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Abstract: Electro-osmosis often dewaters soils into unsaturated conditions. The
unsaturated conditions invalidate electro-osmosis models that are developed by
assuming presence of full saturation throughout. The unsaturated condition causes
non-negligible influences on soil geomechanical properties and its consolidation
behaviour, and should be accounted for. This study presents a numerical model,
UEC2, of simulating electro-osmosis—surcharge preloading combined consolidation
considering varied degree of saturation of soil. Model UEC2 is able to capture
nonlinear changes of soil properties, time-dependent loading and instantaneous pore
air compression. This model was validated against laboratory test results, and was
applied to varied test examples in order to assess evolvement of unsaturated

conditions and its effect on consolidation.

Keywords: Large-strain consolidation; electro-osmosis; surcharge preloading;

unsaturated; seepage; nonlinear
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1. Introduction

Electro-osmosis is the motion of liquid in porous media under influence of electric
field. When subjected to electro-osmosis, pore water is driven, under an ionic current,
to travel towards the electric terminals, enabling a flow independent on particle size.
A competitive advantage of electro-osmosis is the success of removal of pore water of
down to the nano-scale, thus enabling the finest dewatering. This is advantageous
over the other consolidating methods e.g. surcharge preloading which is very
time-consuming when applied to less permeable soils. Electro-osmosis applied to the
porous media has been shown to be successful in generating pore water flow through

a less permeable area or a clogging smear zone [1-5].

Although electro-osmosis is showing great trait in porous media dewatering,
challenges remain with respect to accurately predicting rate of flow, soil deformation
and resulting energy consumption. Earlier studies [6-10] have developed
consolidation models from the largely idealised perspective of full saturation. This
assumption helps simplify model development, and is acceptable for soils of relatively
high moisture contents [11], or soil layers with an open boundary at anodes [12].
However, if the soils have been dewatered to below the liquid limit, or the boundary
at anodes is closed, as is required in many scenarios, the soil layers become partially
saturated, mainly caused by negative pore water pressure, throughout the dewatering
process [12]. The emerging unsaturated condition invalidates the assumption of full

saturation in electro-osmosis and therefore restricts models suitability.
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The partially saturated condition was considered in the model developed by Wang et
al. [13]. Their model however is subject to conditions of constant and homogeneous
soil properties, and therefore is restricted to small strain consolidation or thin layers
where linear Darcy’s flow occurs. Large-strain deformation of up to 23% has been
recorded in consolidating fine-grained soils [1]. Large-strain deformation is
significant in dynamically influencing the media’s consolidation properties (e.g.,
hydraulic conductivity, void ratio, electrical resistivity and electro-osmotic
conductivity), in particular when the soils become unsaturated [1, 14]. Numerically,
the large-strain consolidation in unsaturated conditions was examined by Yuan and
Hicks [15]. However, it is unclear whether or not their model accounts for the full
dewatering process of from the saturated to unsaturated conditions. Identifying this
transition helps gauge the state of water saturation and apply the suitable algorithms
(i.e., saturated vs. unsaturated). In addition it is unclear whether their model is
validated against unsaturated scenarios or not. Zhou et al [16] developed a
one-dimensional electro-osmotic consolidation model for unsaturated soils, called
UECI. Model UECI is able to capture the saturation-to-unsaturation transition, and to
account for the soil layer large strain, nonlinear changes in soil properties and varied
degree of saturation. Their model is limited to a sole electro-osmosis process and
cannot simulate the electro-osmosis—surcharge preloading combined process. All of
the above elements, including the unsaturated conditions, property changes, nonlinear

Darcy’s flow, and the effect of surcharge preloading, are predictable or approachable
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within engineering accuracy once the factors that govern them are understood. These
elements can be integrated into a computational program to refine the approximation

of consolidation process.

In this paper, a numerical model for one-dimensional consolidation considering
saturation variation of soil layer subjected to the -electro-osmosis—surcharge
preloading method, called UEC2, is presented. The UEC2 model is the next step of
UECI and has all the capabilities that model UECI has. In addition, model UEC2 is
developed to account for time-dependent loading, instantaneous pore compression
associated with the combined effects of electro-osmosis and surcharge preloading.
The UEC2 model was examined and validated against laboratory test results, and was

applied to some interesting example problems in order to optimise the consolidation.

2. MODEL DESCRIPTION

2.1 Geometry

The model geometry of the electro-osmosis—surcharge preloading consolidation is
presented in Figure 1. A soil stratum has an initial height /| and is subjected to
initial vertical load ¢,. The stratum is divided equally in the horizontal direction into
R; elements. Each element has a thickness L,=H,/ Rj. An Eulerian coordinate

system, z, coincides with the bottom of the stratum, with a positive direction against

the gravity. The initial elevation of the central node of elementj is z, . At time ¢ >0,

a combination of direct current voltage V! and vertical load increment Aq' is
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applied to the stratum. The anode and cathode sit on the top and bottom boundaries
respectively, with the voltage gradient vector acting downward. The voltage gradient
and the vertical load increment together drive water flows between the elements and
across the boundaries. The boundaries can be drained or undrained depending on the
water accessibility. At time 7 > 0, the soil stratum is deformed as shown in Figure 1(b).
It is assumed that the soil particles and water are incompressible, and only vertical
deformation take place for the soil stratum. It is noteworthy that the model set-up is
preferable to scenarios of sludge, tailings or hydraulic filling which usually start with
a clear work space and allow laying the opposite electrodes in different levels. This
set-up enables an electric field acting top-bottom, coinciding with the gravity force

and surcharge preloading, and thus facilitating consolidation.
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Figure 1 UEC2 model for a soil stratum subjected to the electro-osmosis—surcharge
preloading consolidation: (a) before the consolidation (¢ < 0), (b) after the

consolidation (¢ > 0).
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2.2 Constitutive Relationships

