. /cmé

The five tests (CA-1, CA-2, CA-3, CD-1, CD-2) are com-
pared in Fig. III-35 in which Ae/(1+ e ) is plotted against the loga-
rithm of the applied stress. At first sight the agreement does not
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appear to be good, but this is because of the exaggeration of the
scale; in fact, the difference between the curves is small as is
evident from the calculation from Table III-9 of the variance of
the mean values of the compression index, and the changes in void
ratio and degree of saturation:

C, (8 to 12 kg. /em®) - 0,117 % 0.006
eple, - 0.899 + 0.007

SHYER : -.1.085 + 0. 004

b-4 Compression at a Capillary Pressure of
0.25 kg. /cm?é

Figure III-36 compares the compression and rebound at
a capillary pressure of 0.25 kg. /cm2. Again, because of the small
differences in the initial void ratio, the comparison is in terms of a
plot of Ae/(1+e ) against the logarithm of the applied load, and again
the agreement is good.

In Series CB the degree of saturation was increased in one
stage by reducing the capillary pressure (ug - uy) from 0.88 to 0.25
kg. /cm2 under a nominal confining pressure of 1/8 kg. /cm2. The
volume was held constant during the saturation, but no tendency to
swell manifested itself as a swelling pressure measurable by an
increase in load on the transducer. In Series CD the degree of
saturation was increased under a load of 6 kg. / cm?2, and so only the
portion of curve beyond 8 kg. / cm? is plotted.

b-~5 Translation between Curves

In Test CD-1, the degree of saturation was increased in
stages at constant applied load. The void ratio decreased slightly
as the degree of saturation increased, but only on the application of
the next stress increment was the full translation to the lower curve
realized. This is shown clearly in Fig. III-37. Figure III-38 shows
the variation of the void ratio and the degree of saturation as
functions of the pressure difference (ua -uw).

In Test CD-2, the degree of saturation was increased at
constant volume. Again in Fig. III-37, it is seen that the decrease
in load was a small fraction of the full translation and that the next
load increment had to be applied before full translation occurred.
Figure III-39 shows the variation of the load and the degree of satu-
ration as functions of the pressure-difference. The variation of the
degree of saturation with the capillary pressure is virtually identi-

" cal for the two tests.
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b-6 Compression of Saturated Samples

In Series CC the samples were fully saturated by the back
pressuring technique described in Appendix III-B before compression.
Each test of the series was run slightly differently. In Test CC-1
the yoke was removed under the axial confining pressure of 1/8
kg. /cmz, upon which the soil began to swell. The soil was loaded
while swelling was taking place. In Test CC-2 the yoke was
removed as before, but the full swell was allowed to occur under
the axial confining pressure of 1/8 kg, /cm2 before loading was
commenced. In Test CC-3 the yoke was held fixed and the sample
was loaded through the yoke so that no swelling could occur during
the initial compression. The three tests are compared in Table
III-16 and Fig. III-40; (in plotting the data it was assumed that there
was no side friction). Onewould expectithatthere would not be any
compression in Test CC-3 until the swelling pressure was exceeded;
the fact that this sample was disturbed during setting up may explain
why there was, in fact, compression under the first load increment.
Figure III-40 also shows that the compression under a stress of
12 kg. /cm?2 is virtually independent of the amount of swelling which
is allowed to take place before compression. It should be noted also
that there was no way of checking that the samples were fully satu-
rated prior to compression; however, the final measurements did
show that after compression and rebound the degree of saturation
was 100%. :

b-7 Comparison of Compressions at
Different Capillary Pressures

The average curves for compression at capillary pressures
of 0.88 and 0.25 kg. /cm2 deduced from Figs. III-35 and III-36
respectively and the curve for a fully saturated test (Test CC-3) are
compared in a plot of Ae/(1+eo) against applied stress in Fig. III-4l,

The differences between the curves are small and so it is
necessary to consider very carefully whether the differences between
the curves are significant.

Firstly, the initial dry densities were slightly different:

Capillary Pressure During Average Dry Density

Compression (kg. /cm?2) (1b. /cu. ft.)
0.88 90.8 £ 0.9
0.25 91.1 £0.1

Saturated 93.0+£0.5
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Only one curve for a saturated soil compressed from the
same initial conditions as the other series of tests (no swell) was
obtained and so these data are not compared rigorously. However,
it should be noted that none of the saturated samples compressed
more than the samples at a capillary pressure of 0.25 kg. /cm?2,
This may well have been due to the fact that the average initial dry
density of the saturated samples was 2 lb. /cu, ft. greater than that
of the samples in the other series.

Before considering the curves for compression at capil-
lary pressures of 0.88 kg. cm2 and 0.25 kg. /cm2 it should be
noted that the average initial dry densities of the samples in the
two series were virtually the same. The significance of the
difference between the two curves can be examined statistically
using the ''t" test (see Appendix III-D). This has been done as
follows: :

Applied Stress

(kg. /cm?) Probability
1/4 88%
} that [Ae/(1+e°):| : >[Ae/(1+e )]
1/2 60% 0.88 °
. . 0.25
1 No difference
2 No difference
4 96%
8 97%} that [Ae/(1+eo):l >[Ae/(1+eo)}
12 98% 0.25 0.88

This analysis shows that it is likely that the compression at
the lower capillary pressure will be less tlénan at the higher capillary
pressure at stresses less than 1/2 kg. /em?; the swelling of the
saturated sample supports this contention. At stresses greater than
4 kg. /cm2, the analysis shows conclusively (96% probability) that
the compression at the lower capillary pressure (higher degree of
saturation) will be greater.

Comparison of the rebound behavior gives the following
average values of C for the range 4 kg. /cm2 to 1 kg. /cm2:

25



Capillary Pressure During C
Compression (kg. /cm?2) s
0.88 0.017 £ 0.000 (3 tests)
0.25 0.017% £ 0.002 (4 tests)
Saturated 0.023°+ 0.000 (3 tests)

This shows that the rebound of the saturated samples is greater than
the rebound of a sample under a capillary pressure and further that
there is no significant difference between the rebounds at capillary
pressures of 0.88 and 0. 25 kg. /cm?2.

b-8 Rate of Volume and Water Content Change

For each load increment the changes in volume and water
content were measured as functions of time. Figure III-42 presents
a typical plot for compression at a capillary pressure of 0. 88 kg./c‘m2
for the load increment 4 to 8 kg. /cm? of Test CA-2. It is seen that
a large proportion of the volume change is instantaneous and that
the time-dependent volume change is approximately equal to the
change in water content. Figure III-43 presents a similar typical
plot for compression at a capillary pressure of 0.25 kg. /cm¢ for
the load increment 2 to 4 kg. /cm< of Test CB-2. Again, a large
proportion of the volume change is instantaneous, but in this case
the time-dependent change in water content is much larger than the
time-dependent change in total volume.

The relationships between the time-dependent total volume
change and the change in water content are further illustrated by
comparing the ratio of the change in water content to the total change
in void volume, Avy,/Aw, and the ratio of the time-dependent volume
change to the total volume change, 6i5ta] -~ Simmediate/8total, for
each load increment. The instantaneous volume change was deter-
mined in each case by the square root fitting method (see Taylor,
1948). The ratios Ay, /AVt are presented in Tables III-20 and III-21
and the ratios 1 - 8immedijate/6total in Tables III-22 and III-23;
Tables III-20 and III-22 being for compression at a capillary pres-
sure of 0.88 kg. /cm2 and Tables III-21 and III-23 at a capillary
pressure of 0.25 kg. /cm2,

The ratios are plotted against the logarithm of the applied
stress in Figs. III-44 and III-45 for pressure differences of 0. 88
kg. /cm2 and 0. 25 kg. /cm2 respectively. For compression at low
stresses, and rebound at high stresses, the volume changes are
very small, and so great significance cannot be placed on these
values. Examination of Fig. III-44 (pressure difference 0, 88

2 i -
kg. /cm<) shows that for compression 1 Gimmediate/atotal and
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Avy, /Av, are both small (less than 0.2) and that Avy, /Av is generally
less than

1 - %immediate ]
6total
for rebound at high stresses
Av, / A
is greater than
1 - %immediate
6tota1

and at low stresses vice versa. Figure III-45 shows that at a pres-
sure difference of 0.25 kg. /cm?2

Av, / Av,

is greater than

_ %immediate
61:o’c.'=11

for all compression and rebound. For rebound the'plots of

_ ®immediate
Stotal

are similar for both pressure differences.

b-9 Side Friction

The calculations in Tables III-24 and III-25 of side friction,
the ratio of the difference in pressure as applied at the top and mea-
sured at the bottom to the applied pressure, are based on the assumption
that the side friction at a load of 1/4 kg. /cm2 is zero. This assumption
was necessary for consistency because the method of assembling the
consolidometer, in which the consolidometer tube and the sample were
pushed down onto the bottom piston, meant that at low stresses the
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pressure measured at the bottom was to some extent independent
of the applied load. Also, in plotting the side friction against the
logarithm of the applied stress in Fig. III-46, the side friction
 during rebound was adjusted so that the side friction at a stress
of 8 kg. /cm2 was the same as that at 12 kg. /cm?2; this adjustment
was necessary because of the reversal of the direction of the side
friction. Figure III-46 shows, as is to be expected, that the higher
the degree of saturation the less the side friction. This fact was
also clearly indicated in Test CD-1 in which the load measured at
the bottom increased as the degree of saturation was increased
(see Table III-18).

b-10 Permeability

The results of the water permeability measurements at
different degrees of saturation are presented in Table I11-26. In
Fig. III-47 the capillary pressure and the permeability are plotted
as functions of the degree of saturation. The permeability has been
interpreted as being a unique function of the degree of saturation,
but with the few values obtained it would be equally justifiable to con-
sider that the values obtained during ''saturation'' and "desaturation"
are not equivalent. Figure III-47 shows also the hysterisis of the
relations between pressure difference and degree of saturation for
"saturation'' and 'desaturation."

The air permeability was measured at a capillary pres-
sure of 0,81 kg. /cm2 under an applied stress of 1/2 kg. /cm? to be
about 10"9cm. /sec. However, the air permeability remained at
about this value independent of the degree of saturation; this is
illogical and on the assumption that this was due to some error in
the measuring system, all air permeability data have been dis-
regarded.

To supplement the water permeability data, three standard
constant head water permeability tests were run on samples, pre-
pared by static compaction, which were almost saturated. These
data are presented in Table III-27, and the average value at an
assumed degree of saturation of 95% is plotted in Fig. III-47.

b-11 Rate of Water Pickup

In Tests CD-1 and CD-2 the rate of water pickup for each
incremental change in the pressure difference was measured as a
function of time. In Fig. III-48 the volumes of water flowing into
the sample for equal increments of change of the pressure difference
as functions of time are shown for Test CD-1. Figure III-48 shows,
as expected, that in absolute terms the rate of water pickup is
faster when the degree of saturation, and hence the permeability,
is higher. However, if as in Fig. III-49, the change in water content
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is expressed in terms of the proportion of the total water content
change for the increment, the rate of pickup is about the same for
each incremental change in the pressure difference. In Fig. III-50
a similar relationship is shown for Test CD-2. (The rate for the
pressure difference increment 0.88 to 0.75 kg. /cm2 is not plotted
for this test because a blockage retarded the flow.)

b-12 Errors

Since the volume changes were small, and conclusions
derived from the experimental work are based on small differences,
it is necessary to examine closely the accuracy to which the various
measurements were made.

The significance of the differences between the compression
curves has already been investigated statistically in Section b-7.

The supplementary data on the relationships between
immediate and total settlement and between the changes in water
content and total void volume are restricted by the following sources
of error:

1. The loading frame was such that the large load
increments could not be applied instantaneously,
but were built up over a period of one or two
seconds.

2. The initial weight of the sample was determined
to an accuracy of only 0. 3 grams.

3. Although it was possible to remove the air
bubbles, which formed from time to time from
behind the ceramic stones, so that flow was not
impeded, it was not possible to determine how
much of the apparent water content change was
due to air bubbles, because on flushing some of
the bubbles got trapped in the irregularities of
the taps.

