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Abstract: An electrokinetic geosyntheti&EKG), is a polymeric geosynthetic material, enhanced to conduct electricity, which can be used

to transport water in fine-grained soils by electrokinetic means. This paper describes the design, construction details, and analysis of
reinforced soil wall using EKG and wet cohesive fill. In order to establish an initial design layout, a long-term stability analysis of the wall
was carried out using the soil’'s critical state shear strength parameters. The long-term design was then checked for short-term stabilit
based upon a minimum required undrained shear strength for the clay utilizing four different short-term analytical methods: critical height,
Coulomb, discrete theory, and composite theory. The electroosmosis design was then undertaken, based upon the water content
undrained shear strength curve for the fill material ascertained from laboratory testing. Using this curve the difference between the
as-placed water content and the water content corresponding to an undrained shear strength of 20 kPa was calculated, giving the volur
of water that needed to be removed from each lift of clay fill. Using this volume of water the electroosmosis calculations were undertaken.
A simplistic analysis was undertaken using a linear voltage gradient and fixed soil parameters, followed by a more complex analysis using
finite difference techniques to establish the voltage gradient. The variation in the value of electro-osmotic perrkgelgitityestimated

using both an empirical model and a graphical interpretation of the actual variatiQmefasured in the laboratory. The results of these
analyses yielded estimated treatment times and undrained shear strength of the clay.
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Introduction ated. The solution, therefore, has been to include a drainage layer
alongside the reinforcement. However, acceptability of the use of

The modern concept of earth reinforcement and soil structurescohesive fill is still limited by its hydraulic permeability and its
was postulated by Casagrande, who idealized the problem in theinitial water content, so severely restricting the range of materials
form of a weak soil reinforced by high strength membranes laid utilised in practice. Most codes of practice, includiB$8006
horizontally in layers. Polymeric and grid reinforcements were (BSI 1995 do not permit the use of purely cohesive soil in the
developed in the 1970s. These provided enhanced soil/construction of reinforced soil structures for permanent works,
reinforcement interaction and in the case of polymeric materials with the reasons for its exclusion stated as: low strength, high
permit the use of lower qualiticheaper and waste materials as  moisture content, high creep, and low bond strength between the
backfill (Jones 1990, 1996 soil and the reinforcement.

The acute lack of conventional frictional fill in some parts of Jones et al(1996 and Nettleton et al(1999 introduced the
the_ world has I_ead to the use o_f cohesive soils in major rei_nforc_ed concept of electrokinetic geosyntheti&KG), a range of geosyn-
soil structures in _theses countrle_s. However, experimentation WlththetiC materials that, in addition to providing filtration, drainage,
the use of cohesive and waste fills concluded that the excess porgq reinforcement, are enhanced to conduct electricity. Electroki-

water pressures generated_ in_the fill during construction Cre"j'_‘tednetic geosynthetics have the capability to effect the movement of
high horizontal pressures, inhibited the develgpment c.)f effective water in soils by electrokinetic means. The papers confirm the
stress, and so reduced the bond between soil and re|nforcemenﬁootemial for the use EKG for reinforced soil and present the

\é\g;h (;ggﬁaizg F\:J::;: Imlé)r/etgstize ft?l‘(l:‘li OIhtggewarI:)’gl\gi;e :r;alg;re ?/i- results of pullout tests as evidence. Hamir et(2001) identified
' 9 ' P the potential benefits of EKG in reinforced soil to be:

Dramatically increasing the rate of dissipation of positive
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ore pressure in cohesive fill in excess of that which can be
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Note. Discussion open until November 1, 2005. Separate discussions3,  Dissipating positive pore pressure at the soil/reinforcement
must be submitted for individual papers. To extend the closing date by interface to a greater degree than with impermeable rein-

one month, a written request must be filed with the ASCE Managing forcement, thereby increasing reinforcement/soil bond along
Editor. The manuscript for this paper was submitted for review and pos- !

sible publication on February 18, 2004; approved on October 25, 2004. its entire length. o _
This paper is part of thinternational Journal of GeomechanicsVvol. 5, The paper presented herein briefly describes the concept of EKG
No. 2, June 1, 2005. ©ASCE, ISSN 1532-3641/2005/2-138-146/$25.00. and presents the design, construction details, and analysis of
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the first full scale wall built using electrokinetic geosynthetic Table 1. Soil Parameters for Fill Material for Wall
technology.

