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Abstract: A numerical model, EC3, which was developed to simulate soil consolidation
arising from the combined electroosmosis—vacuum—surcharge preloading processes, is
presented. The EC3 model improves on its predecessor, model EC2, through incorporating
the additional preloading element of vacuum and simulating the consolidation in three-
dimensional (3D) space. In EC3, the 3D consolidation was simulated in polar coordinates,
which allows for concurrent flows in the radial and vertical directions. The rates of the flows
were formulated using the finite difference method. This method enables the model to
approximate large-deformation consolidation where the deformation has yielded nonlinear
changes in soil properties and nonlinear Darcy fluid flow. The performance of the model was
validated against laboratory test results, and the model was applied to example problems in
order to optimise the combined consolidation processes. The optimisation results suggested
that the combined electroosmosis—vacuum—surcharge preloading process outperforms any
two element combination processes with respect to the attained final soil layer settlement
when the input parameters remain the same. The presence of a smear zone decreases the
consolidation rate but increases the final settlement. The less permeable the smear zone is, the
less the attained consolidation rate in the soil layer.

Keywords: Large-scale deformation consolidation; electrokinetic; finite difference;

permeability
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1 Introduction

Although vacuum preloading is identified as a workable solution to aid in soil consolidation
[1], the results of vacuum preloading are satisfactory for silty soils, but not for clayey soils or
other fine deposits [2]. In the clayey soil conditions, a portion of the clay drifts under the
applied vacuum pressure and forms clogs in the proximity of the drains [3, 4]. Though the
clay is thin, this clogging severely restricts the vacuum pressure to a limited zone of influence
and bars the efficient flow of water [5]. This concern does not noticeably occur in soils that
are consolidated under surcharge preloading. However, this process is time-dependent and,
for clayey soils, is less viable for meeting goals when time is a factor; the timing issue
escalates the process of deciding where to consolidate a thick layer. Thick layers can occur in
cases of estuarine reclamation, sewage slurry and mine waste dumps, where the deposits
range from metres to tens of metres. To accelerate the consolidation, one solution is to
combine the process of electroosmosis with the vacuum-—surcharge preloading method,
enabling a tri-element consolidation solution. The electroosmosis component has shown to be
effective in driving a stream of water through a clogging smear zone or a less permeable area
[6, 7], and the performance complements the other two elements, as reported in various
applications [8-10].

The setup of the electroosmosis—vacuum—surcharge preloading process is illustrated
in Figure 1. Added to the vacuum—surcharge preloading system is an array of electrodes that
are installed in the soil layer of interest. The cathodes coincide with the prefabricated vertical
drains (PVD), and the anodes are installed between the drains. Although the anodes and
cathodes can line up, as discussed in Deng and Zhou [11], to facilitate their installations, the
electrodes are often laid out in a triangular pattern, as illustrated in Figure 1 (b), enabling a
radial flow mode and efficient drainage. For a cell of radial flow, the zone of influence and its

profile view, which includes the soil layer conditions, is provided in Figure 2. The soil layer,



which is Ho in thickness, is subjected to a surcharge load, go, vacuum pressure, —p, and an
electric field with voltage, V. The zone of influence is subdivided into three sections: the
native soil, the smear zone, and the drain, all in the radial direction. The three sections, in the

form of concentric cylinders, correspond to the radii 7e, s, and rw.
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Figure 1 Schematic of electroosmosis—vacuum—surcharge preloading installation: (a) profile,
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(b) Triangular layout of PVDs—electrodes.
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Figure 2 A cell of soil layer subjected to electroosmosis—vacuum—surcharge preloading.

To model the consolidation occurring in the cell, a point of departure is the model
developed by Wan and Mitchell [12]. Their model was developed in terms of a schematic
similar to the one presented in Figure 2. However, they only considered the
electroosmosis—surcharge preloading process. To simplify the process, they sealed the top
and bottom boundaries and restricted the hydraulic flow to the horizontal direction. To
eliminate this restriction, two-dimensional (2D) models, e.g., Shang [13] and Hu ef al. [14],
were developed. With the advance in vacuum preloading techniques, additional models were
developed either for vacuum—surcharge preloading (e.g., Kianfar et al. [15], Vu and Yang
[16], Wu and Hu [17]) or electroosmosis—vacuum—surcharge preloading (e.g., Deng and
Zhang [18], Wu and Hu [19]). These models, in essence, used or referred to Terzaghi’s
consolidation theory and were proven to be suitable for linear Darcy fluid flow stands and
small-deformation conditions, e.g., shallow or thin layers, or small load increments where

soil properties (e.g., the permeability k) are assumed constant throughout the process. When
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the soil layer is thick and large deformation has occurred, as per Townsend and Mcvay [20],
the soil properties vary in the course of consolidation, which invalidates the constant-property
assumption.

To consider the varying soil properties, the finite element method was used to
simulate one-dimensional (1D) (e.g., Feldkamp [21]) and 2D consolidation problems (e.g.,
Yuan and Hicks [22]). The results obtained from the finite element method are not accurate
enough when large deformation occurs due to mesh distortion or boundary variation. To
avoid these limitations, the finite difference method was used to develop a 1D model, ECI
[7], and a 2D model, EC2 [11]. As per Fox et al. [23], the finite difference method offers
greater versatility with regard to initial conditions, boundary conditions, time step increments,
body deformations, and soil heterogeneity than models based on material coordinates. This
means that the material space and the time space are examined separately and coupled to gain
better simulation accuracy. Deng and Zhou [11] confirmed the advantages and showcased it
in their simulation study [6]. Their studies, however, were applied to the square layout of
vertical drains and are not applicable to the triangular layout pattern. The radial-vertical
consolidation arising from the triangular layout pattern requires further examination.