4. The water system occasionally had minute leaks
at the joints, but it was possible to correct for
these by plotting the water content changes as
functions of time.

In spite of these possible sources of error, the agreement
between the overall change in water content as determined by the
change in weight and the movements of the interfaces in the capil-
lary tubes was usually good (see Tables III-7, 9, 13, and 17).
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Discussion

c-1 Summary of Results: Volume Change

The volume change characteristics of the soil used (20%
kaolinite; 80% quartz) compacted by dynamic compaction to a dry
density of about 91 1b. /cu.ft. at a water content of about 17.5%
(3% dry of optimum) may be summarized as follows:

1,

The one-dimensional compression under an
applied stress of 12 kg./cm2 was never greater
than an axial strain of 5. 3% (¥Fig. III-41). This
was true at all degrees of saturation greater
than 60% and there is no reason to suppose
that it is not true for all degrees of saturation.

When fully saturated under an axial confining
pressure of 1/8 kg. /cm2 the sample swelled,
the full swell being equivalent to an axial strain
of 1.3% (Fig. III-40). This tendency to swell
under a nominal axial confining pressure of 1/8
kg. / cm?2 did not manifest itself when the degree
of saturation was increased from 60% to 83%
(Series CB).

The compression of the sample for loads
greater than 4 kg. /cm2 was greater at a capil-
lary pressure of 0.25 kg. /cm2 than at 0.88

kg. /cm“. However, the evidence to the con-
verse that the compression for loads less than
1/2 kg. /cm?2 was greater at the higher capillary
pressure was not conclusive (Fig. III-41; '
Section b-17).

When the degree of saturation was increased
under a load of 6 kg. /cm2 the compression
increased consistent with a collapse behavior.
However, the full collapse was not realized
until the subsequent load increment was applied
(Fig. III-37).

The rebound index, Cg, of the fully saturated
samples was 0.0239 as compared to about 0. 017
for both series at constant capillary pressure;
there was no significant difference between the
rebounds at capillary pressures of 0.88 and
0.25 kg. /cm?2. ‘ |
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c-2 ‘Analysis of the Results

The results show conclusively that collapse and swelling
can occur in the same soil, and that the volume change which occurs
is mainly a function of the magnitude of the applied load under which
the degree of saturation is increased.

In comparing the compression curves of Fig. III-41, it
should be borne in mind that although the initial fabrics were the
same, because the capillary pressures were different, the fabric
changes during compression may well have been different. So it
is not rigorously true that the samples at the same void ratio had
the same fabric. However, the fact that in Series CD, in which
the capillary pressure was changed at a load of 6 kg./cm?2, the
compression beyond 8 kg. /cm2 was apparently independent of the
previous compression history of the soil, does show that the
structural changes during compression at the different capillary
pressures must have been very similar (Fig. III-37).

That the samples swelled under a load of 1/8 kg. /cm2 and
collapsed under a load of 6 kg. /cm2 when the capillary pressure
was reduced, shows that the volume change cannot be considered
as a unique function of the effective stress as defined by the equa-
tion, -

= 4 ) .
oc=0-u, x(ua uw)

The data can be explained if it is considered that reducing the
capillary pressure, as well as reducing the effective stress, also
reduces the rigidity of the fabric. Above a critical load the volume
decrease due to the latter effect will exceed the volume increase
due to the former. The evidence from Fig. III-41 that below a
critical value of the applied stress the sample with the lower capil-
lary pressure tension will compress more, is also consistent with
this concept.

c-3 Explanation of Incomplete Translation for
a Change in Capillary Pressure

The fact that full translation between the different curves
(Fig. III-37) did not occur on changing the degree of saturation,
can be explained if contacts are considered to be predominately
important in determining the volume change behavior of the soil
(see Section C-5, b-2). Increasing the degree of saturation will
decrease the capillary pressure and extend the double layer.
Because the contacts are strong, the redistribution of the stresses
resulting from the increase in the degree of saturation will cause
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few contacts to break and little volume change. Only when a load
increment is applied and the contacts are broken will the lower
capillary pressure and extended double layer be influential in
controlling the reorientation of the particles.

c-4 Relationships Between Rate of Volume
Change and Water Content Change

The relationships between 1 - 6;;mediat /8total and
Avy /Avy are summarized adequately in Flgs III- 24 and III 45,

In discussing the results it should be re-emphasized that at low
stresses for compression and at high stresses for rebound, the
volume changes were very small For compression at a capil-
lary pressure of 0.88 kg./ cm?2 (about 60% saturation) both ratios
are about the same. This is consistent with the soil having large
interconnected air voids; the application of the load results in a
decrease in the size of the voids without the formation of many
occluded air bubbles. For compression at a capillary pressure of
0.25 kg. /cm?2 (about 83% saturation) the volume of expelled water
exceeded the time-~dependent volume change. This is consistent
with a soil at a higher degree of saturation; application of the load
causes some of the air to be compressed in bubbles, which will
then expand forcing out water with time to dissipate their excess
pressure. The rate of expansion will be to some extent governed
by the water permeability of the soil.

In the saturated tests, in which the change of water content
was not directly measured, the change in volume also appeared to
be instantaneous. However, this is entirely explicable in terms of
the high permeability of the soil. If, for instance, the load incre-
ment 4 to 8 kg. /cm? is con81dered and from Fig. III-40 my, is
calculated to be 4 x 10-6 cm2/ gm. and from Fig. III-47 the permea-
bility is taken to be 10~ 6cm. /sec., then in the conventional formula,

k_t

‘Yw]j'nv H2

T =

3

it is found that a few seconds is equivalent to a time factor of one,
which is itself equivalent to 95% consolidation.

c-5 Side Friction

Figure III-46 shows that the side friction was greater at
the higher capillary pressures. If it is assumed that the ratio of
water to air in the void spaces against the side of the consolido-
meter is the same as in any typical cross section through the soil,
then for the same applied total stress the effective stress acting
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on the side will be higher at the higher capillary pressure. It follows
that, since the lateral effective stress is larger, the side friction will
be larger. The larger increase in the ratio of the side friction to the
applied stress during rebound is because, as in. saturated soils, the
ratio of the lateral stress to the vertical stress increases.

c-6 Permeability

Insufficient permeability measurements were made for com-
prehensive conclusions to be drawn from the results (Fig. III-47).
As is logical, the water permeability increased as the degree of
saturation increased, the permeability being ten times greater at
a degree of saturation of 80% than at 60%. The permeability was
not proportional to the degree of saturation raisedto the third power
at these low degrees of saturation. At 60% saturation the permea-
bility was, at 3 x 10-8 cm. /sec., sufficiently large to imply that the
water was continuous.

c-7 Rate of Water Pickup

In Figs. II1I-49 and III-50 the rate of water pickup for equal
incremental changes in the pressure difference, if plotted as a
percentage of the total water content change for the increment, is
shown to be independent of the absolute value of the capillary pres-
sure. This means that the higher permeability associated with a
higher degree of saturation is balanced by the fact that a greater
volume of water flows into the soil for a change in capillary pressure
at a higher degree of saturation.

5. Discussion in Terms of the Effective Stress
Principle

a, General

The éffective stress principle as presently proposed for
partially saturated soils states that:

1. The effective stress is defined by the equation,

o= - + -
o= 0-u, x(ua uw)

in which x is a factor which varies with the
degree of saturation and represents essentially
the reduced area over which the water pressure
acts (x as such varies between 0 and 1 as the
degree of saturation varies between 0 and 100%).

33



2. The effective stress is the parameter which
most comprehensively expresses the shear
strength and volume change behavior of the
soil.

The experiments conducted have revealed behavior, for the
particular soil used, inconsistent with these statements on two counts:

1. Direct application of the effective stress
equdtion to the shear tests yields values of
X greater than one for degrees of saturation
between 65% and 73%.

2. Samples under an axial load of 6 kg. /cmz,
in which the capillary pressure (us - uy) was
reduced, collapsed rather than swelled. Appli-
cation of the effective stress equation to this
behavior yields negative values of x.

These inconsistencies suggest the inadequacy of the effective
stress principle as currently stated. It is desirable, therefore, to
re-examine the nature of the parameter x and the influence of the two
intergranular stress components (i.e., due to capillary pressures and
due to externally applied stresses) on the engineering properties of
the soil.

The applied (external) stress (o - u_) and the capillary
(internal) stress (ug -uy,) are believed to geherate intergranular stress |
by essentially different mechanisms. An increase in the external |
stress induces both normal and shear stresses at particle contacts. '
These induced shear stresses often exceed the "'shear strength' of
the contact, causing, locally, a shear failure and a rearrangement
of particles with the establishment of new contacts. The cumu-
lative effect of an increase in the external stress is an increase in
the soil density, an increase in the normal stresses at particle con-
tacts, and a change in the ratio of the shear stress to normal stress
at the particle contacts.

On the other hand, it is hypothesized that an increase in the
internal stresses (capillary pressure) induces only normal stresses
at particle contacts if the degree of saturation in the soil is low
and water exists predominantly in the lenticular state. Shear
stresses are induced only due to a change in the shape of the menisci;
the effect is indeed of the second order and can be neglected. With
shear siresses at particle contacts remaining essentially constant,
there is little tendency towards particle rearrangement. The volume
will therefore decrease only slightly as contacts are "pulled" closer
together. The net effect of an increase in the internal stress is an
increase in the normal stress at particle contacts, and a small
decrease in soil volume.
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It is likely that the different induced effects which accompany
the generation of intergranular stress upon an increase in the external
stresses will influence the relation between the intergranular stress
and the engineering properties of soil. There are two ways of taking
this into account:

1. By transforming the intergranular stress com-
ponents so that they assume a form which is
indeed the effective stress, that is, it best
"expresses' certain aspects of soil behavior;

2. By expressing the behavior as a function of
the two components of the intergranular stress
acting independently, rather than transforming
them to obtain a single stress which governs
the soil behavior.

In the following discussion the former approach is used for expressing
the shear strength behavior and the latter the volume change behavior.

b. Shear Strength Behavior

b-1 Intergranular Stress Components

Equation 5 (Section b-2) implies that the capillary pressure
can be transformed to intergranular stress by multiplying the former
by a factor ay which represents the reduced area on which the water
pressure acts. Figure III-5la shows, however, that not only are
particles in a partially saturated soil pulled towards each other by
the negative pore water pressure (assuming u, = 0) but that the
surface tension of water at the air-water interface also contributes
in generating intergranular stress. This effect can be accounted for
by introducing an equivalent area ratio, aj:

a, = Ft/[A(ua - uw)]
where,
F, is the force due to the surface tension
at the air-water interface
and

A is the area of the "wavy plane."

The sum of aw and a

{» denoted a,, must be multiplied by (ug - uy) to
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obtain the intergranular stress component arising from the capillary |
pressure. It is not unlikely that under certain circumstances a_ + a; |
may add up to a value greater than 1. 0. i

It may be argued, however, that Aitchison in developing his
equation 7 (which in the terminology of this report is an expression
for a;) did include the effect represented by a; and yet obtained a
range between 0 and 1.0 for values of a;. It has been shown (Gulhati,
1962) that the ratio 0. 31 in Aitchison's equation is valid only for the
soil system he used. In flocculated soil systems, such as the one
used in this investigation, this ratio might have values considerably
larger than 1.0 and consequently yield values of a; larger than 1. 0.

b-2 Generation of Shear Strength

The quartz-kaolinite mixture was compacted by dynamic
compaction at a moisture content about 3 per cent dry of optimum
water content for the effort employed. Such compaction is known
to impart a flocculated structure for the type of soil used (Lambe,
1958; ‘Seed and Chan, 1959). In flocculated soils, and particularly
where the clay mineral is kaolinite, particle contact stresses are
believed to play the predominant role in governing engineering
behavior, especially strength (Ladd, 1961).