Parameter Cohesive fill
LL (%) 60
S . PL (%) 35
Electrokinetic Geosynthetics PSD (Dy.Dsg) (Mm) 20,002,003
- R Gs 2.61
The ability of electrokinetic phenomena to transport water,
charged particles and free ions through fine-grained, low hydrau- Water content%) 32 35 41
lic permeability materials has been well established. When a di- ¢, (kPa (remolded 89 49 24
rect electrical potential difference is applied across a wet soil peakd’,c’ (remolded 21°7.6 kPa 23°,1.3kPa 22°6.6 kPa
mass, ion migration takes place. The positive i¢cations are Residuald’,c’ (remolded  20°,5.5 kPa 18°, 7.6 kPa 19°6.3 kPa

attracted to the cathode and repelled from the anode. As the ions

migrate they drag with them their water of hydration and exert a Peaké’.c’ (undisturbed 23°,10.5 kPa
viscous drag upon the free pore fluid around them. The process isResiduald’,c’ (undisturbed  12°,7.8 kPa
called electroosmosis and causes a net flow of water toward theo (Si/m) 0.6"
cathode described by EO cell (%) improvement 61%

#This value was obtained using the water available on site.

Oa = Kel A o ) )

Electrokinetic Geosynthetic Reinforced Wall
or The aim of the wall was to demonstrate, by means of a full scale
trial, that electrokinetic phenomena could be applied through the
use of EKGs to construct a reinforced soil wall, using an ex-
tremely wet overconsolidated cohesive fill, that under normal cir-
cumstances could not be built. The trial demonstrated the synergy
between electrokinetic phenomena and reinforced cohesive soil
through the use of electrokinetic geosynthetics.

Q
: @

Vv
=k A
ke

whereQ=quantity of water in critransported through an aréa
(cm?) under an applied voltage gradievitL (volts/cm in time t
(secondsin a soil with an electroosmotic permeability kof (cm/s
per Vicm. The value of k, is on the order ofk.,=5
X105 cm/s per V/cm(Casagrande 1952or most soils. This is

The properties of the fill used to construct the wall are pre-
sented in Table 1. The undrained shear strength of remolded
samples was determined in accordance VBts. 1377 Part 7
(BSI 1990. Peak and residual shear strength parameters were
determined using a shear box test in accordance Bigh 1377

up to 4 orders of magnitude higher than the hydraulic permeabil- Part 8 (BSI 1990. Conductivity was determined using the disk
ity of clay soils. electrode metho®B.S. 1377: Part R All remolded samples were
Despite this, the use of electrokinetics in soil improvement has prepared using a consolidometer. The results show that there was
been limited. This has been due primarily to difficulties with elec- some variability between the properties, even of the laboratory
trode corrosion, physical removal of water from the system, and prepared samples, and that there was some structure to the in situ
the inability to effect polarity reversal. soil. Both these factors need to be borne in mind when consider-
Geosynthetics are primarily polymer based and are used ining the results of the field experiment.
conjunction with earth materials to provide drainage, separation, The data relating to electro-osmotiEO) improvement pre-
filtration, reinforcement and to act a impermeable membranes.sented in Table 1 was obtained using the electro-osmotic cell
The EKG technology provides an additional electrokinetic func- developed by Hami(1997), with the percentage improvement
tion to established geosynthetic uses. Electrokinetic geosyntheticbeing taken as the increase in water removed from the sample in
materials are formed by incorporating conductive elements within the EO cell above that removed in a control ¢elb voltage.
or associated with a standard geosynthetic material. Alternatively
the geosynthetic material can be formed of conducting polymer.
The EKG used to construct the reinformed soil wall was formed Design Philosophy
as a linear reinforced mesh and comprised stainless steel filaments
coated and cross-linked with an electrically conducting polymer. The design of reinforced soil structures is usually based upon
This design has overcome the problem of electrode corrosion.design codes which do not permit the use of cohesive fill and it
Electrolysis of water at the electrodes produces acidic conditionswas not possible to analyze the structure for stability in the short
at the anode causing rapid corrosion of the historically metallic term using established procedures. Therefore, cohesive reinforced
electrode. By encasing the metallic filaments in a relatively inert soil design methods were developed. These relied upon the ge-
polymer, electrode corrosion is effectively eliminated. By forming ometry of the reinforcement layout being known before the analy-
the electrode as a geosynthetic, EKG overcomes the problem ofsis was undertaken. Hence, the stability analysis of the wall was
removing water by utilizing the drainage function of geosynthet- carried out in the long term to ascertain the reinforcement layout
ics with the additional advantages of exploiting geosynthetics’ (using critical state shear strength parameters for the. Sdiis
reinforcing characteristics and their ability to take on a wide va- layout was then checked for short-term stability. This was
riety of shapes and forms to suit different applications. By making achieved using four different analytical methods: critical height,
electrodes identical, polarity revergakritical in dewatering slur- Coulomb, discrete theory, and composite theory. All were used to
ries) can be easily achieved without compromising either the determine the minimum required undrained shear strength for the
drainage function or electrical efficiency. clay fill to maintain short-term stability.
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§820 6.5m Table 2. Minimum Undrained Shear Strength Required for Short Term
y Determined Using Different Analysis Methods
y £
§ = Inclination of failure plane
" " to vertical
& g &
‘,S, % Analysis method 6=45° 0=45°+d'/2
g g No contribution Critical height c,=21.6 kPa
Y& from _ _
<1.—07n> ™ reinforcement Coulomb c,=21.6 kPa ¢,=20.9 kPa
Granular end block Cohesive middle section Contribution Discrete c,=9.6 kPa c,=8.1 kPa
: : ; from
Fig. 1. Long-term designs produced for reinforced wall . i = =
g g gns p reinforcement Composite c,=6.2 kPa c,=6.0 kPa