Model UEC2 adapts the methodology in model UECI in order to develop the
constitutive relationships. As shown in Figure 2, four constitutive relationship curves,
i.e., the compressibility, water conductivity, air permeability and soil-water
characteristic curve (SWCC), are plot. The compressibility curve [Figure 2 (a)] is
similar in development to those used in models of saturated soils, such as CS2 [17],
EC1 [18] and EC2 [19]. The curve is defined by Rn (>2) pairs of the corresponding
void ratio ¢ and the vertical effective stress &', and is usually obtained from
oedometer tests. This compressibility curve however is used to examine components
of deformation related to saturation effects. The components arising from the
unsaturation effects are determined using the other three constitutive relationships.
From the relationships, the hydraulic conductivity, &w, electro-osmotic conductivity, ke,
air permeability, ks, and the matrix suction, us, are a monotonic function of the degree
of saturation, Sr. Similarly, each of the relationships comprises >2 pairs of points: Rx
for the hydraulic conductivity, R:the air permeability, R« for the suction, which are
obtained from corresponding laboratory tests. Between the relationships, the degrees

of saturation use different notations in order to distinguish their values.
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137  Figure 2 Constitutive relationships: (a) compressibility; (b) water permeability; (c) air
138  permeability; and (d) soil-water characteristic curve.
139
140  The constitutive relationships can be modelled from mathematical approximations, as
141 opposed to the laboratory tests. The compressibility curve [Figure 2(a)] of natural
142 fine-grained soils is commonly represented by a semi-logarithmic relationship, which
143 is expressed as

Ae/Alogo'=C, (1)

144  where C. is compression index and determined experimentally. For Figure 2(b),
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Mualem [20] predicted the hydraulic conductivity in terms of pore-size distribution.
His predictions however are inaccurate for soils at near saturation stages [21]. To

improve the accuracy, Tamagnini et al. [22] suggested to use the expressions as

follow:
k =k, a S 2
k, =k,a,(1-5.)" (3)
k, =k aS" 4)

where kwo 1s hydraulic conductivity of saturated soil, ks is air permeability of dry soil
(i.e., at Sy = 0), keo is electro-osmotic conductivity of saturated soil; aw, bw, aa, ba, ae
and b. are parameters and determined experimentally. An additional advantage of
these expressions is the use of solo property S;. One may argue the dependence on
void ratio, which is reflected in the expressions by the permeabilities at the saturation
state (e.g. kwo). The SWCC relationship can be modelled in a range of forms as
discussed in [23]. For general S-shaped retention curves (of fine-grained soils), van

Genuchten [24] suggested to use the following expression

¢ (5)

where S. is the effective degree of saturation and expressed as (S—Srs)/(1—Srs), Srs is
the residual degree of saturation (i.e. the degree of saturation at which an increase in
matric suction does not produce a significant change in S;), avc is a parameter to scale
the matric head, nv¢ and mc are parameters determined experimentally, and obey the

relationship m , =(n,,—1)/n,; .
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2.3 Stresses and Pore Pressures
Model UEC2 calculates the vertical total stress o as the sum of the upper load and
the self-weight of the compressible soil layer. When ¢ > 0, the vertical total stress at

node j is

m=j+1
where j = 1, 2.... R;. The values of j remain the same in the rest equations if not

otherwise suggested. 7/; is the unit weight of element j and is equal to

, (G+S.€)r.

’Jl

1= (vl @

where Gs is the specific gravity of soil solids, y,, is unit weight of water, Si, ; is the

degree of saturation of element ; at time ¢, and ej. is its void ratio. The Sj’ ; and ej.
are determined in terms of the initial conditions and the developed consolidation
algorithms. The effective stress at node j, G , can be calculated by interpolation from

the compressibility curve [Figure 2(a)], as

~ t
e ,—€
't A m—1 i
o-_] o-m 1 +f (8)
a. .
v,J
where the coefficient of compressibility, a, ;- 18 the slope of the linear segment of the

compressibility curve between the points (&, ,,é, ) and (&, ,€,) such that €, < e

m’n m —

<e, .

Where the soil layer of interest is saturated at the outset, or remains saturated in the

early stage of electro-osmosis, the pore water pressure at node j, U, ., is expressed as

Wj’

=0,-0; 9)
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Along with the progress of electro-osmotic consolidation, the pore water pressure uw
decreases nonlinearly over the distance between the cathodes and anodes and, if the
anodes are closed, becomes negative progressively from the anodes towards the

cathodes [6, 12]. Provided that the matric suction, us, is expressed as
Us = Ua — Uw (10)

where uq is the pore air pressure (relative to the atmosphere) and equal to zero if
saturated, the matric suction emerges and increases with the negative pore water
pressure uw. When us > ush, where usp is the air-entry value of soil, air enters the soil
pores of concern and the soils become unsaturated. Similar to the development of
negative pore water, the unsaturated conditions evolve from the anodes to the

cathodes to satisfy Eq. (10).

t
a,j>

As per Bishop et al. [25], the pore air pressure, U, ., and the pore water pressure,

u, ;,atnode j, if in its unsaturated condition, are respectively expressed as

t 't t

um—@—q+Z%J (11)
t .t t
U, =u, ,—U; (12)

where }(5 is the effective stress coefficient and as suggested by Aitchison [26] is

estimated as

__ S
048!, +0.6

t

X (13)

The matric suction u; ; can be determined from the SWCC curve [Figure 2(d)] and

expressed as
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wl =i, + = n (14)

where bj. is the slope of the linear segment between the points (4, ’Sr,k—l) and
(U, Sr’k) such that Sr,k < Sj’ ;< Sr,k_l. Eq. (11) provides equally reliable predictions
of pore air pressures, as opposed to other solutions such as [27], and meanwhile offer
simplicity by using the solo variant of Sr. This feature echoes the advantage discussed

for the constitutive relationships.