For simplicity, assume that the shear strength of the com-
pacted soil is equal to the vector sum of the shear strength of all
individual particle contacts along the failure plane and that the
strength of all particle contacts is frictional in nature. Therefore,

Strength = Zl7/ ; = Zlglfp.

wherein

shear stress component parallel to
failure plane at failure for a given
contact.

n

IT’f

Ic?/f = normal stress component perpen-
dicular to failure plane at failure
for a given contact.

p = coefficient of friction for particle

a i.e., T = g,
contacts, e., HASIE, [V}

Prior to shear, a uniform (i.e., isotropic) confining pressure will
cause shear stresses (7) at the particle contacts, although the vector
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sum of these shear stresses for any plane is, of course, equal to
zero, i.e., Zltl =0, During shear, the particles move in such a
manner that a greater number of particles have a larger shear
stress component ( /7/) which resists further deformation along
the potential failure plane. During this shearing process, the
direction of the contact shear stress will change for some contacts -
while the shear stress at other contacts will exceed the shear
strength of the contacts, thus causing a gross slippage between
particles until either the applied shear stress is reduced or the
shear strength of these contacts are increased.

b-3 Comparison of Effect of Capillary
Pressure Versus Applied Pressure
on Strength Behavior

It has been hypothésized that an increase in capillary pres-
sure [u_ = (ua -uw)] increases only the normal stress at particle
contacts, whereas an increase in applied stress (o -u,_) increases
both normal and shear stresses at particle contacts. aC)ne might
therefore expect the strength behavior of a sample with a high
capillary component to be different from that of a sample with a
high applied stress component, even though the sum of the capillary
stress and the applied stress are equal. The sum of these two
components will be denoted by o', i.e.,

o' = (o-ua) + (ua- uw) .

Figure III-5lb summarizes the effect of the two components
of stress on strength behavior as measured in the preceding triaxial
tests. The figure plots (o) - 03)/2¢' versus u,/c' for'three values
of o' and three conditions of strain; namely, at € = 1%, € = 5% and
at failure [(o} - 03) a0y, ].* The data show that:

1. At a low strain (1%), samples with the higher

capillary pressure (i.e., higher value of
u. /'), have the largest stress difference.

In other words, capillary pressures appear
to cause a-more rigid.soil skeleton than

The actual stress-strain curves have been
adjusted to account for seating effects.
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2. At a high strain (5%), samples with the higher
applied stress (i.e., lower value of u,/c')
have the largest stress difference. At 5%
strain, all of the samples with a preshear
u./o' value exceeding 0.8 (see Figs. III-12
through 15, and III-20) have failed. In fact,

(o) - 03) is less than one half of the maximum
value. In other words, applied stresses
yield more shear resistance than.capillary
pressures at high strains.

3. At failure [ (o) - 03)max.]. samples with the
higher applied stress have the largest strength.
They also have a much larger strain at failure.
For example, saturated samples (u, = 0) failed
at 10% strain or higher whereas par%ially satu-
rated samples (ucfc' > 0.8) failed at.2.2 £ 0.2%
strain.

In summary, a high capillary pressure (uj - uy) produced
a relatively rigid, brittle structure which lost much of its shear
resistance after failure. On the other hand, a high applied pressure
(0 - uy) produced a relatively plastic structure which required large
strains in order to mobilize the full shear resistance. These obser-
vations are for samples molded at essentially identical composition
with almost identical preshear void ratios and values of ¢' = (o - u,)
+ (ua - u,) = 0- u,, the only variables being the degree of saturation
and,” more importantly, the ratio of u, /a'.

b-4 Hypothesis to Explain the Difference
in Strength Behavior

The following explanation is not intended to be complete, but
rather to suggest how capillary and applied stresses might generate
strength in different manners.

Let us compare two samples with the same values of pre-
shear ¢' and void ratio:

Sample A (uc/o' = 0)

= = 1 = =
s = 100%, u, 0, o u, = one

Sample B (uc/c' =1)

s <100%, (o-ua) =0, o =u, = one
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Initially, Sample A has both normal and shear stresses at
particle contacts due to the applied confining pressure, although the
vector sum of the shear stresses on any plane through the sample is
zero, that is, 6 and 7 pressures act at varying directions for each
contact but Z l7l = 0. As an external shear stress is applied to the
sample, those contacts for which |7l was initially negative with
respect to the applied shear stress will require a large AT to reach
failure (anranalogy.is the reorientation of principle stresses). Con-
versely, those contacts in which I7] was initially positive will require
a small At to reach failure. Upon failure, the particles which formed
these contacts will be rearranged to form new contacts which are
better suited to resist the applied shear stresses. Since some con-
tacts undergo large strains before their failure and subsequent
particle rearrangement, while other contacts undergo only small
strains before they fail, there will be a large amount of ''progressive
failure' in the sample and large shear strains before the majority
of the contacts reach their most stable position. Hence, this sample
has a relatively low initial tangent modulus, requires a large strain
to reach failure, and behaves rather plastically after failure.

In Sample B, the particle contacts initially do not have any
shear stresses since capillary pressures only induce normal stresses.
Therefore, the available shear resistance to an externally applied
shear stress for each contact along the potential failure plane is
quite uniform compared to Sample A. Moreover, the preshear value
of ¢ at each contact may be larger than for Sample A (at the same
value of ¢'), since the surface tension increases o, i.e., a, =a, ta
may be larger than unity whereas a_ can never be larger than unity.
The increased tangent modulus of S%mple B is thusly explamed by
an uniformity of contact resistance (i.e., less progressive failure)
and possibly by an increased value of o, the contact pressure.
Failure of the sample occurs at a low strain since the great majority
of individual contacts reach failure at the same time. When these
contacts do fail, it is hypothesized that the air-water meniscus
rupture and do not readily reform when slipping particles again make
contact. Thus, the component of ¢ due to u, and 7 (see Fig. III-51lb)
is lost, i.e., a; is greatly reduced. This explains why the shear
resistance of Sample B is so low after failure.

Although the preceding discussion is certainly oversimplified,
it is interesting to note that the partly saturated samples failed very
rapidly with the formation of a visible rupture plane. This supports
the idea of a sharp decrease in effectiverstress in the sample upon
failure (or a sharp decrease in true cohesion which appears to be far
less likely with this relatively non-plastic soil). Thus, one might
still employ the concept of an unique effective stress defined by:

o= (o-ua)+x (ua-uw)
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wherein x was a function of a;. However, not only would the relation-
ship between x and a; vary with strain, but a; would also vary.

c. Volume Change Behavior

In discussing the volume change behavior, and in particular
how both swelling and collapse can occur in the same soil, it is also
necessary to consider the mechanisms governing the behavior.

If a soil is compressed with drainage of the incompressible
pore fluid allowed, then the volume change can be considered as due
to:

¢ -

1. Compression of any gas present
2. Deformation of the soil skeleton.

The soil skeleton will deform because of (Lambe, 1958):

. Particle diminution
. Particle deformation
. Change in the size of the particle micelle

B W N -

. Particle rearrangement.

Particle diminution and bending may usually be considered to be very
small components of the volume change, and it has already been
pointed out that in the soil used, the fabric is flocculated and contacts
are likely to carry a large proportion of the interparticle stress;
therefore, it is concluded that the skeleton deformation can be mainly
ascribed to particle rearrangement.

The particle rearrangement, which under one-dimensional
loading will lead to a more parallel arrangement of particles, will
involve translation of the particles relative to one another. The
translation will, in turn, involve movement at the contact points.
Movements at the contacts will be resisted by cohesion and friction
between the surfaces and any protuberances on the surfaces. It is
thus clear that in soils in which most of the intergranular stress is
carried by contacts, that on a microphysical scale the mechanisms
of volume change are essentially the mechanisms of shearing. That
is to say that the volume change behavior will be dependent on the
microphysical shearing resistance of the soil.

It is possible to explain how swelling and collapse can
occur in the same soil in terms of the contact stresses. Since the
capillary pressure contributes only to the normal stress at a
contact, reducing the capillary pressure may cause the ratio of the
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shear stress to the normal stress at a contact to exceed the critical

value of shear failure at that contact. Thus, a reduction in the

capillary pressure will tend to cause a swelling due to the decrease

in the intergranular stress and at the same time tend to cause a

volume decrease due to failure at some contacts. Whether the soil

is seen to swell or collapse will depend on the relative magnitudes

of these effects, which will themselves depend on the magnitude of

the change in capillary pressure and on the magnitude of the externally

applied stress (o - ua).
Qualitatively, the behavior can be explained in terms of

the contact stresses. This approach is unsatisfactory as a basis

for a quantitative evaluation due to the difficulty of assessing the

incidence of contacts at which reduction of the capillary pressure

will cause a microfailure. It is also difficult to assess the magni-

tude of the volume change that will occur as the result of each micro-

failure,

c-1 Rigidity of Fabric

A more fruitful approach, quantitatively, is to consider the
volume change behavior as a function of two variables instead of just
one, the intergranular stress.

Consider the intergranular stress as being defined (see
Section B~5, b-1) by the equation,

o' =o- + a. -
o' =o-u, al(ua uw)

and let
c-u, =0,
U, -u = u,
q Consider the volume change of the soil to be a function of
o, and u,

dv = f (ca, uc) .

In terms of the previous reasoning, the volumc change will,
in fact, be a function of the intergranular stress and the rigidity of
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fabric as controlled by the intergranular stress. The primary
volume strain can be expressed as,

=1
Sk 2 (9)

The secondary volume change due to the change in rigidity will
vary directly as the applied stress and the capillary pressure

and inversely as the intergranular stress, so the total volume
strain can be expressed by the equation,

AV k k
¥ ° E‘ [Ac +A(au )]+T—2[(au )Acr + 0 A(au ). (10)

It has not been possible to derive the second term
rigorously,. but it is considered to be the right form. In this
equation k, and k, are constants for small volume changes, and
k2 is negative relative to k,; but the intergranular stress is no
longc: a unique factor in determining the volume change behavior.

Examination of Eq. 10 shows that as u, tends to zero the
rigidity term tends to zero, and the equation reduces to the con-
ventional relationship for saturated soils.

Equation 10 may be considered for changes in aju, and
c 1ndependent1y. The change in aju, must be cons1dered rather
than the change in u, alone for the two are not independent. At
constant total stress Eq. 10 reduces to:

&= —L2 vk, 2 . (11)

Whether the soil swells or collapses for a reduction in capillary
pressure will depend on the relative magnitudes of k; and ky and
the value of the ratio 0,/G'. Thus the larger the applied stress
the more probable is collapse.

At constant capillary pressure Eq. 10 reduces to:

AO'

AV 39
—V—-—E—(k+k c). (12)
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This equation is also of the right form, for since ko is negative
the compression will be less at a higher capillary pressure.

The applicability of Eq. 10 to the experimental data can
be examined as follows:

1. Calculate ky and kg at ¢ = 6 kg. Zcmz
assuming a; equals the degree of satu-
ration.

2. For compression at constant capillary
pressure use Eq. 12,

3. From Fig, III-41 for the load 1ncrement
4 to 8 kg. /c:m2 one obtains: :

u a.u :
c ic
_lig./cmz) S (kg. /cm?) Ae/(1+ey)
0.88 0.60 0. 58 0.014
0.25 0.83 0.21 0.017
4. Substituting in Eq. 12 and solving, one
obtains:
k1 =0.028
k2 = (0,067.

5. For compression at constant total stress,
o, use Eq. 1.

6. From Fig. III- 41 at g = 6 kg. /cm for the
capillar gr pressure increment 0.88 to 0.25

kg. /cm

2 *®
Alagu kg. Jem® Ae/l + e,
- 0.32 0.007

7. Substituting in Eq. 10 the values of kj and
k2 deduced from Eq. 12 one obtains

* If Fig. II-37 is used, Ae/1+ e_ equals only 0.003,
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Ae/1+e = 0.002 .

The predicted value of .002 is thus in fair
agreement with the measured value of .007
(or .003 if Fig. III-37 is used) although
these are probably compensating errors.