The water content required to achieve this strength was de-
rived from the water content—undrained shear strength curve for 2,
the fill material ascertained from laboratory testing. The differ-
ence between the as-placed water content and the water content
corresponding to the required strength was used to calculate the
volume of water that needed to be removed from each lift of clay
fill during construction.

The treatment time required to remove this volume of water 3.
was then determined for an array of electrode configurations,
based on a linear voltage gradient and fixed soil parameters. This
was followed by a more complex analysis using finite difference 4,
and resistance path techniques to establish a more realistic voltage
gradient. Variations in the value &, using both an empirical
model, and a graphical interpretation of the actual variatiok, of
(measured in the laboratgryere also considered. The results of

undrained shear strength,). This method did not consider
the contribution of the reinforcement.

Coulomb: a more sophisticated undrained analysis, based
upon a continuation of the work presented by Ingold, which
was based upon Coulomid776. The analysis assumed a
failure through the reinforced slope at an inclination of 45°
+&’/2. For comparison a failure plane inclined at 4&@&.,
¢'=0=¢,) was also analyzed.

Discrete: considered the undrained shear strength of the clay
required to resist the pullout of discrete reinforcing elements
and included the influence of the reinforcement.

Composite: considered the undrained shear strength of the
clay-reinforcement composite system.

The results from the different short-term analytical methods are
presented in Table 2.
The significance of these results to the design of the wall was

these analyses yielded estimated treatment times and estimatedonsidered to be:

power demands drawn by the installation. 1.

Brief descriptions of the results of the short- and long-term
designs of the wall are provided below. However, this paper con-
centrates on the electroosmotic design. Further details of botho,
methodologies may be found in Pu¢2002.

Long- and Short-Term Design 3.

The wall was designed for long-term stability using effective
stress parameters for the laminated clay, established from labora-

An undrained shear strength of the cohesive fill of the order
of 6 kPa would be stable but the strains required to achieve
equilibrium could be excessive.

An undrained shear strength of the cohesive fill in excess of
10 kPa would be stable as a composite system with both the
reinforcement and shear strength of the clay being utilized to
maintain the stability of the system.

An undrained shear strength of the cohesive fill in excess of
22 kPa would be sufficiently high, such that the system
would be stable with little if any load being taken by the
reinforcement.

tory testing, using an established reinforced soil wall design pack- In conclusion it was considered that if the undrained shear

age Winwall 6.14 (Netlon Ltd. 1998. A parametric study was

strength of the cohesive fill could be increased to 10—-20 kPa,

conducted for a 4.8 m high, vertically faced wall to assess what then the wall would remain stable in the short term and allow
variation took place in the reinforcement layout with changes in construction to be completed to the design height.

the effective stress parameters. It was found that a slightly con-
servative design could be achieved with a fill shear strength of

¢’'=15,¢c’'=0, using secondary reinforcement placed at 600 mm Electroosmotic Design

spacing between the main reinforcement. The bottom three layers
of reinforcement were formed using 80 kN/{@®ORE) reinforce-
ment, the top layers required 55 kN/(B5RE material, and the
secondary reinforcement was 20 kN/(8S20 material. The ends
of the wall were supported by two reinforced soil end blocks

The long- and short-term designs of the wall established that an
undrained shear strength,) of between 10 and 20 kPa was re-
quired from the clay to ensure the stability of the wall.