In this study, model EC3 was developed as a tool used to simulate consolidation of a
soil layer that is subjected to a combined electroosmosis—vacuum—surcharge preloading
process. As with models EC1 and EC2, model EC3 uses the finite difference method and
formulates the streams of flow that occur in the soil layer. The objective of this work is to
solve the 3D consolidation simulations of a soil layer where large-deformation settlement
occurs and nonlinear Darcy fluid flow arises from the combined three preloading elements.
As in Fox et al. [23], EC3 uses polar coordinates to formulate the streams. The capability of
model EC3 was validated against laboratory test results. The model was then applied to

example problems to examine the performance of this combined preloading process with a
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goal of optimisation. The optimisation will address two aspects: i) the consolidation
efficiency of the combined preloading process, and i7) the effect of the smear zone on the
consolidation results. As with models EC1 and EC2, model EC3 assumes the following
conditions: 7) no chemical change in the soil, ii) no evolution of gas at the electrodes, and ii7)
fully saturated soil during consolidation. Meanwhile, at each time step, the consolidation is
small, and the small-strain conditions stand. In addition, EC3 assumes a constant vacuum
pressure throughout the layer. This assumption is suboptimal but helps simplify the process

of vacuum preloading and isolate the effects of soil types on vacuum pressure distributions.

2 Model Description

2.1 Geometry

The cell in Figure 2 is adapted to the geometry shown in Figure 3 (a). As per definitions in
Fox et al. [23], a saturated, homogeneous soil layer associated with a single drain is treated as
an idealised two-phase material in which the solid particles and the pore fluid are
incompressible. The soil layer of initial thickness Ho and radius re = de/2 has radial symmetry.
At =0, the drain has a length of penetration given by L4 < Ho and an equivalent radius of rw =
dw/2. A smear zone surrounding the drain has an equivalent radius of »s = ds/2. The anodes
(+) sit on the outermost periphery, and the cathode () sits on the rim of the drain. The soil
layer is subjected to an initial vertical effective stress go at the top and has completed the
corresponding primary consolidation. Only vertical compression takes place. Mass continuity

is assumed throughout the consolidation process.
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139  Figure 3 EC3 geometry for a soil layer Ho that is subjected to a voltage VIL, vacuum load —p/,

140  and surcharge increment Ag’: (a) initial configuration (¢ = 0), and (b) configuration after layer

141 deformation S’ (¢ > 0).
142
143 An Eulerian coordinate system, (7, z), is defined as positive outward from the centre

144  of the drain and positive upward (against gravity) from a fixed datum plane coincident with
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the bottom of the soil layer. The soil layer is sliced equally in the radial direction (from the
cathode to the anode) into Ri elements and, in the vertical direction (in an upward sense), into
Rj elements, forming a mesh of Ri x Rj elements. Element ij, where i= 1, 2, ..., Riand j = 1,
2, ..., Rj, has a rectangular cross section of width Ar; = r¢/R;, an initial height of Lo = Ho/Rj, a
central node located at initial elevation zo,; a radial coordinate 7;, and an initial void ratio e, ;.
Each node contains consolidation data for the corresponding element, e.g., the pore water
pressure, settlement, and flow rate. The top and bottom boundaries of the soil layer can be
specified as drained or closed. Where drained, the heads are specified as Awt and Awb. The
vertical drain is assumed to have negligible resistance to flow, and the boundary at the anode

is specified as closed.
At t = 0, a time-dependent combined load with voltage Vntl, vertical effective stress
increment Aq,-t , and vacuum load — pj- on the drain, — pf on the top, and — p{, on the bottom,

are applied to the soil layer. At ¢ > 0, the soil layer deforms as shown in Figure 3 (b). Then,

the average height L;. and elevation ij of element ij are updated as

t t t t
I = Ze oty ~ ZeionG-n) T Zeq T Zei(j-n) (1)
=
2
z! +z +z . +2Z
7= c.(i-DJj ¢.(i-H(j-D C.ij ci(j-D (2)
i
4
t . . .o . .
where z; is the elevation of the upper-outer corner of element #j at time ¢ and is expressed
as
t t t 2 2
C_ ‘ ‘ 3A’?(Az/ _”(Zc,u—l)j ~Zea-ng-b Ny Th )) 3
Zoj = Zeiny T 2oy T Zeangoy T (3)

72'(1”; =3 + 2rb3)
where A,; is the volume of element ij at time ¢, ra = ri — (Ari/2), ro = ri + (Ari/2), and the node

radial coordinate 7; = (i — 0.5)Ar:.



163

164 2.2 Constitutive relationships

165  The constitutive relationships for the compressible soil layer are presented in Figure 4. The
166  void ratio e is monotonically decreasing with the vertical effective stress o’. The hydraulic
167  conductivity kn (and electroosmotic conductivity ke) is monotonically increasing with the void
168  ratio e. The relationships are usually nonlinear, which agrees with structured fissures or voids
169  in most native, clayey soils. The relationships for kn and ke are independent and determined in
170  terms of corresponding laboratory tests. Based on Deng and Zhou [11], the relationships can

171  be determined as:

Ae/Alogk, =C, @
ke = keo(wj (5)
e,(1+e)

172 where parameters Ck and a, the initial void ratio eo, and the initial electroosmotic conductivity

173  keo are determined based on test results.

