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Previous application of electro-osmosis in the field of soil mechanics were 
primarily intended to increase the shear strength and stability of fine
grained soils to facilitate excavations and slope construction. The purpose 
of the present research was to investigate the basic phenomenon of electro-
osmosis and to explore the feasibility of incorporating this method with 
the vertical sand drain method as an assistance in the consolidation of fine
grained soils for use in the field of highway construction. 

Theoretical considerations of this combination of electro-osmosis and 
vertical sand drains (electro-drains) are presented. 

To investigate the basic phenomenon of electro-osmosis and to obtain cer
tain electrical characteristics of the soil needed in an electro-drain analysis, 
an instrument termed an electrosometer was constructed. Experimental re
sults of this instrument, operating under various conditions, are also pre
sented. 

Relatively large-scale laboratory consolidation tests were conducted on a 
layer of swamp muck which was 2 f t in depth. These tests were conducted 
under a surcharge pressure, using the floating embankment, vertical sand 
drain, and electro-drain methods of stabilization. Comparisons between 
theoretical and observed values for both rate of settlement and rate of re
duction of excess pore water pressure are given for each of these methods of 
stabilization. A comparison has been made of the effectiveness of the three 
methods. Some economic aspects of the problem are also discussed. 

• T H E M O D E R N T R E N D in high- credited with proposing it, in 1936, as a 
way construction frequently challenges method for dewatering and hardening 
the ingenuity of the highway designer, clays. The research reported in this paper 
Placing relatively high fills on marshy was conducted to investigate the feas-
terrain cannot be avoided i f the exact- ibility of incorporating this method with 
ing requirements of alignment and grade the sand-drain method. This study in-
are to be satisfied and if economically volves fundamental considerations of the 
feasible projects are to be developed. I n phenomenon, as well as an account of ex-
recent years, the sand-drain method of periments showing the comparison of 
stabilization has been applied frequently the proposed method to floating embank-
to this problem with a fa ir record of sue- ment construction and normal sand-drain 
cess. Its prime feature is the reduction construction, 
of construction time while adequately 
satisfying the conditions of controlled T H E O R E T I C A L C O N S I D E R A T I O N S 
foundation soil settlement and the exact
ing requirements of slope stability. The ratio of horizontal to vertical per-

The phenomenon of electro-osmosis meability is an important parameter in 
was first reported by Reuss in 1807 and the settlement rate of a fine-grained soil, 
quantitatively interpreted by Helmholtz This ratio may also have important ef-
in 1879. Endell and Hoffman (12) are fects on the rate of change of shear 
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strength of the soil. B y applying the 
principles of electro-osmosis, the ratio of 
horizontal to vertical permeability may 
be appreciably increased. Electro-drains, 
the use of electro-osmosis in conjunction 
with a system of vertical sand drains, may 
affect the construction procedure for 
stabilization in the following manner: 

1. For a given spacing of sand drains, 
the application of electrical energy would 
reduce the period of settlement; 

2. F o r a fixed period of settlement, the 
application of electrical energy would 
increase the spacing of sand drains; and 

3. F o r a fixed period of settlement, the 
application of electrical energy may de
crease the height of surcharge required, 
with a consequent reduction of the like
lihood of a shear failure. 

Electro-osmotic flow is directly ana
logous to hydraulic flow and is expressed 
by an equational form similar to Darcy's 
L a w (5 ) . While the velocity of flow of 
water through soils due to a hydraulic 
gradient is 

V = k i (1) 

the velocity of pore water flow due to an 
electrical gradient can be expressed as 
(5): 

(2) 

in which 
V = velocity of flow in cm per sec, 

relative to a cross-sectional 
area of the soil, due to a hy
draulic gradient; 

k = coefficient of permeability, in 
cm per s e c ; 

i = hydraulic gradient; 
v^. = velocity of flow, in cm per sec, 

relative to a cross-sectional 
area of the soil, due to an elec
trical gradient; 

k, = ( _ ^— )C' = electro-osmot-

ic coefficient of permeability, 
in sq cm per volt-sec.; 

E = electrical gradient, in volts per 
cm = ratio of voltage across 
electrodes to the distance be

tween electrodes; 
e ~ void ratio of the soil; and 

Ci = a function of the fluid con
tained in the soil (o) , as
sumed constant for the ma
terial tested. 

In the electro-drain process, the ar
rangement of the electrodes is such that 
the cathodes are located with the vertical 
sand drains, thus causing a flow of water, 
due to electrical energy, in a radial di
rection towards the sand drains. Having 
both electrical and hydraulic gradients 
acting at the same time and vectorially 
in the same direction, the total velocity 
of pore water flow may be expressed as; 

- V + K E (3) 

where fc,, is the horizontal coefficient of 
permeability of the soil. 

Using Darcy's Law, the total velocity 
may be expressed as: 

( 4 ) 

where fc,,, is the total equivalent horizon
tal coeflScient of permeability. The effect 
of electro-osmosis on the rate of settle
ment can be determined by substituting 
•̂,,( in the solution for the differential 

equation of consolidation for vertical sand 
drains. Because a form of the solution in
volves the non-dimensional time factor, 
T,., the value of k,,t may be substituted in 
this expression, giving 

^ _ fc„ ( 1 + e) t 

Crt 

k,. (5) 

Settlements and excess hydrostatic pore 
pressures can then be obtained in the 
conventional manner (3). 