The purpose of the electroosmotic design was to establish the

constructed using good quality cohesionless fill. The layout of the following variables:

wall and the supporting end blocks are shown in Fig. 1. The ¢
stability of the wall in the short term was based upon the devel-
opment of cohesion in the clay fill by electroosmosis.

The voltage and current to be drawn; and
The length of treatment time required to improve the shear
strength of the clay fill to a maximum of 20 kPa.

Four different methodologies were developed for the short- In order to assess these variables a design method was developed

term undrained analysis of the reinforced clay wall:

based upon the quantity of water that needed to be removed from

1. Critical height: based on the analysis method proposed bythe soil to achieve the desired increase in undrained shear

Terzaghi and Peckl967) for calculating critical vertical cut
heights (H,) in cohesive soil of bulk unit weighty) and
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Fig. 2. Relationship between, and water content for remolded fill purposes

chemical changes that take place within the soil mass during
electroosmosis treatment. As a result the times calculated in this
Using the soil parameters obtained from the laboratory testing way were considered as lower bound values.

presented in Table 1, a relationship was established relating the

undrained shear strength of the clay to the water content for re-
molded samplegFig. 2). The use of remolded samples was jus-
tified because the clay for the wall was remolded before being The preliminary design can be enhanced by refining the input
placed. Assuming that the clay was placed in a very fluid state parameters in Eq1)

with an undrained shear strength of approximately 1-1.5 kPal. Electroosmotic permeabilitk.)—the value ofk, applicable
with an associated water content on the order of 75-65%, as to the soil in question at the relevant voltage gradient was
shown in Fig. 2, and knowing that the required shear strength of established from laboratory testing and the variation with
20 kPa is associated with a water content of 42% it was possible time may be taken into account; and

to establish that the required reduction in water through electroos-2. The voltage gradienV/L) can be established more realisti-

Preliminary Electroosmotic Design

Advanced Electroosmotic Design

mosis was approximately 33—23%. cally using Laplace’s equation and a finite difference analy-
The volume of soil to be treated in each 600 mm lift of the sis, and taking into account the geometry of the electrode

24 m long, 3 m wide wall was 43.2 For a 23 and 33% reduc- layout.

tion in water content from 65 to 42% and 75 to 42% the volume

of water that needed to be removed was 9.7 and 13, 7espec- Refinement of Electroosmotic Permeability(k,)

tively. If the value ofk, is assumed to be that suggested by Casa- Mitchell (1993 states that the value of the paramekers gener-
grande (1952, k,=5X%10°cm/s per V/cm, andV/L is estab- ally in the range of X 10°°to 1x 10 cn?/s V (cm/s per V/m
lished by simply dividing the applied voltage by the distance and Casagrandél952 states the range as beingx40™® to 5
between the anode and cathode assuming point electrodes, then & 10°° cn?/s V. However, as treatment progresses and electro-
preliminary treatment time of between 3.7 and 9.0 days is ob- chemical reactions take place desiccation of the soil occurs due to
tained for each 600 mm lift of clayTable 3. It is also worth the removal of water by the electroosmosis process. As a result,
noting that if 9.7 and 12.7 fof water are removed from the soil  the quantity of water moved per unit of voltage decreases. The
mass then the change in volume associated with the removal ofsignificance of this variation iR, is that initially the flow of water
this volume of water would cause a surface settlement of approxi- achieved by electroosmosis increases to a maximum within the
mately 130—175 mm over the whole surface area. first 12 h of treatment followed by a rapid decrease in the volume
From Table 3 it can be seen that by varying the electrode of water moved per unit time, followed in turn by a lower steady-
spacing and, hence the voltage gradient, the theoretical treatmenstate flow.
time could be altered. The treatment times calculated in this man-  To model this phenomena, for practical application to the wall,
ner are simplifications as they do not take into account the desic-a constitutive model for the variation &f with time was devel-
cation of the soil with time nor do they take into account electro- oped under different voltage gradientsjg. 3).

