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(e design method of electroosmosis-vacuum preloading for soft foundation treatment is not systematic and complete, thereby
restricting the application of the technology in engineering. A designmethod for the electroosmosis-vacuum preloading treatment
of sand-interlayered soft foundation is therefore presented. A compressible electrical prefabricated vertical drain is developed, and
a vacuum sealing and draining system is designed for the application of the electroosmosis-vacuum preloading in sand-
interlayered soft foundation. Calculation formulas of site resistance considering the interlayer and interface resistivity of the
electrode are established to design the power supply and electrical circuit. A simple numerical simulation method is proposed to
predict the ground settlement treated by electroosmosis-vacuum preloading. A field test of electroosmosis-vacuum preloading is
designed using the suggested method, and comparison tests between the electroosmosis-vacuum preloading and the vacuum
preloading are performed to verify the proposed technique. (e test results show that the proposed design method is reasonable
for the design of electroosmosis-vacuum preloading in engineering.

1. Introduction

Many geotechnical researchers have studied electroosmosis
technology since it was introduced to soft ground im-
provement engineering by Casagrande [1]. A large number
of laboratory tests have been conducted to study the
characteristics and related laws of soft soil consolidation by
electroosmosis and the effectiveness of electroosmosis for
soft ground improvement [2–4].(e electroosmosis method
has also been implemented in many field tests [5–7]. Test
results have shown that consolidation by electroosmosis
only is relatively less efficient, and the combined application
of the electroosmosis method and other foundation treat-
ment methods can achieve a better result. (e combined
applications of electroosmosis and vacuum preloading [8, 9],
electroosmosis and dynamic consolidation [10], electroos-
mosis and pneumatic fracturing [11], and electroosmosis
and chemical [12], among others, have been verified in
laboratory or field tests. Some theories have also been
established for the design of electroosmosis for soft soil

foundation. Zhuang and Wang [12] proposed the interface
voltage drop hypothesis, based on which a simple interface
resistance expression was given, to calculate the current and
energy consumption of consolidation by electroosmosis.
Wang et al. [13] proposed the design, calculation steps, and
estimation methods of relevant parameters for the treatment
of wet soil by electroosmosis. Zhuang [14] gave the main
procedures and design contents of the electroosmotic
drainage consolidation design and developed a determina-
tion method of water discharge, electroosmosis system,
treatment time, etc. (e above studies provide a good ref-
erence for calculating electroosmotic current and energy
consumption, but they did not consider the influence of sand
layer in ground. To simulate electroosmosis consolidation
with a numerical method, Yuan and Hicks [15, 16] proposed
a numerical model for the numerical analysis of electro-
osmosis consolidation and verified it with a case study.
Chang and Sheen [17] used the excess pore water pressure of
the three-dimensional consolidation behavior to deduce the
three-dimensional electroosmotic equation under solar
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energy electroosmosis. Hu and Wu [18] proposed a math-
ematical model of electroosmotic consolidation for soft
ground improvement based on the finite element method.
(e above method can be used to simulate the electroos-
motic consolidation of simple cases, but its use for the
modeling of complex projects is challenging and not ac-
cessible for engineers to master.

In summary, the above design theories are not complete
and sufficient for the engineering design of electroosmosis-
vacuum preloading and the prediction of foundation set-
tlement. Although there is research on the design method of
electroosmosis, the design of the combined method of
vacuum preloading and electroosmosis has not been fully
studied. No systematic and complete design method can be
used to design the electroosmosis-vacuummethod. Notably,
the deep soft soil foundation in coastal areas often has a
certain thickness of sand interlayers. (ese interlayers are
rich in water and have a significant permeability coefficient.
(is will quickly lead to electrode corrosion, line overload
from the excessive current, and air leak of the vacuum
sealing system in the electroosmosis-vacuum preloading
treatment. Proper and accurate designs are needed for the
electrode, vacuum sealing system, and circuit system. In this
study, a relatively complete design method for electroos-
mosis-vacuum preloading was developed and verified by a
field test.