E X P E R I M E N T A T I O N 

Electrosometer 

To investigate the methods of obtain
ing the electrical characteristics of soils, 
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Figure 1. Schematic diagram and general view of electrosometer. 

an ins t rument termed an electrosometer 
was constructed. This ins t rument was 
pat terned a f t e r a model reported by 
Schaad and H a e f e l i ( 9 ) , bu t was mod i 
fied to p e r m i t addi t ional invest igat ion. 
F igu re 1 shows a schematic d iagram and 
photograph of th i s ins t rument . The elec

trosometer is useful i n ob ta in ing the 
electro-osmotic permeabi l i ty as wel l as 
the conduct iv i ty of fine-grained soils. 

When the electrosometer is set up f o r 
the piezometric rise test, the coefficient 
o f electro-osmotic permeabi l i ty may be 
expressed as: 
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kh 
(t" - 1 ) (6) 

where 

8 = base of natural logarithms; 
M=a, substitution factor = kOt/ 

FL; 
F = cross-sectional area of the 

piezometric tube, in sq cm; 
0 = cross-section area of the soil 

sample, in sq cm; 
h = rise of water in the piezo

metric tube, in cm; 
t = time, in seconds; 

L = length of sample, in cm; 
k = hydraulic coefficient of perme

ability, in cm per sec; and 
y = effective voltage across the 

sample. 

I t may be shown ( 7 ) that the maximum 
rise in the piezometric tube, femax. can be 
expressed as: 

y , at i = 00 

(7) 

The electrosometer may also be uti
lized to study the rate of discharge with 
time. When utilized in this manner, the 
flow characteristics are governed by the 
relationship demonstrated by L . Casa-
grande (6) : 

Qe KE 0 (8) 

in which 

Qg = discharge rate, in cc per sec; 
kg = electro-osmotic coefficient of 

permeability, in sq cm per 
volt-sec; 

E = electrical potential gradient, 
in volts per cm; and 

0 = cross-sectional area of the 
sample, in sq cm. 

This test determines kg, in contrast to 
the ratio of kg to k, which is determined 
using the piezometric rise test setup. 
B y using both methods, it is possible to 
determine both k and fc^. The value of k 

can also be determined by a permeability 
test or from consolidation test data. 

Because relatively short samples are 
used in the electrosometer, the voltage 
is kept low to maintain a potential grad
ient consistent with the range of prac
tical applications and to prevent exces
sive electro-chemical effects in the soil. 
However, this causes complications. 
After experimentation with the electro
someter, using various voltages, it be
came apparent that when the external 
battery source was switched out of the 
circuit, the soil sample with its electrodes 
acted as a cell and produced a voltage 
that was opposite in direction to that of 
the battery. This opposite potential was 
called the residual voltage. 

Simple tests were run for two elec
trodes immersed in tap water using sys
tems of both similar and dissimilar 
metals. Both cells produced a residual 
voltage. Plating was observed in the cell 
of dissimilar metals, but an apparent hy
drogen cell was produced by the system 
of similar metals. The hydrogen cell was 
due to a breakdown of the water mole
cules and the formation of clouds of 
charged ions around the electrodes. 

Curves of current versus applied volt
age were found to intersect the applied 
voltage axis at or near the residual volt
age. This indicates zero current at an 
applied voltage equal to the residual volt
age. Thus, the effective driving voltage 
is equal to the difference between the 
applied voltage, V^, and the residual 
voltage, y^, and can be expressed as 

y V„ y . (9) 

Several tests were conducted to deter
mine the variation of maximum residual 
voltage with different applied voltages 
and for various combinations of elec
trodes and electrolytes. The results of 
these tests are given in Figure 2. 

The results of tests conducted at ap
plied voltages of 6, 12, and 18 volts with 
the electrosometer set up for the piezo
metric rise method are presented in F i g 
ure 3. The shapes of these curves agree 
well with E q . 6. F igure 4 gives the re
sults obtained by testing a sample that 
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Figure 3. Electrosometer tests. 
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had been previously subjected to electro-
osmosis, under an applied voltage of 12 
volts. This graph shows that the piezo-
metric rise built up to a maximum and 
then dropped off to a constant value. 
Genze, de Bruyn, and Jonstra (7) ob

tained results similar to this and theor
ized that the ratio of kg to k did not re
main a constant because of colloid-chem
ical and electro-chemical phenomena. 

The electrosometer was set up for the 
rate of discharge method, but due to 
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Figure 4. dectrosometer test. 

menisci effects only the test presented in 
Figure 5 was successfully conducted. 
These tests also seemed to indicate that 
the ratio of kg to k varies with time. 

With the knowledge of horizontal to 
vertical hydraulic permeability as deter
mined by soil analyses in the planning 

stage of a marsh stabilization job, ad
ditional knowledge is furnished by the 
ratio kg to A; which will permit an evalu
ation of the benefits to be derived from 
the possible addition of an electrical net
work. 

