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Abstract

This paper presents the design and construction of vacuum preloading incorporated with

electroosmosis (VPE) engineering application for the treatment of soft soil on complex ter-

rain for sluice foundation excavation in order to reduce the amount of cement used in con-

struction. Monitoring was conducted during the VPE treatment and laboratory geotechnical

tests were carried out once the treatment came to an end. Results show that the electrifica-

tion mode has a significant influence on electric energy consumption. Stepped-up voltage

helped in saving electric energy while electrode conversion consumed a lot of electric

energy. The dispersion of soil parameters became larger after VPE treatment. The stability

of physical parameters is better than the mechanical parameters, and the latter is better

than the deformation parameters. Soil water content has a linear relationship with density

and compression coefficient. The given linear fitting equations can help in simplifying the

calculation and acquisition of these indexes. Although the mean values of the soil index

parameters slightly improved, their coefficient of variation (COV) significantly increased.

These locations with improved index parameters scattering in the construction site ensured

that the subsequent construction tasks such as pit slope and excavation were successfully

realized in this area.

Introduction

Due to the rapid economic development and reform of social policies, construction activities of

civil and hydraulic underground structures have been increasing significantly. Soft soil with

properties such as high liquidity, high water content, and low permeability often emerged in the

process of foundation construction, hence presenting improvement or excavation challenges to

the engineers [1–3]. Expand cooperation on new energy, energy conservation, and environ-

mental protection has been a hot topic about engineering construction in soft soil foundations

[4, 5]. In soft soil areas, during the process of foundation pit excavation soil below the
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excavation surface is subject to obvious vertical unloading, leading inevitably to rebound defor-

mation of soil [6]. An increase in excavation depth, results in the difference in heights between

the ground surface and bottom of the pit growing larger. Unexpected transmissive layers within

the low hydraulic conductivity materials may lead to instability at the bottom of the excavation

[7]. Stabilization of the foundation pit slope is one of the key problems during excavation.

Strengthening of soft soil by means of ground improvement has proven to be a useful technique

for the stabilization of the excavation and the control of unloading deformation [8].

In soft soil area, the soft soil usually needs to be reinforced before excavation of foundation

pit. In foundation pit engineering the selection and application of soft soil reinforcement tech-

nology should be considered according to engineering geological conditions, construction con-

ditions, design of foundation pit excavation, and other environmental and economic

requirements [9–11]. At present, there are several reinforcement techniques for the excavated

soft soil strengthening such as grouting [9], high pressure jet grouting [12], deep mixing [13],

and dewatering [14] with different application conditions, technological characteristics, and

economic suitability. The former three methods are accomplished by pumping a cement-based

grout into the soil or mixing with the soil forming soil-cement column. The use of cement-soil

mixing piles for providing stability of soft or loose soils also has yet widely spread in the excava-

tion site [15]. Hu [16] presented the application of cement-soil mix piles to a deep excavation in

soft soils adjacent to the Shanghai Metro tunnels. Although these technologies have recently fur-

ther been applied in settlement control of soft soils, slope stabilization, and the formation of

composite gravity structures, there are still major environmental concerns with cement produc-

tion such as various gas emissions and energy consumptions [17]. According to the application

practice of soft soil reinforcement in foundation pit excavation, Shi [18] classified the design

form and layout of soft soil reinforcement, and pointed out that reasonable combination and

flexible application should be made according to the problems to be solved.

Pumping consolidation or precompression by pumping water out of the ground was used

to reduce the amount of water in soft soil layers and to improve the soil shear strength and

deformation modulus before excavation [16]. The dewatering methods used in excavation

engineering usually include pumping wells, light well points, ejector well points, electro-

osmotic well points and etc. [19]. The vacuum preloading method is also used to strengthen

soft soil in excavation engineering, after four months of treatment the improved ground can

be excavated with ease [20]. Pujades et al. [21] highlighted the importance of soil characteriza-

tion for selecting the most efficient dewatering method when excavating under the water table.