2. Design Methods

2.1. Electrode Design. (e electrode in the soft soil foun-
dation improvement system in the electroosmosis-vacuum
preloading method should be electrically conductive and
drainable. (e electrode should be flexible or compressible
so that it does not pierce the vacuum geomembrane covering
on the foundation surface during the settlement of the
foundation. For a soft soil foundation with a sand layer, the
water flow in the sand layer may easily lead to a short circuit,
resulting in an excessive current in the circuit of the elec-
troosmosis system; thus, the electrode should be insulated in
the sand layer. (e electrical prefabricated vertical drain
(ePVD) is proposed in this work to meet the requirements
above. (e ePVD is made of a galvanized steel pipe with
holes drilled all over.(e pipe is wrapped in a geotextile filter
cloth. A spring hose and a copper core wire are connected at
the top. (e copper core wire is connected to the galvanized
steel pipe with a steel ring, and the joint of the cable and the
steel pipe is wrapped in rubber tape for corrosion protection.
A diagram of the proposed ePVD can be seen in Figure 1.
(e spring hose can be compressed during the foundation
settlement to avoid piercing the vacuum geomembrane, and
the spring hose can be directly connected to the horizontal
drainage pipe to improve the vacuum transfer effect. In
practice, a hole is drilled into the foundation with a high-
pressure water gun, and the ePVD is inserted into the hole.
In this manner, the geotextile filter on the ePVD can remain
in place/intact during construction. For a soft soil foun-
dation with a sand layer, the ePVD is enwound with a rubber
tape on the galvanized steel pipe in the sand layer so that this

part of the steel pipe is insulated from the surrounding
aquifer.

In electroosmosis consolidation engineering, the spacing
of the drainage electrodes has a great influence on the
electroosmotic effect. At the same voltage, the smaller the
electrode spacing, the larger the voltage gradient applied on
the soil between the electrodes and the more obvious the
electroosmotic effect. Because an excessively small electrode
spacing will result in a high electrode material cost, the
electrode spacing in electroosmosis engineering can refer to
the electrical prefabricated vertical drain (PVD) spacing in
the conventional vacuum preloading. (e spacing is usually
1.0–1.5m, and the electrode is always arranged in a square or
a quincunx. In soft ground improvement by the electro-
osmosis-vacuum preloading method, the electrode spacing
can be appropriately increased to reduce the material cost,
and the ePVD can be alternatively arranged with the con-
ventional PVD. (at is, the drainage electrode spacing is
twice the PVD spacing; the drainage electrode and the PVD
complement each other. (e length of the electrode is de-
termined according to the depth of the soft soil layer to be
treated. For deeper soft soil layers, a short electrode and a
long PVD can be combined. However, the length of the
electrode should meet the treatment depth of the soft soil
layer.

2.2. Power Supply and Circuit Design. DC power supply is
the main equipment for foundation improvement engi-
neering by the electroosmosis-vacuum preloading method.
(e power used in construction sites is usually 380V three-
phase AC, which needs to be converted to DC by aDC power
supply. (e commonly used DC power supplies are mainly
classified as unidirectional pulse or unidirectional constant
DC power supplies. (e current waveform output by the
former is a high-frequency unidirectional square wave, and
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Figure 1: Diagram of the proposed ePVD.
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the current waveform output by the latter is a unidirectional
constant direct current. According to an experimental study
of the authors, pulse DC power supplies have high elec-
troosmotic efficiency and are recommended over constant
DC power supplies.(e drainage electrodes inserted into the
foundation are converged to the lead wire through branch
wires and connected to the anode and the cathode of the DC
power supply. (e copper core wire or aluminum core cable
can be optional for the circuit. Compared with copper core
wires, aluminum core cables have poorer current-carrying
capacity. Nevertheless, they are easy to heat and cheaper
than copper core wires. In cases with low current, aluminum
core cables can be used. In actual engineering, due to the
high water content and low resistance of soil, there is a
considerable demand for the current-carrying capacity of
such wires and power from DC power supplies, which are
also the limiting factors for electroosmotic treatment.
(erefore, it is important to calculate the wire current and
the power of the power supply. In the engineering design, the
branch wire’s current should be calculated according to the
number of electrodes connected in series with each branch
wire and then summarized to obtain the lead wire’s current,
thus separately determining the sectional area of the branch
wire and that of the lead wire. Finally, the power required is
calculated according to the lead wire’s current and the design
voltage. (e higher the power, the heavier the power supply
and the higher the price. In engineering, the large-area site
should be divided into small-area electroosmotic blocks,
each of which is controlled by a DC power supply.

