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To study the electro-osmotic characteristics of Taizhou soft clay under different voltage gradients, a
series of laboratory electro-osmotic experiments with different voltage gradients were conducted. The
electro-osmotic treatment effects of these tests were compared by monitoring the drainage, current,
voltage, soil element mass fraction and soil structure. The electro-osmotic method was further studied
from a theoretical perspective based on the inherent link between macro-level and micro-level indexes.
The results showed that the drainage was effectively improved with an increasing voltage gradient when
the voltage gradient was within the range of 1 V/cm~2 V/cm, but no significant improvement was
observed when the voltage gradient was further increased. Although an excessively high voltage gradient
increased the drainage, it also led to greater energy consumption per unit volume of drainage. An
increased voltage gradient improved only the proportion of the effective voltage in the early stage of the
electro-osmotic process; from a long-term perspective, an excessively high voltage gradient was not
useful for increasing the ratio of the effective voltage to the output voltage. Na* was the main active ion
in Taizhou soft clay during the electro-osmotic process and was the key factor that affected the drainage
and drainage velocity. When the voltage gradient was within the range of 1 V/cm~2 V/cm, the
concentration of migratory Na® increased with an increasing voltage gradient, but no significant
improvement was detected when the gradient was further increased. The structure of Taizhou soft clay
changed from flocculent to granular after electro-osmotic treatment when the voltage gradient was within
the range of 1 V/em~1.5 V/cm and from flocculent to schistose after electro-osmotic treatment when the
voltage gradient was within the range of 1.75 V/cm~2.25 V/cm. Finally, based on the inherent link
between the macro and micro levels, a new one-dimensional electro-osmotic consolidation equation that
can accurately forecast changes in the excess pore water pressure during electro-osmotic treatment was
deduced considering variations in the effective voltage.

Keywords: Voltage gradients; Electrochemical problem; Microscopic active ion; Soil structure; New
one-dimensional electro-osmotic consolidation equation.
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1. INTRODUCTION

Marine soft clay sediments are extensively distributed along the shoreline in Taizhou, China.
This clay has unique properties, such as a high water content, high compressibility, low penetrability,
low shear strength and high liquid limit [1]. These properties are highly inconvenient to construction
projects. Accordingly, to satisfy the needs of practical applications, foundations composed of soft clay
must be processed before construction can begin. The effects of the particle size and porosity of soft clay
on the electro-osmotic drainage velocity are negligible [2]. Thus, compared with traditional
precompression and dynamic compaction techniques, electro-osmotic methods provide significant
advantages for treating low-permeability soft clays [3]. In recent years, many scholars have studied a
variety of electro-osmotic methods and techniques, such as electrode conversion and current
intermittence in addition to other technologies for improving anode contact by injecting chemical
solutions, to improve the effects of electro-osmotic treatment [4-6]. A new class of materials named
electrokinetic geosynthetics (EKG) has been used as test electrodes to control electrochemical reactions
[7-9], and various forms of electrodes and electrode arrays have been studied to investigate their effects
on the electro-osmotic drainage velocity [10-11]. Theoretical studies have been performed on electro-
osmosis from an electrochemistry perspective [12]. In addition, the combinations of electro-osmosis
with other loading methods, such as the vacuum preloading and heaped load methods, have also been
investigated [13-14]. However, while, these studies have contributed immeasurably to the development
and application of electro-osmosis, electro-osmotic methods have not become widely available for
practical engineering, mainly because the electrochemical problems involved in the electro-osmotic
process are extremely complicated. These complexities lead to substantial variations in the electro-
osmotic effect due to differences in the physical and chemical properties of soil samples [15]. Therefore,
certain fundamental problems, such as the effects of different voltage gradients on electro-osmotic
characteristics, must be studied before the electro-osmotic method can be implemented.

According to the work of Wu, Li and Asavadorndeja, the voltage gradients used in laboratory
tests are usually within the range of 1 V/cm~2 V/cm [16-18]. On the one hand, an electro-osmotic flow
cannot be driven effectively if the voltage gradient is excessively low. On the other hand, an excessively
high voltage gradient will create significant exothermic effects and lead to an increase in energy
consumption during the electro-osmotic process; moreover, the water content of the anode will decrease
quickly, which will affect the conductivity, thereby resulting in failure of the electro-osmotic process.

Taizhou soft clay was taken as the research object in this work to thoroughly explore the electro-
osmotic characteristics of such soft clay under different voltage gradients. Electro-osmotic indoor
experiments were conducted under five voltage gradients of 1 V/cm, 1.5 V/cm, 1.75 V/cm, 2 V/cm and
2.25 V/em. The results were analyzed in detail from macro, micro and theoretical perspectives. The
variations in the macroscopic properties of the clay were explored, and reasonable explanations were
provided based on micro-level considerations. Finally, the electro-osmotic method was theoretically
investigated according to the inherent link between the macro and micro levels, following which a new
one-dimensional electro-osmotic consolidation equation was deduced. The electro-osmotic
characteristics were further discussed to provide references for the application of electro-osmotic
methods in the treatment of soft clay foundations.
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2. MATERIALS AND METHODS
2.1 Experimental apparatus

The horizontal electro-osmotic test model is composed simply of a sample slot and a collection
tank (see Fig. 1). The internal dimensions of the model are 250 mm x 200 mm X 200 mm (L x H X W).
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Figure 1. Diagram of the electro-osmotic model (units: mm)

The sample slot, which is 130 mm high, is used for loading soil samples, while the collection
tank, which is 70 mm high, has a hole at the bottom for collecting water discharged during the electro-
osmotic process. Other major experimental components include a regulated DC power supply (IT6863A)
and a multimeter. The soil samples used in the tests were taken from a construction site employing
vacuum preloading in Taizhou. The physical and mechanical properties of the soil samples are

summarized in Table 1.