2.4 Electrical Resistivity and Electric Potential

Electrical resistivity depends on soil properties, including the moisture content,
mineralogy of solids, pore fluid, arrangement of voids, and degree of saturation [28].
Accounting for these factors, Komine [29] developed a model to determine the
electrical resistivity of saturated porous media. Gong et al. [30] extended the model to
unsaturated soils. Based on their models, the electrical resistivity of element j, ,O; , 18

expressed as

1
p; =
S S| 1 S e (15)

— —+ —x L
p, l+e; p, l+e;

where ps is the electrical resistivity of solids, and pw is the electrical resistivity of pore
fluid. In terms of Ohm's law, the electric potential at node j, Vj[, 1s calculated as

s 2
,0]>2< J—i—Zpi’xLi
v = ER (16)

D WY/

i=1
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2.5 Permeability, Flow Rate and Settlement

The hydraulic conductivity, £

w?

electro-osmotic conductivity, k&

e’

and the pore air
permeability, k_ , can be calculated from the water permeability relationship [Figure

2(b)], air permeability relationship [Figure 2(c)] and the corresponding degree of

saturation S». The equivalent hydraulic conductivity, k.. ., equivalent electro-osmotic

ws.j >

conductivity, k. ., and the equivalent air permeability, k. ., in series between the

es,j as,j >
nodes j and j+1 are calculated as

t _ k)tc,ij)tc,j (Ltj+1 + LI])
xs,j t t t oyt
ki oL, +k, L

x,j+1 x,j 7 j+1

(17)

o

where j =1, 2...., Ri—1, and subscript x' represents 'v', 'e' and '«

, respectively.

The hydraulic flow rate, q;,, ;» the electro-osmotic flow rate, qé, ;» and the air flow

rate, q;, ;» per unit flow area between nodes j and j+1 are calculated as

.t

q)[c,j = k)tcs,jlx,j (18)

wherej =1, 2...., R—1, and ifc, ; 1s the gradient for pore water/air flow. The hydraulic

. . ot
and the pore air pressure gradient, !

a,j’

. . of
electro-osmotic gradient, 1

e.j?

gradient, i,

w,j 2

between nodes j and j+1 are respectively expressed as

t t
-t _hw,_f+1_hw,_/
B, == (19)
Zi T E
| 00
¢ g+l J
lej = ot (20)
Zj T E
h —h .
.t a,j+1 a,j
b= (21)
a,j Zl Zl

JH A

t
w,j

where j = 1, 2...., Ri1, the total hydraulic head, / and the total pore air head,
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I ., at node j, are calculated as

a,j >
t t u\tv,/‘
K=z (22)
Vw
oMUy
ha,j = . (23)
Va

where y, is the unit weight of air and equals 12.65 N/m’. The value is relatively

small and assumed constant in air compression.

The pore air is compressible, as opposed to the pore water or solids, if the pore air
pressures change. In terms of Boyle's law, the process of compression, arising from
the pore air flow, for element j in time step increment At, is expressed as

(i + p, ) Ay =l + p, ) A, (4, —ql, 0 ) A (24)

t+At

where u,

and Af:jm are the pore air pressure of element j and the volume of

pore air of element j (per unit flow area), after the combination of air compression and

air flow, u;/ and Afl,j are the corresponding values before the compression/air
flow process, and p. is one atmosphere and equals 101.3 kPa, and is included as the

base pressure. Rearranging Eq. (26), the volume of pore air is obtained as

t

w,,+p,) A, (4., ., )M

t+At + p

a,j a

t+At (
A =

(25)
u

For element j, the height, szmz, void ratio, ej.w , and the degree of saturation, S

r,jo°
are updated to
Lt;At :Ej _(‘I;,j _q\ty,j—l +‘Ltz,j—1 _q:’,j)At_(Afz,j _AZ,‘N) (26)

t+At
oo :#”W)-1 27)

0,/
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t+At t+At
t+At —1- Aa,j (1+ej )

rJ t+AL _t+At
Li e

(28)

At time step ¢, the height, H' 6 surface settlement, S', and the degree of

consolidation, U, of the soil layer are calculated as

H'= Zf?— (29)
J=
S'=H,-H' (30)
St
U ==
5, (31)

where Sy is the final settlement of the soil layer when all streams of fluid/air flows
reach equilibrium or consolidation is completed. As applied in [18, 19], the criterion
of equilibrium is to set a significantly small value versus the increment of surface

settlement.

2.6 Load-Induced Pore Air Compression and Settlement

In unsaturated conditions, the volume of pore air is compressible when the load
increment, Ag’, in Figure 1 is applied. The air compression re-allocates stresses borne
respectively by the soil solids, pore water and pore air, and the individual stresses are
determined by an iterative approach extended from Yin and Ling [31]. We defined a
small incremental void ratio, Ae, (i.e., —0.001), and for element j added a multiple of
the increment to the initial void ratio ej. , which is expressed as

¢, =¢ +i(Ae) (32)

where step i = 1, 2, 3, .... At the ith step, the vertical total stress, aj., as per Egs.

(11)—(12), can be written as
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o :O';i-l-(l—}[;)u;j-i'l;u;’j (33)
As presented in Eq. (8), the effective stress of node j at step i, (7_7, can be determined
in terms of the compressibility curve [Figure 2(a)] and the corresponding void ratio

i i

e"‘,. The pore air pressure, Uu,;, pore water pressure, U, ;, and the effective stress
coefficient, }(j , are then determined considering the pore air compression. We
defined the pore air ratio, es, as the volume of air to the volume of solids. In terms of
Boyle's law, the compression of pore air in element j, obeys the following expression:
(uatz,j +pa)e;,j :(u;,j +pa)e¢iz,j (34)
where ; and efl’ ; are the pore air pressure and pore air ratio before the

. i i . . .
compression, u,; and e, ; are corresponding values after the ith incremental step.