(e power of the power supply can be obtained by
P � UI, in whichU is the output voltage of the power supply.
Wu et al. [19] used a voltage of 40V in their study, andWang
et al. [13] used an average voltage of 40V. (e voltages used
in Bjerrum et al. [5] and Lo et al. [6] were less than 70V and
120V, respectively. (e higher the voltage, the better the
consolidation that can be achieved but the higher the cost. A
voltage of 36V was used in the present study for safe
construction. I is the total output current of the power
supply, and the current is the sum of the current I′ of each
anode (or cathode) branch wire. (e current of each anode
branch wire is I’�U/ΣR′, where ΣR′ is the total resistance of
the area controlled by each anode branch wire. (e elec-
troosmotic circuit system is shown in Figure 2.

(e total resistance ΣR′ of the area controlled by each
anode branch wire can be described by the apparent re-
sistance of each anode-cathode pair. Each such pair and the
soil between them are divided into a soil strip, as shown in
Figure 2. (e apparent resistance Ra of the anode-cathode
pair can be expressed by the following:

Ra � Rw + Re + Ri + Rs, (1)

where Rw is the resistance generated at the wire and the wire
connection, Re is the resistance of the material of the
drainage electrode, Ri is the interface resistance of the
electrodes and the surrounding soil, and Rs is the resistance
of the soil between the anode and the cathode. Rw � 0 is
assumed in the engineering cost estimate. When a metal
electrode is used, Re � 0 can be assumed. Zhuang and Wang
[12] gave formulas for calculating the interface resistance Ri

and soil resistance Rs. (e expressions of Ri and Rs proposed
by Zhuang and Wang [12] can be rewritten as follows to
consider the influence of the sand layer in the ground:

Ri �
1

d  hi

−
1

b  hi

 kj, (2)

Rs �
ρsl

 hib
, (3)

where kj is the interface resistivity (Ω·m− 2); d is the anode or
cathode diameter,m; and hi is the thickness of the soil layer i
in the electrode treatment range, m. (e sand and soil layer
thicknesses at the electrode top’s spring hose are excluded
for the case of using the ePVD to treat a foundation with a
sand layer; b is the anode spacing or cathode spacing,m. ρs is
the average resistivity of the soil between the anode and the
cathode. (e resistivity of each soil layer is weighted and
averaged according to the thickness of the soil layer. (e
resistivities of the sand and soil layers at the electrode top’s
spring hose section are excluded for the case of using the
ePVD to treat a foundation with a sand layer; l is the distance
between the anode and the cathode, m.

(e apparent resistance of each anode-cathode pair con-
nected to a branch wire is in a parallel connection. (erefore,
the total resistance of the area controlled by each branchwire is
ΣR’�Ra/n, where n is the number of anode-cathode pairs.
Since one anode branch wire and two adjacent cathode branch
wires form a loop, n is twice the number of anodes connected
to one branch wire. (e current of each branch wire can be
obtained by I’�U/ΣR’. According to the calculated current, the
appropriate branch wire type can be selected according to the
current-carrying capacity of the wire’s sectional area. (e total
current of each power supply is I�ΣI’.(e sectional area of the
lead wire can be determined based on the total current to select
the appropriate lead wire type.

2.3. Vacuum Seal and Drainage System Design. For the ap-
plication of the electroosmosis-vacuum preloading method
for sand-interlayered soft foundation, a vacuum seal and
drainage system are proposed, as seen in Figure 3. For
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Figure 2: Schematic view of electroosmotic circuit.
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foundation with sand layers, air leakage can easily occur at
the site during the vacuuming process, and the vacuum
degree cannot meet the design requirements. (erefore, it is
necessary to provide a sealing wall around the site to block
the permeable layer. (e mud mixing wall can be used as the
sealing wall, and mud made of clay is poured into the
foundation through a cement-mixing pile machine to form a
clay sealing wall. (e clay in the mud adopted by the clay
sealing wall should be not less than 20%, the clay grain
content of the clay should be more than 20%, the mud
density should be 1.2–1.3, and the permeability coefficient
should be k <1× 10− 7m/s. (e clay sealing wall, usually
0.7–1.2m wide, should be deeper than the sand layer.