Obviously this mathematical formulation of the volume
change behavior leaves much to be desired. However, in predicting
what occurred in reality (that under a small applied stress, the
soil would swell and under a large applied stress is would collapse)
it does show that the concept behind the hypothesis, that the volume
change should be considered to be a function of two independent
variables is reasonable.
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D. CONCLUSION AND RECOMMENDATIONS

The experimental investigation indicated that for the parti-
cular soil and soil preparation used, the present interpretation of
the effective stress equation

T = - + -
oc=o0-u, x(ua uW)

is inadequate. The tests showed that:

1. The values of x obtained from triaxial
shear were greater than 1.0;

2. Samples under large applied stresses
decreased in volume on saturation, im-
plying negative values of yx; whether the
soil swelled or collapsed was found to be
largely a function of the magnitude of the
applied stress.

These two effects have been shown to be explicable in terms
of the different ways in which externally applied stresses and internal
capillary pressure generate strength and induce volume changes.
However, since the manner in which the microphysical mechanisms
contribute to the macrophysical parameters (c, %, mv) of strength
and compressibility is only qualitatively known, it was not possible
to deduce a macrophysical theory from these considerations. Thus,
two oblique approaches were utilized:

1. To consider the differences in the mechanisms
generating intergranular stress from external
and internal stresses to be contributions to x,
and to retain the principles of an unique effec-
tive stress.

2. To consider the soil behavior to be a function
of the two components of the intergranular
stress acting independently.

The former approach was seen to be more readily applicable to shear
strength behavior and the latter to the volume change behavior.
Ultimately, it may be possible to develop a theory based on one
approach which explains both shear strength and volume change
behavior.
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[F]

Future work should be directed towards defining more
clearly the differences between the effects of external applied stress
and internal capillary pressure on the behavior of partially saturated
soils. Such a study should be possible both theoretically and in
terms of a detailed consideration of the physico-chemical effects,
and experimentally by similar tests on other soils. It is suggested
that the effort be concentrated, initially, in investigating similar
systems in which the interparticle forces and the fabric can be
independently studied.
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" APPENDIX III - A
SHEAR TESTING: APPARATUS AND PROCEDURES
1. The Apparatus

From 't:llle discugs:lqufgg_af:jc_npg‘ thg type of ﬁests carried out, it is
evident that gdnsidgrable_ mq@{t;‘:lﬁ.cg‘g;on of ;tandard equipment and the development
of some new eq\ﬂpment was necessary. ‘(P.f!.a.te III;-l) The four new systems
incorporated into the apparatué ena.bled it to perform the following\ four
functions: o o

(1) Measure negative pore water pressures.

| (2) Apply a éontm;led air pressure to the sample.

(3) Provide accurate measurements of the volume of water drained from
the sample..dﬁring consolidation and desaturation.

(4) Provide control of the volume of the sample during saturation and
measurement of the volume changes during shear.
These systems are described in some detg.il below after a brief description of
the standard equipment used.
Standard Equipment |
. Samples were compacted in a split-type brass compaction mold (before
commercially known as "3 part split sand former with extension collar and
base") manufactured by Wykeham-Farrance Ltd. of Slough, England. The tr;vla.xialv
cell for 4" diameter samples manufectured 'b,;y Hykeham-Farrance Ltd. was used.
The usual reinforced lucite cylinder with its relati\iei& high expansion and
creep characteristics was replaced by a 3/8" thick séeel éfl;lnder. Cell
pressure was applied by means of self-compensating mercury pots as described

by BISHOP & HENKEL (1957).
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2. Measurement of Negative Pore Water Pressures

The negative pore water pressures were measured by the transfer
of origin method. The air pressure in the soil sample was increased until’
the water pressure was above the almospberic pressure. To prevent air from
passing into the pore pressure lines it was necessary to separate the lines
from the sample by a ceramic stone. Such & stone has very fine pores. In
a saturated condition, by surface tension pheonmenon, the water in these
pores can sustain & pressure difference across the stone and prevent passage
of air. The stone used was rated to have a 'bub'bling frefssure (air entry
pres'sure) of 4 Kg/cm.a. However, its capacity seemé to'ha.ve been over-
estimated by 100%. The 3 1/2" diameter and 1/8" thick stone was set into
the pedestal at the base of the triaxial cell. The cylindrical hole, into
vhich the stone was sealed by an epoxy resin, had a diameter 1/16" larger
than the stone.

The pore pressure was measured by a calibrated electric pressure
transducer commected to the pore pressure line. (See Figure III-52). The
transducer measured the pressure as a voltage in one arm of a Wheatsione
bridge circuit which was excited by a six-volt supply. The voltage was
measured direct;y on a Weston potentiametric millivoltmeter. The transducer
used was manufactured by the Dynamic Instmmgnt Company of Cambridge,
Massachusetts.

3. ép_plication of Controlled Air Pressure

The air was supplied from & compressor at approximately 7 Kg/cm.a.
It was adjusted to the required pressure by a series 4O Nullamatic regulator

manufactured by More Products Company of Pennsylvania.
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The air pressure was applied to the top of the sample through a
coarse porous stone as shown in Figure (III. 524). It also reached the
sample by diffusion through the cél:[. fluid and the rubber membrane.
Measurement of Water Content Changes |

The volume of wat_er draining from a satur_ated sample can be
measured simply by observim the rise in water level in é. burette connected
to the pore pressure line. In umsaturated samples, however, the water has
dissolved in it a quantity of air which is proﬁortj.onal to Vthe pressure. In
draining into the poré pressure line, this water experiences a drop in
pressure which can induce air to reappear in bubble form. To obtain
accurate measurement of the water being drained, it is necessary to clear
the lines of these bubbles.

A constant volume circulating pump (see Figures IIT-53 and ITI-53A)
similer in principle to the one described by BISHOP & DONALD (1961) was
used to rid the pore pressure lines of air bui)bles. The "bubble pump”,
however, was fabricated from glassware and so could not be used under
pressure. |

The bubble pump is essentially a closed circult flushing system;

a burette for measuring volume changes is incorporated into the system. The
motive force is & U-tube part fi’lled with mercury and éonnec__ted to the rest
of the system by two ball-aqd-spcke;b Joint_s. Swinging the U-tube pumps
water which is forced té cix;cuh.te in # p:_'escri'bed’ direction by four check
valves. When the U-tube is pushed from one sidg of the vertical axis to the
other, thé mercury is displaced to a new position. The movement of the
mercury pushes water up one leg of the pump through the pore pressure line

into the other leg. When the U-tube is pulled back, the role of the two
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legs is reversed, but because of the check-valves the water is still
circulated in the same direction. When bubbles are circulated from the
pore pressure lines to the pump, they automatically rise up into the
burette.

5« Control and Measurement of Changes in Sample Volume

Using a double burette volume measuring system manufactured by
Wkuhén -Farrance Ltd., changes in the volume of the cell fluid were measured.
Cell fluid volume changed as a consequence of changes in sample volume, and
such mechanisms as leakage, changes in the volume of the air entrapped in
the cell with changing pressure and time, changes of cell volume with
changing pressure, and movements of the piston during shear. The influence
of the first and the last mechanism was determined by direct measurement
and camputation respectively. The influence of the other two mechanisms was
determined by measuring the change in the volume of the cell fluid with
increasing chamber pressure with the cell completely filled with water, and
by observing the flow of water into the chamber with time (1 to 5 days) as
1t stood filled with water and under various pre‘ssureé”,

The volume measuring device (Figure III 5)4) uses a water-kerosene
interface to show changes in volume. The chamber presjsurg is applied
through the device and since water has only sl:lghﬁiy higher specific
gravity than kerosene, the pressure is not signifiéantly affected. By
manipulating a system of valves at the bottom of the double burette, either
tube can be brought adjacent to the chamber in the flow circuit. Thus when
the interface in the tube next to the chamber has reached the bottem of the
tube, the valves can be‘ adjusted and the position of the tubes in the circuit
reversed; this makes it possible to measure large volume changes. Changes

in volumé of the device itself are reflected in the movements of the tube
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next to the water supply.

6, Test Procedures

a) Soil Preparation

The two components of the soil mixtu:zje used: were thoroughly mixed
in their dry state and then mixed agein after addition of water. The soil

.

was cured in sealed jars in the humid room for four days.

'b) Soil Compaction ,
“ Samples for test series SB', SC', and SD' were compacted in six

layers by the impact of & 5.5 1b. hammer falling 12". Each layer
received twenty two blows. This is equivalent to an energy of 12,375 ft.
1b./cu. £t., that is, equal to the stendard Proctor effort. Before each
compaction the mold was po;ished and wiped with an_oiléa cloth to prevent
soil £rom forming & firm bond with the brass valls.

Samples for test series SA' were statically compacted to the ]
desired density. The mold was ﬁeflon-lined to minimize wall friction and |
had both bottom and top plungers.

c) Measurement of Pore Water Tension

Imeediately after the compaction the sample was placed on the
ceramic stone at the base of the triaxial cell, with the pore pressure line
open to water at atmospheric pressure; the cell was ‘agsembled and filled .
with water. A nominal confining pressure of 0.1k Kg/c.m.2 was applied to tl;e
samplef AChIa;p‘per pressure and air Pressure were gre.duglly ra_.i_sed (about
0.7 Kg/gm,a in two hours) by equal amounts and the pore water pressure
brought in the positive range. The pore pressure line was closed and the
sample allowed to equilibrate for 12 hours under the nominal "effective _

confining" pressure of 0.14 Kg/cm.2 Pore water tension was then determined
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ffom measured values of u e and u_. Observations were made of the volume
changes in the sample and the water absorbed by it during this settiﬁg up,
which enabled computationé. bf‘ the average degree of saturation in the soil
sample. For these computations it was assumed that the volume of the
sample under the initial confining pressure of 0.1k Kg/cm.2 was equal to
its "as compacted”" volume, that is, the volume of the mold.:

d) "pesaturation" Process

Stresses in the pore water of the sample were effectively
decrease;l by increasing the air pressure and 'aliowing drainage through
the ceramic stone. Chamber and air pressure were increased in increments
of 0.21 Kg/cm.2 vwhich induced an immediate (15 to 20 minutes) increase of
the same magnitude in the pore water pressure. The pore pressure lines
connected to the bubble pump were opened and the water allowed to drain
under the pressure difference. For each increment a period of 24 to 48
hours was necessary before drainage ceased. Volume of water drained was
measured by observing the level of water in the bubble pump burette;
before each observation the pore pressure lines were duly flushed. Changes
in sample volume were determined from observations of the meniscus in the
volume measuring device. The data enabled computation of the average
degree of saturation for each value of pore water tension.

e) Saturation at Constant Volume

The meniscus of the volume measuring device connected to the cell
served as an indicator for the sample volume. Another volume measuring
device was connected to the pore pressure lines. The soil sample was
saturated in two stages. In the first stage the pore pressure line via
the volume measuring device was connected to a water reservoir at atmo-

spheric pressure. The air pressure in the sample was decreased in steps
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of 0.21 and 0.28 Kg/cm.2, The sample was allowed to achieve equilibrium
under each increment which entailed & period of 24 to 48 hours. The
chamber pressure was pericdically adjusted to satisfy the constant sample
volume condition. Observations were made of the water absorbed. The
process wae continued until the air pressure was reduced to atmospheric
pressure. The second stage consisted of back pressuring, keeping the
difference between the pore water pressure and the. chamber pressure
constant and equal to its value at u, =u_ =0 (gauge). To prevent
wvater from passing into the coarse porous stone at the top of the sample,
the air préssure and the water pressure there were kept equal to each
other. To insure this, a "tee" connection was installed in the air
pressure line; one branch, as before, was connected to the coarse porous
stone, the other branch was routed to a chamber filled with water which
in turn was connected to the pore pressure line via the volume measuring
device. The water level in the chamber was kept at the same elevation
as thevtop of the sample. Back pressuring also proceeded in ‘'slow steps.
£) Shearing of Partially Saturated Soil Samples

In order to insure uniformity of air and water pressure through-
out the sample, the wnusually slow strain rate of approximately 10% in
60 hours (0.00024 inches per minute) was employed.

