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SYNOPSIS

Swell tests, in which the full stress state was known, were performed on an expansive Black Cotton soil from Kenya.
The results are used to explain differences observed using three standard procedures in which only the vertical stress
is known. Further data is used to show how the initial condition of the sample can affect the soil behaviour during
the test.

These findings are used to postulate a method of predicting the behaviour of an unsaturated soil by including
quantitatively the effect of the microfabric.

INTRODUCTION achieve this ability we must make measurements of both
stress and deformation to formulate a relationship which
There have been many claims regarding the correct choice can then be used in design or analysis.

of laboratory test procedure for estimating the magnitude
of swell that might occur in the field. It has long been STANDARD PROCEDURES
recognised that use of the three ‘'standard' procedures

leads to three different measured swell values in the Three standard test procedures for predicting swell have
laboratory. Several authors have presented data showing been in use for many years and are summarised by
this, e.g. Brackley (1975) and Justo et al (1984). Schreiner and Burland 1991). The types of test and

original sources are:
In addition to the problem of procedural effects is the
comparison with field data. It is often found that the Procedure 1 Swell followed by consolidation
laboratory test procedures overpredict the field vertical
strain, but it must be noted that the changes in the This type of test, originally developed for studying

stress and suction in the field are rarely known, collapse, was described by Jennings and Knight (1957).
although simple methods of suction measurement in the It has been widely used in expansive soil testing, and
field are becoming available (Crilly et al 1991 and has been modified over the years, most recently by
Gourley and Schreiner 1992). It is also true that the Jennings et al (1973). The changes in vertical total
initial stress and suction are generally not known in the stress and void ratio are shown in Fig. fa.

laboratory.

) Procedure 2 Swell under constant vertical stress
One of the fundamental requirements in engineering is the
ability to relate deformation to stress change. Without This test type is described by Holtz and Gibbs (1956)
this ability we can not hope to make reasonable and is illustrated in Fig. 1b.
predictions of engineering performance. In order to

8 Procedure 1 Procedure 2 Procedure 3
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Fig. 1 Standard test procedures
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Procedure 3 Swell pressure followed by rebounda
This form of test was recommended by Sullivan &
McClellanc (1969) and is illustrated in Fig. 1c.

STRESS STATES

The possible radial stresses at the end of the swelling
stages of these procedures have been discussed previously
(Schreiner 1987).

After swelling one-dimensionally from A to B in Fig 1a,
at constant appllea stress oy, the radial effectlve
stress o, will tend towards the passive limit Kp- oy.since
the swelling process involves a reduction in stress. As
loading from B to C takes place the stress ratio will
tend towards Kq and the radial effective stress will
approach Kq. oyc-

In contrast, in Fig. 1b the sample is allowed to swell
from F to G under °vc and the final effective stress
will tend towards K Thus we see that the stress
paths and final effectlve stress states for the two tests
are very different.

TERMINOLOGY

It has been common to express the stresses in unsaturated
soil laboratory tests in terms of the pore air pressure,
the pore water pressure and the total stress. This has
been improved for this paper by using atmospheric air
pressure as the reference pore air pressure. Where, in a
laboratory test, the pore air pressure is raised above
atmospheric pressure by an amount Ua, the stresses used
in this paper are:-

dav = the total vertical or axial stress at a pore
air pressure equal to atmospheric  pressure,

= (oy - Ua
Gar = the total radial stress at a pore air
pressure equal to atmospheric pressure

= (op - Ug)
Uaw = the pore water pressure at a pore air

pressure equal to atmospheric pressure. It
is equal in magnitude, but of opposite sign,
to the suction

= (Uw - Ua)

Pa = (oay + 209r)/3

These stresses are consistent with the total stresses
and pore water pressure that would exist in the field.
The total stresses, o4, and oyp , are referred to as
the applied stresses, as these are the stresses that
would be applied to or by the soil in the field and in
the test apparatus. It is equivalent to expressing
saturated soil test data without including the elevated
pore water pressure in any of the stresses.

APPARATUS

The standard swell tests are performed in standard
oedometers.  These permit determination of oy and the
void ratio only. In order to understand the test
procedures and the resulting soil behaviour properly we
must know all of ozy, oaps Uy, @and e throughout the
tests.

The oedometer used for the tests described in this paper
is shown in Fig. 2. It has a fine pored ceramic plate in
the base to permit the use of an elevated pore air
pressure of up to 1500 kPa and it has a load cell mounted
in the oedometer wall to measure the radial applied
stress (Schreiner 1988, Schreiner and Burland 1987,

1991). Direct measurement of the radial applied stress,
gars is achieved by applying the elevated pore air
pressure within the sample and within the Joad cell
chamber.