For the deeper sand layer burial in this case, the mud
mixing sealing wall could produce a good effect but would be
easily ineffective under the vacuum pressure. A self-setting
mortar wall is thus recommended for use as the sealing wall.
For the geology of silty soft clay foundation with sand layers,
the suggested mix proportion of the self-setting mortar
according to the field test was as follows: cement (PO42.5):
calcium bentonite: JM-VII retarder: sodium carbonate:
water� 280 : 62.5 :1.12 : 5 :1000. (e thickness of the self-
setting mortar wall was 0.6–0.8m. According to the ex-
periment, the permeability coefficient of the self-setting
mortar wall was smaller than 1× 10− 8m/s, and the 28-day
unconfined compressive strength was more than 300 kPa.

In the site enclosed by the sealing wall, the drainage was
carried out by the vacuum drainage system. (e drainage
electrode was used as a vertical drainage channel and directly
connected to the horizontal drainage branch pipe laid on the

surface of the site. (e horizontal drainage branch pipes
were converged to the horizontal drainage main pipe, which
was connected to the vacuum pump. (e site was covered
with the vacuum geomembrane, which was buried in the
clay along the periphery of the site to form a closed space for
the site under treatment. After the geotextile was laid on the
vacuum geomembrane, a cofferdamwas built around the site
and then injected with water for loading.

2.4. Settlement Prediction. Accurate prediction of founda-
tion settlement is important for the design of soft soil
foundation treatment. Some scholars have established the
electroosmosis-vacuum preloading consolidation equation
to calculate the settlement, but this requires compiling a
finite element program, which is difficult for ordinary en-
gineering technicians. To simplify the prediction of the
settlement of soft soil foundation treated by the electroos-
mosis-vacuum preloading method, we propose a simple
method of simulating electroosmosis consolidation with the
finite element method, which is easy to master. (e water
flow caused by electroosmosis in the unit soil is assumed to
be equal to that caused by the negative pressure. Under the
same seepage flow, it can be deduced that the amount of
negative pressure applied can make it equivalent to the
drainage effect of the unit soil under a certain voltage. Al-
though electroosmotic consolidation and negative pressure
consolidation have different consolidation mechanisms, the
consolidation settlement is most important for soft ground
improvement engineering. (erefore, using negative

Plastic PVD

ePVD

Plastic PVD

Embankment
Water

Area A Area B

Dredged fill

Soft silty clay

Fine sand

Soft silty clay

Soft silty clay
with fine sand

Surface settlement gauge

Piezometer

Embankment

Inclinometer

Unit : m

Piezometer

Inclinometer

Air/water
Cut-off

Wall

15

10

5

0

2.5
1 1

2.5
1 1

Figure 3: Vacuum seal and drainage system.
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pressure consolidation to approximately simulate the elec-
troosmotic consolidation may satisfy the engineering needs
under the same discharge of the unit soil.

According to Mitchell [20], the excess pore pressure at
the cathode induced by electroosmosis can be determined by
the following:

u � −
ke

kh

 cwϕ, (4)

where ke is the electroosmosis coefficient, kh is the horizontal
osmotic coefficient, and ϕ is the electrical potential at the
cathode.

(e unit seepage flow generated by the potential ϕ is
equal to that generated by the negative excess pore pressure
u � − (kecwϕ/kh). In the finite element simulation of elec-
troosmosis consolidation, we propose that the negative
excess pore pressure drainage method be used to approxi-
mately simulate the electroosmotic drainage. In the pro-
posed method, the anode is set to an excess pore pressure
boundary, and the excess pore pressure can be calculated by
formula (4). During electroosmosis, water flows from the
anode to the cathode and then is discharged from the
cathode. (e excess pore pressure at the cathode is kept at 0,
where no water is discharged at the anode and the pore water
at the anode is discharged to the cathode. (en, a negative
excess pore pressure is formed gradually at the anode, and
the soil at the anode is first consolidated, resulting in a more
significant settlement compared with that of the soil at the
cathode. (is is consistent with the law of consolidation
settlement of the soil in the actual electroosmosis process.
However, in the finite element simulation of electroosmosis
using the proposed simplified method, the negative excess
pore pressure applied at the anode will generate seepage
from the cathode to the anode, which is inconsistent with the
actual electroosmotic seepage direction; hence, this method
is merely a simplified approximation method. Nevertheless,
while ensuring equal displacement of the soil, this method
can reflect the law that the soil at the anode is consolidated
and settled earlier than that at the cathode. In soft ground
improvement, settlement and displacement are the most
crucial factors. (e direction of seepage is not as important.
(erefore, this method can be applied in soft soil foundation
improvement engineering.