IB Volts 

20 40 60 80 100 
Tim* (hrs.) 

Figure 5. Electrosometer test. 

120 140 160 
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Electro-Drain Study 

Laboratory model studies were con
ducted to indicate the feasibility of in
corporating an electro-drain net in a 
vertical sand drain system. These tests 
were run in a watertight box 4 f t by 1.5 
f t in plan and 3 f t deep. The test samples 
were a selected Maryland swamp muck 
with a moisture content of approximately 
100 percent, a plastic limit of 41 percent, 
a liquid limit of 56 percent, and a specific 
gravity of solids of 2.53. 

Actual sand drains were not used in 
the experiments. These drains were sim
ulated by hollow, porous, carborundum 
cylinders, which proved to be very use
ful. Electrodes used in the test chamber 
were brass rods arranged in the pattern 
indicated in F igure 6. The test chamber 
was equipped with pore pressure meas
urement devices as well as settlement 
scales. Loading was developed by con
crete blocks (Figure 7) to an intensity of 
0.225 kg per sq cm. 

Typical conditions of a test were: 

K 
c. 
a 
b 

N 
H 

1.37 X 1 0 - ' cm per sec; 
Cr = 1.96 X 10-* sq cm per sec; 
0.90 inches = radius of drain; 
11.72 inches = tributary 
drainage radius; 
b/a = 12.94; 
22 inches = thickness of test 
sample; 

= 0.225 kg per sq cm = load
ing intensity; 
7.21 = hydraulic gradient; 
and 

Lampbonk 

300 W 

Multimtttr 
[Voltagi-CurrtnD 

E = 0.42 volts per cm = electrical 
gradient. 

The value of kg was determined by 
electrosometer test to be 2.22 x 1 0 - ° sq 
cm per volt-sec. 

B y using the relationships previously 
introduced, the following determinations 
may be made: 

.08 X 1 0 - ' cm + KE = 
per sec; 

^ = = 14.3 X 
i 

c,.t 
4P 

c,t __ t 
184.5 

t 
"20 

; and 

Figure 6. Electrical circuit for electro-drains. 

A i / r i t . = 3 . 2 2 inches. 

The test period was 14 days, during 
which readings were taken of settlement 
and excess pore pressure reduction. Theo
retical determinations of the settlement 
and pore pressure were made as a con
trol and verification of the theory. The 
results of the test described are given in 
Figures 8 and 9. There is a remarkable 
correlation between theory and test, 
which promotes confidence in the electro-
drain theory as well as the results of the 
electrosometer tests for determining 
permeability characteristics. 

Comparison Tests 

I n addition to the electro-drain model 
studies just described, studies were also 
made in the test chamber for a conven
tional sand drain system and for a float
ing system without vertical drainage 
media. These tests served as a comparison 
of the efficiency of the drainage systems. 
I t was not possible to completely control 
the settlement characteristics for each 
study. Consequently, for settlement com
parison, all settlement curves were pro
jected to a common reference based on an 
ultimate settlement, AH = 2.82 inches. 
This comparison is shown in F igure 10, 
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! 

Figure 7. Stabilization test. 

f r o m which i t may be noted tha t the 
average percent consolidations at the end 
of 14 days f o r the tests were : 

(a) F loa t i ng system, 17 = 34 percent; 
(b ) Sand d r a i n system, U = 51 per

cent; and 

(c) E lec t ro-dra in system, U = 96 per
cent. 

Comparisons o f theoret ical and observed 
values of the sett lement-t ime curves are 
very favorable and deviations are wel l 
w i t h i n the range of experimental ac
curacy. 
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Figure 8. Electro-drain test. 
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Figure 9. Electro-drain test. 

CONCLUSIONS 

Laboratory model studies using electro-
drains indicate that good forecasts of 
settlement rates and excess pore pres
sure reductions can be made. 

Any application of electro-drains must 
demonstrate an economic advantage to be 
considered. The studies reported in this 
paper have not been extensive enough in 

scope to jus t i fy a conclusive economic 
evaluation of the method. The electro-
drain method wil l increase the horizontal 
permeability of the soil. This indicates 
beneficial changes in any one or combina
tion of the following parameters: sand-
drain size or spacing, height and rate of 
surcharge, and settlement period. The 
power requirements, as well as the cost 
of the electrical network, must be care-
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Fij^ure 10. Settlement comparison. 

14 

ful ly weighed against the advantages. The 
application of electrical energy for short 
or intermittent periods indicates a de
crease in power consumption while main
taining the favorable effects previously 
mentioned. For a given situation, such an 
evaluation should not only consider these 
parameters, but should include a charge 
applicable to the construction time that 
might be saved by using electro-drains. 

Additional investigations could be 
pursued in the following areas. Experi
mentation should be conducted on a wide 
range of soil types to determine the in
fluence of the ratio of k„ to A; on the econ
omy of the method. The effects of elec
trical energy on the rate of surcharge 
application, variation of shear strength, 
and geometry of the system merit ad
ditional investigation to determine opti
mum conditions for the economic appli
cation of electro-drains. 
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