Table 1. Physical and mechanical properties of the soil samples

. ) .. Soil particle
. . Liquid Plastic Plasticity .
Specific gravity . o ) composition
limit limit index -
Sand Silt Clay
2.62 39% 21% 18% 0% 79% 21%

Furthermore, EKG materials, which can not only provide filter and drainage channels but also
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accelerate the soil consolidation and the dissipation of excess pore water pressure, can be used as both
cathodes and anodes [19]. Based on the abovementioned advantages, a tabular EKG was used as the test
electrode. A photograph of the material is shown in Fig. 2, and the corresponding schematic diagram is
presented in Fig. 3. The shape of the tabular EKG is similar to that of a plastic drainage board, which is
used in vacuum preloading. The EKG is composed of a substrate and a geomembrane in addition to
numerous wires. The substrate is made of conductive plastics, and both sides of the substrate are covered
with grooves to facilitate drainage. Two copper wires that can be connected to the power supply are
embedded inside the substrate.

Figure 2. Photograph of the tabular EKG
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Figure 3. Schematic diagram of the tabular EKG

drainage groove

I
e

rrrurriruy

conductive plastics

2.2 Experimental procedures

Five groups of laboratory tests were performed. The new tabular EKG was used as the electrode
material, and five voltage gradients were employed. According to the preliminary test results, the test
time for each test was set to 45 h. The basic parameters of the tests are summarized in Table 2.

Table 2. Basic parameters of the laboratory tests

Test numbers Voltage gradients Test time Initial water
content
T1 1.0 V/cm 45h 61.58%
T2 1.5 V/cm 45h 62.18%
T3 1.75 V/em 45h 61.73%
T4 2.0 V/em 45h 61.57%
TS 2.25 V/em 45h 62.05%

The specific test procedures were as follows. (1) A proper amount of dried soil was crushed. The
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mass of water needed was calculated according to the assumption that the initial water content of the soil
was 60%. The water was weighed following the calculation and poured into the soil. Then, the soil and
water were thoroughly mixed using an electric mixer to create a remolded soil sample. The remolded
soil was kept stationary for 24 h, after which its water content was measured. (2) After wrapping a
geotextile around the outer surface of the tabular EKG, the EKG was placed at the corresponding position
of the sample slot and served as both the cathode and the anode in the test. (3) The soil was emplaced in
four layers to make it denser through packing. A cylinder was placed under the small hole of the
collection tank. This cylinder was used to collect the water from the electro-osmotic process. (4) Voltage
probes were inserted 37.5 mm, 75 mm, and 112.5 mm from the cathode and the vicinity of electrodes to
measure the soil voltage. The inserted depth was 65 mm. (5) The wires, power supply and electrodes
were connected. The power supply output voltage was adjusted to the voltage gradient set for the test.
The circuit was connected. (6) Current readings were recorded every half-hour. Meanwhile, the soil
voltages and liquid volumes were measured. (7) After 45 h, the test was stopped, and the power supply
was disconnected. (8) The appropriate amount of the soil was selected near the vicinity of the electrodes.
Some of the soil was freeze-dried to prepare experimental samples for scanning electron microscope
(SEM). The other part was dried. Then, the soil was crushed by a mortar and sifted through a 0.075 mm
sifter. The chemical composition of the soil was examined by X-ray fluorescence (XRF). (9) Finally, the
test was completed, and the test devices were dismantled.

3. RESULTS AND DISCUSSION

After completing the electro-osmotic treatment, significant changes in the phenomenological
characteristics of the soil samples and electrodes were observed (see Fig. 4). Most notably, the geotextile
wrapped around the anode component of the EKG changed from white to yellow; in addition, the
surrounding soil cracked, and the electrodes were separated from the upper soil. These macroscopic
phenomena provided clues for the later data analysis.

White — Yellow _‘q;

Figure 4. Changes in the phenomenological characteristics of the soil and electrodes at the end of
electro-osmosis test

3.1 Macro level

The test results were compared and analyzed at the macro level by monitoring four, indexes,
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namely, the volume of drained water, current, voltage and energy consumption. For each index, the
variation in the electro-osmotic effect with the voltage gradient was explained, providing a basis for
further comparison and analysis at the micro and theoretical levels.

3.1.1 Volume of drained water

The variations in the volume of drained water over time for all tests are illustrated in Fig. 5. A
comparison of tests T1-T5 shows that both the drainage velocity and the drainage volume were high
during the early stage of the electro-osmotic process at high voltage gradients, in accordance with
previous studies [20]. However, the electro-osmotic drainage velocity at a high voltage gradient was
lower than that at a low voltage gradient during the later stage of the experiment.
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Figure 5. Volume of drained water variations over treatment time during the electro-osmotic process for
various voltage gradients (T1=1 V/cm, T2=1.5 V/cm, T3=1.75 V/cm, T4=2V/cm, T5=2.25 V/cm)