- vertical stress
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Fig. 2 Oedometer details

SOIL TYPE

The soil used in these tests is a highly expansive Black
Cotton soil from the Athi River plains at km 68 on the
Nairobi-Mombasa road. Soil properties are listed in
Table 1 and the soil profile is shown in Fig. 3.

N dry very dark grey to black fissured and shattered
hard slightly silty clay with some sand and gravel

N {issures up to 20aa wide

N 200

N\

N\ moist very dark grey to black fissured and

N\ shattered hard to stiff slightly =ilty clay with

N occasional fine to coarse gravel

N fissures up to 10mm wide at 400mm depth

A\ poorly developed slickensides

A

N\

\|

N NOTES

N 1. tissures open to 9%0ma

\ 2. roots vigible to 1200mn

i 3. vegetation: grass

N

N es0

N\ slightly moist grey mottled white and dark grey

| intact stif1 sandy very silty clay

AN possibly residual weathered rock

N becoming lighter grey with depth

N

N

\

n | 1300

Fig.3 Trial pit profile, km 68, Nairobi-Mombasa Road

Kenya
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TABLE 1: Soil Properties
W WS ¢-.425 mm  %-.002 mm
whole soil values
118 48 10 94.5 67
BS Maf 2.5 kg Wopt % salt by
kN/m % dry mass
11.8 38 0.52

The bulk sample was air dried to 6% moisture content and
then pulverised. Particles larger than 2 mm were
removed. Distilled water was added to obtain the
required moisture content, which was checked before each
test.

Compaction was by static loading in the stress path
oedometer under 1 Mpa vertical stress.

EXPERIMENTAL PROGRAMME

The results of five tests are presented in this paper.
Tests 1 and 3 followed procedures 1 and 3 respectively,
whilst tests 2, 4 and 5 all followed procedure 2. The
test procedures differed from the standard procedures
described above only in that the swelling stages were
performed by raising the pore water pressure, U W’ (which
was initially at a high negative value) in one " increment
per stage such that the pore water pressure was known.
The axial applied stress, o, , was controlled for all
tests wusing mercury pots in wHich the elevated pore air
pressure also acted in the top mercury pot so that
changes in the pore air pressure did not affect the axial
applied stress.

The axial displacement was controlled, for procedure 3,
to within .005 mm on a 36 mm thick sample by manually
adjusting the mercury pot system. This is equivalent to
0.01% strain.

All tests were designed to permit comparison of volume
change at an arbitrarily chosen vertical effective stress
of 50 kPa after swelling to zero suction. In addition
the stress paths resulting from each of the procedures
can be compared.

RESULTS

Test results are summarised in Table 2. Fig. 4 shows the
results of tests 1, 2 and 3, permitting comparison of
procedures 1, 2 and 3. Fig. 5 shows the results of tests
2, 4 and 5 all of which followed procedure 2.

These figures show the void ratio, e, the radial applied
stress, oar and the axial applied stress oay all plotted
against the total suction. The use of total suction in
preference to the pore water pressure or matric suction
is explained in Schreiner and Burland (1991).

The values of Uy, given in Table 2 correspond to the
matric suction. Measurements of total suction were made
separately using the calibrated filter paper technique on

a series of samples of the same soil compacted in the
same way as the samples used in the swell tests. Total
suction values for the samples in the swell tests have

been derived from the relation between total suction and
moisture content and are 3 MPa for Test 5, 4 MPa for
Tests 1, 2 and 3 and 9.8 Mpa for Test 4.

A comparison was made by Schreiner.and Burland (1991) of
the results obtained from the three standard procedures
which are shown in Fig. 4. Differences in void ratio and
percent swell at 50 kPa were attributed to:-
i the stress paths differing from test to test
(ii) the mean normal stresses at equal values of
suction differing from test to test

(iii) though initially nearly identical, the
microfabrics of each sample which were altered in
different ways during the tests.

Turning to Fig. 5, three test results are shown for three

samples compacted at different moisture contents
resulting in different void ratios, suctions and
microfabrics.

