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Measurement of the Permeability of Compacted Clays

Perméabilité des Argiles Compactées

by L. Bj e r r u m , Norwegian Geotechnical Institute, Blindera, Oslo, Norway 

and
J. H u d e r , formerly Norwegian Geotechnical Institute, now E.T.H ., Zürich, Switzerland

Summary

It is a well known fact that gas bubbles in the pores of a compacted 
clay may invalidate the results of conventional permeability measure- 
ments. The paper describes an apparatus which permits a saturation 
of the sample before testing the permeability. The principle is that 
the sample is enclosed in a rubber membrane in a triaxial cell and as 
the cell pressure is increased so is the pore pressure increased until 
ail gas bubbles are compressed and dissolved.

The permeability is measured by applying a hydraulic gradient to 
the sample which is made by spécial equipment securing accurate 
measurements of pressures and flow of water through the sample. 
Some typical test results are included, illustrating the effect of gas 
content on permeability tests with a typical impervious fill for earth 
dams.

Introduction

Expérimental détermination of the permeability of compacted 
soils is in général complicated by the fact that the samples are 
not initially fully saturated and it has proved to be a difficult 
and time-wasting process to saturate the samples. The errors 
implied in conventional permeability tests on not fully saturated 
samples are, in the first place, due to incorrect measurements 
of the flow of water resulting from the change in volume of the 
entrapped air. In the second place the gas bubbles will have 
a tendency to accumulate in that end of the sample where the 
water emerges, causing a clogging resulting in erroneous 
permeability measurements.

Similar troubles with entrapped air is brought about by 
measurements of pore pressures in samples subjected to un- 
drained triaxial shear tests. In this case the troubles have been 
overcome by applying a back pressure to the pore water result- 
ing in a compression of the gas bubbles and a saturation of the 
sample.

A similar technique can be applied to the permeability tests. 
In accordance with this idea a new type of permeability 
apparatus has been developed at the Norwegian Geotechnical 
Institute and in the last two years this apparatus has been 
successfully used for testing the permeability of compacted soils 
for earth dams.

This paper describes the apparatus and a few typical test 
results are included indicating the advantages obtained with 
the new equipment.

Principle of Tests

In the procédure described below the sample is saturated 
before the permeability is measured, the saturation being 
achieved by increasing the pressure in the pore fluid. From 
Boyle’s and Henry’s laws it is known that an increase in pressure 
will partly cause a réduction in volume of the gas bubbles and 
partly cause an increased weight of gas to dissolve in the water. 
To each degree of saturation there corresponds a certain 
additional pressure which will cause a saturation if applied to 
the pore fluid of the sample. In the described apparatus the 
pore pressure in the sample is controlled and regulated by
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placing the sample in a cell protected by a rubber membrane 
and connecting the filter plates at the top and bottom of the 
sample to a bourdon gauge and a pressure control (Fig. 1). 
During the increase of the pore pressure the effective stresses in 
the sample are maintained constant, corresponding to the 
effective overburden pressure in the depth which the test con
ditions are intended to represent. This is done by increasing 
the cell pressure and the pore pressure simultaneously, main- 
taining their différence constant.

After the saturation is obtained at a certain value of the pore 
pressure, the permeability test is carried out by applying a 
hydraulic gradient to the sample. Due to the high pressure in 
the pore pressure system this cannot be done in the ordinary 
way. In the described equipment a mercury column in a 
flexible plastic tube is inserted between the ends of the sample. 
The mercury column is used to create and measure hydraulic 
head, and the rate of movement of the mercury column indicates 
the flow of water through the sample.

Permeability Apparatus

The equipment developed at the Norwegian Geotechnical 
Institute was first of ail constructed to permit a saturation of the 
sample following the above principles; Secondly, to obtain a 
permeater practical in use, covering a wide range of soils. It 
is partly composed of units developed for the triaxial equipment 
used at the Institute ( A n d r e s e n , D i B i a g i o  and K j a e r n s l i , 

1956).

A diagram of the permeability apparatus is shown in Fig. 1. 
The sample is placed in a cell protected with a rubber membrane 
and with top and bottom filter plates connected to a drainage 
system. For normal routine testing the diameter of the sample 
is 5-05 cm (cross-section 20 cm2).

When the sample is placed in the cell, it is Consolidated under 
the desired ail round pressure. The water pressure in the cell 
is regulated by a ‘pressure control’ consisting of a métal 
cylinder and a piston which is moved by trimming a wheel 
attached to a threaded rod. The pressure is maintained 
constant throughout the test by a ‘constant pressure cell’, the
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Fig. 1 Diagram of permeability apparatus 
Schéma de l’appareil de perméabilité

pressure being exerted by direct loading of a piston by weights 
(see Fig. 1).