J
From the phase relationship, the pore air ratio e, can be written as
e, =e(1-5) (35)
Substituting Eq. (35) into Eq. (34), we have
(4 Pa) € (1=55) = (1 + P )€ (1-57,) (36)
where ej. and Si, ; are the void ratio and the degree of saturation of element j at step
i. As the compression is instantaneous, the moisture content of element j remains

unchanged before and after. This law of conservation of mass yields the following

equation:
S'e S e
G 6 @7

N N

Combining Eqgs. (36) and (37), the pore air pressure of node j at step i, u s

aj >

obtained as
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(u;, +pa)ej.(1—Sﬁj)

i J)
Ug ;= e —S ¢ P, (38)
J P
The pore water pressure of node j, uiv ;»equals
i
uw,j - ua,j us,j (39)

where ui ; 1s the matric suction of node j at step i. As presented in Eq. (14), the
suction can be determined from the SWCC curve [Figure 2(d)] and the corresponding

degree of saturation S, ;- The S !

»; can be determined in terms of Eq. (37), and is

used to calculate the effective stress coefficient }(j as presented in Eq. (13).
Substituting O'J’.i, u; s u; ; and ;(j into Eq. (33), we can obtain the total vertical
stress O'j If Gj is equal to O'; , the vertical total stress as specified in Eq. (6), or the
difference between them is less than a pre-set small value, the form is closed and the

iterations (for the pore air compression) terminate at step i. Otherwise, the loop

continues to step i+1.

Following the pore air compression, the element height, Lij, layer height, H', and

the surface settlement, S', are updated as

1+e )L, .
=) (40)
(1+e0’j)
R./’
H'=2.L, @1
j=1
S'=H,—-H' (42)

It is noteworthy that model UEC2 is able to account for the load-induced pore air
compression that occurs anytime in the middle of consolidation, as opposed to at the

outset of + = 0. The algorithms of pore air compression will read off the current



290  consolidation results (e.g., vertical stresses, void ratio, pore water/air pressures)
291  obtained from the algorithms of consolidation, and update the results for consolidation
292 analysis.

293

294 2.7 Boundary Conditions and Time Step Increment

295  Model UEC2 uses the boundary conditions as provided in Table 1.

296 Table 1 Model UEC2 boundary conditions

Locations Open (free access to water and air) Closed (no access to water and air)
iLy=V/z, i, =0,

Cathode iho= (}11’ ~h, ) / z{ , and iro=0,and
i;,o = hctz,l / z ictl,O =0
i =(Va-vi )/ (1 =2, i, =0,

Anode ifv’R/_ = (hwt —h;/ )/(H’ - z;j ) , and ivtv,R/- =0, and
i, =, [(H' =21 ) i =0

297 Note: h,, is the total hydraulic head at the top boundary; 4 , is the total hydraulic
298  head at the lower boundary.

299

300 Model UEC2 adapts the criteria for time step increment that were used in models CS2
301 [17] and EC1 [18]. For the defined model geometry, the criteria are updated as

aa, (Ltj )2 | 0.01L, (eo,j — ) |

At = mi ,
e K (1+€) |(1r e, )l — a0+ aly — g+ 4 —dL)

(43)

302  where coefficient o = 0.4 as per [17], and ey, is the final void ratio of element j and is



303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

determined in terms of the iterations suggested in [19]. In Eq. (43), the first criterion
is to govern the frequency of the calculation in response to the vertical flow, which is
a step to align the numerical results with the solutions for Terzaghi’s 1D consolidation
theory; the second is to ensure no more than 1% of final settlement of the element

developed in a time step increment.

3. Computer Program

A flow diagram illustrating the algorithms of the computer program is presented in
Figure 3. The input properties include the number of elements (R;), initial height of
soil layer (Ho), specific gravity of solids (Gs), electrical resistivity of pore fluid (pw)
and solids (ps), effective voltage (7, ), applied stresses (gq,, Aq'), constitutive
relationships, boundary conditions, and the termination criteria for the program. After
UEC?2 reads the input data, the initial height (L, ), the initial elevation (z, ;) and the
initial void ratio (e, ;) of element ;j are calculated. When the effective voltage V)
and vertical load increment (Ag') are applied, the loop starts, and each element
updates its properties over the time increment ( Az ). Between the loops, if element j
becomes unsaturated and additional load increment is applied, i.e., Ag'>Ag"™™, the
volumes of pore air in the element compress, triggering the sub-loop on the left-hand
side. In the stage of compression, the element properties (o7 S, u,, u,, u, ) are
updated with the multiple of void ratio increment (Ae ), until Gj = O';-+Aqt . The

updated element properties (ej. Si’ ; Lij) and the layer geometry (/' " S") feed to the

main loop. The calculations terminate when consolidation time ¢>¢,, or settlement
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in an time increment AS < m , where ¢rand m are a user-specified elapsed time and a
sufficiently small settlement value, respectively. When AS <m , it is suggested that
the consolidation has reached equilibrium of seepage and has ended. Then the final
surface settlement () and the average degree of consolidation (U') are calculated.