Table 3. Results of Simplistic Electroosmosis Analysis

Horizontal Water content

electrode Assumed voltage reduction

spacing gradient at 30 V Assumedk, required Treatment time
(m) (V/cm) (cm?/s V) (%) (days

0.4 0.83 510° 23-33 3.7-4.9
0.8 0.60 510 23-33 5.2-6.8
1.2 0.45 510° 23-33 6.9-9.0
Whole wall 0.63 510°° 23-33 4.9-6.5
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Table 4. Summary of Estimated Treatment Times Using Different Voltage Gradient&aviariations for 23-33% Reductions in Water Content
Treatment time@30 V for 23-33%w, reduction(day9

h Simplistic linear voltage variation Finite difference voltage variation
Electrode spacing
(m) Assumedk, Measuredk, Assumedk, Measuredk,
0.4 3.7-4.9 3.1-9.0 6.5-8.5 16.0-26.0
0.8 5.2-6.8 9.5-17.5 9.4-12.3 30.7-45.2
1.2 6.9-9.0 18.2-28.8 12.4-16.3 45.8-50+

The calculation of treatment times based upon the graphical for the voltage gradients established from the finite difference
interpretation presented in Fig. 3 was undertaken by digitizing the analysis and for the two assumed initial water contents.
curve and using a spreadsheet to calculate the volume of water Fig. 4 shows that the curves, predicting the undrained shear
that flows in a time increment of 0.1 days. In this way, when the strength, contain a kink at a treatment time of approximately
cumulative flow volume is equal to the volume of water required 2.7 days. This kink relates to the change in the electro-osmotic
to be removed, the corresponding cumulative treatment time canpermeability to a constant value, as shown in Fig. 3. Knowledge

be established. of the variation ofc, with treatment time is useful, as strength is
a parameter that can be measured rapidly in the field by means of
Refinement of Voltage Gradient Parameter {//L) a shear vane. In turn this made it possible to confirm that the

It was assumed in the simplistic design that the voltage gradientelectro-osmotic treatment was progressing as anticipated.
could be obtained by dividing the applied voltage by the spacing  Inspection of Table 4 reveals that the treatment times predicted
between anodes and cathodes. This is a simplification of whatusing the linear voltage variation are the shortest due to the sim-
occurs in reality. The true voltage distribution obtained by the plifications used to obtain the voltage gradient. They were thus
application of a potential difference by point electrodes is given considered as a lower bound solution for the treatment time. It is
by Laplace’s equatioriStroud 1990; and Young and Freedman important to note that scale effects were not considered in the
1996. Laplace’s equation was used in a conventional spreadsheeextrapolation of the laboratory results to the field prediction.
program to provide a more realistic distribution of the potential
electrical field as demonstrated by Williams et @993.

In practice, the voltage distribution will change with time as a cgnstruction of Wall
result of the variation of the resistance of different zones of the
soil due to desiccation, electrochemlcql changes within the soil The wall was constructed using a wraparound design, utilising
mass, and closure of the electrode spacing due to settlement of the .
fil. This has been observed both in the field and in the laboratory So00ads for temporary stability of the front face. The ends of the
by several researchetBjerrum et al. 1967: Mitchell and Wan cohesive fill” trial section were retained using conventional re-

; : inforced soil blocks, constructed before starting the cohesive sec-
1977’ LO. etal. 1991a)bHoweyer, to quel Fhe comple?qty that tion. A small additional cohesive trial section was constructed at
this continual variation of resistance with time would introduce

was not considered viable for design purposes one e_n_d of the wall _contemp(_)raneously with t_he main trial. No
The treatment times predicted by the simpllistic and refined electricity was supplied to_thls zone so_that '.t WOUld. act as a
analyses are shown in Table 4 control. Th'IS area was retained on one qde using gablqns.
) . ) . The main trial section was subdivided into three sections each
The relationship between the water content and the undrained

. o .~ “having a horizontal electrode spacing of 1.2, 0.8, and 0.4 m, re-
shear strengtlic,), together with the variation of electro-osmotic spectivelv. Geosvnthetic drains were placed midway between the
permeability(k,) obtained from the laboratory testing, provides a b Y. y P Y

means to predict the variation of the undrained shear strength aselectrodes to provide a drainage path for the excess pore water

treatment progressed. Fig. 4 shows the variation, algainst time pressure. The reason for different electrode spacings was to
prog -9 o0 achieve different electric field intensities, thus a variatiom\M

in Eq. (1) could be achieved using a single power source. The
electrical potential applied across the electrodes was 30 V dc.

