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SUMMARY.

1) The electro-osmosis flow can be represented by an equation similar to Darcy’s law, the co
efficient of permeability being dependent mainly on the porosity and the f —potential.

2) From the results of laboratory investigations it may be concluded that the■'quantity of flow 
does not vary considerably in view of the great differences in the soil materials tested and

that for practical purposes in civil engineering it may be assumed to be of the magnitude of 
kfl = 5 i 10-5 cm./sec./volt/cm.
3) The osmotic flow does not seem to take place through the individual pores of cley-size or 

less, but through fissures, which develop throughout the soil between the electrodes, even
under a small potential gradient. This movement leads to the development of a hydraulic pressure 
which is the same for soils containing more than a certain proportion of colloidal particles
4) Though the osmotic permeability is very much higher then the hydraulic permeability for many 

soils, it is not sufficient to make the consolidation of soils within a brief period a com
mercial proposition. Nevertheless, the fact that by these means it is possible to divert the 
flow of pore v/ater away from unstable slopes and cuttings makes its use in this manner a valu
able and highly economical method for earthworks and foundation engineering.
5) Mention is made of the fact that the osmotic flow of water causes a laminated structure to 

develop in clayey soils and colloidal materials, apart from the random fissures. These lami
nations resemble strikingly some natural deposite of laminated clays.

II. INTRODUCTION.

Although the application of the principe 
of electro-osmisis to assist in the drainage 
of soils has been used for a number of years 1) 
it was realised that a more detailed knowledge 
of the process was required in order to assess 
its full possibilities. With this end in view 
the author undertook a laboratory investiga
tion of electro-osmosis in soils and the main 
results of his work are summarised in the pa
per.

This work has not led the author to change 
his earlier opinion that the field of practical 
application of this method is likely to be lim
ited on account of economic factors. In contrast 
other workers in the subject 2) have indicated 
the possibility of a much wider field of appli
cation including the drying out and consolida
tion of soils. The author considers that for 
economic use the rate of removal of water is 
too small to permit the consolidation of large 
soil masses within the short period which is 
usually available in building practice. How
ever, the original use of the method for over
coming difficulties in excavations in water
logged ground is both practicable and economic
al.

The scope of this paper is rather limited, 
but it may be mentioned that a more comprehen
sive publication on this subject is being pre
pared at the Building Research Station.

III. THEORY.

The quantity of liquid "Q" moved in unit 
time under a potential difference "E" can be 
derived from the modified Helmholtz equation
3) (Fig. 1):-

Q = C D j £ l  (l)
M Arj L

which is similar in form to Poiseuille's law 
for the flow through a single capillary. If 
applied to a bundle of capillaries of a cross
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FIG.1

sectional area "A" the corresponding flow} un
like the hydraulic flow, is independent of the 
individual pore sizes. The equation for the 
electro-osmotic flow in soils, therefore, may 
be built up similar to Darcy's equation

(2)Q = kyK iexA

with a coefficient of "osmotic” permeability 
"kg" which is mainly dependent on the porosity 
and the 5 -potential and independent of pore 
size.

IV. DESCRIPTION OF LABORATORY TESTS.

The apparatus used for general investiga
tions of parallel flow is shown diagrammatic— 
ally in Fig. 2. It had no cover; it was fitted 
with electrodes at both ends and had an outlet 
for the water in the base near the cathode.

For measurements of the hydrostatic pres-
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Sketch of apparatus for investigations 
on parallel flow.

FIG.2

sure developed by electro-osmosis the soil 
samples were tested in a perspex cylinder,con
nected to a rubber tube and mercury reservoir 
which allowed pressure to be applied artific
ially (Pig. 3).

In most of the tests the electrodes con
sisted of a simple iron gauze with meshes 1 - 2  
mm wide and covered on its inner face with a 
coarse filter paper or with a permeable cotton 
fabric to prevent the passage of material 
through the electrodes.

A series of tests has been made with the 
soils of Table 1 and in addition with koalin 
powder (80 per cent, smaller than 1 fJ-) and 
with common table gelatine. The curves of the 
grain size distribution of the soils in Table 1 
are plotted in Fig. 4.

Apparatus for measurement of hydrostatic 
pressure.

FIG.3

the type shown for a clayey silt in Fig. 6. 
These curves seem to converge on two points 
A and B, except for certain more or less pro
nounced irregularities in the neighbourhood of 
the electrodes. In the course of an experiment 
the distribution curve changes gradually from 
"a" to "f" and finishes approximately as a 
straight line; no further reduction then occurs
i.e. a steady condition has been reached. From 
the very instructive results obtained with the 
materials of Table 1 the following condensed 
statement may be made:-
1) The inclination of the straight line A - B 

depends on the potential gradient and is
the same for all soils with equal "ke".
2) For a given potential gradient the water 

contents at the cathode and at the anode

TABLE 1

Soil Permeability k 
cm./sec.