In addition, Fig. 5 shows that the variation tendency of the volume of drained water changed with
an increase in the voltage gradient for all five tests. T1, T2 and T3 were divided into two main stages.
The volume of drained water maintained a linear relationship with time in the first half of the test, during
which the electro-osmotic drainage velocity remained nearly constant; however, the linear relationship
gradually became curved in the second half of the test, and the drainage velocity decreased gradually.
The same results were obtained by Kaniraj, Glendinning and Li [20-22]. Therefore, the relationship
between the volume of drained water and time for tests T1-T3 showed a gradual change from a linear
stage, in which the drainage velocity remained essentially unchanged, to a curved stage, in which the
drainage velocity decreased gradually. Moreover, for the volume of drained water variation curves of
T4-TS in addition to those of the two abovementioned stages in T1-T3, a lack of discharge was observed
for the electro-osmotic processes of T4 and T5; at the undischarged stage, the electro-osmotic drainage
velocity was zero. This result demonstrated that the duration of electro-osmotic treatment decreased with
an increase in the voltage gradient. Furthermore, a comparison of T2, T3, T4 and TS5 shows that the
volume of drained water was approximately the same during the first 3 h; at this stage, the electro-
osmotic drainage effects among the four groups were equal, and the total energy consumption generated
by the electro-osmotic process increased with the voltage gradient. Considering that the voltage gradients
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increased in the order of T2 <T3 <T4 < TS5, the extents of the total energy consumption increased in the
same order. Thus, a relatively low voltage gradient could be used during the early stage of the test, while
the gradient could be gradually increased during the later testing stage. Devices that use this approach
are categorized as stepped voltage technologies; accordingly, some scholars have begun to conduct
research on stepped voltage technology [23]. If this technology is used for electro-osmotic treatment, the
total energy consumption of the electro-osmotic process can be effectively reduced while achieving a
better electro-osmotic drainage effect.

3.1.2 Current

The current variations for all the laboratory tests are shown in Fig. 6. At the beginning of each
test, the current increased with the voltage gradient. Overall, the variations in the current were consistent,
that is, the current first increased and then decreased. This behavior is consistent with the results of Tuan
[24]. The currents of T4 and T5 began to decrease at 0.5 h, whereas that of T3 decreased at 1 h, that T2
decreased at 1.5 h, and that of T1 decreased at 2 h. These phenomena were attributed to the redistribution
of charge in the soil under the action of the electric field force at the start of the test. Initially, positive
and negative charges were gathered in the cathode and anode, respectively, and the soil resistance
became weakened during the charge accumulation process. Hence, the current showed a temporary rise;
Zhuang explained this phenomenon in greater detail [25]. Shortly afterwards, the contact resistance
between the electrodes and the soil increased with an increase in the electrification time, leading to a
decrease in the current. Given that the voltage gradients of T4 and T5 were relatively large, the charge
redistribution rate and the rate of increase in the contact resistance were higher than those of the other
three groups. Consequently, the currents of T4 and TS decreased before those of T1, T2 and T3. Similarly,
the times at which the currents of the other three tests decreased rose following the sequence T3 < T2 <
T1. Consequently, at the end of the test, the current of T1 was slightly higher than those of the other four
groups. This result was obtained because the voltage gradient of T1 was the lowest; thus, the electro-
osmotic drainage effect of T1 was relatively poor, and more water was retained in the soil.
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Figure 6. Current variations over treatment time during the electro-osmotic process for various voltage
gradients (T1=1V/cm, T2=1.5V/cm, T3=1.75V/cm, T4=2V/cm, T5=2.25V/cm)
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3.1.3 Voltage

Fig. 7 shows the voltage distributions of T1-T5 at different times. Overall, the voltage
demonstrated an approximately linear distribution throughout the electro-osmotic process (see S1),
except for an obvious change near the anode (see S2). Similar experimental results were reported by Jiao
and Estabragh [26-27]. The straight slope near the anode increased with the electrification time. This
phenomenon occurred mainly because the water near the anode was continuously discharged under
electro-osmotic action. The result was a rapid increase in the soil resistance. However, the slope of S1
decreased gradually with an increasing electrification time, and the slope variation increased with the
voltage gradient. These results show that the decay rate of the soil voltage increased with the voltage
gradient.
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Figure 7. Voltage distributions at different times during the electro-osmotic process for various voltage
gradients: (a) voltage distributions at different times under a voltage gradient of 1V/cm; (b)
voltage distributions at different times under a voltage gradient of 1.5V/cm; (c) voltage
distributions at different times under a voltage gradient of 1.75V/cm; (d) voltage distributions at
different times under a voltage gradient of 2V/cm; (e) voltage distributions at different times
under a voltage gradient of 2.25V/cm

Moreover, the output voltage of the power supply was consumed due to the interfacial resistance
between the electrode and the soil. The voltage, which plays an effective role in the electro-osmotic
consolidation of soil, can be equated to the voltage difference between the cathode and the anode, such
as the voltage difference between V1 and V5 in Fig. 1. This voltage is called the effective voltage [28].

Fig. 8 shows the variations in the effective voltage over time. Overall, the effective voltage
reached its maximum value at the onset of electrification, after which it decreased rapidly; this
phenomenon was also noted by Zhou [29]. The higher the voltage gradient was, the faster the decay rate
became.
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Figure 8. Effective voltage variations over treatment time during the electro-osmotic process for various
voltage gradients (T1=1V/cm, T2=1.5V/cm, T3=1.75V/cm, T4=2V/cm, T5=2.25V/cm)

The onset of electrification represented a state of instantaneous excitation at which electro-
osmotic flow had not yet been generated. Correspondingly, the decay rate of the effective voltage
gradually became gentler with the continuous transformation of electrical energy into water flow, heat
flow and electrochemical flow. In other words, the decay rate approached an approximately linear form.
The higher the voltage gradient was, the larger the change in the decay rate of the effective voltage and
the longer the time required for the decay rate to reach a constant value.

In addition, the ratios of the effective voltage of each of the five groups to the output voltage of
the power supply were 19.27%~41.6%, 8.89%~43.64%, 14.36%~43.81%, 11.4%~45.13% and
7.59%~45.87%. These results indicate that an increase in the voltage gradient improved only the ratio
of the effective voltage to the output voltage during the early stage of the electro-osmotic process.
However, from a long-term perspective, increasing the voltage gradient was not useful for increasing the
ratio of the effective voltage to the output voltage. This finding convincingly supports the results from
the preceding analyses of the volume of drained water and current. Furthermore, compared with the
other four groups, T1 showed a good linear relationship. This phenomenon occurred because the T1
voltage gradient was the lowest. The variations in the heat energy and electrochemical energy produced
by the electro-osmotic process were not significant, and thus, the effective voltage did not rapidly decay.