174
A A
(61,8) 2 _
o ek
_ \ £ (€1, k1)
o =
o €o 8 o.:
= (a1 ém1) EREL
8 m-1»%m-1 2 5 0 (_ E )
T et A ERS e,_1,k,_
3 eu (Um:em) SE . n—-1"n-1
> o2 ki =%
25 (€n, kn)
i
PR S ° _
: (Orm» eRgl ) E‘ (ern, kry) R
0y O-'ij eitj €
Vertical effective stress, o' Void ratio, e
(a) (b)
175 Figure 4 Soil constitutive relationships: (a) compressibility obtained from Rm loads, and (b)
176 permeability obtained from Rx void ratios (adapted from [23]).
177
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2.3 Total stress, effective stress, and pore pressure
The vertical total stress at the node of each element in Figure 3 is computed from the applied

overburden stress and the self-weight of the compressible soil layer. At ¢ > 0, the total stress

at node 7j, Oj;, is calculated as

drrAr, (S 2 Ar

1 1

t t
A tz
t _ t c,(i-1)R c,iR t
o= [hw,i ——12 J}/W +q,+Aq; +

where 7/; is the saturated unit weight of element i/ and is expressed as

t

3
_Gs+el.j
Vi

= 7
I+ Vv (7)

where e;. is the void ratio of element ij at time ¢, Gs is the specific gravity of the soil solids,
and Y, is the unit weight of water. In consolidation, Gs and },, remain unchanged for the soil
layer, and e;. is constant within each element over any given time increment.

According to the compressibility curve (Figure 4 (a)) and e;. of element #j at time ¢,

the vertical effective stress Gg at node ij is interpolated as

o, =6+~ (8)
v

where ai,m,l is the coefficient of compressibility and is calculated as the slope (absolute
value) of the linear segment of the compressibility curve between points (& m_l,ém_l) and

! is the difference between the total and effective

(6,.€,). The pore pressure at node i, u,

stresses:

t t 1t
U; =0; =0y 9)

11
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2.4 Electrical resistivity and electric potential
Electrical resistivity is a function of void ratio, and, as discussed in Deng and Zhou [11], the

electrical resistivity for element ij is expressed as

, 1
psz t
111 (10)

t t
pl+e; p,lte;

where O, and p, are the electrical resistivities of solid particles and pore water, respectively.

In terms of the model geometry (Figure 3), the electrical resistance of element ij is expressed

as

_ Py,
B 2L,

R (11)

A voltage Vnr1 is applied between the anodes and the cathode. The electric potential at node i,

V;;» is determined as

= (12)

This equation assumes that Wn remains constant with depth. As discussed in Deng and Zhou

[11], this condition holds in the current model where the depth to radius ratio Ld/re is greater

than 5.

2.5 Fluid Flows and Settlements

Fluid flows occur between contiguous elements in the mesh. As an example, element ij and
its contiguous elements are extracted and plotted in Figure 5. As per Esrig [24], three streams
of flow occur between the elements: vertical hydraulic flow ¢, radial hydraulic flow ¢r, and

electroosmotic flow ge. The rates of flow are governed by the vertical hydraulic conductivity,

12
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kz, the radial hydraulic conductivity, 4, and the electroosmotic conductivity ke. When ¢ = 0,

k L1k .. Whent> 0, the central elements consolidate faster than the peripheral elements,

Yy r.y

and, as a result, the soil layer and the elements incline as illustrated in Figure 5. The vector

—

k,. acts at an angle of 9,; from the initial vector l;w As suggested by Harr [25], the

2

permeability kéy is modified as

t
k.. K
i sin® 6 (13)
cos’ 0 + d

"

where 7« is the permeability ratio arising from the soil layer anisotropy and expressed as

1=k, / k,, and the inclination angle 6} is expressed as:

z -z
¢ =tan’!| 2L 0D/ (14)

y

The equivalent hydraulic conductivity, k..., between elements ij and i(j+1) is determined as

78,0 °

t t
o _ Rk L y( i+ T LJ) (15)
78,4 t t oyt
Ligaks i+ Lk i s
Similarly, the equivalent hydraulic conductivity, k., i » between elements #j and (i+1)/ is
t t
kt 2I/'kkv (z+1)jkvzj 16
18, k; + k; ( )
v,ij v,(i+l) j
The equivalent electroosmotic conductivity, kesy , between elements #j and (i+1)j is
t t
t 2ke 1/ke (i+1)j 17
eS,lj kt + kt ( )
e,ij e,(i+l)j

13
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On the boundaries, the permeability coefficients are approximated to the coefficients of the

t t t t gt
=k, k kzs,Oj kzs,le keS,Oj - ke,lj ’

7jR > 78,40

=k,

z,il >

=k

YAV

=k

LR} > and

contiguous elements, i.e. kzsﬂ%

K. .. =k

esRj — eRj"
Figure 5 Fluid flows between individual elements.
At time step ¢, the rate of vertical flow, q;,] , between elements #j and (i+1)j is equal
to
t t .
qz,z] kZSlj ZyzmAr (18)

where l ; 18 the hydraulic gradient between nodes ij and i(j+1) and is equal to

t t

v hz'(j+1> —h,.j

ZZJ/' -t ¢ (19)
i+ Ty

where the elevation ij is determined in terms of Eq. (2), and hy , the head at node 7j, is equal

to

14
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Uu..
hi =z, +—L (20)

t - . .
where the pore pressure u;; is determined in terms of Eq. (9).