8) Shearing of Saturated Soil Samples

Samples compacted. dry of optimum are usually very difficult to
saturate; the samples tested were no exceptions. Back pressures as high
as 5.0 to 9.0 Kg/cm.2 were used. Pore pressure response in the samples

varied from 80 to 90%; the response was, however, essentially instantaneous,
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The. tests were, therefore, run at a constant valugl qf pore water pressure;
the chamber pressure was varied"tb satisfy the undrained condition.

The strain rate for sample SC-1 was the same as for the
partially saturated samples.

Miniature samples of series 'SA' were clothed by eight filter
'strips and were, therefore, sheared at the usual strain rate of approxi-

mately 10% in 7 hours (0.008 inches per minute).
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APPENDIX III - B
COMPRESSION TEST APPARATUS AND PROCEDURES
l. Special Consolidation Agratus

a. General Descri_ptibn

Design of the equipment was governed by the need to be able to
maeintain in the soil an air pressure such that the water pressure is
transposed to a positive value relative to atmospheric pressure. The
general layout is shown in Figure III - 55.

The soil samples were 4 inches in diameter and approximately 1
inch thick. The samples were compacted in the brass consolidation

tube, and, when trimmed, were compressed between two ceramic stones set

" in brass pistons. So that the air pressure could be maintained, the

tube was sealed by top and bottom plates. The air and water supplies
to the top and bottom of the sample were separate so that both air
and water permeability measurements could be made.

'b. Sample Container

The consolidation tube was U4 inches in diameter and 4 1/2 inches
long. It was lined with PEF Teflon to reduce side friction. The tube
was enclosed by brass top and bottom plates, 1/2 inch and 3/U4 inch thick,
respectively. The plates were tightened down into the tube by six
hexagonally spaced bolts, and had airtight O-ring seals. The top plate
hed the loading shaft mounted centrally through it, and the bottom
plate had three studs on which the bottom piston sat. Both plates had
three holes in them into which were sealed thick-wélled polyethylehe

tubes of fine bore, through which the air and water were supplied.
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c. Pistons

The pistons consisted of 3 1/2 inch diameter and 1/8 inch
thick ceramic stones set in brass discs which were a loose fit in the
consolidation tube. A ceramic stone has very fine pores so that the
surface tension of the water in the pores will resist the passage of
alir through the stone when an air pressure is applied to one face.
The stones used were rated to have an air entry (bubbling) pressure
of 3.5 Kg/em2. It was necessary to be able to flush water behind the
ceramic stone so that any air that did pass through the stones in
solution and then formed bubbles could be moved to a part of the
system, where they did not affect measurements of the changes in water
content. To implement this, there were two wvater leads to the back of
the stone which were connected by a continuous spiral groove; since
there was only one path for the circulating water, all the air bubbles
were bound to be flushed out. In order to ensure that the air pressure
was unifornly distributed over the surface of the soil, the soil contact
surfaces of the stones had grids of twelve grooves 1/6l4 inch wide and
3/64 inch deep cut in them; these grooves were connected in the air
spaces above or below the piston by 1/32-inch diameter holes bored
from’'each end of each groove through the piston to the opposite face.

d. Ioad A_gglication and Measurement of Side Friction

The consolidometer was set up on a staridard Soil Test loading
frame platform (2,000 1b. capacity). The load was transmitted to the
80il samples axially by a 1/2 inch diemeter case-hardened shaft which
was mounted in a pair of ball bushings. The shaft had ball seatings

top and bottom to ensure that only a central direct load was transmitted
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to the top piston. Although the consolidation tube was lined with
Teflon to reduce side friction, the side friction was considerable
because the soil was compacted and compressed dry of optimum; its
value was determined by measuring the load which was transmitted to
the bottom piston. The bottom piston rested on three equilaterally
spaced studs, one of which was & 1,000 1b. force transducer. The
epparatus was calibrated with all the load transmitted to the bottom
piston, so that allowance could be made for the fact that the trans-
ducer was not exactly located.

e. Water Pressure System

The layout of the pore water supply and pressuring system is
shown in Figure IIT - 56. It consisted of two parts, one for removing
air bubbles and the other for applying & pressure. Water was circulated
behind the stones by applying a small pressure difference to the two
leads to each stone., A system of valves allowed the water to be

circulated behind either the top or bottom stone. Water from the burettes
could also be used to replenish the water in the capillary tubes. The
movements of the interfaces in the capillary tubes were used to
measure the changes in water content of the sample. Water pressure
was applied by the adjustable mercury columns and measured by two
mercury manometers. The pressure could be applied independently to
the two stones so that permeability measurements could be made at
any stage.
f£. Air Pressure System

The layout of the air supply system is shown on Figure III - 57.

The air was supplied from a reservoir maintained at about 100 p.s.i. by

60



an air compressor. Differeng alr pressures could be applied to the top
and bottom of the sample by using two independent regulators. The
pressure regulators were Series 40 Nullamatic regulators manufactured
by More Products Company of Pennsylvania. These regulators maintain the
output pressure constant to within 0.09 p.s.i. for a variation in
supply pressure of 25 p.s.i. During the compression tests, the supplies
to the top and bottom of the sample were taken from the same regulator

| and the air pressure was measured by a gauge. For air permeability
tests the different air pressures were supplied to the top and bottom
of the sample V'by the two regulators used independently. For these
tests the pressure difference was measured by a mercury manometer and
the flow by displacing water from a burette into a compensating
reservoir.

2, Standard Consolidation ég_‘_paratus

The consolidation cell had an internal diameter of b inches,
and the sample was about 1 inch thick. (i.e. the samples in all the
compression tests were the same size.) The consolidation cylinder was
removeable so that the samples could also be compacted direétly in the
cylinder by the same method as was used for the samples tested in the
special apparatus. The cylinder was lined with PEF Teflon. During
the‘ saturation of the sample, a yoke was put across the top cover
plate to maintain the sample at constant volume. Saturation was
echieved by placing the complete apparatus in a large pressurisable
container of de-aired water and then over a period of several days
gradually raising the water pressure to L Kg/cmz. The consolidation
procedures were as described by LAMEE, 1951. Figure III - 58 shows
the layout of the cell.
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3. Consolidstion Sam_gle Pre?aration'

The soil was mixed at a water content of 18% one week before it
was due to be compacted in order to allow for the equilization of the
v;la.'ber conjbent throughout the sample. To ensure uniform compaction, the
mixed soil was passed through a No. 4(4.76 mm mesh) sieve. The soil was
compacted in the consolidometer tube; 500 gms. of soil were piaced in
the tube, and compacted by 12 blows of & 5 1/2 1b. hemmer falling 12
inches to form & layer sbout 1 1/2 inch thick. In an attempt to ensure
e uniform dry density and thus éompressibility over the whole area of
the sample, the 12 blqws vere delivered in a symmetric pattern shown in
Figure IIT - 59. The compacted sauple was then extruded up the tube,
the extruder being 3 1/2 inches long compared to the tube lenght of
L 1/2 inches, so that the top 1/2 inch of the sainple could be trimmed
off to fgm'é, disc 4 inches in diameter and 1 inch thick. The weight of
the sample and its thickness were measured indirectly while 1t was in
the consolidation tubé. The sample was finally pushed to a more central
;positioh in th§ consolidation tube so that the pistons could be easily
inserted. Using the technique described above, the compaction curve
shown in Figure III - 27 was obtained; the optimum water content was
20.8%.

4, Testing Procedures in Special Consolidation Apparatus

a. Sett:lngﬁ Up and Takigg Down

".me soil was compacted as described above, and with all the taps
closed, the pistons were fitted into the consolidometer tube and top and

bottom pla.’ceé were bolted down onto the cylinder by the tie rods. A
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load of 1/8 Kg/t:m2 was then applied and the air and water pressures were
turned on and adjusted until there was no movement of the water-mercury
interfaces , 2 hours yere allowed for equilibrium to be reached and then
th_e pressure differgnce .(ua - uw) was recorded as the initial pore
pressure deficiency.

After loading and unloading, each sample was extruded from the
consolidation tube and the thickness and the wvet weight were measured.
The samples were finally oven-dried and weighed. Thus, as a check, the
total change in thickness was measured by two :independent methods,
directly and by the dial gauge, and the total change in water content vas
measnred by two independent methods, directly and by the movements of
the water-mercury interfaces.

b. Test Serles CA

The air pressure and the water pressure were kept constant at
their initial equilibrium values. The samples were loaded and unloaded
with load increments applied at the time intervals as follows:

Ioad Increment Time Interval:

Kg/cm®
1/8-1/k
1/h-1/2 2 increments per day
1/2-1

1-2

2-1 ‘
4-8 1 increment per day
8-12

12-8
8-4 1 increment per day

h.2
2-1 2 increments in one day
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Ioad Increment Time Interval -

Ke/cn®

1-1/2
1/2-1/h 3 increments in one day
1/4-1/8

For each load the load .transmitted to the bottom piston was
measured byv the load transducer. The transducer was warmed up for 30
minutes befdre the voltage was measyred.

In all tests, for each increment, the change in volume of the
sample, as recorded by the movements of the water-mercury interfaces,
were measured as functions of time. It was usually found convenient to
mas;ure the changes in water content with drainage allowed at only
either the top or bottom of the sample.

c. Test Series CB

After the measurement of the initial pore pressure deficiency, the
air pressure was reduced so that the pressure difference (u’a - uw) was
0.25 Kg/cma. The sample was held at constant volume by a yoke across
the loading frame, and the volume of water flowing into the Vsample was
measured as a function of time. U8 hours was allowed for equilibrium to
be reached at the new pore water tension.

The samples were then compressed and rebounded in the same
loading sequence as the samples of Series CA.

d. Test Series CD

After the measurement of the initial pore pressure deficiency, the
pressure difference (u - “w) was adjusted from its initial value to

0.88 Kg/cma. 24 hours were allowed for the new equilibrium to be reached.
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The samples were then loaded at a constant pressure difference
of 0.88 Kg/cm® as in Series A to a load of 6 -Kg/cma. The pressure
difference was then reduced in increments of 0.135Kg/cm2 (2 p.s.1.) each
24 :l':oﬁr's to a final pressure difference of 0.25 Kg/cma. For each incre-
ment the change in water content of the sample was measured as a
function of time.

In Test CD-1, the change in volume at constant applied load
(o - ua) was measured for each increment.

In Test CD-2, the volume was held constant by means of the yoke,
and the change in the load on the bottom piston was measured for each
increment. | ‘.

" 'Fnally the samples were, at a constant pressure difference of
0.25 Kg/ém? and with measurements of the change in volume and water
coq’gent, loaded and unloaded with load increments applied at tiﬁe
yintervals as follows;-

Icad Increment Time Interval

Kg/cn®

6-8

8-12
12-3‘ 1 increment per day

3-1/2
1/2-1/8 2 increments in one day

e. Test Series CE

The sample was compressed at a pressure difference of 0.81
Kg/cm2 to a stress of 0.5 Kg/cm2 and then the degree of saturation was
increased by reducing the pressure difference in equal increments of

0.135 Kg/cm2 (2 p.s.i.) from 0.81 to 0.25 Kg/cmz. At pressure differences
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of 0.81, 0.69, and 0.56 Kg/cm2 the water permeability was measured.

The water pressure to the top of the sampie was decreased by lowering
the mercury pot 2 cm, and the pressure to the bottom of the sample was
increased by raising the mercury pot 2 cm; thus a net pressure head of
4 cm was applied across the sample. The flow of vater through the
sample was measured by the movements of the water-mercury interfaces
in the c_a.p;lllary tubes. Simihriy the air permeability was measurgt'i by
app1§ing a small air pressure difference across the sample at comstant
water pressure, the air flow being measured by displacing water from a
burette.