Although this method cannot reflect the mechanism of
electroosmosis consolidation in essence, it can predict the
settlement of the soil and be used for the settlement pre-
diction of soft soil foundation treated by electroosmosis-
vacuum preloading. Accurately predicting the foundation
settlement by the finite element simulation can help design
the treatment process reasonably.

3. Verification of the Design Methods

3.1. Overview of the Test Area. (e test was conducted on a
dredged fill site. (e dredged fill was consolidated by vac-
uum preloading. Roads needed to be built on the site, but the
bearing capacity of the site could not meet the design re-
quirements, so further treatment was needed. (e upper
layer of the site was the dredged fill consolidated by vacuum

preloading. (e lower layer of the soil was mainly mucky
silty clay, between which a sand interlayer about 1.5m thick
was sandwiched. (e groundwater level was 0.5m below the
ground. A static bearing test showed that the average bearing
capacity of the soft soil foundation was about 55 kPa.(e soil
parameters in the test area are shown in Table 1.

(e total test area was 1200m2, and it was divided into
four small subareas each sized 20m× 15m. (e four sub-
areas were named A1, A2, A3, and B zones. (e A1, A2, and
A3 zones were subjected to the electroosmosis-vacuum
preloading test, and the B zone to the conventional vacuum
preloading test.

3.2. Design of Field Test. EPVDs (outer diameter: 0.024m;
inner diameter: 0.02m) were inserted in the ground up to a
depth of 7.5m. (e upper 1.5m was a spring hose, and the
lower 6m depth acted as an electrode. (ere was a sand
interlayer in the foundation, so the electrodes were insulated
in the depth range of the sand interlayer. (e electrode
spacing was 2m, and the electrodes were arranged in a
square. (e PVDs were installed between the ePVDs to add
more drainage channels, and the PVD spacing was 1m. (e
PVD (0.1m× 0.004m) was used in the conventional vacuum
preloading test area. In this area, the PVD spacing was 1m.
(ey were arranged in a square, and the depth of insertion
into the foundation was 15m. Because the foundation had a
sand interlayer ranging from 3.5m to 5m deep, a self-setting
mortar wall measuring 1m thick and 8m deep was used to
seal the site. (e branch wires were arranged in the direction
of the side of the test area with a length of 15m, including
five anode branch wires and six cathode branch wires. Eight
electrodes were connected in series on each branch wire.(e
arrangement of the branch wires, lead wires, and electrodes
can be seen in Figure 3.

(e proposed design method in this study was used to
design the circuit, power supply, and settlement in the
experiment. First, the soil resistivity of the site samples was
determined by a Miller Soil Box. (e average resistivity of
the site was ρ± � 3Ω·m. According to formula (3), the soil
resistance between an anode-cathode pair can be calculated
by Rs � (3 × 2/2 × (5 + 1.5 + 2.5)) � 0.67Ω.

To determine the interface resistivity kj, we inserted two
ePVDs into the foundation as the cathode and the anode
with a spacing of 2m, and then, a 36V DC supply was
connected. (e measured initial current was about 8.5 A,
and the resistance of the circuit was 4.24Ω. (erefore, the
interface resistivity was kj � 0.3897Ω·m2. According to
formula (2), the interface resistance of an anode-cathode
pair was Ri � ((1/(0.024 × 4.5)) − (1/(2 × 4.5))) × 0.3897 �

3.57Ω. Assuming that the resistance of the circuit and the
metal electrode was negligible and the initial interface re-
sistance of the cathode and the anode was the same, Ra �

0 + 0 + 0.67 + 3.57 × 2 � 7.81Ω Ω was obtained according
to formula (1). (us, the total resistance of the area con-
trolled by each branch wire was ΣR′� 7.81/(8× 2)� 0.49Ω.
(e adopted input voltage was 36V for safe construction.
(e current of each anode branch wire was I’� 36/
0.49� 73.8A, and five anode branch wires were arranged in
each test area, so the total current of the lead wire was
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I� 73.8× 5� 369A. With reference to the current-carrying
capacity of aluminum core insulated wires and considering
the safety factor, two aluminum core insulated wires with a
nominal cross-section of 70mm2 were combined as one lead
wire with a current-carrying capacity of 420A. Aluminum
core insulated wires with a nominal cross-section of 16mm2

were used as the branch wire with a current-carrying ca-
pacity of 90A. (e output power of the power supply could
be calculated by P� 369× 36�13284W. (erefore, given a
certain safety factor, we selected a high-frequency switching
DC power supply with a stable voltage and a steady current
output, with an output voltage of 40V, output current of
500A, and output power of 20000W. (e input voltage was
three-phase AC 380V, and the output was a high-stability
25 kHz high-frequency wave.

3.3.TestMethod. (eA1,A2, andA3 zones were powered by
a DC power supply and received the vacuum electroosmosis-
surcharge preloading under the same voltage. (e con-
ventional vacuum-surcharge preloading test was performed
in the B zone. (e A and B zones were covered with a
complete vacuum geomembrane, and the vacuum degree
under the geomembrane reached 85–90 kPa in 10 days
because of the vacuuming with the vacuum pump. A sur-
charge load of 20 kPa was applied after 15 days by pouring
water on the vacuum geomembrane. (en, the electroos-
mosis-vacuum and surcharge preloading kept acting for 30
days.(e vacuum and surcharge loads are shown in Figure 4.

After 20 days of electroosmotic operation, current tran-
sition was performed every five days. (at is, the anode was
changed to be the cathode, and the cathode was changed to be
the anode. Current transition could prevent the formation of
large interface resistances at the anode, which reduce the
efficiency of electroosmosis after long-term application.

4. Field Test Results Analysis

(ree electroosmotic power supplies were set at 36V con-
stant voltage output mode to verify the rationality of the wire

and power supply selection. At the initial stage of electro-
osmosis, the lead wire currents monitored at the A1, A2, and
A3 zones were about 390A, 384A, and 380A, respectively.
(erefore, the current-carrying capacity of the wire and the
output power of the power supply selected could meet the
requirements. Compared with the monitoring results, the
calculated results had some errors, but the calculation ac-
curacy could meet engineering needs.

(e voltage difference was measured every 0.1m along
the direction to the anode with the cathode as the center, and
the normalized voltage distribution is shown in Figure 5.(e
voltage distributions reported in references [6, 7] were
compared in Figure 5 with that in this study. (e figure
shows that the voltage loss at the cathode and the anode
accounted for a large proportion of the total voltage.
According to this study, 14%–17% of the voltage loss was at
the cathode; 33%–49% was at the anode; and 37%–50% of
the voltage remained in the soil. (e voltage consumption at
the cathode and the anode was mainly caused by the

Table 1: Statistics of physical and mechanical characteristics of soil.

Soil layer
(ickness

(h)

Natural
density
(c)

Moisture
content
(W)

Void
ratio
(e)

Compression
modulus (Es)

Cohesion
(C)

Internal
friction
angle (Φ)

Horizontal
permeability
coefficient (kh)

Vertical
permeability
coefficient (kv)

m kN/m3 % MPa kPa o 10− 9m/s 10− 9m/s
①Dredged
fill 2.0 17.8 48.8 1.32 2.42 12.9 10.3 6.6 3.8

②-1
Mucky silty
clay

1.5 18.0 42.1 1.42 2.83 13.3 11.6 8.6 5.4

③ Sand
interlayer 1.5 19.5 39.4 1.25 3.25 7.5 24.1 84.7 71.5

②-2
Mucky silty
clay

4.0 18.2 44.8 1.43 2.86 14.5 11.1 8.2 4.6

④ Silty
clay with
sand

20.0 18.9 43.4 1.34 2.94 9.5 12.7 9.8 4.5

Vacuum load
Surcharge load
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Figure 4: Vacuum degree under geomembrane and surcharge load.
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interface resistance, so it was necessary to consider the
interface resistance in calculating the overall resistance of the
site in the electroosmosis design. Because the soil moisture
contents around the cathode and the anode are different and
the contact of the electrode with the soil changes rapidly
after the electroosmosis begins, different interface resistiv-
ities should be adopted at the cathode and the anode.
Moreover, interface resistivity varies greatly with soil layers;
therefore, the interface resistance should be computed by
using the average resistivity of the soil layer that is in contact
with the electrode.