3.1.4 Energy consumption per unit volume drainage

Its high energy consumption is one of the reasons why the electro-osmotic technique has not been
popularized and applied at a broader scale [30]. Therefore, the electro-osmosis energy consumption must
be taken into account when it is applied to treat soft clay foundations. The total energy consumption of
the entire electro-osmotic process can be expressed as W.

W = [ Uldt (1)

The average energy consumption per unit volume drainage after the electro-osmotic process can
be expressed as C.
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c-W )
Q

where U is the output voltage of the DC power supply, / is the current throughout the treatment, and O
is the drainage at the end of the electro-osmotic process. The current intensity is combined with the
output voltage of the power supply in the electro-osmotic process, and thus, the energy consumption per
unit volume drainage can be obtained according to Egs. 1 and 2.

The results in Fig. 9 show that a high voltage gradient led to a high energy consumption per unit
volume drainage, indicating that an excessive voltage gradient was not always better. The higher the
voltage gradient was, the higher the drainage velocity became; however, the energy consumption per
unit volume drainage also increased. Thus, a reasonable voltage gradient should be determined to
achieve effective electro-osmotic treatment while effectively reducing its corresponding energy
consumption. This optimal gradient should be determined according to the actual time and costs
associated with a project when the electro-osmotic method is used to treat foundations composed of
Taizhou soft clay.
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Figure 9. Energy consumption per unit volume drainage at the end of each test for various voltage
gradients (T1=1V/cm, T2=1.5V/cm, T3=1.75V/cm, T4=2V/cm, T5=2.25V/cm)

3.2 Micro level

Many scholars have conducted numerous studies on the electro-osmotic process; however, most
of those investigations provided descriptions and data analysis only at the macro level. As a result,
insufficient research has been performed at the micro level, and thus, the microscopic mechanism of
electro-osmosis is unclear at present. Consequently, to further explore the microscopic effects and
mechanism of the electro-osmotic process under different voltage gradients, this study examined the
migration of ions in soil under the action of an electric field and the change in the soil structure from
before to after the electro-osmotic process. Then, reasonable explanations for the abovementioned
macroscopic phenomena were provided from a microscopic perspective. The results of the micro-level

analysis are as follows.
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3.2.1 Element mass fraction of soil

The migration of ions can be reflected by the changes in the element mass concentrations. To
study the ion migration patterns during the electro-osmosis process, the soil element mass fractions near
the electrodes were analyzed after electro-osmosis treatment [ 10]. The mass fractions of two nonmetallic
elements, i.e., Si and S, and the mass fractions of four metallic elements, i.e., Na*, A1, Ca?*, and Mg**,
were analyzed using XRF. The test results are shown in Fig. 10, in which A represents the anode, and C
represents the cathode.

@30l BT 2t © 20 T
vt T Ay AS g
N T3 XY T3 Y 13
25F B T4 BRI T4 B T4
=t ==} =5
20f
&5 g
=z =
10F A A
0.0 H Na Ca Mg
(9 T HEEn M3of T
8l ¢ AC AC AcC T2 DT AC AcC T
97 NN XY T3 XY 73 T3
e B3 T4 A B T4 B33 T4
ol =hr § ==k =it
| N\
g® \ g
T4r \ A A =
3 C
L \‘ c C
tl N
N
! N
. Al NN s si

Figure 10. (a) Contents of sodium element in the soil mass at the anode and cathode electrodes after
electro-osmosis process for various voltage gradients (T1=1 V/cm, T2=1.5 V/cm, T3=1.75 V/cm,
T4=2V/cm, T5=2.25 V/cm), (b) contents of calcium element, (¢) contents of magnesium element,
(d) contents of aluminum element, (e) contents of sulfur element, and (f) contents of silicon
element

Overall, the contents of the nonmetallic elements at the anode were higher than those at the
cathode, while the contents of the metallic elements were lower at the anode than those at the cathode.
These results are in accordance with previously reported findings [29]. Thus, the metallic cations
gradually migrated from the anode to the cathode under the action of the electric field, whereas the
nonmetallic cations moved toward the anode. The quantity of migrated Na* was greater than those of the
other three metallic elements. Na* constitutes the main ion in Taizhou soft clay and hence plays a leading
role in the electro-osmotic drainage process with respect to the quantity of migrated Na* in the soil.

Compared with that of Na®, the migrated quantities of the other three metallic elements were
negligible. The quantity of migrated AI** was less significant than those of both Ca’" and Mg*".
Considering the migrated quantities of S and Si, the abovementioned phenomena were attributed to the
migration of high-valence cations toward the cathode under the action of an electric field, whereas the
anions of sulfate radicals and silicic acid in addition to other anions migrated toward the anode. These
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cations and anions met in the middle area of the soil during their opposing migration, resulting in an
electrochemical reaction that produced insoluble chemicals. Consequently, the cations did not reach the
cathode successfully; similarly, the anions did not reach the anode successfully. In addition, AI** was

more likely to participate in an electrochemical reaction because the activity of AlI**

was greater than
those of Mg?* and Ca®" according to previous research results [31]. Ultimately, the quantity of migrated
AI** was less evident than those of Ca?" and Mg?". The rates at which these high-valence metallic cations
contributed in the electro-osmotic process were low; thus, the cations failed to achieve their potential.
This failure was one of the reasons that a higher-voltage gradient did not further improve the electro-
osmotic drainage effect. In follow-up studies, more electrolyte solution can be added to the soil to ensure
that additional high-valence metallic cations can become involved in the electro-osmotic process to
further improve the electro-osmotic drainage effect.