The soil was then compressed at a constant pressure difference
of 0.25 Kg/cm2 to an epplied stress of 12 Kg/cmz. The degree of
saturation was then decreased by increasing the pressure difference in
equal increments of 0.135 Kg/cm2 (2 p.s.i.) and the water and air
permeablilities were measured by the same techniques as before at pressure
differences of 0.25, 0.56, and 0.69 Kg/cm>. The sample was finally

rebounded at a pressure difference of 0.69 Kg/cma.
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APPENDIX III - C
DEVIATION OF THE ALGEBRAIC EXPRESSION FOR COMPUTING x

For saturated soils:
' (cr1 - 03)/2 = [( oy +33)/2 ] tan 3. (c-1)

» or (o1 +03)/2 = (0y - 05)/2 tan @ (c-2)
For partially saturated soils: '

(o) - 0-3)/2 = [(E.Lz'*_o'.‘i_ - ug) +x(u, - u,)] tan e (c-3)

therefore for two samples with equal ( o 1 -0 3) equating equations

(c-1) and C-3) 2

0, +tog . (9 t O3 - ug) +x(ua - u) (c-k)

2 2
substituting equation (C-2)

0y =03 - Oy *og_ ug +x(ug - uw) (c-5)
2 tan @ 2
» or
w=[o1-93 _ oy tog +ua]/(ua - uy)
2 tan @ 2

y = ['(ot1 - 0'2) cota - (0 +03) - 2u,]1/2 (uy - u)

W

x=[(Loj- 03) cote -(o) -03) -205-2ua ] /2, - u,)

(o1 - o3) (cota -1) -2(o5-u)

X g )
2 (u, - uw)

67



APPENDIX III - D

THE 't' TEST OF SIGNIFICANCE BETWEEN TWO SAMPLES
Reference: C.R.C. Tables p. 250
Consider two samples, x and y, with normal distributions about

means x and ¥.

Then: -
.2 . 2
2 - (nx-l)_g-x +(ny"1)~°y
n_+ ny -2
VAT
n n
, X y
and t = XY with n_ + n_ - 2 degreesof freedom
a x Y
where
n = Size of sample

Standard deviation of sample

Combined Standard deviation

li

8
o, = Standard Deviation of the difference

"t = Student's factor 't'.
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TABLE III-1

A COMPARISON OF VOLUME CHANGE DURING
INCREASE IN (ua - uw) AND INCREASE IN (o -ua)

Samplé (ua -uw) (o-ua) M Vw S
SB-2 0.75 0.14 653.9 467.4 71.6
0.90 0.14 652.9 453.6 69.5
0.98 0.14 651.8 448.2 68.6
1.16 0.14 “‘651.'1 436.9 67.1
1,27 0.14 651.0 431.7 66.4
SD-3 0.62 0.14 634.1 469.4 74.0
0.72 0.14 633.0 459.4 172.5
0.73 0.42 629.3 457.0 72.7
0.75 0.70 626.5 454.4 172.4
0.77 0.94 624.6 450,9 172.3
Vv =  Volume of voids in cc.
Vw = Volume of water in cc.
S = Degree of saturation.

Pressures in kg. /cm

2

.



TABLE III-2

COMPACTION AND PRESHEAR STATES OF SAMPLES

IN TEST SERIES SA

Compaction State

Preshear State

Sample vd W Ec W S* e
SA-1 99.3 17. 4 1.0 26.2 104 0.67
SA-2 99,2 17. 4 2.0 25.6 102 0.665
SA-3 99.4 17. 4 3.0 24.9 99 0.665
SA-4 99,2 17. 4 4.0 25.7 102 0.665
P

vd

Ql &

o

Based on ""as compacted' volume. Since the

samples were back pressured to ensure 100%

saturation, the actual saturation should have

equalled 100% .

is dry density in 1b. /cu. ft.

is the water content in per cent.

is the effective consolidation pressure in kg. /cm

is the degree of saturation, per cent.
is the void ratio.



AS COMPACTED CONDITION OF SAMPLES

TABLE III-3

OF SERIES SB, SC, AND SD

Y4 w S
Sample (1b. /cu. ft.) (%) e (%)
SB-1 99.2 17.4 0.67 69.4
SB-2 98.9 17.3 0.67 68. 1
SB-3 101.1 17.5 0.63 73.2
SC-1 100.2 17.5 0.65 71.6
SD-1 98.9 17.3 0.67 68.1
SD-2 100.9 17.17 0.64 73.9
SD-3 101.0 17.5 0.64 73.1
SB-4 101.9 18.2 0.63 7.4



TABLE III-4

INITIAL PORE WATER TENSION IN COMPACTED
SAMPLES OF SERIES SB, SC, AND SD

(ua -uw; w S
Sample (kg. /em®) (%) e (%)
SB-1 0.79 17. 8 0.66  170.9
SB-2 0.75 17.9 0.66 71.6
SB-3 0.56 17.7 0.63 74. 3
sC-1 0.58 17.7 0.65 72.9
SD-1 0.77 17.8 0.67 70.5
SD-2 0.52 17.9 0.63 75.5
SD-3 0.60 17. 6 0.63 74.0

SB-4 0.64 18.5 0.62 79.6



TABLE III-5

PRESHEAR CONDITION OF SAMPLES
OF SERIES SB AND SD

(o-u) (u, -u,)

Sample  (kg. /em?) (kg. Jem?) (%:) e (;a)
SB-1 0.14 0.71 18.3 0.66 74.3
SB-2 0.14 1.27 16.5 0.66 66.4
SB-3 0.14 1.56 15.5 0.63 65.5
SD-1 0.14 0.77 17.8 0.67 70.5
SD-2 0.63 0.79 17.0 0.63 71.9
SD-3 0.93 0.77 16.9 0.62 72.3
SB-4 0.14 1.26 17.1 0.61 74.0



TABLE III-6

VALUES OF X FROM TRIAXIAL SHEAR TESTS

AT MAXIMUM STRESS DIFFERENCE

%(01-0'3) o-u, (u, = u) S
Sample (kg. /cm2) (kg. /cmz) (kg. /cmz) (%) X
SB-1 1.41 0.14 0.82 72.9 1,07
SB-2 2.05 0.14 1.31 65.2 .. 1.01
SD-1 1.54 0.14 0.85 69.4 1.13
SD-2 2,60 0.63 0.91 70.4 1. 36
SB-4 2.26 0.14 1.33 72.4 1. 11



TABLE III-7

TEST CP-4: TEST CONDITIONS AND RESULTS

Compaction by 25 blows of 5-1/2 1Ib. hammer falling 12 inches

Initially Test CP-4
Void Ratio 0.704
Water Content 18.0
Degree of Saturation 68.0
Dry Density (1b. /cu. ft.) 96.9

2
u, uw(kg./cm ) 0.92

Test Conditions

u_ (kg. /cm?) 0.20
2

u, - u (kg./cm 0.92
Results

Overall Change in Height (in.)
Dial 0.018
Direct Measurement 0.028

Overall Change in Water
Volume (cc.)

Weight -1.85

Measured -1.80
C, (x 107%)

2 to 4 kg. /cm2 0.28

4 to 8 kg. /cmz 0.40

8 to 12 kg. /cm? 0.47
C (x 10-1) )

4tolkg./em®’ 0.08
e kg./cmz/eo ) 0.946

S15/5, 1.010

Wyo /W, 0.956



TABLE III-8
TEST CP-4: VOLUME CHANGE AS A FUNCTION OF AXIAL LOAD
Volume of solids = 122.0 cc.

Load - kg. /cm®

Volume Volume of Water  Degree of

Applied Measured  of Voids Water in Voids Void Content Saturation (%—)—\
at Top at Bottom (cc.) (cc.) Ratio (%) (%) o
0.125 0.365 85.9 58. 3° 0.704  18.0 67.9 -
0.25 0.47 85.7° 58. 3 0.703  18.0 68.0 0.001
0.5 0.68 85.6 58. 2 0.702  18.0 67.9 0.002
1.0 1.08 85. 2 58. 0 0.698  17.9 68.0 0.003
2.0 1.96 84.7° 57. 4 0.695  17.7 67.7 0.006
4.0  3.72 83.8 56.9° 0.687  17.6 67.9 0.010
8.0 7.45 82. 3° 56. 3° 0.675  17.4 68. 4 0.017
12.0 11..86 81.2 55.7° 0.666  17.3 68.7 0.023
8.0 . 8. 60 81.1 55.8° 0.665  17.3 68. 8 0.024
4.0 5.20 81.3 56. 0 0.667  17.3 68.9 0.022
2.0 3.19 81.6 56. 2 0.669  17.4 68.9 0.021
1.0 2.08 '~ 81.8° 56. 3° 0.671  17.4 68. 8 0.019
0.5 1.45 82.1 56. 5 0.675 17.5 68.8 0.018
0.25 1.08 82. 3° 56.5° 0.675  17.5 68. 7 0.017
0.125 0.89 - 82.5 . 56.6 0.676  17.5 68. 6 0.016



TABLE III-9

SERIES CA: TEST CONDITIONS AND RESULTS

Test CA-1 Test CA-2 Test CA-3

Initially
Void Ratio 0.840 0.825 0.831
Water Content 17. 45 18. 05 17.6
Degree of Saturation 55.0 58.0 56.5
Dry Density (1b. /cu.ft.) 89.17 90.6 90.0
u, -u (kg. /em?) 0.86 0.88 0.91
Test Conditions
u_ (kg. /em®) 0.20 0.20 0.22
u, -u_ (kg. /em?) 0.95 0.88 0.91
Results
Change in Height (in.) Overall
Dial 0.033 0.034 0.038
Direct Measurement 0.039 0.039 0.034
Change in Water Volume
(cc.) Overall
Weight -1.91 -0.14 -0.51
Measured -1.48 -0.18 -0.88
c (x107h
2 to 4 kg. Jem? 0.54 0.40 0.45
4to 8 kg. /cm? 0.91 0.57 0.80
8 to 12 kg. /cm> 1.26 1.13 1.13
c (x107h
410 1 kg. [em> 0.17 0.17 0.17
e, kg. [em® e 0.896 0.909 0.891
S15/5, 1.088 1.079 1.088
Wy, /W, 0.978 0.984 0.973



TABLE III-10

TEST CA-1: VOLUME CHANGE AS A FUNCTION OF AXIAL LOAD

5

Volume of solids = 112.4" cc.

Load - kg. /cm2

Volume

Volume of

Water

Degree of

Applied Measured of Voids Water in Voids Voi.d Content Saturation u—?—i—)
at Top _ at Bottom (cc.) (cc.) Ratio (%) (%) o
0.125 0.151 94, 5° 51.2 0.842  17.2 54.2 -
0.25 0.324 04. 3 51.2 0.839  17.2 54,2 0.002
0.5 0.532 93.9 51.1° 0.835  17.2 54.4 0.004
1.0 0.940 93.2 50.9 0.833 17.1 54.6 0.005
2.0 ' 1.82 92.0° 50. 6° 0.820  17.0 55.0 0.012
1.0 3.36 90,5 50. 4° 0.805  16.9 55.7 10.020
8.0 6.71 87.4° 50. 2° 0.777  16.9 57. 5 0.035
12.0 10.08 84,8 50.0° 0.755  16.8 59. 0 0.047
8.0 7. 60 84.9° 50. 1 0.756  16.8 59.0 0.047
4.0 4.29 85. 5 50. 2° 0.760  16.9 58. 8 0.044
2.0 2.51 85.9° 50. 3° 0.765  16.9 58. 6 0.042
1.0 1.48 86. 4 50. 4° 0.768  16.9 58. 2 0. 040
0.5 0. 940 86. 8 50.5 0.772  17.0 58. 2 0.038
0.25 0. 660 87.1° 50. 5° 0.775  17.0 58.0 0.036
0.125 0. 547 87.5° 50. 6 0.778  17.0 - 57.8 0.034



TABLE III-11

TEST CA-2: VOLUME CHANGE AS A FUNCTION OF AXIAL LOAD

Volume of Solids = 113. 5 cc.

Load - kg. / cm?