—~ 25 e 0.25V/em (65%) : o ;
iy —— 0.25Viem (75%) This gave initial voltage gradients of 0.45, 0.6, and 0.83 V/cm
=2 ok T 0.33V/em (65%) based upon the anode/cathode spacing.
g —— 0.33Vicm (75:/6) , The wall was constructed using a staged construction tech-
] I g':g\\xccm gg,ﬁ; /7 nique, such that a single lift of clay fill was constructed and de-
? wvr ' ,/ watered vertically by electroosmosis applied via horizontally
§ ,/ placed electrodes and drains. Once one lift had been successfully
s 10 treated then the next lift was constructed, and the process re-
E . pleated until the full height of the wall was achieved, a total of
g SL 7 et T eight lifts. The construction and dewatering processes is shown in
S5 W memnt Fig. 5.
0 . ) The electrodes used were EKG consisting of a geonet con-
0 10 20 30 40 50 struction manufactured using a counter-rotating die process. The
Treatment time (days) clay used for the construction was slurrified using a 360° excava-

tor within a lake located at the front of the trial area. Slurrification
was achieved by excavating a hole within the clay in the lake and
adding water. The mixture was worked with the bucket of the

Fig. 4. Variation of c, against time at different voltage gradients and
initial w,
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Fig. 5. Construction sequence for cohesive wall

excavator for approximately 1 h until its consistency was that of a tical difficulties posed by the construction sequence and the cor-

fluid slurry. When placed within the wall structure the slurry fill

rosion of metallic instrumentation. The results of current and

was self-leveling. Laboratory tests on the slurry gave a water shear strength measurements are presented below.

content of approximately 75%approximately liquid limit +20%
which corresponded to @ of approximately 1—-1.5 kP&Fig. 2).

During the construction of the first lift the moisture content dur- Electrical Current

ing placing was slightly lower at approximately 50% with a cor-
respondingc, of 5 kPa; this was due to a lack of mixing and
inexperience of the construction technique.

Monitoring and Analysis of Wall

The quantity of current drawn at the prescribed volt@ge V)

was measured using the analog dials located on the transformer/
rectifier. The frequency of readings was varied to reflect the rate
of change of current drawn, i.e., during the initial powering up of
a lift for treatment, readings were taken every 15 min. As the rate
of change of current declined the time interval between readings

During the construction of the wall several aspects of the con- was increased until one reading was taken every hour during the
struction were monitored, including fuel consumption, electrical working shift. During initial powering up, the electrodes were

power (voltage and curreitundrained shear strengtb,) of the

connected in groups of five, i.e., 5 anodes and 5 cathodes. In this

cohesive fill, and movement of the front face. Pore-water pres- way it was possible to record the initial current drawn by the
sures and surface settlements were not measured due to the pradifferent electrode spacing configurations and also allowed any
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0.06 o First i 796 means of EKG linear strips, which may be considered as point
= 0.05 | o Second lift dos E electrodes, thus generating an essentially two-dimensional electri-
£ 2 Thied 1t design fine @ cal field, with the effect being more pronounced at greater spac-
fg’ 0.04 404 % ings between electrodes of the same polarity.
3 oo peakscavsed o3 B . I_n addition, Fig. 6 shows that thg elegtrlcgl conductivity of the
2 . by powering off § fill in the wall underwent a reduction with time of the order of
§ 0.02 ‘c?,‘,";:gi'nag“;‘ take o2 E 95% from an initial value of approximately 0.026 to 0.0013 S/m.
2 oo ¥ o1 Q This compares with the values suggested in the design method.