Furthermore, Fig. 10 (a) shows that the Na" contents of T1-T4 at the anode were essentially the
same, while the Na* contents at the cathode decreased in the order T4 < T3 <T2 < T1. These phenomena
were attributed to the voltage gradient of T4 being higher than those of the other three groups; hence,
the electro-osmotic drainage of T4 was the largest according to the drainage variation curve, and thus, a
greater quantity of Na" moved toward the cathode and was discharged under the action of the electric
field. Meanwhile, the Na" contents of T4 and T5 at the cathode were essentially the same at the ends of
the tests. This consistency was observed because the contents of migrated Na* were limited in the electro-
osmotic process, while the voltage gradients of T4 and TS5 were relatively high. The electro-osmotic
drainage velocity was very high during the early stage; correspondingly, almost all Na* was involved in
the migration process during the early stage of the experiment, whereas little Na* migrated during the
later stage, causing little water to be discharged. The later stage was thus considered the undischarged
stage. These findings explain why the electro-osmotic drainage effect was not further improved by
increasing the voltage gradient beyond 2 V/cm. As previously mentioned, Na™ was the key factor that
influenced the drainage effect and drainage velocity of the electro-osmotic process. The same conclusion
has been drawn by other scholars despite the use of different test soils [31-33].

3.2.2 Soil structure

Considering that the electro-osmotic treatment effect achieved near the anode was the best, the
soil near the anode was gathered and dried by freezing. Subsequently, the soil structure was studied using
a QUANTA200 SEM. Fig. 11 shows the structure of Taizhou soft clay at the anode before and after
electro-osmosis.
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Figure 11. Scanning electron micrographs of the soil sample at the anode before and after electro-
osmosis process (5000 times magnification): (a) the SEM image of soil sample before electro-
osmosis, (b) the SEM image of soil sample at the end of T1 test (1 V/cm), (c) the SEM image of
soil sample at the end of T2 test (1.5 V/cm), (d) the SEM image of soil sample at the end of T3
test (1.75 V/cm), (e) the SEM image of soil sample at the end of T4 test (2 V/cm), and (f) the
SEM image of soil sample at the end of T5 test (2.25 V/cm)

Fig. 11 (a) shows an SEM image of the soil captured before electro-osmosis. The basic skeleton
of the soft clay was composed of clay aggregates. The clay slices were wavy or crumpled. The particles
were characterized mainly by face-to-face and face-to-edge contacts. The soft clay exhibited a flocculent
appearance characterized by a loose structure and high porosity. This structure is one of the reasons why
Taizhou soft clay exhibits its characteristically low strength, high compressibility and high flow
denaturation. Fig. 11 (b)-(f) shows SEM images of the soil for T1-T5 after electro-osmosis. The soft clay
structure changed from having a flocculent to a granular appearance after electro-osmotic treatments T1
and T2 according to Fig. 11 (b) and Fig. 11 (c). The trellis pores among the particles were also reduced,
the particles were shaped like irregular polyhedra, and there was no distinct directional arrangement.

Fig. 11 (d)-(f) shows that the soil structure changed from having a flocculent to a schistose
appearance after electro-osmotic treatments T3, T4 and T5. The porosity among the soil particles
decreased significantly. Short chains were mainly formed by the accumulation of clay slices, enabling
the connections among the particles, that is, the contacts among the soil particles became tighter. Hence,
the clay slices adopted tight schistose shapes after the electro-osmosis treatments. The particles were
characterized mainly by face-to-face contacts with close, overlapping and directional arrangements.
Some differences in the structure of the soil after electro-osmosis occurred due to differences in the
voltage gradients applied. The soil structure changed from having a flocculent to a granular appearance
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after electro-osmotic treatment when the voltage gradient was within the range of 1 V/cm~1.5 V/cm. In
contrast, the soil structure changed from having a flocculent to a schistose appearance after electro-
osmotic treatment when the voltage gradient was within the range of 1.75 V/em~2.25 V/cm. Wu also
found that the soil structure changes before and after electro-osmosis; however, their reported test results
differed from those in this paper due to the use of different soil samples [33].

3.2.3 Porosity

SEM images of soil samples indicate both that changes in the soil structure can be qualitatively
analyzed and that information regarding the pore arrangement, particle size and particle shape can be
obtained [34]. First, the SEM images of the soil samples were processed. Then, the processed images
were quantitatively analyzed using the 3D visualization and 3D analysis module provided in GIS.
Accordingly, the 3D surface of the soil structure was reconstructed. Finally, the void ratio and porosity
of the soil were calculated using an image analysis technique. Fig. 12 shows 3D visualizations of the
soil samples.

Figure 12. 3D visualizations of the soil surfaces before and after electro-osmosis process: (a) 3D
visualization of the soil before electro-osmosis, (b) 3D visualization of the soil at the end of T1
test (1 V/em), (¢) 3D visualization of the soil at the end of T2 test (1.5 V/cm), (d) 3D visualization
of the soil at the end of T3 test (1.75 V/cm), (e) 3D visualization of the soil at the end of T4 test
(2 V/em), and (f) 3D visualization of the soil at the end of T5 test (2.25 V/cm)

The void ratio and porosity of each soil sample were obtained using image analysis software, the
results of which are shown in Table 3. The void ratio was 1.705 and the porosity of the soil was 63.03%
before electro-osmosis process; after electro-osmosis treatment, the void ratio and porosities of the soil
samples were reduced to varying degrees with different voltage gradients. The void ratio and soil
porosity decreased significantly with an increase in the voltage gradient when the voltage gradient was
within the range of 1.0 V/em~1.75 V/cm. However, further decreases in the void ratio and soil porosity
with an increase in the voltage gradient beyond 1.75 V/cm were not significant.
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Table 3. Variations in the void ratio and porosity before and after electro-osmosis treatment