: Voluxpe Volqme of . Water Degree of Ae
Applied Measured of Voids Water in Voids V01fi Content  Saturation i+e)
at Top at Bottom (cc.) (cc.) Ratio (%) . (%) o

0.125.  0.308 94.0° 54.2° 0.829  18.0 57.17 -

0.25 0.432 93.3° 54.2° 0.823  18.0 58. 1 0.003
0.5 0.543 92.6° 54.2 0.816  18.0 58.5 0.007
1.0 0.95 92.1° 54.1 0.812  18.0 58.17 0.009
2.0 1.85 91.1° 54.0 0.803  18.0 59. 3 0.014
4.0 3.68 89. 5 53.8 0.789  17.9 60. 1 0.022
8.0 7.41 87.8 53.6 0.774  17.8 61.0 0.030
12.0 11.20 85.5° 53. 3 0.754  17.7 62. 3 0.041
8.0 8. 47 85. 5 53.4 0.754  17.8 62.4 0.041
4.0 4.90 85.7° 53.5° 0.756  17.8 62.4 0.040
2.0 2.92 - 86.1° 53.6° 0.760  17.9 62. 3 0.038
1.0 1.85 86.6° 53.8 0.764  17.9 62. 1 0.036
0.5 1.23 87.0° 53.9 0.767  17.9 62.0 0.034
0.25 0.91 87.3 54.0° 0.769  18.0 61.9 0.033
0.125 0.767 87.6 54.0° 0.772  18.0 61.7 0.031



TABLE III-12

TEST CA-3: VOLUME CHANGE AS A FUNCTION OF AXIAL LOAD

Volume of Solids = 112. 4° cc.

Load - kg. / cm2 Volume Volume of Water Degree of Ae
Applied Measured of Voids Water in Voids Voi'd Content Saturation aFe)
at Top at Bottom (cc.) (cc.) Ratio (%) (%) o

0.125 0.224 93.6 52.89 0.833  17.7 56. 5 -
0.25 0. 347 93.2° 52.8° 0.829 17.17 56.7 0.002
0.5 0.504 92.4 52. 6° 0.822 17.7 57.0 0.006
1.0 0.838 91.2° 52.5° 0.811  17.6 57.6 0.012
2.0 172 90.1 52. 39 0.802 17.6 58. 1 0.017
4.0 3.42 88.6 52.1 0.788 17.5 58. 8 0.024
. 8.0 7.20 85.8 51.7° 0.763 17.4 60. 3 0.038
12.0 10. 68 83.6 51.3 0.743 17.2 61.4 0.049
8.0  17.90 83.7 51.4 0.745 17.3 61.4 0.048
4.0 4,52 84.1 51,5 0.748  17.3 61.3 0.046
2.0 2.58 84.5 51.7 0.751 17.4 61.2 0.044
1.0 1.54 84.9 51.8 0.755 17.4 61.0 0.042
0.5 0. 980 85, 4° 51.9 0.760  17.4 60.7 0.039
0.25 0. 682 85.9° 51.9° 0.764  17.5 60. 5 0.037
0.125 0.504 86.6° 52.0 0.774 17.5 60.0 0.032



TABLE III-13

SERIES CB: TEST CONDITIONS AND RESULTS

Initially
Void Ratio
Water Content
Degree of Saturation
- Dry Density (lb. /cu. ft.)
2
u, -u (kg. /em®)

Test Conditions

u (kg. /cmz) ,

u, -u_ (kg. /em®)

Initial Degree of Saturation
Results

Change in Height (in.) Overall
Dial
Direct Measurement
Change in Water Volume (cc.) Overall
Weight
Measured-Saturation
Measured - Compression
c (x107
2 to 4 kg. /cm2
4 to 8 kg. / cm?
8 to 12 kg./cm2
c, (x107h
4tolkg./ cm?
e, ke. /cmz/e0

Slz/ So
W12/ Yo

Test CB-1 Test CB-2
0.810 0.812
17.2 17. 6
56. 5 57.5
91.1 91.2
0.86 0.86
0.24 0.18
0.25 0.25
84.17 83.3
0.041 0.038
0.047 0.042

+20.93 +21.07

+26. 68 +24. 40

- 5.33 -2.92
0.63 0.70
0.92 1.11
1.07 1.27
0.16 0.19
0.885 0.876
1.014 1.052
0.897 0.921



TABLE III-14

TEST CB-1: VOLUME CHANGE AS A FUNCTION OF AXIAL LOAD

5

Volume of Solids =113.4" cc.

Load - kg. /cm2

: Volurpe Volurpe of ' Water Degree of Ae
Applied Measured of Voids Water in Voids Vo1_§l Content  Saturation iFe)
at Top at Bottom (cc.) ~ (cc.) Ratio (%) (%) o
0.125 0.027 91.9 77.9 0.810  25.9 84.7 -
0.25 0.125 91.6° 77.5° 0.808  25.8 84.6 0.001
0.5 0. 308 01.2% 77.2 0.805  25.7 84.6 0.003
1.0 0.700 ' 90.3° 76. 6 0.797  25.5 '84.8 0.007
2.0 1.62 88.9° 75.8 0.784  25.2 85.2 0.014
4.0 3.57 86.7 74. 3 0.764  24.7 85.7 0.025
8.0 7.37 83.4 71.6 0.736  23.8 85. 8 0.041
12.0 10. 86 81, 3° 69.9 0.717  23.3 85.9 0.051
8.0 8.06 81.2° 70.0° 0.716  23.3 86. 2 0.052
4.0 4.41 81.3° 70.6 0.717  23.5 86. 8 0.051
2.0 2.41 81.7° 71.2 0.721  23.7 87.1 0.049

1.0 1.31 82.2 71.6° 0.726  23.8 87.1 0.047
0.5 0.755 82.7 72.1 0.729  24.0 87.2 0.045
0.25 0.475 83.0° 72.4 0.732  24.1 87.1 0.043
0.125 0.308 83. 3° 72.6 0.735  24.1 87. 1 0.042



TEST CB-2: VOLUME CHANGE AS A FUNCTION OF AXIAL LOAD

Volume of Solids = 113. 65 cc.

Load - kg. Jem?

TABLE III-15

: Volume Volume of ‘ Water Degree of Ae

~ Applied Measured of Voids Water in Voids Void Content Saturation i+e)
at Top at Bottom cc.) (cc.) Ratio (%) (%) o
0.125 0.168 92.3 76.8° 0.812  25.5 83.3 -
0.25 0.28 92.1° 76.8° 0.811  25.5 83.4 0.001
0.5 0.515 91.7 76.8 0.807  25.5 83.8 0.003
1.0 1.05 90.8 76.6 0.799  25.4 84.4 0.007
2.0 2.13 89. 3° 76.0 0.786  25.2 85. 1 0.014
4.0 4.06  87.0 74.8° 0.766  24.9 86.0 0.026
8.0  8.40 83.2° 72.3 0.733  24.0 86.9 0.044
12.0 11.75 80.7° 70.7° 0.711  23.5 87.6 0.056
8.0 9.0 81.1 70.9° 0.714  23.6 87.5 0.054
4.0 " 4.56 81.8 71.5° 0.720  23.8 87.5 0.051
2.0 2.58 82.4° 72.0° 0.726  23.9 87.4 0.048
1.0 1.44 83.0° 72.6 0.731  24.1 87.4 0.045
0.5  0.85 83.5° 73.1 0.735  24.3 87.5 0.043
0.25 0. 57 83.9° 73.6° 0.739  24.5 87.17 0.040
0.125 0.37 84.4 73.9° 0.743  24.5 87.6 0.039



TABLE III-16
SERIES CC: VOID RATIO AS A FUNCTION OF AXIAL LOADx<

Test CC-1 Test CC-2 Test CC-3
kgL.‘o/?:inz Void Ratio  2¢/1%e))  void Ratio  2®/te))  yoid Ratio 2e/(l1te)
Yoke 0.782 - 0.768 - 0.772 -
1/8 0.790 -0.004 0.791 -0.013 0.772 -
1/4 0.791 -0.005 0.788 -0.011 0.770 0.001
1/2 '0.781 - 0.000° 0. 780 -0.007 0.765 °  0.004
1 0.773 0.005 0.770 -0.001 0.755 0.010
2 0.756 0.012 0.755 0.007 0.742 0.017
4 0.737 0.025 0.736 0.018 0.722 0.028
8 0.713 0.039 0.705 0.036 0.698 0.042
12 0.694 0.049 0.675 0.053 0.679 0.053
8 0.697 0.048
4 0.704 0.044
3 0.690 0.044 0.691 0.046
2 0.710 0.040
1 0.716 _  0.037
1/2 0.724 0.032 0.706 0.035 0.710 0.035
1/4 0.733 0.027 -
1/8 0.740 0.024 0.720 0.027 0.724 0.027
Initial Dry Density Final Degree of Saturation
Test CC-1 92.4 lb. /cu. ft. Test CC-1 100%
Test CC-2 93.5 lb. /cu. ft. Test CC-2 100%
Test CC-3 93.2 b, /cu. ft. Test CC-3 100%

3

Positive values of Ae/(1+e ) denote compression and negative
values denote expansion.



TABLE III-17

SERIES CD: TEST CONDITIONS AND RESULTS

Initially
Void Ratio
Water Content
Degree of Saturation
Dry Density (lb. /cu. ft.)
2
u, - u (kg. /em®)

Test Conditions

u, (kg /em 2)
u, -u_ (kg. /sz)
1/8 to 6 kg. /cm?
6 to 1/8 kg. /cm2
Saturate at Constant
Results
Change in Height (in.) Overall
Dial
Direct Measurement
Change in Water Volume (cc.) Overall
Weight
Measured Compression
Measured Saturation
c (x107h
2 to 4 kg. /cm2
8 to 12 kg. /cm2
C

5 2
4to1lkg./cm

Test CD-1 Test CD-2
0.805 0.785
18.0 17.6
59,3 59.5
91.5 92.2
0.90 0.83
0.25 0.27
0.88 0.88
0.25 0.25
Load Volume
0.040 0.032
0.043 0.023

+16. 31 +16.72
-1.46 -2,32

+18.47 +20.92
0.48 0.48
1.32 1.54
0.15 0.20



TABLE III-18

TEST CD-1: VOLUME CHANGE AS A FUNCTION OF AXIAL LOAD

Volume of Solids = 114. 3 cc.

Load kg. /cmz

_ (ua -u ) Volume Volume of . Water  Degree of Ae
Applied Measured of Voids Water in Voids V01_d Content Saturation 0Fe)
at Top at Bottom kg./cm (cc.) (cc.) Ratio (%) (%) o

0.125  0.007 0.88 92.0° 55, 2° 0.806 18.2 60.0 -

0.25 0.29 0.88 91.65 55.2 0.802 18.2 60.2 0.002
0.5 0.54 0.88 91.2° 54.9° 0.799 18.1 60.2 0.004
1.0 1.02 0.88 90.6 54,7 0.793 18.1 60.4 0.007
2.0 1.98 0.88 89.6 54.35 0.784 17.9 60.7 0.012
4.0 '3.84 0.88 87.9° 53.9° 0.770  17.8 61.3 0.020
6.0 5.70 0.88 86.55 53.4 0.757 17.6 61.7 0.027
6.0 5.70 0.75 86.5 55.0 0.757 18.2 63.6 0.027
6.0 5.74 0.61 86.45 58.4 0.756 19.3 67.95 0.027
6.0 5.75 0.48 86.3° 62.7° 0.756 20.7 72.7 0.028
6.0 5.76 0.35 86.15 68.4 0.754 22.6 79.4 0.029
6.0 5.80 0.25 85.95 71.9 0.752 23.7 83.6 0.030
8.0 7.35 0.25 83.0 71.2 0.726 23.5 85.8 0.044
12.0 10. 86 0.25 80.4 69.35 0.703 22.9 86.3° 0.057
3.0 3.36 0.25 81.55 70.2 0.714 23.2 86.1 0.051
0.5 0.79 0.25 83.0 71.25 0.726 23.5 85.8 0.044
0.125 0.36 0.25 83.9 71.85 0.735 23.17 85.7 0.039



TABLE III-19
TEST CD-2: VOLUME CHANGE AS A FUNCTION OF AXIAL LOAD

Volume of Solids = 115.0° cc.