After the consolidation is completed the pore pressure is in- 
creased. By operating the correct valves the top and the bottom 
filter plates are connected to a bourdon gauge and a second

Fig. 2 Photograph of permeability apparatus
Photographie de l’appareil de perméabilité

pressure control. The desired pore pressure is thus built up 
by squirting water from the pressure control into the sample.

Under full control of the effective stresses the pore pressures 
in the sample are in this way increased to the desired value.

Now, the permeability of the sample is measured. This is 
done by connecting the drainage system to a spécial device. It

consists, in principle, of a flexible transparent plastic tube with 
the inside diameter 2-5 mm, the free ends of which are con
nected to the filter plates at the top and bottom of the samples 
by means of valves, as shown in Fig. 1. The plastic tube is 
saturated with water, but the middle length is filled with an 
approximate 60 cm long mercury column. The plastic tube is 
suspended over two wheels, mounted on a panel, so that the 
middle part with the mercury column forms a U. The two free 
ends of the U are, furthermore, led over free hanging wheels 
in such a way that the position of the mercury column can be 
changed by pulling a length of the plastic tube over into one of 
the free hanging branches.

By a displacement of the mercury column a pressure différ
ence in the water in the two branches of the plastic tube is set 
up, resulting in a hydraulic gradient through the sample. If 
the position of the mercury is only changed so much that it still 
forms a U type, the test is of the ‘falling head’ type. A ‘con
stant head’ test is in général preferred and it is obtained by 
moving the total length of the mercury until it forms a vertical 
column and this position is maintained during the test by 
now and then pulling a length of the plastic tube over the 
wheels.

The flow of water through the sample will resuit in a change 
in the position of the mercury column relative to the plastic 
tube. The rate of movement of the mercury levels is observed, 
and from the measurements the permeability of the sample can 
be deduced directly. The exact diameter of the plastic tube 
for each pressure can be calculated by dividing the initially 
measured volume of the mercury with the actual length of the 
column.

In général the pore pressure is increased in steps (e.g. 1, 2, 3, 
4 . . . kilogram per cm2) and for each step the permeability 
is determined. This procédure is continued until no change in 
permeability is found for an increase in pore pressure. The 
entrapped air is then compressed and dissolved and the 
measured permeability is a true value corresponding to full 
saturation under the applied effective stresses.

The equipment described above is applicable for measure- 
ment of permeabilities varying from 10-3 to 10“10; cm per sec.
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In général 10 cm long samples are used, but for clays with low différence in permeability of saturated and non-saturated 
permeability a sample height of 5 cm is preferred. samples decreases with increasing water content and for a water

Typical Test Results

In Figs. 3 and 4 are shown the results of an investigation of 
the permeability of a sandy clay which is to be used for the cone 
of an earth dam at Innset, Norway. The samples for the per
meability tests were compacted in a spécial mould using the
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Fig. 3 Results of permeability measurements plotted against the 
pore pressure

Résultats des mesures de perméabilité, en fonction de la 
pression interstitielle

same compactive effort per unit volume as in the standard 
Proctor test. The compaction curve is shown in Fig. 4.

Fig. 3 shows the observed permeabilities of a sample com
pacted at a moisture content 3 per cent wet of optimum and 
Consolidated under the pressure 1-0 kg per cm2. The initial 
degree of saturation is 59 per cent. The pore pressure was in- 
creased step wise to the values 2, 4, 6, 8 and 10 kg per cm2, and 
for each value the permeability was measured by tests of the 
constant head type. As seen from Fig. 3 the permeability 
increases with the pore pressure from 2-5 x 10-6, for no 
additional pore pressure applied, to a constant value 15 x 10-6 
cm per sec. which is reached for the pore pressure 8 kg per cm2.

Fig. 4 shows the measured permeabilities of samples com
pacted at différent water contents below the standard Proctor 
curve. Two sets of curves are shown: the lower giving the 
permeabilities of the non-saturated samples corresponding to 
zéro pore pressure and the higher curves giving the permea
bilities of the saturated samples, the measurements being made 
a t the pore pressure 5 kg per cm2. For each pore pressure two 
curves are drawn, valid for samples Consolidated at the pressure 
oc =  1 and ac =  3 kg per cm2 respectively.

As directly observed from the illustration, there are 
appréciable différences in permeability of the non-saturated and 
the saturated samples. For samples compacted with a water 
content 4 to 5 per cent below optimum up to 10 times higher 
permeabilities are measured in the saturated samples compared 
with the values observed in the non-saturated condition. The

content 4 to 5 per cent above the optimum there is no essential 
change in permeability for a saturation of the samples.

The authors wish to thank their colleagues at the Norwegiati 
Geotechnical Institute, Messrs A. Andresen, B. Kjaernsli and 
R. Sevaldson, for valuable advice and assistance in the develop
ment and construction o f the described equipment.
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