Although all three followed the same
application of the vertical applied stress
decrease of the suction to zero in stages, the results
are significantly different. Only Test 5 follows the
form of stress and volume change that would be expected
from a similar test on a saturated sample, i.e. that the
radial total stress would increase as the pore water
pressure increases. In both of the other tests this type
of relationship does not hold, with the radial stress
first increasing and then decreasing, without approaching

sequence of
followed by
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Fig. 4 Results of Tests 1, 2, & 3
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Fig. 5 Results of Tests 2, 4 & 5

the limiting conditions discussed above. Once again it
is arqgued that this is due to the different microfabrics
present in each sample which are due to the different
moisture contents during compaction. Changes in the
microfabrics during the tests are of the collapse type
and occur at the same time as swelling takes place due to
absorption of water by the clay minerals.

DISCUSSION

This type of behaviour which conflicts with effective
stress concepts has been noted for the <c¢ollapse
settlement problem, e.g. Burland (1965). If we now
accept that the changes in microfabric are an integral
part of the behaviour of unsaturated soils then we need
to include microfabric in our soil model. It is quite
possible, even probable, that the 'chi' model (Bishop
1959) failed because it was tested on data from compacted
samples in which the microfabric varied from soil to soil
and from one set of initial conditions to another.
Consider, for example, Fig. 6 from Jennings and Burland
(1962). For any one value of Sr for one soil the
microfabric is unique and different from that formed at
any other value of Sr. Those samples which were
compacted driest and which therefore have clustered and
aggregated microfabrics will be more susceptible to
fabric alteration or collapse than the samples of the
same soil with microfabrics established by compaction at
higher moisture contents.

Consider now the data for test 1, plotted in Fig. 7. The
starting point, A, 1is shown at 4 MPa in terms of
total suction and the end point, B, at 1.5 kPa, in terms
of effective stress. CD is a saturated compression line
for a reconstituted sample. Point A lies above the
virgin compression line where it is not normally possible
for a saturated and unbonded sample to lie. Point E
represents the void ratio at which a saturated
reconstituted sample would lie under an effective stress
of 4 MPa. EF represents the swelling that would occur
from E for a saturated soil.

If we take the void ratio at E to represent stable voids
in the sense that they will not be alterable in the way
that would lead to collapse, then we can consider AE to

FACTOR
AN
)
©

q > f /
7

] 20 40 €0 10
DEGREE OF SATURATION Sr

COMPACTED BOULDER CLAY (-20+4%) ] BISHOP

]

2 COMPACTED SHALE (-2p«22°%0) JETAL(1960)
3 BREAHEAD SILT. BISHOP AND DONALD (i961)

4 SILT (-2p 3% )

s SILTY CLAY (-2p«23°)

s THEORETICAL DONALD (1960)

Fig. 6 Variation of "chi" with soil type and test
conditions (Jennings & Burland 1962)

represent the alterable voids. If no alteration were to
take place during the test then the ratio of stable voids
to alterable voids would remain constant. We can thus
calculate by simple proportion from the stable void ratio
at F what the combined void ratio would be at G, and it
falls close to B. This suggests that there has been
little alteration of the microfabric during this test.
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Fig. 7 Saturated and Unsaturated Swelling

Fig. 8 shows the same data with a further 4 tests, which
followed procedure 2 under various values of o4, added.
These started at the same moisture content and suction

and were compacted under the same static stress as Test
1. The final stresses were as shown in Fig. 8 at H, J, K
and L. Projection of the line BHJKL through the end
points of these tests conveniently meets the virgin
compression line at E.

The data needed to determine how the soil will behave are
thus:-
(i)
(ii)
(iii)

(iv)

The compression data for a reconstituted sample
An unload - reload loop for the reconstituted
sample

The void ratio of the sample under investigation
The value of the total suction present in the
sample under investigation.

Point E can be determined, giving the stable void ratio.
Line AB can then be constructed to represent a constant
ratio of alterable to stable voids. Joining B and E

gives the line on which the end points of swell under
load tests will fall. The void ratio at the end of any
such test is found simply from the point on BE at the
effective stress which will prevail at the end of the
test.

CONCLUSIONS

For too many years we have tried to make unsaturated soil
mechanics fit into the effective stress mould. It is
more correct to consider saturated soils to represent one
simplified section of the greater soil mechanics which
includes residual soil, unsaturated soil and saturated
soil., Rather than try to make unsaturated soil fit, we
should seek a model for the greater soil mechanics, of
which the effective stress model for saturated soils is
but a simplification.

This study has shown that one of the components missing
from, or simplified out of, the overall model 1is the
microfabric of the soil. A means of including the effect
of the microfabric in the model has been proposed. This
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Fig. 8 Fabric changes during swelling

is not expected to be the last word on unsaturated soil,
but will hopefully lead to a more constructive approach
to research into unsaturated soil. It should not be
forgotten that the results presented in this paper are
for compacted soils.
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