A W

o 0
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Time (days) Undrained Shear Strength

Fig. 6. Variation of electrical conductivity, laboratory, and field ~ The undrained shear strength of the cohesive fill undergoing
electro-osmotic treatment was measured using a Pilson hand
shear vane with ailin. (31 mm vane. The measurements of
undrained shear strength were taken at two depths: 0.25 and
0.5 m in each lift to distinguish the variation in shear strength in
the fill between the anode and cathode positions. To reduce errors
five readings were taken at each location and averaged at each
depth, at approximately the same locations along the wall. The
undrained shear strength was measured every 2 m along the full
24 m length of the electroosmosis zone and at three different

discrepancies in electrical resistance to be identified to a set of
five electrode pairs for further investigation. It also enabled a
quantification of the difference in resistance of the different elec-
trode spacings used in the trial.

The electrical currents measured in the field could not be com-
pared directly with those obtained from the laboratory testing due
to the difference in volume of soil being treatémbnductivity is
related to the properties of the soil, the electrical contact between

. i locations in the control zone. Additionally, samples were taken of
the soil and the electrode, the properties of the electrode and th : . )
e ; he soil from the shear vane test locations for laboratory testing to
shape of the electric field. Current, and indeed conductance, are

L . establish their water content.
additionally related to the distance between the electrodes and the The interpretation of the field measurements of the undrained

r f electrode—soil con llow a more dir mparison .
area of electrode—soil contacto allow a more d ect.co pariso shear strength obtained from the hand shear vane and corrected
of the results the current drawn was converted into an overall for conversion to field shear strength, was undertaken by super
electrical conductivit of the system by rearranging E . . . ’ )
o) y y ging B imposing the theoretically calculated shear strength based upon

1L an initial water content and voltage gradient calculated by the
°“RA (2) finite element analysis. Due to the large variation in the results
obtained from the hand shear vane, even within the zones of the
where same electrode spacing, a zonal average was calculated for each

=7 3 control zone. This allowed easier interpretation of the results by
eliminating the large degree of scatter that was present in the
The results of the electrical conductivity for the wall are pre- unrefined field results. These results are plotted in Figs. 7 and 8
sented in Fig. 6 for the different lifts of the wall, together with the for the two test depths of 0.25 and 0.5 m. The variation between
design line obtained from laboratory testing. the 0.25 and the 0.5 m depth readings illustrates the difference in
It was apparent that the actual electrical conductivity measuredthe strength changes with proximity to the anodes or cathodes.
in the field was approximately ten times less than that obtained Inspection of Figs. 7 and 8 reveals that the initial undrained
from the laboratory electroosmosis cell. This result is logical shear strengtic,) demonstrated a large degree of scatter but
when the configuration of the two different situations is consid- generally was in the range 6£#3-15 kPa. The higher values
ered. The electroosmosis cell used plate electrodes and hence theere attributable to lumps of harder clay in the slurry due to
electrical field established was one-dimensional, and theoreticallyineffective mixing. The design line for an initial water content of
the voltage gradient that occurs within the cell was uniform. In 65% at a voltage gradient of 0.48 V/cm shows a relatively good
the field construction the voltage was applied to the wall by correlation with the field measurements of shear strength. Nearly

vV 30V of the electrode spacings uséce., 0.4, 0.8, and 1.2 jrand the
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Fig. 7. Theoretical and zonal average resultgfgainst treatment time, 0.25 m test depth
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Fig. 8. Theoretical and zonal average resultcgfgainst treatment time, 0.5 m test depth

all the undrained shear strength results measured in the field fellmeans of the variation of current against generator time. Fig. 6

within realistic ranges defined by the theoretical curves. The field shows that the conductivity of the fill in the structure had reached

measurements of zonal averages show an obvious improvemenits residual value after a period of 10—12 days of generator op-

with increasing treatment time. eration. After this time the efficiency of the installation would be
The results obtained at a test depth of 0.25 m are generallyextremely low with the majority of the voltage being dropped

lower than those obtained at a test depth of 0.5 m. Considerationacross the high resistance zone adjacent to the anode.

of the electrode depths, with the anode at 0.45 m and cathode at

0.15 m depth, respectively, explains these results. The results at a

depth of 0.5 m are located immediately below the anode, whereaspctical Applications

the results obtained at a depth of 0.25 m are located closer to the

cathode.

. . The trial demonstrated the successful use of EKG in the construc-
The control zone also showed an improvement in shear

strength with time. This was caused by self-weight consolidation tion of a reinforced wall using a cohes_|ve slurry” fill. Whilst 't_ IS
recognized that the properties of the fill used were extreme in the

which was a|deq by the inclusion of drainage paths through the sense that they fell well outside the bounds of what would nor-
electrodes and filter elements. However, due to the reduced naturemaII be regarded as fill material. some important principles have
of the improvement that took place within the control zone the y 9 ' P P P

. . . . - been established. It is possible to construct reinforced soil struc-
continued construction of the zone became increasingly more dif- . L . -
. ; . tures using cohesive fill and EKG because drainage is not depen-
ficult as the height of the construction increased.