Load - kg. /cm2

Ry (ua -u.) Volurpe Volurpe of_ . Water ﬁegree_ of Ae
pplied Measured of Voids Water in Voids Void Content Saturation
at Top at Bottom kg./cm (cc.) (cc.) Ratio (%) (%) 1+ eoi .
0.125 0.168 0.88 90. 3° 52.5 0.785 17.2 58. 1 -
0.25 0.28 0.88 90.1° 52.4 0.783 17.2 58. 1 0.001
0.5 0.51 0.88 89. 8° 52,89 0.781 17.1 58. 2 0.002
1.0 ©  0.98 0.88 89.2° 52.0 0.775 17.1 58.3 0,005
2.0 1.90 0.88 88.2 51.6° 0.766  16.9 58. 5 0.011
4.0 3.70 0.88 86. 5 51.1 0.752 16.8 59.0 0.018
6.0 5.58 0.88 84.8° 50. 7 0.737  16.6 59.8 0,027
Mean . |
5.81 0.88 84.3 50. 7 0.733 16.6 60. 2 0.029
5.76 0.75 84.3 52.9 0.733 17.4 62.8 0.029
5.69 0.61 84.3 56. 3° 0.733 18.5 66. 8 0.029
5. 67 0.48 84.3 61.1° 0.733  20.0 72.5 0.029
5.66 0.35 84.2 67.0° 0.732 22.0 79.6 0.030
5.57 0.25  84.2 71.6° 0.732 23.5  85.1 0.030
6.0 5.69 0.25 84.2 71.6° 0.732 23.5 85,1 0.030
8.0 7.35 0.25 82. 6° 71.0 0.718 23.3 85.9 0.038
12.0 10, 85 0.25 79.7 69.4° 0.693 22.8 87.1 0.052
3.0 3.38 0.25 81.2° 70.2° 0.706 23.0 86.4 0.044
0.5 0.80 0.25 82.17 71.3 0.719 23.4 86. 2 0.037
0.125 0.35 0.25 83.5° 71.8° 0.726  23.6 85.9 0.033



RATIO OF CHANGE IN WATER VOLUME IN THE VOIDS TO

TABLE III-20

CHANGE IN VOID VOLUME FOR COMPRESSION AND REBOUND
AT A CAPILLARY PRESSURE OF 0.88 kg. /cm?2

Value of AV, /AVy

Load Mean
(kg. /cm Test CA-1 Test CA-2 Test CA-3 Test CD-1 Test CD-2 Series CA
1/8
0.07 0.06 0.19 0.33 0.06
1/4
0.13 0.05 0.19 0.59 0.50 0.12
1/2
0.32 0.17 0.10 0.40 0.40 0.20
1
0.22 0.13 0.21 0. 34 0.36 0.19
2
0.12 0.10 0.15 0.26 0.33 0.12
4
0.07 0.13 0.12 0.11
8
0.08 0.13 0.20 0.14
12
0.80 - 0.61 0.70
8
0.27 0. 59 0.43 0.43
4
0.24 0.32 0.31 0.29
2
0.19 0.37 0.25 0.24
1
0.18 0. 32 0.18 0.23
1/2
0.13 0.44 0. 17 0.25
1/4
0.03 0.09 0.02 0.05

1/8



TABLE III-21

RATIO OF CHANGE IN WATER VOLUME IN THE VOIDS TO
CHANGE IN VOID VOLUME FOR COMPRESSION AND R

Value of AV /AV,

AT A CAPILLARY PRESSURE OF 0.25 kg. /cm

BOUND

Load 2
kg. /cm Test CB-1 Test CB-2 Test CD-1 Test CD-2 Mean
1/8
1.44 0.12 -
1/4
0.93 0.09 -
1/2
0.64 0.20 0.42
1
0.59 0.43 0.51
2
0.65 0.49 0.57
4
0.95 0.67 0.81
8
0.81 0.63 0.71 0.53 0.67
12
- 0.63
8
(5. 3) 0.86 0.75 0.53 0.68
4
3 (1.5) 0.75
2
0.95 p.02 0.85 0.69 0.85
1
0.96 0.92
1/2
0.77 (1.3)
1/4 0.69 0.65 0.71
0.76 0.74

1/8



TABLE III-22

RATIO OF TIME-DEPENDENT VOLUME CHANGE TO TOTAL VOLUME CHANGE

FOR COMPRESSION AND REIOUND AT A CAPILLARY PRESSURE OF 0.88 kg. /cm

Load Value of 1-% immediate/ 84 otal
kg. /cm?  Test CA-1 Test CA-2 Test CA-3 _Test CD-1 _Test CD-2 Mean
1/8 .
0.12 0.06 0.14 0.08 0.10 0.10
1/4
0.14 0.10 0.10 0.08 0.09 0.10
1/2
0.29 0.16 0.21 0.05 0.07 0.16
1
0. 30 0.21 0.24 0.26 0.20 0.24
2
0.31 0.27 0.19 0.24 0.23 0.25
4
0.31 0.31 0.24 0.29
8
0.46 0.65 0.45 0.52
12
0.0 0.0 0.20 0.07
8
0.12 0.31 0.13 0.19
4
0.18 0.20 0.21 0.20
2
0.25 0.25 0. 30 0.27
1
0.41 0.25 0.69 0.45
1/2
0. 69 0. 69 0.35 0.58
1/4
0.28 0.47 0.28 0. 34

1/8



RATIO OF TIME-DEPENDENT VOLUME CHANGE TO TOTAL VOLUME CHANGE

TABLE III-23

FOR COMPRESSION AND REBOUND AT A CAPILLARY PRESSURE OF 0. 25 kg. /cm?
Load Value of 1 - Gimmediate/atotal
kg. /cm> Test CB-1 Test CB-2 Test CD-1 Test CD-2 Mean
1/8
0.68 0.37 0.52
1/4 A
0.55 0.20 0. 37
1/2
0. 32 0.19 0.25
1
0.35 0.42 0.38
2
0.31 0.32 0.31
4
0.42 0.46 0.44
8
0.89 0.67 0.58 0.46 0.65
12
- 0.18 0.08
8
0.0 0.18 0.09 0.04 0.08
4
3 0.13 0.16 0.16
2
0.29 0.29 0.15 0.45 0.29
1
0.48 0.32 0.35
1/2 .
0.53 0.32 0.41
1/4 0.40° 0. 39
0.57 0. 60 0.49

1/8



TABLE I1I-24

RATIO OF SIDE FRICTION TO APPLIED STRESS FOR COMPRESSION AND REBOUND

AT A CAPILLARY PRESSURE OF 0.88 kg. /cm2

Load 9 ' Mean
kg./cm Test CA-1 Test CA-2 Test CA-3 Test CD-1 Test CD-2 Series A
1/4 - - - - - -
1/2 0.08 0.28 0.19 0.00 0.04 0.18
1 0.14 0.23 0.26 0.02 0.05 0.21
2 0.12 0.16 0.19 0.03 0.06 0.16
4 0.18 0.12 0.17 0.05 0.06 0.16
8 0.17 0.10 0.11 0.13
12 0.16 0.08 0.12 0.12
8 0.06 0.04 0.10 0.07
4 0.06 0.18 0.10 0.11
2 0.22 0.37 0.24 0.26
1 0.41 0.67 0.44 0.51
1/2 0.73 1.10 0.76 0.86
1/4 1.34 1.92 1.32 1.53
1/8 2.8 3.8 2.2 2.9



TABLE III-25

RATIO OF SIDE FRICTION TO APPLIED STRESS FOR COMPRESSION AND
REBOUND AT A CAPILLARY PRESSURE OF 0. 25 kg. /cm?2

Load

kg. /cm2 Test CB-1 Test CB-2 Test CD-1 Test CD-2 Mean
1/4 - - - - -
- 1/2 0.13 0.03 0.08
1 0.17 0.02 - 0.09
2 0.12 0.05 0.08
4 0.07 0.01 0.04
8 0.06 0.05 0.09 0.09 0.07
12 0.08 0.02 0.10 0.10 0.07
8 0.02 0.12. ' 0.06
4 0.13 0.13 0.13
3 ' 0.23 0.22 0.22
2 0.27 0.27 0.27
1 " 0.44 0.41 ; 0.42
1/2 0.76 0.64 0.50 0.54 0.61
1/4 1.40 1.16 1.28

1/8 1.7 1.8 1.6 1.6 1.7



TABLE III-26
WATER PERMEABILITY AS A FUNCTION OF DEGREE OF SATURATION
92.3 lb. /cu. ft.

21°C
4 cm. of Mercury

Initial Dry Density

Temperature

Pressure Head

Cross-sectional Area = 81,32 sq.cm.

Volume of Volume of
Degree of Sample Water Water Time

(ua- uwz) Saturation Thickness ouT IN Interval - Permeability-s Void
_kg./cm (%) (em.) (cc.) (cc.) (minutes) cm./sec.x10 Ratio
. 0.81 58 2.51 0.58 0.57 250 2.2 .78
§ o.69 60 2.51 0.33 0. 32 105 2.9 .78
8 0.56 63 2.51 0.5¢4 - 0.53 119 4.3 .71
£ 0.42 68 2.51 .77
£ 0.25 82 2.51
- Mean
% 0.25 86 2.40 0.35 10 31.7 .69

5 0.42 84 2.40 .69
8 0.56 71 2.40 0.25 10 22.6 .69
2 0.69 72 2.40 0.20 10 18. 1 .69

Note: Saturation at a sample thickness of 2. 51 cm.under a load of 0.5 kg. /cmz.

Desaturation at a sample thickness of 2.40 cm. under a load of 12 kg. /cmz.



TABLE III-27

SERIES CF: PERMEABILITY MEASUREMENTS OF
"SATURATED" SAMPLES PREPARED BY STATIC COMPACTION

Test CF-1 Test CF-2 Test CF-3

Initial
Void Ratio 0.79 0.77 0.78
Water Content 18.2 16.8 17.5
Dry Density (1b. /cu. ft.) 92.0 93.4 92.5

Permeability (21°C)
6

cm. /sec. (x 10~ 4.68 4.25 4,29

Final

Degree of Saturation 90 98 88
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FIGURE TI-6 TRIAXIAL TEST: STRESS-STRAIN CURVES
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FIGURE I-7 TRIAXIAL TEST: STRESS-STRAIN CURVES
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FIGURE II-8 TRIAXIAL TEST: STRESS-STRAIN CURVES
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FIGURE II-9
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FIGURE III-12
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FIGURE ID-13 TRIAXIAL TEST: STRESS-STRAIN CURVES
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FIGURE II-14 TRIAXIAL TEST: STRESS-STRAIN CURVES
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FIGURE II-15
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FIGURE IL-18
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FIGURE m-20 TRIAXIAL TEST: STRESS-STRAIN CURVES
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FIGURE m-21 TRIAXIAL TEST: STRESS-STRAIN CURVES
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FIGURE II-24 MAXIMUM DEVIATOR STRESS vs
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The Apparatus Plate III-1,

A, Triaxial apparatus for B, Volume measuring device
partially saturated soils, and the bubble pump,

C. Triaxial cell and the D. Failed sample in its
loading frame, mounted position,



Sheared Triaxial Samples Plate III-2.

A, Failure surface of a typ- B, Large saturated sample
ical partially saturated at failure, (C-1)
sample, (Series B § D)

C. Miniature saturated samples at
failure. Left to right: A-1, A-2,
A-3, and A-4,



Plate III - 3

A. General Arrangemeni of
Apparatus

B. Consolidometer



Plate III - 4

A. Sample mounted in Consolidometer

B. Piston showing Ceramic Stone
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A. Air Supply Regulators
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FIGURE I-5IA PARTIALLY SATURATED SOIL IN THE
LENTICULAR STATE
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