Settling plates were set in the test zones to monitor the
surface settlement of the foundation. All settling plates were
placed in the middle of the adjacent vertical drainage
channels. (e surface settlements of the sites are shown in
Figure 6.

As shown in Figure 6, in stage 1 (before surcharge
loading), the A1, A2, and A3 zones were subjected to the
combined action of vacuum preloading and electroosmosis,
whereas the B zone underwent only vacuum preloading. In
the second stage, from the 15th day after the start of the test,
the surcharge load was applied in all the zones. In Figure 6,V
stands for vacuum preloading, E for electroosmosis, and S
for surcharge load. (e morphology of the settlement curve
in Figure 6 shows that the settlement increased sharply after
the surcharge loading. A comparison of the settlements of
the A and B zones reveals that the settlement of the elec-
troosmosis-vacuum preloading test area was 20% higher
than that of the vacuum-surcharge preloading test area.
(erefore, the electroosmosis-vacuum preloading test
designed by the proposed method can promote a faster and
larger consolidation settlement of soft soil foundation with
sand interlayers.

We used the finite element software ABAQUS to nu-
merically simulate the electroosmosis-vacuum preloading
test and verify the rationality of the proposed numerical
simulation method. According to the proposed method,

excess pore pressure was applied on the PVDs and ePVDs in
the simulation. As shown in Table 1, the average horizontal
osmotic coefficient of the soil within the effective electrode
depth range was calculated as kh � 8.2×10− 9m/s. Mitchell
[20] stated that the value of the electroosmotic coefficient ke

should be between 1× 10− 9 and 1× 10− 8m2/V/s. According
to the common values in previous studies, the electroos-
motic coefficient of the soil taken in the calculation was
ke � 2×10− 9m2/V/s. In the field test, the power output
voltage was ϕ� 36V. (e study result of the voltage dis-
tribution between the electrodes showed that only 37%–50%
of the voltage remained in the soil, and the average value of
44% was used in the calculation. (us, the actual applied
voltage in the soil was 16V, and the excess pore water
pressure applied to the vertical drainage body in the sim-
ulation was − 39 kPa, according to formula (4). (e con-
verted excess pore pressure and the actually applied vacuum
degree were superposed and applied to the anode in the
numerical simulation. A two-dimensional finite element
model was established with ABAQUS for the electroos-
mosis-vacuum preloading test simulation, and the
Mohr–Coulomb model was used for the soil constitutive
model. (e soil parameters are shown in Table 1. (e set-
tlement curve of the central point on the foundation surface
in the electroosmosis-vacuum preloading area obtained by
the numerical simulation settlement curve is shown in
Figure 6. (e foundation settlement contour is shown in
Figure 7. (e average measured settlement of A zone at the
end of stage 1 is 406.1mm, and the simulated settlement is
427.8mm. Compared with the measured data, the error of
the simulation results is only 5.3%. (e average measured
settlement of A zone at the end of stage 2 is 601.5mm, and
the simulated settlement is 631.1mm. Compared with the
measured data, the error of the simulation results at the end
of stage 2 is only 4.9%. (e simulation errors of the two
stages are acceptable in engineering. By comparing the
simulation curve with the measured curves in Figure 6, it can
be found that the finite element simulation curve agrees well
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with the settlement data of the electroosmosis-vacuum
preloading test area. It indicates that the numerical simu-
lation has a high precision. (is proves that the proposed
simulation method is feasible for predicting the foundation
settlement of electroosmosis-vacuum preloading, and its
calculation accuracy can meet engineering needs.

5. Conclusions

Aiming at the treatment design of soft soil foundation with
sand interlayers by the electroosmosis-vacuum preloading
method, a design method that includes the ePVD design,
power supply and conducting circuit design, vacuum seal
and drainage system design, and settlement prediction was
developed and verified with a field test. (e following results
are concluded through the study:

(1) (e developed compressible ePVD has the functions
of both conductivity and drainage and can isolate the
sand interlayer without puncturing the vacuum
geomembrane. (erefore, it is suitable for the
treatment of sand-interlayered soft soil foundation
with the electroosmosis-vacuum preloading method.