The rates of radial hydraulic flow, qrt’i/- , and electroosmotic flow, qéy , between

elements ij and i(j+1) are respectively equal to

QEU = krts,g‘jlrt,ij 277(’? +7j(zéy _Zé,i( j—1))sm ‘9; (2D
. Ar, .
‘lél] = kets,ylé,y 27{’? + 7}(2211 - Zé,i(j—l) )Sln '91; (22)
where lrtlj and lé,/ are the hydraulic gradient and voltage gradient between nodes ij and (i+1)j,

respectively. The two gradients are expressed respectively as

W —h
.t (i+1)/ i
Ly = B (23)
\/(”m - 7}) T (Z(ti+1)j - Zrt/)z
vt o —V!
o (i+D)j i
(24)

.=
e,ij
2 t t
\/(’”m —r) + (Z(i+1)_/ - Zij)2

At time step t+ At element ij consolidates. The element volume, A;At, and void ratio,

1+ .
e, , are updated respectively as

t+At t t t t t t t
Aij = Aij - (qe,g; et Y ~ Doy YD~ Dri-n )At (25)
A (1+e,
eitj+Al — u ( 0,ij ) _ 1 (26)
0,ij

The settlement of column i, S[’W , 1s expressed as

15
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t+At t+At
t+At (c,flR c,iR
Sir = H, — el

2

27)

where Zéf(,-Afl)  and Zéfiﬁf are obtained in terms of Eq. (3). For the soil layer, the average

t+At

settlement, S, ,

and the average degree of consolidation, U **', are respectively expressed

as
Ri Rj
(AOJ- _ Al;JrAt)
g _ = ' (28)
e ﬁ(rez —r )
t+At
Ut+At — avg (29)

S

where S is the final average settlement of the soil layer when all streams of flow reach
equilibrium under the applied voltage, vacuum and surcharge load. The equilibrium is
reached when two consecutive average settlements have a sufficiently small difference, i.c.,

on the order of 107* m.

2.6 Boundary Conditions

In Figure 3, if the bottom boundary is drained, the hydraulic gradient i;m is expressed as

t
By =hg+ 0
. Y (30)
lz,iO - t
Ziy

where pf,b is the vacuum pressure applied on the bottom boundary; otherwise, Z, 0 =0.1If the

top boundary is drained, the hydraulic gradient i;,mj is expressed as

16



2 hwt - pi’t - hit,Rv
) Y “ (31)

1., =
Z,iR; t . t
]
Ly sing

248  where pf,t is the vacuum pressure applied on the top boundary; otherwise, i;l.Rj =0. At the

-t

249  cathode, the hydraulic gradient i',. and the voltage gradient i',, , at an elevation
y g r,0 g g e,0/

J

250  z,; 2 H,— L, are respectively expressed as

s = T — (2)
An I Zeoj T Ze0(j-1)
2 v 2
i = hy
" . vz ) (33)
An N 260/ T Ze0(j-1)
2 v 2
251 Inaddition, i’,, =i.,, =0 atan elevation z, ;, <H,—L,. At the anodes, i’ , . =i., . =0
r,0; e,0; Lj 0 d r,R;j e,Rij

252 for no drain.

253

254 2.7 Time Increment

255  The EC3 model adopts the criteria used in model EC2 [11] to determine the time increment

256  Atas:

ay,d; (Lti/‘ )2 ay,d; (Ar)
ki ve) ke

| 0.0014,,(e,, —¢; ,) |
t t t t t t
‘(1 T €, xqe,ij “egivy; Y9y — iy T — Duiion )‘

At = min (34)

17
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where a is constant in the process of consolidation and is taken as 0.4. As per Deng and Zhou
[11], the three criteria are defined to attain convergence in vertical hydraulic flow, horizontal

hydraulic flow, and horizontal electroosmotic flow.

3 EC3 COMPUTER PROGRAM
The flow chart for the main algorithm is presented in Figure 6. At the initial phase, the
required input data includes the number of the elements (Ri, Rj), the geometry of the soil layer

(Ho, L, L4, de), the initial vertical stress on the upper boundary (qo), the effective stress
increment (Aqit ), the voltage gradient (Vnrl), the vacuum load ( pj- ), the specific gravity of

solids (Gs), the electrical resistivity of pore fluid (pw) and solids (ps), and the data points for
the constitutive relationships, boundary conditions, and termination criteria for the program.
The number of elements is determined in terms of the scale of the soil layer, the accuracy and
computation time, and a general computer system suffices, as discussed in Zhou et al. [7].

According to the initial input data, EC3 computes the geometric properties for each element

(Lo, A, | Z;, Z.; ), the initial void ratio (€, ) and the final void ratio (& ;). When the

effective stress increment (Aq,-t ), voltage ( Vrrn) and vacuum loads ( p;) are applied to the soil

layer, the program starts iterations using the corresponding time step increments. In each
iteration, the pore pressure (u), effective stress (o), void ratio (e), electrical resistivity (o),
coefficients of hydraulic permeability (kn, kz), and electroosmotic permeability (ke) are
calculated for each element in terms of the specified constitutive relationships. Meanwhile,
the calculations give the following outputs: the rates of flow, the new heights of each element,
the average settlements of the soil mass, and the local and average degrees of consolidation.
Program execution terminates if ¢ > tfinal Or AS < m where ffinal is a user-specified elapsed time

and m is a sufficiently small value, i.e., 10 m. When the value of m is reached, the program

18
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282

283

284

285

moves to an e value check: the final void ratio output (€ ;) versus the final void ratio input

(e ;) for each element. If disagreement exists, €, reads € ;, and the loop is executed
another time. If the two void ratios agree, all streams of fluid flow have reached equilibrium,

and the average settlement (S, ) at this time is the final settlement (S). Given the final

vg

settlement, the average degree of consolidation (U") at any elapsed time ¢ can be determined.