Tests numbers Void ratio Porosity
Untreated soil 1.705 63.03%
T1 1.057 51.39%
T2 0.576 36.54%
T3 0.202 16.84%
T4 0.200 16.69%
T5 0.177 15.03%

3.2.4 Fractal dimension values

The fractal dimension value is used to quantitatively describe the pores and structural
characteristics of soil [35]. It is well known that a number of particles are included in an image (LxL),
and an image can be segmented into an orthogonal grid (L/axL/a) of squares (a x a). The lattice number
of grids containing soil particles is denoted as N(a). The value of a is varied from small to large, for
example, al, a2, and a3; consequently, N(al), N(a2) and N(a3) are obtained. These data are expressed
in dual logarithmic coordinates, as the expressions In(a) and InN(a) share distinct linear characteristics.
Their relationship can be used to represent the fractal characteristics of soil particles. If the slope of the
linear part is K, the fractal dimension value of the soil particles can be expressed as Dj.

D —_fimN@ _ (3)
P a0 In(a)

Studies have shown that a larger fractal dimension value corresponds to a more dispersed soil
particle distribution, a lower degree of grouping and a denser collection of soil particles. Based on the
abovementioned algorithm, the SEM images were first binarized. Then, the processed images were
divided into many orthogonal grids with different side lengths. The total number of related grids was
used to draw the scatter diagram of InN(a) versus In(a). Then, the results were fitted, as shown in Fig.

13.
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Figure 13. Fractal dimension values of the soil samples before and after electro-osmosis treatment for

various voltage gradients (T1=1 V/cm, T2=1.5 V/cm, T3=1.75 V/cm, T4=2 V/cm, T5=2.25 V/cm)
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The fractal dimension value of the soil was 1.454 before electro-osmotic treatment. After electro-
osmotic treatment, the corresponding values for T1, T2, T3, T4 and T5 were 1.668, 1.836, 1.879, 1.908
and 1.926, respectively. The fractal dimension values of the soil particles clearly increased from T1 to
TS5 after electro-osmotic treatment. This finding indicates that the soil became denser after electro-
osmotic treatment. However, a further increase in the fractal dimension value with an increase in the
voltage gradient beyond 1.5 V/cm was not evident.

In summary, the macro-level analysis showed that the electro-osmotic drainage effects differed
under the five voltage gradients, and those differences can be reasonably explained based on the
variations in the current and voltage during the electro-osmotic process. At the micro level, the mass
contents of the major elements in the soil and the soil structure were measured. The results indicated that
Na" was the main active ion within Taizhou soft clay during the electro-osmotic process; furthermore,
the migratory content of Na” was the key factor that affected both the drainage and the drainage velocity
of the electro-osmotic treatment. Other high-valence cations contributed less to the electro-osmotic
process due to electrochemical problems. When the voltage gradient was within the range of 1 V/cm~2
V/em, an increase in the voltage gradient increased the migration content of Na* such that additional
water could be discharged. However, the content of migrated Na" was limited throughout the electro-
osmotic process, and the drainage velocity of the electro-osmotic process was very high when the voltage
gradient was within the range of 2 V/cm~2.25 V/cm. Nearly all Na" was involved in the migration
process during the early stage of the experiment, and thus, little Na” was involved in the migration during
the later stage. Accordingly, the electro-osmotic effect was not significant during the later stage of the
experiment, and little water was discharged therein.

Furthermore, some differences were observed in the soil structure under the different voltage
gradients after electro-osmotic treatment. When the voltage gradient was within the range of 1 V/em~1.5
V/cem, the structure of the soil changed from exhibiting a flocculent to a granular appearance. When the
voltage gradients were within the range of 1.75 V/em~2.25 V/cm, the soil structure changed from having
a flocculent to a schistose appearance after electro-osmotic treatment. The abovementioned results show
that differences in the content of migratory Na* and changes in the soil structure resulted in variations in
either the current or the voltage during the electro-osmotic process. In turn, these variations led to
differences in the electro-osmotic drainage effect under different voltage gradients.

3.3 Theoretical level

As discussed in the previous section, laboratory model tests of EKG electro-osmosis were
conducted under different voltage gradients, and the experimental results were analyzed at both the
macro level and the micro level. The porosity of the soil was reduced to varying degrees after the electro-
osmotic treatment according to an analysis of the soil porosity variations at the micro level, indicating
that the soil became consolidated during the electro-osmotic process. In addition, the contact area
between the EKG electrode and the soil was changed due to the reduction in the soil volume; this
alteration had a certain influence on the soil voltage. Furthermore, combined with an analysis of the soil
voltage distribution at the macro level, the soil voltage clearly decreased with the implementation of the
electro-osmotic treatment. The findings are different from those suggested by the current electro-osmotic
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consolidation theory, in which the soil voltage is assumed to remain constant at each point [36-38].

The effective voltage of the soil was lower than the output voltage of the power supply due to
the contact resistance between the soil and the electrodes during the electro-osmotic process. Therefore,
the electro-osmotic treatment effect could be overestimated if the influences of variations in the soil
voltage are not considered in the deduction of electro-osmotic theory; of course, such an overestimation
would be highly unfavorable for engineering construction [39]. In the current study, a new one-
dimensional electro-osmotic consolidation equation was established to more reasonably reflect the
consolidation of soil during the electro-osmotic process. The equation was based on the above analyses
conducted at the macro and micro levels, and the variation trend of the effective voltage was explored.
Ultimately, a new analytical expression for the excess pore water pressure was deduced. The resulting
expressions are intended to provide a reference for the subsequent promotion and application of the
electro-osmotic method.

3.3.1 Basic assumptions

The following basic assumptions were made to establish a new one-dimensional electro-osmotic
consolidation equation considering variations in the effective voltage.