The initial undrained shear strength assumed for the theoreti-dem upon hydraulic permeability. Thus construction may be per-

. LS : -~ .~ mitted using very poorly draining material and/or material with a
cal analysis appeared to be critical in the theoretical prediction. | . . ! - -
. - . high water content without the risk of generating very high pore
This was attributable to two factors:

X : . . ) water pressures.
1. The relationship betweear andw, is not linear, but approxi- o . . -
. R . With increasing environmental pressures requiring reuse of
mately exponential, as shown in Fig. 2, hence a greater in- . . . - S .
. Co construction materials on site this may be of significant benefit.
creases irc, occurs for a smaller reduction i, at lower

There may no longer be the need to import high quality(étd
water contents. X ) . .
L . . o dispose of poor quality fillfor construction of, for instance, em-
2.  The variation of the electro-osmotic permeability with time . .
. . S . S bankments, bunds, or abutments. Repairs to clay slopes, particu-
is not linear, as demonstrated in Fig. 3, with a significant . ; - e
. . : ; larly where access is problematic, or where high quality fills are
decrease irk, taking place after a period of approximately in short supply, may be possible using material found on site
2 days(48 h). This is reflected in Fig. 4 by the change of PPly, may be p 9 y

. ) Additional applications include improvement of waste materi-
slope in the predicted value @f, that occurred after a treat- . : o

. . als, particularly in cases where water contents are very high, in-
ment time of approximately 50 h.

The combination of these two factors exaggerates the effect ofCIUdmg dredgings and tailings.
electrokinetic treatment on soils with lower water contents, but

also minimizes the effect of treatment on soils with an initial high _

water content as shown by the curve for 75% initial water content Conclusions

in Fig. 4.

The electrode spacing, and hence the voltage gradient, alsoOn the basis of the results presented herein it may be concluded
had a significant effect on the treatment process as demonstratethat the proposed electro-osmotic design method is a valuable
by the increased improvement of the 0.4 m electrode spacingpredictive tool for estimating the change in undrained shear
zone over the other zones. The theoretical analysis also predictedstrength with time during an electro-osmotic treatment process.
this as shown in Fig. 4 by the curves of 0.48, 0.33, and The accurate input of the initial soil and treatment parameters
0.25 V/cm corresponding to electrode spacings of 0.4, 0.8, andused in the analysis is critical to its correct function. It is sug-
1.2 m, respectively, at an initial water content of 65%. gested that a sensitivity study is undertaken using the analysis
method and an envelope of shear strength/treatment times estab-
lished for a realistic range of conditions that may exist in the field
and that appropriate laboratory testing is used to establish the
During construction, the measurement of treatment time could variation ofk, to be used in the analysis.
only be measured indirectly by means of the shear strength and by The laboratory method for predicting current drawn produces

Treatment Time
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an overestimation by a factor of 10 of that which occurs in prac-

Newcastle upon Tyne, Newcastle upon Tyne, U.K., 225-225.

tice, this is due to the differences in the shape of the respectiveHamir, R. B., Jones, C. J. F. P, and Clarke, B.(02. “Electrically

electrical fields. It would appear sensible to use this to calculate
extreme upper bounds of likely power consumption during any
full-scale application.

Although not discussed in detail, the design approach adopted
for the initial design of the electrode spacings would appear sen-

conductive geosynthetics for consolidation and reinforceme®ed-
text. Geomembhr.198), 455—-483.

Jones, C. J. F. R1990. “Construction influences on the performance of
reinforced soil structures, state-of-the-art revieftdc., Int. Conf. on
Reinforced SojlGlasgow, Scotland, 97-116.

sible and offer a pragmatic approach that could be adopted usinglones, C. J. F. R1996. Earth reinforcement and soil structureshomas

skills and software available in most design offices.
Lastly, the applications of this technology are numerous, par-

ticularly with increasing pressures on the reuse of waste and sus-

tainable construction. “R-EKG wall” could be the next generation
of earth structures.
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