The flow diagram was programmed using FORTRAN software package.
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Figure 3 Flow chart of model UEC2

4. Model Validation

4.1 Material and Model Parameters

The material used in the model validation test was a remoulded clay soil. The soil was
recovered from the Lingang Industrial Zone of Tianjin, China. The physical properties
of the soil are provided in Table 2. The Atterberg limits lie just below the A-line, and
the soil is classified as MH, clayey silt of high plasticity, in terms the Unified Soil
Classification System. The SWCC curve was obtained by using the GCTS Fredlund
SWCC device at a capacity of 0—1,500 kPa. A set of ten soil specimens of varied
water contents were subjected to the suction tests. The test results are presented in
Figure 4. The results were then modelled against the ven Genuchten model [Eq. (5)],
in terms of the fitting function provided in Matlab software package. The modelling
yielded parameters o, n, and Sy as 0.022 kPa™!, 1.293 and 0.24, respectively, with a
coefficient of relevance R*> = 99.2%. The hydraulic conductivity was measured using
the falling-head method. The value is kwo = 7.6x10™ m/s which classifies the
specimen a less-permeable soil. For clayey silt, the air permeability does not vary
significantly and usually falls onto the order of magnitude of 1x10~" m/s which was
presumed in the current study. The electro-osmotic conductivity at saturation was
obtained using the permeameter developed in [1]. This device enables greater
accuracy by avoiding the influence arising from hydraulic flow. The result was
4.5x10° m?/s-V. The electrical resistivities of pore fluid and solids were determined

using the Miller’s box as suggested in [1]. The results were 6 Q-m for the pore fluid



354  and 1,000 QQ-m for the solids. The values largely agree with the results obtained in [1].
355 It involves complicated and tedious processes to calibrate the parameters required for
356 the constitutive relationships as specified in Egs. (2)—(4). The parameters however are
357 constant and independent on soil types [20]. For these forms, Tamagnini et al. [22]
358  suggested to use the parameters of be=3.2, aw=a.=1, and bw= bs =5.

359  Table 2 Physical properties, permeability and electrical resistivity of the soil sample

Property Value
Plastic limit, w, (%) 31
Liquid limit, w, (%) 52
Specific gravity of solids, Gs 2.7
Water content, wo (%) 92.6
Initial void ratio, eo 2.53
Compression index, Cc 0.62
Residual degree of saturation, Srs 0.24
Parameter in Eq. (5), a,; (kPa™) 0.022
Parameter in Eq. (5), mvc 1.293
Hydraulic conductivity of saturated soil, &wo (m/s) 7.6x107°
Exponent for hydraulic conductivity [Eq. (2)], bw 5
Air permeability of dry soil, ks (m/s) 1x10~7
Parameter for air permeability [Eq. (3)], ba 5
Electro-osmotic conductivity of saturated soil, keo (m?/s-V) 4.5x107°

Parameter for electro-osmotic conductivity [Eq. (4)], be 3.2
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Electrical resistivity of pore fluid, pw (Q-m) 6
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Figure 4 Soil SWCC curves obtained from tests and simulations.

4.2 Experimental Set-up

The experimental set-up is presented Figure 5. The set-up includes a consolidation
cylinder of 200 (1.D.) x 600 (H) mm and 10 mm wall thickness. The cylinder is
made of transparent, rigid polycarbonate material, enabling observations of
consolidation results. The cylinder is closed at the bottom and open at the top. The
bottommost is a 50 mm thick sand filter and a drain perforated on the wall. The
volume of water passed through the drain is collected as an underflow and measured

using a graduated cylinder. Above the sand cushion is the cathode which is a stainless
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steel disc of 200 x 1 (H) mm. The disc surface is perforated with a total of 48 holes
of 6 mm, enabling water drainage. On the cylinder wall a small water-proof hole is
perforated at the same height as the disc, and used to wire the cathode to the DC
power source. Above the disc is one layer of cotton fabric used to prevent passages of
fine particles. On the fabric, a soil column of 500 mm high is filled up. The soils were
prepared in a mixer, at a moisture content of 92.6% (100% intended). This moisture
content allows the soils to sit in the liquid state, thus enabling a nearly saturated
condition. The soils were transferred into the consolidation cylinder in layers, 100 mm
height each. Each lift was poured under free gravity, with an agitator slightly mixing
the soils. The liquid state itself facilitated the self-compaction and largely even
distribution of the soils as presented in Figure 5b. As the soils were fine-grained, the
soils exhibited high viscosity and there was no noticeable segregation when the soils
were placed. Similarly, on the upper end of the soil column sits the layers of cotton
fabric, anode and loading pad, forming the upper boundary of the consolidation
system. The anode is a stainless steel mesh of 10 x 10 mm apertures. The loading pad
includes a polycarbonate disc of 200 x 10 (H), perforated with a grid of &1 mm
openings, and a pad of 100 mm. The pad and the polycarbonate disc together enable
a uniform pressure acting downward. The dead load was applied through the leverage
system of oedometer unit. A dial gauge was mounted on the upper boundary to record

the surface settlement.
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Figure 5 The experimental set-up for electro-osmosis—surcharge preloading combined
consolidation: (a) the set-up diagram, (b) the plan view of soil sample in the cylinder
before consolidation, and (c) the soil sample in the cylinder subjected to the

consolidation.

We designed two test scenarios: tests 1 and 2, as presented in Table 3. Both tests used
the same voltage Vi =30 V and surcharge preloading Ag = 50 kPa. The two tests
however applied the surcharge load in different means: one-step loading for test 1 and
stepped loading for test 2. In test 2, the total load were 12.5, 25 and 50 kPa applied at
t =0, 27.3 and 48 hours respectively. The stepped loading scenario was to examine
possible consolidation efficiency arising from the multiple steps of loading, to
cross-check the performance of the model, more importantly, to assess the influence

of load increments on unsaturated soils. It is noteworthy that Vi =30 V was used as
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the effective voltage transmitted through the body of soil. The voltage losses at the
electrodes due to gap effects and chemical reactions were negligible as the surcharge
preloading was able to minimise (if not avoid) it by acting downward. This voltage
applies a voltage gradient of i. = 60 V/m to the soil column which agrees with the
ranges used in earlier studies.