(1) The soil is fully saturated and homogeneous. Decreases in the number of soil particles and
the pore water content during consolidation can be neglected. (2) The drainage amount discharged from
a unit cell of soil is equal to the decrease in the soil volume. (3) The coefficients of the hydraulic
permeability and electric permeability of the soil are assumed to be constant during consolidation. (4)
The movement of water flow caused by various chemical concentrations and heat is not considered. (5)
Compressive strains are allowed to occur only in the vertical direction. (6) The flow caused by the
electrical gradient can be superimposed with the flow caused by the hydraulic gradient.

3.3.2 Establishing an effective voltage expression

The parameters at the macro and micro levels were studied to enable the one-dimensional electro-
osmotic consolidation equation to more universally consider variations in the effective voltage. An
inherent link among the parameters was found, and the rules governing the effective voltage variation
were determined, thereby enabling the new consolidation equation considering variations in the effective
voltage to better serve engineers in practice.

Voltage gradients and fractal dimension values

Upon fitting the data, the applied voltage gradients and the calculated fractal dimension values
displayed an approximately linear relationship. The fitting results are shown in Fig. 14. The degree of
anastomosis is 97.61%, and the relationship between the two sets of results can be written as follows.

Y =0.2227X +1.463 4)
where Y is the fractal dimension value and X is the voltage gradient. Thus, the fractal dimension value
can be determined once the voltage gradient is determined.
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Figure 14. Fractal dimension values variations over the voltage gradients at the end of each test

Effective voltage

A logarithmic relationship was observed in which the effective voltage decreased over time. Thus,
the effective voltage was fit logarithmically, and the fitting results are shown in Fig. 15.
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Figure 15. Fitted curves of the effective voltage with treatment time for various voltage gradients (T1=1
V/em, T2=1.5 V/cm, T3=1.75 V/cm, T4=2 V/cm, T5=2.25 V/cm)

The relationships between the time and effective voltage among the five groups are written as

follows.
Tl: ¢ (L,t) =-0.8701In(t) + 7.2552 (5)
T2: ¢, (L,t) =-1.842In(t) +8.7229 (6)
T3:¢,(L,t) =-1.897In(t) +11.277 (7)
T4:(D4(L,t) =-2.102In(t) +11.088 (8)
T5: ¢, (L, t) =—-2.838In(t) +12.884 )

where L is the distance between the cathode and the anode and ¢ represents time. The effective voltage
at any voltage gradient can be written as follows.
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o(L,t) =M In(t) + N (10)

where M and N are coefficients related to the voltage gradient.

Fractal dimension values and the corresponding coefficients (M, N)

Upon fitting the data, the fractal dimension values and the corresponding coefficients (M, N)
displayed approximately linear relationships. The fitting curves are shown in Fig. 16. The fitting
accuracy of M is 93.3%, and that of N is 95.6%. The corresponding expressions are written as follows.

M =-5.2601Y +7.7635 (11)
N =24.628Y -35.269 (12)
If Eq. 4 is combined with Egs. 11 and 12, the relationships between the coefficients and the

applied voltage gradient can be written as follows.
M =-1.17X +0.068 (13)
N =5.485X +0.402 (14)
The coefficients (M, N) can be determined for the corresponding voltage gradient once the

voltage gradient is determined.
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Figure 16. Variations in the coefficients (M, N) with the fractal dimension values

3.3.3 Deduction of the consolidation equation

The electro-osmotic pore water flow velocity is coupled with the hydraulic gradient flow and
electrical gradient flow according to assumption (6).
q, = Knih + Kele (15)
The following expressions can be obtained if assumptions (1) and (2) are combined with
Terzaghi’s one-dimensional consolidation theory.

. ou
divgh = mv— 16
O o (16)

2 2
diVQh=%:ﬁa—g+kea (fzmva—u (17)
OX  yw OX OX ot

where u is the excess pore water pressure, ¢ is the voltage, kn and k. are the coefficients of the hydraulic
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permeability and electro-osmotic permeability, respectively, x is the distance from the cathode, yv is the
density of water, ¢ is time, my is the soil volume compressibility coefficient and gn is the electro-osmotic
pore water flow velocity. Moreover, the effective voltage at any distance from the cathode under any
voltage gradient can be written as follows according to Eq. 10.

o(x 1) = (MIn(t) + N)E (18)

KeYw

h

The variable ¢ is introduced such that £(X,t) =u(x,t) + —=—%@(x,t). The following expressions

can be obtained if Egs. 17 and 18 are combined.

Zf =C, ZZ§+ f(x,1t) (19)
f(x,t)= JW % (20)

Eq. 19 is the one-dimensional electro-osmotic consolidation equation considering variations in
the effective voltage. In addition, the anode is closed, and the cathode is open; thus, the boundary
conditions are expressed as follows.

£0, =0 (21)
&L D=0 (22)
The initial conditions are as follows.
k
E060) =1(x,0)+ =" p(x,0) 23)
h
The expression for the excess pore water pressure is obtained by separation of variables.
u(x,t) = —k‘;(ﬁ(p(x,t) U (X, 1) + U, (X, 1) (24)
h
o 8K w P (= i} 1. : 1, =
u(x, = el xexp(—(k +=) z“T,) xsin((k + =) x — x 25
1 ;k(Zk 1)2 2 p( ( )72— v)>< (( Z)XL ) ( )
) 7T c
G USRI Y
uz(Xt ZI TX 2 _2
k=0 T k,(2k+1)° 7 (26)

. T 1 2 _2
xsm((k+E)><EX)><GXIO(—(k+E) 7°T,)

c.t
The soil voltage is a constant value if M and N are both zero. Thus, Eq. 24 can be rewritten as
follows.
! k87/W
u'(x,t)= —k—go(x,t) +u,(x,t) (28)
h
This result is consistent with the expression of the excess pore water pressure in Esrig’s one-

dimensional electro-osmotic consolidation theory.
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3.4 Analysis of the sample

A test with a voltage gradient of 0.5 V/cm was conducted to verify the rationality of the one-
dimensional electro-osmotic consolidation equation considering variations in the effective voltage. The
test materials, devices and procedures were essentially the same as those described above. The only
difference was that two micro pore water pressure gauges were embedded near the anode at a depth of
65 mm. Disturbances of the pore pressure gauges by the seepage field were neglected due to the small
size of the pore pressure gauges. The pore pressure gauges were linked to the readout instrument through
electric wires to record data.