19



Input Data
boundaries and termination criteria

\ 4
Initialize Problem

A

i Ly oz oz, A ey ey
t=0
Apply Vi, Ag! '

r P
Zj i G ¢
o k! k! k!

ij r,ij Z,ij e,ij

from e;. and constitutive relationships
t

t t t
Uy 4vy 925 Yey

y

At
t=t+At

€fij = €fl,ij
286
287 Figure 6 Flow chart for EC3 model
288

20



289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

4 Model Validation

The performance of EC3 was validated in a laboratory test. The test was conducted in the
apparatus shown in Figure 7. In the diagram, a cylindrical soil chamber (2500 % 250 mm in
size) with a full-depth cathode sitting in the centre and an anode on the periphery of the soil is
presented. The cathode was made of a round stainless-steel tube, 215 x 250 mm, with 1 mm
thick wall. The wall was perforated full-length with 23 mm openings arranged in a triangular
pattern with 10 mm at the centres. The cathode was wrapped with layers of non-weave
fabrics as filters. The anode used 16 equally spaced stainless-steel rods each measuring @4 x
250 mm. At the bottom of the cathode is an inlet that is fabricated to introduce the vacuum
pressure from the pump. Between the inlet and the pump are the gas—liquid separator,
pressure regulator, and scale, which were provided to gauge the pressure input and liquid
output. Above the soil is the loading cap, similar in concept to the one for the oedometer test.
We fabricated a small hole through the cap to enable wiring. The wiring transmits current
from the power source to the electrodes. A dial gauge was mounted to the loading cap. The
cap was rigid and can compress the soil evenly enabling the dial gauge to record the average
soil settlement. On the periphery of the chamber, layers of membranes were used to seal the

soil chamber to prevent vacuum loss.
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Figure 7 Schematic of electroosmosis—vacuum—surcharge preloading consolidation model.

We examined two test scenarios: electroosmosis—surcharge preloading and
electroosmosis—vacuum preloading. The scenario of the electroosmosis—vacuum—surcharge
preloading was not applied since the upper cover was not fabricated as expected to work
towards the concurrent applications of surcharge and vacuum. The two tested scenarios,
however, include all elements of the preloading processes and are able to cross check the
performance of model EC3. The material used in the tests was a remoulded kaolinite that was
the same as in the previous study [7]. The kaolinite was loaded in an effort to produce a
saturated, uniform soil layer. The soil properties, load details and EC3 model parameters are
provided in Table 1. In the test of electroosmosis—surcharge preloading, the voltage was 20 V
enabling a voltage gradient of ie= 170 V/m. The surcharge loads were applied incrementally
in three stages, ¢t = 0, 24 and 48 hours, to further examine the capability of the model in
stepped loading conditions. In the test of electroosmosis—vacuum preloading, the voltage

gradient remained the same. A vacuum pressure of —80 kPa was applied throughout. The
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pressure was assumed to remain constant in the cathode drain due to the relatively shallow

depth of the drain. For the soil in the chamber, model EC3 created a mesh of 50x50 at a

radial cross-section. The boundaries were set as drained cathode and closed anode.

Table 1 Test soil layer properties and model input values.

Value used in two consolidation tests

Electroosmosis— Electroosmosis—
surcharge vacuum

Property preloading preloading
Soil thickness Ho (cm) 22.5 22.5
Specific gravity of solids Gs 2.62 2.62
Initial water content wo 59.4% 59.7%
Initial void ratio eo 1.57 1.57
Coefficient of compressibility Ce 0.22 0.22
Initial permeability coefficient kvo (m/s) 2.1x107° 2.1x107°
Permeability parameter Ck 0.99 0.99
Permeability ratio 7« 1 1
Initial electroosmotic conductivity keo (m>-V-'-s7!) 5.3x107 5.3x107°
Exponent for electroosmotic conductivity a 3.5 3.5
Electrical resistivity of solids 0, (Q2-m) 608 608
Electrical resistivity of pore fluid 2, (Q-m) 4.5 4.5
Voltage V2, (V) 20 20

12.5, 25 and 50 in
Load increment Ag, (kPa) N/A
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328

329

330

331

332
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334
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338

339

Vacuum pressure p} (kPa) N/A —-80

Model mesh (Ri, Rj) (50, 50) (50, 50)

Diameter of influence zone de (cm) 25 25

Equivalent drain diameter dw (cm) 1.5 1.5
Open cathode, Open cathode,

Boundary conditions
closed anode closed anode

The test and simulation results for the two scenarios are presented in Figure 8 and
Figure 9. In Figure 8, the results include the settlement versus elapsed time for the soil layer
subjected to the combined usage of voltage and surcharge loads. An up to 50 mm settlement
(i.e., 22.2% strain) occurred, producing a large-deformation case. Excellent agreement was
attained between the test and simulation results. The model even satisfactorily captured the
jumps associated with the stepped loading. Similarly, excellent agreement was attained in
Figure 9, which presents the water discharge versus elapsed time for the test of
electroosmosis—vacuum preloading. In this test, the water discharge was a preferred measure
of the consolidation since it was the water flow that governed the consolidation process.
Given the results agreement in the two tests, the capability of model EC3 in simulating large-

deformation consolidation is validated.
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Figure 9 Water discharge versus elapsed time for the soil layer subjected to electroosmosis—

vacuum preloading where constant voltage and constant vacuum pressure were applied.

S Simulation Results

Simulations were performed to optimise the consolidation process. The optimisation aims
were the following: i) accelerating consolidation at an optimised power load, i7) assessing the
influence of a smear zone on the consolidation results, and iii) further examining the effect of
varying properties of the smear zone on the consolidation results. To attain these aims, five

cases were designed as presented in Table 2. The five cases vary in consolidation efforts: the

voltage is Vr;:O, 20 or 30 V, the vacuum pressure is p_; =0, —50 or —80 kPa, and the load

increment is Aqf =0, 60 or 100 kPa. Specifically, for cases 1-3, one preloading element was

not applied, and these were designed as the tests. Case 4, which applied all three of the
elements at the corresponding levels applied in cases 1-3, was designed as the benchmark,

and case 5 acted as an additional benchmark test that used a set of lower loads than in case 4.
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All cases were applied to the model presented in Figure 3. The model conditions are
presented in Table 3. In the table, the soil properties were attained from Deng and Zhou [6]
and Zhou et al. [7]. The ground and PVD installations were determined in terms of field

applications. The value ranges used in the table define a medium thick, saturated, high

compressibility clay layer.