Table 3 Test scenarios for electro-osmosis—surcharge preloading consolidation.

Test Voltage Vi Load Agq

1 30 V applied at £ = 0 hour 50 kPa applied at # = 0 hour
12.5, 25, 50 kPa applied at 0, 27.3 and

2 li =0h
30'V applied at 7= 0 hour 48 hours, respectively

4.3 Results and Discussion

The results of tests 1 and 2 are presented in Figure 6. The results include the surface
settlement and the volume of water discharged over elapsed time. It lasted 129.3 h for
test 1 and 97 h for test 2, when the settlement curves became flat out eventually. The
recorded final settlement was 91.4 mm in test 1 and 84.0 mm in test 2, corresponding
to settlement rates of 18.3% and 16.8% respectively. Both settlement rates are
significant and thus enable large-strain consolidation scenarios. The volumes of water
discharge keep increasing over time and are 3,950 mL in test 1 and 3,500 mL in test 2.
From the test results, test 1 of one-step loading outperforms test 2 of stepped loading
in regard to the settlement and water discharge, provided the same elapsed time is
considered. It is noteworthy that the component of surcharge loading contributes to a
major proportion of settlement, whereas the electro-osmosis component accelerates

the settlement and reduces the elapsed time. The trades-off between the settlement and
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435 Figure 6 Soil settlement and water discharge versus elapsed time for: (a) test 1 of

436 one-step loading, and (b) test 2 of stepped loading.

437

438  Model UEC2 was applied to simulate the consolidation of the two tests. The model

439  meshed the soil column into R; = 50 elements, from the bottom to the top. Each
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element was 10 mm high, which as per [18], was thin enough to allow a small-strain
condition. Each of the elements was assigned the properties provided in Table 2. At
the anode, the boundary condition is open for hydraulic flow if u; %, >0, otherwise
closed, and is open for air flow. At the cathode, the boundary is open for water and air.
The modelling results of the two tests are provided in Figure 6. Excellent agreement
between the test and simulation results is obtained for both tests. The model is even
capable of capturing the instantaneous drops of settlement arising from the stepped
loading. We also calculated the surface settlement of soil column in terms of the
simulated volumes of water discharge, presuming a saturated condition throughout.
The settlement results exceed the corresponding results obtained in the tests and
simulations. The differences by itself represent the volumes of air entry. The volumes

of air grow over time.

In addition to the settlement, measurements including pore water pressure and suction
pressure can further examine performance of consolidation. These measurements
however were less viable as far as the soil column was examined, due to accessibility
and QA/QC issues. Alternatively, we managed to measure soil water contents, an
equally important indicator of dewatering results, across the depth of soil column. We
recovered a total of four soil specimens at the end of each test. The locations were z =
50, 152, 260, 370 mm approximately. The water content results of the two tests,
together with the simulation results of different elapsed times, are presented in Figure

7. Similarly excellent agreement between the test and simulation results is obtained
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for both tests. This agreement, together with the agreement in settlement and water
discharge predictions, suggests that model UEC2 is validated to simulate the
electro-osmosis—surcharge preloading combined consolidation of unsaturated soils. It
is noteworthy that the water contents increase largely linearly with the elevation at the
end of each test, and prior to the ends are varied nonlinearly. It is also noted of the
water contents at the cathodes: a constant value of 75% in test 1 and varied values 84%
to 75% in test 2. The difference arises from the stepped loading mode versus the
one-step loading mode. The one-step loading is able to squeeze greater volume of

water than the stepped loading does where the other conditions remain the same.
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Figure 7 Water content profiles versus elapsed time for: (a) test 1 of one-step loading,

and (b) test 2 of stepped loading.

5. Simulation Results

To gain an insight into the performance of electro-osmosis—surcharge preloading
combined method, the isochrones of pore water pressure, pore air pressure and the
degree of saturation, obtained for test 1 (i.e., the one-step loading scenario), are
obtained from model simulations, and provided in Figure 8. The time points for the
isochrones include ¢ = 12, 24, 48, 96 and 144 h. Over the elapsed time, the pore water
pressures across the depth decrease from 50 kPa (i.e., the applied level of surcharge
loading) at the outset, to zero at time between 24 h to 48 h, and subsequently become
negative throughout. Nonlinear changes of pressure occur over time. Similar
nonlinearity occurs to the pressure changes across depth. At any of the examined time

points, the corresponding isochrone is curvy, with the pore pressures at bottom



489  cathode remaining zero (due to the open access to free water) and the pressures at the
490  rest locations varied by depth. The closer the locations are near the anode, the greater
491  change (to negative pressure) it will be. The greatest negative pressure of —220 kPa
492  occurs to the location z = 0.4 m at 1 = 144 h. As suggested in [18], this level of force
493  would have caused soil cracks if the vertical loading were not applied. Above this
494  depth, i.e., z = 0.4 to 0.5 m, the pore water pressures do not exist. Same results occur
495  to the similar locations at earlier time points. The non-existence of pore pressure
496  suggests the emergence of completely dry condition in proximity to the anode, which

497  ends up increasing the electrical resistivity, and a loss of power energy.
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507 The isochrones suggests the presence of two stages: dissipation of positive pore
508  pressure and evolvement of negative pore pressure. For test 1, the transition point was
509 approximately at + = 40 hours. In the first stage, electro-osmosis works mainly
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towards accelerating the pore pressure dissipation. In the second stage, the soils
become unsaturated, progressively on time and locations. When unsaturated
conditions occur, maintaining electro-osmosis processes adds to removal of additional
volume of water and sort of further settlement, as presented in Figure 6. An additional
benefit lies in strength gain and densification of the unsaturated soils via compaction

if deployed in the field.