Liquid 
- Limit 
L. L.%

Plastic 
Limit 
P.L.%

(a) Sodium-bentonite 1 x lO-H 600 38

(b) Fat clay (London clay) 7 x 10-9 80 27
(c) Clayey silt (organic) 8.5 x 10-8 46 24

(d) Clayey sand (loam) 3.1 x 10-7 37 21

(ei) Sandy silt 1.2 x 10-6

(e2) Quartz powder (ground quartz 
Snnd)

7.9 x 10-5

(f) Coarse silt 6.2 x IO”4

(e) Fine sand 2.9 x 10-3

(h) Mica powder 
Vertical 
Horizontal

5.6 x 10-3 
8.0 x 10-3

a) Quantities of Water Moved and its Distribu- 
txon between the Electrodes.

The results obtained for the osmotic flow 
are very similar for most materials which were 
tested. From Fig. 5 a magnitude of "ke" of about
5 x 10-5cm/sec. per volt/cm may be determined. 
The highly colloidal Wyoming bentonite shows a 
greater deviation from this value for very 
small and very high water contents, reaching 
12 x 10-5 cm/sec. per volt/cm with a water con
tent of about 2000 per cent, of dry weight.

The measurements of the water distribution 
between the electrodes indicate conditions of

are equal for all soils with equal "ke" (Fig.7)
3) The water content at the cathode approaches 

zero with very an all potential gradients.
As the potential gradient increases the distri
bution curve rotates about the centre M (Fig.7) 
and it becomes uniform throughout the specimen 
with very high (infinite) potential gradients.

Under a very high potential gradient the 
water content at the cathode appears to ap
proach a value to 28 per cent, of the dry 
weight. The calue "a ” for the potential gra
dient "zero" is imaginary, since in that state 
a considerably higher pore-water content exists. 
"V can therefore not be considered otherwise
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Distribution of water content for a clayey 
silt at different times after start of test.

General relation between the distribution of 
water content and potential gradient

FIG.7

search Laboratory 4). In a much lesser degree 
this phenomenon seems to develop also in pure 
silts.

b) Consumption of Energy.
Though the resultsprove that the osmotic 

effect depends primarily upon the potential 
gradient, the current flowing through the soil,
i.e. the amount of current associated with any 
potential, is conditioned by the type of soil 
and the electrolytic content. Continuous meas
urements on natural soils and on pure mineral 
powder with the use of mains water led to the 
following results
1) The amount of current passing 1 cm2 of soil 

depends largely on the grain size of the
soil (Fig. 10).
2) The amount of the current is almost inde

pendent of the magnitude of the pore water
content. A noticeable decrease occurs only af- . 
ter the water content has been reduced to a 
state far below the magnitudes which have any 
application in building practice.

c) Determination of the Electro-osmotic Pres
sure.
According to the Helmholtz theory the hy

drostatic pressure "P" developed at the cathode
3), represented by the equation

tt r‘

is inversely proportional to the square of the 
radius of the capillary.

The difficulties in practical tests,caused 
by shrinkage of the sample due to electro-os
motic action, were avoided by building up the 
equilibrium pressure within a short time by 
raising the water or mercury head artificially 
(Fig. 3). Thus very accurate results were ob
tained (Fig. 8).

For soils with single grain structures 
such as sand, silt and kaolin, these results 
compare well with the theoretical values as 
shown in Table 2.

TABLE 2

V

Type of Soil

Magnitude of Pressure Head in 
Equilibrium with 20 volts 

in cm. Water

Theoretical
Value

(Helmholtz)
Test Result

Fine sand (passing 100 mesh) 

Sandy silt

Kaolin (80 per cent, below lja ) 

Clayey silt 

London clay 

Sodium-bentonite

1

102 

4-5 x 103 

55>2 x 103

» 5  x lÔ  

» 5  x 104

1

IO2

5 x 103

] 103 

)

than in connection with the general problem of 
electro-osmosis.

After a certain time of constant flow,the 
discharge at the cathode slowly but steadily 
decreases with clayey soilB. While the water 
content is still decreasing at some distance 
from the cathode it starts increasing in its 
immediate neighbourhood. This increase moves 
slowly back until, specially with clays and 
bentonite, the point B in Fig. 6 lies well 
above A. This end stage was observed also dur
ing experiments carried out at the Hoad Re-

d) Development of Natural Structures in Soils.
in 1931 the author observed for the first 

time the development of a structure in remould
ed clays, after an electrical potential was ap
plied. From these observations and recent in
vestigations the following general results 
emerged
1) In conformity with the natural occurrence 

fissures develop under electro-osmotic treat
ment only in plastic materials. A natural struct
ure cannot be formed, unless a certain amount 
of colloidal matter is present.
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2) The higher the potential gradient applied
to the soil the sooner the natural structure 

appears. Very small potential gradients, how
ever, prove to be just as effective over a 
longer period of time.
3) Under a given potential gradient the fiss

ured structure develops more effectively
the greater the colloidal content and the grea
ter the water content.