Table 2 Simulation cases examined to optimise consolidation process.

Voltage V' | Vacuump | Load Agq
Case | Consolidation process (V) (kPa) (kPa)
1 Vacuum—surcharge 0 -80 100
2 Electroosmosis—surcharge 30 0 100
3 Electroosmosis—vacuum 30 —80 0
4 Electroosmosis—vacuum—surcharge 30 —80 100
5 Electroosmosis—vacuum—surcharge 20 =50 60

Table 3 Soil layer properties and model input values.

Property Value
Soil layer thickness Ho (m) 5
Electrode installation depth L4 (m) 5
PVD equivalent diameter dw (m) 0.05
Diameter of influence zone de (m) 2
Specific gravity of solids Gs 2.65
Electrical conductivity of water pw (Q2-m) 10
Electrical conductivity of solids ps (€2-m) 1,000
Coefticient of compressibility Ce 1.0
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Permeability parameter Ck 1.0

Exponent for electroosmotic conductivity a 3.5

Initial void ratio eo 2.1

Initial permeability coefficient kvo (m/s) 4.0x107°

Initial electroosmotic conductivity keo (m?V~1.s7) 2.0x107°

Permeability ratio 7« 1.5

Initial surcharge preloading go (kPa) 50

Boundary conditions Upper: open, lower: closed
Model mesh (Ri, Rj) (51,51)

5.1 Consolidation optimisation

The simulation results for cases 1-4 are provided in Figure 10. The results present pore
pressure isochrones captured for elements (7, 25) (i.e., the mid-depth) at three elapsed times:
10, 100 and 300 days. At day 10 (Figure 10 (a)), the pore pressures for cases 1 and 4 remain
at approximately 100 kPa across the electrodes, except in the proximity of the cathode where
the pore pressures drop to —80 kPa. The value of 100 kPa agrees with the load increment
applied to the three cases, and the pressure of —80 kPa echoes the vacuum applied on the
PVD. The gradients remain at a similar slope for cases 1 and 4. A similar isochrone occurs in
case 2, except for the pressure at the cathode, which is zero. The zero pore-pressure zero-pore
pressure echoes the drained boundary at the cathode as well as the lack of vacuum element.
The pore pressures for case 3 are as low as zero across the electrodes, except in the proximity
of the cathode. The value of zero for the pressure arises from the lack of the element of load
increment for this case. Although the electric field is applied, the field does not build to a
positive pressure, which agrees with the nature of electroosmosis as per Casagrande [26] and
Esrig [24]. In all of the four cases, the zones where the pressure gradients occur coincide in
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the 0 to 0.2 m zones surrounding the PVD. It is noteworthy that, although case 4 acts as the
benchmark and applies all three elements of the processes, the pore pressures at day 10 for
this case do not vary noticeably from those of case 1. This means that at day 10, or the early-
stage of consolidation, the voltage or electric field does not work towards the pore pressure
development as much as attained in the other two elements of the process (i.e., vacuum and
surcharge preloading). Conversely, the lack of either of these two elements influences the

pressure isochrones, at least at day 10.
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Figure 10 Pore pressure isochrones of the soil layer subjected to case 1 electroosmosis—
surcharge preloading, case 2 electroosmosis—surcharge preloading, case 3 electroosmosis—
vacuum preloading, and case 4 electroosmosis—vacuum—surcharge preloading, captured at the

elapsed times: (a) 10 d, (b) 100 d, and (c) 300 d.

When time elapsed to day 100, the pore pressure isochrones moved apart, and the
pressures dissipated at different rates. The pressures for case 4 dissipate at a rate greater than
in case 1, albeit their isochrones coincide at day 10. Case 4 attains a pressure of 20-30 kPa
for the locations of 0.2 m and beyond. On the same locations, case 1 maintains pressures of
75 kPa or so. The difference in the dissipation rate demonstrates the capacity of the element
of electroosmosis in accelerating water discharge and thus the drop in the positive pore
pressure at the mid—late stage of consolidation. Similarly, quick dissipation rates occur in
cases 2 and 3. In case 2, where the electroosmosis and surcharge preloading are combined,
the pore pressures fade off to nearly zero. In case 3, which combines electroosmosis and
vacuum, the pore pressures become negative and have a range of —80 to —100 kPa. In both
cases, the element of electroosmosis contributes to a great extent to the dissipation of positive

pressures and the development of negative pressures.
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When the time further elapses to day 300, the pressure dissipations move into
equilibrium and the isochrones become constant. For case 1 (i.e., the vacuum—surcharge
case), the pore pressures remain at —80 kPa throughout the electrodes’ space agreeing with
the assumed condition of constant vacuum pressure distribution. The isochrones for cases 3
and 4 coincide developing from —80 kPa at the cathode to —180 kPa at the anode. As per
Esrig [24], the negative pressures are comprised of two components: the pressures arising
from the application of the —80 kPa vacuum and the pressure caused by the electroosmotic
process. The two components are represented by the isochrones for cases 2 and 3. From the
four isochrones, it is suggested that the pressures arising from the surcharge preloading are
positive and are able to dissipate (to zero) over time. The pressures from the electroosmosis
or vacuum are negative and eventually grow to constant values when the consolidation
reaches equilibrium. The negative pressures likely dissipate if the consolidation process (i.e.,
electroosmosis or vacuum) ceases, as discussed in Deng and Zhou (2016).