By combining Egs. 13 and 14 according to the magnitude of the applied voltage gradient, the
correlation coefficients were determined to be M =-0.517 and N=3.142. Furthermore, the following basic
soil parameters were obtained through preliminary tests. The electro-osmosis permeability (ke) is 5%10°
 m%/seV, the hydraulic permeability (k) is 2x10°® m/s, the horizontal consolidation parameter (cn) is
8x10® m?/s, and L is 0.15 m. Then, these parameters were substituted into Eqs. 24 and 28. Using Esrig’s
theory, the theoretical value of the excess pore water pressure considering variations in the effective
voltage could thus be obtained. Fig. 17 shows the calculated value of the excess pore water pressure
considering variations in the effective voltage (value 1), the calculated value using Esrig’s theory (value
2) and the dissipated value of the excess pore water pressure measured experimentally (value 3).

Calculated value of this paper
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Figure 17. Comparison between the calculated and measured excess pore water pressure values under a
voltage gradient of 0.5 V/cm

Clearly, value 2 was far greater than value 3; this occurred because the theoretical derivation did
not take into account the real soil voltage. In fact, the effective voltage was much smaller than the
external output voltage. Thus, the calculated value (value 2) was larger. Moreover, the dissipation trends
of values 1 and 3 were consistent. Compared with value 2, value 1 was closer to the measured value.
These results prove the reasonability of the one-dimensional electro-osmotic consolidation equation
established in this study. In addition, the calculated value (value 1) agreed well with the measured value
(value 3) during the first 3 h. However, the values varied 3 h later, following which the measured result
was greater than the calculated result. This discrepancy was caused mainly by the following reasons. On
the one hand, the probes that were used to measure the effective voltage were buried near the cathode



Int. J. Electrochem. Sci., Vol. 14, 2019 2157

and anode; hence, the actual electrodes and probes were separated by a miniscule distance. Thus, the
voltage measured using the probes was slightly lower than the actual effective voltage. In subsequent
studies, the test error caused by this situation should be reduced. On the other hand, electrolytic
exothermic effects and electrochemical reactions among the ions generated changes in the excess pore
water pressure, whereas the analytical derivation neglected these actions; thus, the analytical value (value
1) was smaller than the measured value (value 3). These effects increased with the test duration; thus,
value 3 ultimately diverged from value 1.

4. CONCLUSIONS

A series of one-dimensional electro-osmotic tests on Taizhou soft clay were performed under five
different voltage gradients. The experimental results were analyzed from macro-level, micro-level and
theoretical perspectives. The following conclusions can be drawn.

(1) The electro-osmotic drainage was effectively improved with an increase in the voltage
gradient when the voltage gradient was within the range of 1 V/cm~2 V/cm. However, the drainage
effect did not improve further by continuing to increase the voltage gradient. Furthermore, the duration
of the electro-osmotic process decreased with an increase in the voltage gradient. Although an
excessively high voltage gradient increased the drainage effect, such a high gradient led to a higher
energy consumption per unit volume of drainage. Thus, the voltage gradient should be reasonably
determined according to the construction period and cost before the electro-osmotic method is
implemented.

(2) An increase in the voltage gradient improved only the ratio of the effective voltage to the
output voltage in the early stage of the electro-osmotic process. However, from a long-term perspective,
the increase in the voltage gradient was not useful for increasing the ratio of the effective voltage to the
output voltage.

(3) Na" was the main active ion in Taizhou soft clay and played a leading role in the electro-
osmotic process; moreover, Na" was the key factor that affected both the drainage and the drainage
velocity of the electro-osmotic process. When the voltage gradient was within the range of 1 V/cm~2
V/cm, the content of migrated Na™ increased with a rise in the voltage gradient during the electro-osmotic
process. However, there was no significant improvement in the migration of Na® when the voltage
gradient was increased further. Other high-valence cations contributed less to the electro-osmotic process
due to electrochemical reactions.

(4) Taizhou soft clay exhibits a flocculent structure. Some differences were observed in the soil
structure after electro-osmotic treatment due to the application of different voltage gradients. The soil
structure changed from exhibiting a flocculent to a granular appearance after electro-osmotic treatment
when the voltage gradient was within the range of 1 V/cm~1.5 V/cm. Moreover, the soil structure
changed from having a flocculent to a schistose appearance after electro-osmotic treatment when the
voltage gradient was within the range of 1.75 V/cm~2.25 V/cm. In addition, a larger voltage gradient
corresponded to a smaller porosity and a larger fractal dimension value after electro-osmotic treatment.
However, the rates of change of the porosity and fractal dimension values decreased gradually with an
increase in the voltage gradient.
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(5) Based on the inherent link between the macro and micro levels, a new one-dimensional
electro-osmotic consolidation equation considering variations in the effective voltage was deduced.
Compared with Esrig’s equation, the new equation is more consistent with measured data. Additionally,
the proposed equation can accurately forecast and assess changes in the excess pore water pressure
during electro-osmotic treatment. The new equation is intended to serve as a reference for the subsequent
application of electro-osmotic methods in the treatment of soft clay and the popularization of electro-
osmotic methods in the future.
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