Fig. 9a shows a sample of London clay at 
its liquid limit, with distinct fissured struct
ure, developed under a small potential gradient. 
If carefully handled a colloidal sludge still 
containing 800 per cent, of water displays a 
similar structure after having been treated 
electro-osmotically(Fig. 9b). While this senile 
of sludge gives the impression of being fairly 
rigid if not disturbed, it turns into a thick 
fluid when remoulded, without water being add
ed.

Apart from the fissured structure parallel 
cracks are farmed under the conditions outlined 
above 5). These cracks start to develop at the 
cathode and gradually form at regular intervals 
towards the anode. If such a soil is broken up 
the boundaries between two adjoining soil sec
tions display a thin layer of fine crystals, 
apparently deposited from the pore water under 
electro-osmotic influence. These laminations 
are 4 - 5 mm thick for a potential gradient of 
0.2 volt/cm and decrease in thickness with in
creasing potential gradient to a fraction of a 
mm for about 1 volt/cm.

7. DISCUSSION OF THE RESULTS.

a) Quantity of Discharge
The important general result which emerged 

from the investigations described is the fact 
that, within fairly narrow limits, from a prac
tical point of view, the discharge of water is 
equal for all soils. It may be suggested, that 
highly plastic minerals such as Montmorillonite 
which have a considerable amount of water bound 
by molecular forces owing to their lattice struct
ure, are possibly responsible for the wider 
range observed for bentonite.

b) Water Accumulation at the Cathode
The concentration of water at the cathode 

seems to be partly dependent on the design and 
permeability of the cathode. An incrusted ca
thode gauze augments the concentration of wa
ter considerably. However a gradual concen
tration at the cathode cannot be prevented 
even with the cathode gauze working satisfac
torily.

As the concentration increases, the volume 
of drained water decreases, and simultaneously

Fissured structure in London clay developed by 
Electro-Osmosis. (3* nat. size)

FIG.9 a

Fissured structure in colloidal sludge developed 
by Electro-Osmosis. (3* nat. size)

FIG.9 b

the electrical current. A simple experiment 
proves that the reduction of the osmotic effect 
is in direct proportion to the concentrated wa
ter volume. This is important for the correct 
understanding of the electro-osmotic water 
movement since the decreasing efficiency com
bined with the decreasing intensity of the 
current may easily conceal the fundamental con
nections.

The author noticed a very close relation 
between the accumulating water behind the 
cathode and the development of laminations. 
These parallel and equally spaced cracks start 
forming as soon as the water content of the 
soil begins to increase again at the cathode. 
Besides, the rate with which additional cracks 
appear seems to be the same as the progress of 
water accumulation from the cathode towards the 
anode. From these facts and the observations 
that the cracks are filled with free water it 
may be concluded that the stresses developed 
by the water which accumulates are probably 
responsible for the formation of cracks.
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The development of similar cracks follow^ 
ing equipotential surfaces was observed in 
colloidal gels 5) even when very small poten
tial gradients were used.

When such samples are broken up they re
semble in a striking manner some natural de
posits of laminated clay.

c) The Hydrostatic Pressure at the Cathode
The hydrostatic pressure with fine sand, 

sandy silt and kaolin, derived from direct 
tests, show fairly good agreement with the the
ory (Table 2). However, such agreement has not 
been found with soils containing a certain pro
portion of clay or colloidal particles, such 
as a clayey silt, London clay or bentonite.For 
these soils the pressure head developed at the 
cathode was found to be about 103 cm of water 
for a potential of 20 volts.

This water head corresponds to a flow in 
capillaries of a diameter of about 0.4 , in 
other words through a system of channels which 
are relatively coarse compared with the size 
of the particles. Together with the fact that 
clayey and colloidal soils develop a distinct
ly fissured structure under electro-osmosis, 
and the observation that these fissures are 
filled with free water, it may be concluded 
that the water draining from the cathode is 
transported through the soil in these fissures. 
In that case the formation of the .fissures 
could be feasibly explained on the assumption 
that in clayey and colloidal soils the water 
does not flow according to Fig. 1 but rather 
prefers to open up cracks (fissures) to produce 
a freer passage.
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