(2) Reasonable circuit and supply power design is the
key to electroosmosis treatment engineering. (e
influence of interface resistance and the sand in-
terlayer should be considered to accurately calculate
the site resistance. (e proposed calculation method
can be used to reasonably calculate the wire sectional
area and the power of the power supply.

(3) (e sealing effect of the site should be guaranteed for
soft soil foundation with sand interlayers. A self-
setting mortar wall is recommended for vacuum
sealing. (e mixing ratio of the self-setting mortar
obtained in this work can be used for soft soil
foundation with sand interlayers.

(4) A simplified finite simulation method for electro-
osmosis consolidation is proposed. Under an equal
seepage flow of the unit soil, the voltage can be
converted into the excess pore pressure and applied

to the drainage boundary. (e simulation method
can be used to predict the settlement of a site by
electroosmosis-vacuum preloading.

Notation

PVD: Prefabricated vertical drain
Rs: Resistance of the soil between electrodes
ePVD: Electrical PVD
kj: Interface resistivity
AC,
DC:

Alternating current and direct current

hi: Soil thickness of the layer i in the electrode
treatment range

P, U: Output power and voltage
B: Anode spacing or cathode spacing
I, I′: Total current and the current of each branch wire
ρs: Average resistivity of the soil between the anode

and the cathode
ΣR′: Total resistance of the area controlled by each

branch wire
l: Distance between the anode and the cathode
Ra: Apparent resistance of a pair of electrodes
ke: Electroosmosis coefficient
Rw: Resistance generated at the wire and the wire

connection
kh: Horizontal osmotic coefficient
Re: Resistance of the material of the drainage electrode
ϕ: Electrical potential at the cathode
Ri: Interface resistance between the electrode and the

surrounding soil
u: Excess pore pressure at the cathode.
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Géotechnique, vol. 17, no. 3, pp. 214–235, 1967.

[6] K. Y. Lo, K. S. Ho, and I. I. Inculet, “Field test of electro-
osmotic strengthening of soft sensitive clay,” Canadian
Geotechnical Journal, vol. 28, no. 1, pp. 74–83, 1991.

[7] C. J. F. P. Jones, J. Lamont-Black, and S. Glendinning,
“Electrokinetic geosynthetics in hydraulic applications,”
Geotextile and Geomembranes, vol. 29, no. 4, pp. 381–390,
2011.

[8] H.-l. Liu, Y.-l. Cui, Y. Shen, and X.-m. Ding, “A new method
of combination of electroosmosis, vacuum and surcharge
preloading for soft ground improvement,” China Ocean
Engineering, vol. 28, no. 4, pp. 511–528, 2014.

[9] C. Y. LiJ. Zhou et al., “Application of vertical layered power
technology in electro-osmosis combined with vacuum pre-
loading,” in Proceeding of the 11th International Conference on
Geosynthetics,, Seoul, Korea, September 2018.

[10] H. T. Fu, J. Wang, Y. Q. Cai et al., “Experimental study of
combined application of electro-osmosis and low-energy
dynamic compaction in soft ground reinforcement,” Chinese
Journal of Rock Mechanics and Engineering, vol. 34, no. 3,
pp. 612–620, 2015.

[11] P. C. Hu, J. Zhou, X. G. Wen et al., “Laboratory model ex-
periment of electro-osmosis combined with loading and
pneumatic fracturing,” Journal of Zhejiang University (Engi-
neering Science), vol. 49, no. 8, pp. 434–1440, 2015.

[12] Y. F. Zhuang and Z. Wang, “Study on interface electric re-
sistance of electro-osmotic consolidation,” Rock and Soil
Mechanics, vol. 1, pp. 117–120, 2004.

[13] S. D. Wang, L. H. Zhuang, H. J. Wu et al., “Parameter design
of over-wet soil fill treated by electro-osmosis,” Chinese
Journal of Geotechnical Engineering, vol. 32, no. 2, pp. 211–
215, 2010.

[14] Y. F. Zhuang, “(eory and design method for electro-osmotic
consolidation,” Chinese Journal of Geotechnical Engineering,
vol. 38, no. S1, pp. 152–155, 2016.

[15] J. Yuan and M. A. Hicks, “Numerical analysis of electro-
osmosis consolidation: a case study,” Géotechnique Letters,
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