The average settlement and degree of consolidation for the soil layer that is examined
are presented in Figure 11. The results are plotted over the elapsed time for the five cases.
Cases 1, 2 and 3, where two elements of the preloading processes are applied, attain average
settlements of 1.06, 1.08 and 1.02 m, respectively. These settlements correspond to 21.2%,
21.5% and 20.4% settlement rates for the 5 m deep soil layer. The agreement in the
settlement rates suggests that the two-element combined processes, independent of the
combinations, yields similar final settlement values for the input values examined in this
study. Case 4, which applies the three preloading elements, attains a settlement of 1.29 m,
1.e., a settlement rate of 25.8%. The rate is approximately 5% greater than the results obtained
in cases 1-3. It is suggested that the three-element combined process outperforms in final
settlement the two-element combined processes when the corresponding input values remain

the same. In case 5, where the input values are reduced by 30-40%, the final settlement is
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1.02 m. The value falls into the range of attained values in cases 1-3. This equivalence
represents a trade-off between the following: i) the choices of preloading elements that are
applied, i) the input values for the elements, and iii) the time to attain a desirable settlement.
Specifically, the three-element process (case 4) using a set of lower energy inputs is able to
attain similar settlements to those attained by the two-element processes (cases 1-3), which
use a set of higher energy inputs. Meanwhile, case 4 expends the least amount of time
attaining a specific settlement. This offers a direction for optimisation of consolidation where
the energy and time are considered. The time that is required to attain a degree of
consolidation is another factor to consider. In Figure 11, the sequence for the degree of
consolidation in descending order, at any elapsed time, is cases 3, 2, 5, 4 and 1. For example,
at day 100, the degrees of consolidation are 74% for case 3, 70.5% for case 2, 61% for case 5,
60% for case 4 and 47% for case 1. Case 1 takes more time than the rest of the scenarios to

attain the same degree of consolidation.
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Figure 11 Average settlement and average degree of consolidation versus elapsed time for the
soil layer subjected to case 1 electroosmosis—surcharge preloading, case 2 electroosmosis—

surcharge preloading, case 3 electroosmosis—vacuum preloading, and cases 4 and 5
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electroosmosis—vacuum—surcharge preloading, at varying preloading input values.

5.2 Influence arising from smear zone

To gain a further insight into the consolidation efficiency, the influence of the smear zone on
consolidation was examined. For cases 1-4, a smear zone was developed surrounding the
PVD, as presented in Figure 3. The smear zone has a diameter of ds=0.2 m and a permeability
coefficient of ks=0.5k:. The rest of the conditions remain the same as for cases 1-4, as
provided in Table 2 and Table 3. The average settlement results are presented in Figure 12. In
the figure, the settlement curves for cases 1-4 are influenced by the presence of the smear
zone. The levels of influence, however, are different among the cases. Case 1 shows the most
noticeable influence; the smear zone delays the settlement from day 10 to the late stage of
consolidation. For cases 2—4, marginal influences on the settlement are identified.
Meanwhile, for these three cases, the presence of smear zones led to greater final settlements,
1.e., a further 0.1-0.2 m settlement. The additional settlement arises from the lower
permeability of the smear zone which, as per Esrig [24], requires a longer amount of time for

the electroosmosis and greater consolidation to reach equilibrium of the flows.
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Figure 12 Average settlements versus elapsed time for the soil layer subjected to: (a) case 1
electroosmosis—surcharge preloading, case 2 electroosmosis—surcharge preloading; (b) case 3
electroosmosis—vacuum preloading, and case 4 electroosmosis—vacuum—surcharge

preloading, with or without the presence of smear zone.

A similar influence occurs on the average degree of consolidation, as presented in
Figure 13. The presence of a smear zone tends to delay the progress of consolidation for all
cases; from day 20 for cases 1-3 and day 30 for case 4. The delays extend and become more
noticeable after 100 days and, at the end of the consolidation, tend to fade off. The delays
arise from the lower permeability of the smear zone, which reduces the water flow and
consolidation. This means that the presence of a smear zone is able to influence the
consolidation degree in spite of the choices of the preloading elements applied to the soil
layer. The delays, however, may vary depending on the permeability and thickness identified
for the smear zones. Therefore, the goal for an efficient early- to mid-stage consolidation is to

reduce the disturbance occurring at the smear zone.
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Figure 13 Average degree of consolidation versus elapsed time for the soil layer subjected to:
(a) case 1 electroosmosis—surcharge preloading, case 2 electroosmosis—surcharge preloading;
(b) case 3 electroosmosis—vacuum preloading, and case 4 electroosmosis—vacuum—surcharge

preloading, with or without the presence of a smear zone.

5.3 Effect of varying properties of the smear zone

A smear zone varies in diameter and permeability depending on the mandrel size and soil
type. The normal ranges are up to four times the drain diameter and as low as one half of the
native soil permeability [27, 28]). Therefore, these ranges are considered in the design of two

parameter studies for the smear zone: i) the permeability is ksr = 0.54:, and the diameter varies
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as ds/dw =0, 2, 4, and 8; ii) the diameter is ds = 0.2 m, and the permeability varies as ks/kr =1,
0.5 and 0.2. The two data sets were applied to the benchmark case 4 presented in Table 2.
The rest of the inputs remain the same as in Table 3. It is noted that the input ds/dw =0 or ks/k:
=1 represents the case where there is no smear zone. The simulation results are provided in
Figure 14. In Figure 14(a), the average settlement increases marginally with the smear zone
diameter where the soils permeability remains the same. The corresponding settlement values
are 1.29, 1.32, 1.36 and 1.4 m. The curves of the degree of consolidation for the three
smeared cases remain close and independent of the diameter variation. These curves,
however, develop in a pattern that is distinct from that for the no-smear case. The
relationships in curve development suggest that a thin smear zone causes a similar difference
in the degree of consolidation as thick zones. In Figure 14(b), the average settlement
increases with the decrease in the smear zone permeability where the smear zone diameter is
fixed. The settlement values are 1.29, 1.36 and 1.52 m. At the same time, the less permeable
the smear zone is, the less the degree of consolidation in the soil layer. These results mean
that the permeability of the smear zone inversely influences the layer settlement and

positively influences the degree of consolidation if the other conditions remain the same.
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Figure 14 Average settlement and average degree of consolidation versus elapsed time for the
soil layer subjected to combined electroosmosis—vacuum—surcharge preloading process: (a)

effect of smear zone diameter, and (b) effect of smear zone permeability.