As opposed to the curvy isochrones of pore water pressures, the corresponding
isochrones of pore air pressures are varied significantly, in both time- and space
domains, as presented in Figure 8b. It appears that each isochrone is represented by a
solo waveform, with varied amplitudes between the recorded time points. The
amplitude is a small value of —0.5 kPa presented at location z = 0.45 m at t = 12 h.
With time elapsing, the amplitudes increase to the greatest value of —12 kPa t =48 h
and then decrease; the corresponding locations travel down towards the cathode. At ¢
= 144 h, the amplitude decreases to —0.7 kPa and the corresponding location relocates
to z = 0.35 m. Similar to the amplitude, the breadth of the waveform increases and
then decreases. The air enters the soil regime due to the evolvement of unsaturated
conditions, and the development of pore air pressure is dependent on multiple factors,
e.g. the pore water pressure, accessibility to atmosphere and soil permeability. At the
outset, the negative pore water pressure, as per [6], emerges but is small, and its
presence is restricted to the locations near the anode. The emerged pore water

pressure needs to be balanced in terms of Egs. (11)—(12), and if the resulting pore air
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pressure exceeds the soil air-entry value, a volume of air enter, developing the pore air
pressure, as of the isochrone obtained at # = 12 h. Over time, the locations of influence
expand from the anode to the cathode and the air-entry processes continue if the top
boundary remains open. The continuous inflow of air, if adequate in volume, is able to
minimise the deficiency of air, thus offsetting the resulting pore air pressure. The
efficiency of pressure reduction is distance-dependent. The farther from the entry
point of the anode, the less noticeable the pressure reduction, if the pore water
pressure keeps increasing. The fact is that the pore water pressures reach equilibrium,
whereas the voltage gradient remains unchanged [6]. The continuous inflow of air is
able to occupy, progressively downward, the pore space and reduce the pore air

pressure, which explains the gradual flat-outs of pore air pressure isochrones.

As expected, the degrees of saturation are time-and distance dependent, as presented
in Figure 8c. Over the examined time points, the soil column becomes unsaturated,
progressing from the anode to the cathode. The closer to the anode, the greater
elapsed time, the more noticeable the unsaturated condition will be. At location z =
0.4 m and time ¢ = 144 h, the least degree of saturation is present, with the degree of
saturation of S, = 0.73. Above this location, Sr = 0, suggesting a dry condition, which
echoes the non-existence of pore water pressure presented in Figure 8a. It is
noteworthy of the linearity of the degree of saturation as opposed to the depth over the
unsaturated sections. The linear relationships agree with the water content profiles

obtained in the tests (Figure 7).
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555  To examine responses of soil to the stepped loading, in particular, the air compression
556  under unsaturated conditions, we looked into individual elements of soil column
557  subjected to test 2 (i.e., the stepped-loading scenario) and extracted their consolidation
558  results, as presented in Figure 9. The results provide the pore water pressure, pore air
559  pressure and the degree of saturation over the elapsed time for three elements: j = 5,
560 25 and 46. The three elements sit on or near to the cathode, the mid-height and the

561  anode respectively.
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Figure 9 Results of (a) pore water pressure, (b) pore air pressure, and (c) the degree of
saturation, over elapsed time for locations at the top, middle and bottom of soil

column consolidated in test 2 of stepped loading.

In Figure 9a, the pore water pressures of the three elements are 12.5 kPa at the outset
and decrease in varied efficiencies. The most efficient occurs to element 46 and the
least to element 5. The pore water pressures in the three elements increase when the
additional loads are applied. The levels of increase however differ. Elements 5 and 25
echoes the load increments; element 46 however is not. The pore water pressure of
element 46 increases by 12.47 kPa in response to the 2™ load increment of 12.5 kPa
that is applied at # = 27.3 h, and by 17.9 kPa in response to the 3™ load increment of
25 kPa at ¢+ = 48 h. Both lead to Skempton's B-value less than 1, and the greater
elapsed time, the less the value. As opposed to Figure 9c, element 46 falls into its
unsaturated condition with Sy = 0.94 at 1 = 27.3 h and 0.9 at ¢t = 48 h. Although the
values are often treated as nearly saturated, the volume of air of this element shares

parts of the load increment. The opposite occurs to elements 4 and 25 which are full
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saturated when the loads are applied.

Similarly, element 46 develops its pore air pressure in a different pattern as opposed to
elements 5 and 25, as presented in Figure 9b. The pore air pressure starts at zero and
at = 9 h becomes negative, suggesting the presence of pore air. The negative pressure
keeps decreasing until the 2" load increment is applied. At the moment, the negative
pore air pressure changes to positive. The change is 8.57 kPa. It does not last long that
the positive pore air pressure drops to negative (due to the evolving negative pore
water pressure). Similar iterations occur when the 3™ load is applied. At the end of
consolidation, the pore air pressure dissipates completely as a result of additional
volume of air entering element 46. Elements 5 and 25 experience no air compression
as element 46 does. The two elements are saturated when the loads are applied.
Otherwise, similar iterations of pore air pressure (thus air compression) would occur.
The two elements become partially saturated after the loads application. Negative
pore air pressures are resulted, with the presence of greatest value of —16.8 kPa at
element 25 at t = 70 h. As with element 46, elements 5 and 25 tend to dissipate

respective negative pore air pressures at the late stage of consolidation.

The degrees of saturation of the three elements respond differently to the stepped
loading as presented in Figure 9¢c. At element 5, the degree of saturation remains unity
and is independent on the loading. Similar independence occurs to element 25, though

its degree of saturation decreases linearly with time since t = 61 h. The degree of
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saturation at element 46 is influenced by the stepped loading. At the moments the
loads are applied, the degree of saturation increases instantaneously by a small value
(i.e., 0.005 to 0.01) and then, in a short period (e.g. 1 h), by another similarly small
value. The occurrence of first increment arises from the air compression, and the
second from the dissipation of positive pore air pressure. The latter is evidenced from

the pore air pressure coincidently dropping to zero as presented in Figure 9c.

6. Conclusions

This study presents model UEC2 developed for modelling electro-osmosis—surcharge
preloading combined consolidation of unsaturated soils. This model is a further step
to earlier series of models on electro-osmosis and is upgraded to simulate
one-dimensional consolidation of unsaturated soils where the electric field, hydraulic
flow and surcharge preloading coincide in directions. This model is validated against
experimental tests and applied to provide additional simulation results for the tests.
The research arrives at the following conclusions.

e Model UEC2 is able to account for electro-osmosis, hydraulic permeation, the
soil self-weight, and constitutive relationships. The constitutive relationships
include the soil compressibility, hydraulic conductivity, electro-osmotic
conductivity, air permeability and suction, and are based on the degree of
saturation. The model is open and can adopt any other constitutive
relationships. The algorithms used in the model account for nonlinear changes

of soil properties, the time-dependent loading and electric current, an external
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hydraulic gradient, air compression, and varied degree of saturation of the soil
layer of interest.

Model UEC2 provides the following quantities as a function of time: a) rate of
flow at the boundaries and b) the degree of consolidation of the soil layer. This
model also provides the following quantities as a function of time and location
within the soil layer: a) settlement, b) the void ratio, c¢) the pore water pressure,
d) the pore air pressure, e) the vertical effective stress, f) the moisture content,
and g) the electric potential and current density.

The pore water pressure, pore air pressure and degree of saturation are
dependent on the elapsed time, depth, air permeability, water/air accessibility
and loading conditions. Over the elapsed time, the soil column becomes
unsaturated, progressing from the anode to the cathode. The closer to the
anode and the greater elapsed time, the more noticeable the unsaturated
condition (e.g., less Sr value) will be. The entry of air counteracts the
development of pore air pressure which eventually dissipates completely. A
portion of surcharge loads on unsaturated soils is borne by the volume of pore
air, resulting air compression and corresponding soil settlement. The
presumption of saturated conditions over-estimates soil settlement, as opposed
to the actual results in unsaturated conditions.

Model UEC2 was developed in one-dimensional space where the electrodes
are horizontally orientated. This electrode set-up is applicable to many

post-filling scenarios, including the tailings or sludge disposal.
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665
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The model parameters that are required for the permeability coefficients of
unsaturated soils were determined indirectly and can be determined

experimentally in the future.

Notations

The following symbols are used in this paper:

Aa

da

av

aw

ba

be

bw

Ce

€0

Gs

Element air volume

Parameter for pore air permeability
Parameter for electro-osmotic conductivity
Coefficient of compressibility

Parameter for hydraulic conductivity
Parameter for pore air permeability
Parameter for electro-osmotic conductivity
Parameter for hydraulic conductivity
Compression index

Void ratio

Initial void ratio

Pore air ratio

Final void ratio

Specific gravity of soil solids

Thickness of soil layer

Initial thickness of soil layer
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670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

hw

ha

hwt

hwb

e

in

la

ka

k(lS

ka

ke

keo

kes

kow

kWO

k ws

Lo

nmvG

nG

Total hydraulic head

Total air head

Head at top boundary

Head at bottom boundary

Voltage gradient, electric potential gradient
Hydraulic gradient

Pore air pressure gradient

Element coordinate

Pore air permeability

Equivalent pore air permeability

Pore air permeability in dry condition
Electro-osmotic conductivity
Electro-osmotic conductivity in saturated condition
Equivalent electro-osmotic conductivity
Hydraulic conductivity

Hydraulic conductivity in saturated condition
Equivalent hydraulic conductivity

Initial height of element

Height of element j

Small number of settlement difference
Parameter of ven Genuchten model

Parameter of ven Genuchten model
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692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

P,

qa

de

qw

qo

Rk
Ri
R

Ry

Se

Sr

Sr

i

Ua

Us

sb

Uw

Atmosphere pressure

Rate of pore air flow

Rate of electro-osmotic flow

Rate of hydraulic flow

Initial effective stress at top boundary

Number of elements

Number of data points for soil-water characteristic curve
Number of data points for pore air permeability curve
Number of data points for compressibility curve
Number of data points for water permeability curves
Settlement

Effective degree of saturation

Final settlement

Degree of saturation

Residual degree of saturation

Elapsed time of consolidation

Final elapsed time of consolidation

Degree of consolidation

Pore air pressure

Matric suction

Air-entry pressure

Pore water pressure



713V Electric potential difference

714 Vm Effective voltage

715 w Water content, moisture content
716 wL Liquid limit

717 wp Plastic limit

718 Wo Initial water content
719 z Vertical coordinate, elevation
720 « Constant used to determine the time step increment

721 awg  Parameter of ven Genuchten model
722y Unit weight of soil

723 Unit weight of air

724 Y Unit weight of water

725 p Electrical resistivity

726 ps Electrical resistivity of soil solids
727 pw Electrical resistivity of pore fluid
728 O Total vertical stress

729 O Effective vertical stress

730 ¥y Parameter in Bishop’s model

731 Ae Void ratio increment

732 Agq Load increment

733 At Time step increment

734 Superscripts
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739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

i ith step of pore air compression

t Elapsed time of consolidation

data points for compressibility curve

data points for water permeability curves
data points for pore air permeability curve

data points for soil-water characteristic curve

Subscripts

i Jjth element

k kth data point for soil-water characteristic curve
[ /th data point for pore air permeability curve

m mth data point for compressibility curve

n nth data point for water permeability curve

X representation for w, e, or a
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