6 Conclusions

EC3 is a numerical model for the consolidation of a soil layer that is subjected to the
combined electroosmosis—vacuum—surcharge preloading process. The model develops an
algorithm of 3D radial consolidation and considers electroosmosis, hydraulic permeation,
radial electric field, soil self-weight, and general constitutive relationships. The algorithm
also accounts for the nonlinear changes in physical soil properties, time-dependent loading,
and vacuum and electric density acting at the boundaries of the soil layer.

EC3 provides the following quantities as a function of time: a) rate of flow at the
boundaries and b) degree of consolidation of the soil layer. EC3 provides the following
quantities as a function of time and location within the soil layer: a) settlement, b) void ratio,
¢) pore pressure, d) vertical effective stress, ¢) moisture content, and f) electric potential and

current density.
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EC3 was validated through laboratory tests and applied to simulation studies. The
simulation results suggest that: a) the three-element process attains the final settlement
approximately 5% greater than those attained by the two-element processes, where the
corresponding input values remain the same; b) using lower energy inputs, the three-element
process is able to attain similar consolidation results as the two-element processes do; and c)
the presence of a smear zone delays the progress of consolidation and increases the final
settlement.

EC3 assumes a fully saturated soil condition in the consolidation process, enabling
Darcy fluid flow. Depending on the boundaries of the scenarios, this condition may not stand
in the late stage of consolidation. This limitation can be eliminated by introducing concepts

for unsaturated soils into the model in future development.

Notations

The following symbols are used in this paper:

A Element volume

Aij Volume of element #j

av Coefficient of compressibility
Ce Compression index

Cx Hydraulic permeability index

de Diameter of influence zone

ds Smear zone equivalent diameter
dw PVD equivalent diameter

e Void ratio

eo Initial void ratio

e; ;  Final void ratio input for element ij
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kis.ij
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kv
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Final void ratio output for element ij

Specific gravity of soil solids

Head of element ij

Head at top boundary

Head at bottom boundary

Initial thickness of soil layer

Element radial coordinate

Voltage gradient, electric potential gradient

Voltage gradient between elements ij and (i+1)j

Radial hydraulic gradient

Radial hydraulic gradient between elements ij and (i+1)/
Vertical hydraulic gradient

Vertical hydraulic gradient between elements ij and i(j+1)
Element vertical coordinate

Coefficient of hydraulic (or electroosmotic) permeability
Coefficient of electroosmotic permeability

Coefficient of initial electroosmotic permeability
Equivalent series coefficient of electroosmotic permeability between elements ij
and (i+1);

Hydraulic conductivity

Radial hydraulic conductivity

Equivalent series radial hydraulic conductivity between elements #j and (i+1);j
Smear zone radial hydraulic conductivity

Vertical hydraulic conductivity

Amended coefficient of vertical hydraulic permeability
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584  kzs;  Equivalent series vertical hydraulic conductivity between elements ij and i(j+1)
585 L4 PVD penetration length

586 Lj Average height of element ij

587 Lo Initial height of element ij

588 m Small number of settlement difference

589 p Vacuum load

590 pt Vacuum load at top boundary

591  pb Vacuum load at lower boundary
592 ¢ Rate of flow
593  qo Initial overburden effective stress at top boundary

594  gqz;  Rate of hydraulic flow between elements ij and i(j+1)

595 ¢r;  Rate of hydraulic flow between elements i/ and (i+1);j

596 ge;  Rate of electroosmotic flow between elements ij and (i+1);
597 r Radial coordinate

598 re Radius of influence zone

599  rk Factor of ratio for hydraulic permeability

600 s Smear zone equivalent radius

601 7w PVD equivalent radius

602 R FElectrical resistance
603 Ri Number of elements in radial dimension
604 R; Number of elements in vertical dimension

605  Rm Number of data points for compressibility curve
606  Rn Number of data points for permeability curves
607 Savg  Average settlement of soil layer

608 Si Settlement of column i
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609 S Final average settlement of soil layer
610 ¢ Elapsed time of consolidation

611  trina  Final elapsed time of consolidation
612 u Pore pressure

613 U Average degree of consolidation

614 1V Electric potential difference

615 Vj Electric potential at element ij

616  Vm Effective voltage

617  wo Initial water content

618 z Vertical coordinate

619 zcij  Elevation of upper corner of element ij

620  zj Elevation of node of element ij
621 « Constant used to determine the time step increment
622 y Saturated unit weight of soil

623 M Unit weight of water

624 6 Angle of inclination of element
625 p Electrical resistivity
626 Electrical resistivity of soil solids

Ps
627  pw Electrical resistivity of pore fluid
628 O Total vertical stress
629 o Effective vertical stress
630 Ae Change in void ratio
631 Agq Load increment

632 Ari Radial width of element i
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633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

At Time step increment

Superscripts

a Exponent used to determine the electroosmotic permeability
m mth data point for compressibility curve

n nth data point for permeability curve

t Elapsed time of consolidation

A data points for compressibility curve

data points for permeability curves
Subscripts

i ith element in radial dimension

Jj Jjth element in vertical dimension
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