However, these dewatering methods were barely satisfactory to ensure stable conditions or

with a long construction period when the excavation is undertaken in a low hydraulic conduc-

tivity soil. Through some laboratory and in-situ tests vacuum preloading combined with the

electroosmosis method (VPE) has been proven to be suitable for low permeability soft clay

strengthening with faster construction time [22–24]. However, the actual engineering applica-

tion of VPE has not been reported.

In this paper, an in-situ application of VPE in the excavation engineering of a complex foun-

dation pit in the tidal flat area is presented. The reinforcement effect of VPE on soft soil within

the excavation range of the foundation pit is evaluated by monitoring the changes in current,

vacuum pressure, surface settlement, and pore water pressure in soil on site, as well as the results

of the indoor soil test. Based on these evaluations, some suggestions are developed to help engi-

neers better design the VPE process and reasonably evaluate the strengthening effect.
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Project overview

A sluice foundation pit excavation project was located on Chongming Dao, Yangtze estuary

north of Shanghai, China. The design excavation depth ranged from 4.25–6.90 m, and covers

an area of 12000 m2. On site, the pile foundation construction of the main structure of the

sluice was completed first, mainly using pre-stressed high-strength concrete (PHC) pipe piles,

triaxial and biaxial cement mixing piles. Then cement mixing piles were installed around the

foundation pit and used as a water-proof curtain during dewatering and excavation. Accord-

ing to the original plan, tube well, light well point, and open ditch dewatering technologies

were adopted in the foundation pit. However, the completion of the wells in soft soil was diffi-

cult due to borehole collapsing, which significantly increased the smearing and well resistance

effect and decreased the water collection performance and drainage effect. Therefore, in the

process of mechanical excavation, it was found that the soil moisture content was still high

with a plastic fluid behaviour and low bearing capacity making it difficult for excavating

machines to enter the field. Initially, after fifteen days of drainage, the foundation pit excava-

tion was to start with a slope ratio of 1:3 but due to the challenges aforementioned the actual

excavation slope ratio was decreased to 1:6 and deep sliding still occurred in the soil which

damaged part of the pile foundation in the sluice chamber and empty container location, as

shown in Fig 1, meaning the excavation had to be suspended. In view of the excavation distur-

bance on beach soft soil on complex terrain, it is urgent to find a suitable treatment method in

an effort to promote the rapid drainage and strength of the soil, so as to meet the requirements

of slope excavation construction.

Geological and hydrological conditions

According to the geological survey records, the current distribution of the soil within the exca-

vation depth was mainly mucky silty clay, and some mucky clay distributed in the shallow

excavation depth area. Two soil layers were all recently deposited tidal flat with high water con-

tent, compressibility, and void ratio in a fluid plastic state. Mucky clay contains organic matter

and humus with a layer thickness of 0.8–2.1 m, while mucky silty clay contains mica and

organic matter with a layer thickness of 0.6–16.1 m.

The shallow groundwater of the site belongs to pore phreatic water, which mainly exists in

the mucky clay layer, mucky silty clay layer and its adjacent soil layer. It is near the Yangtze

Fig 1. Current situation of the sluice foundation pit excavation project. a) Layout of the sluice foundation pit. b) Deep sliding occurred in the soil which damaged part

of the pile foundation in the sluice chamber, when the site experienced excavation by using tube well, light well point, and open ditch dewatering technologies.

https://doi.org/10.1371/journal.pone.0288026.g001
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River estuary and is directly fed by the river water. The water level dynamics are mainly con-

trolled by the atmospheric precipitation and tide etc.

Physical and mechanical properties of soil

The physical, mechanical, and deformation parameters of the soil were obtained by laboratory

tests based on the canonical standard ASTM. Table 1 summarizes the available data on the

inherent variability of some common index parameters. COV is the coefficient of variation of

inherent variability, which is equal to the standard deviation of the inherent soil variability

divided by the mean soil property trend. Generally, the greater the COV, the greater of the

data dispersion degree. Conversely, the smaller the degree of data dispersion, the better the sta-

bility. The COV of inherent variability for the permeability coefficient and particle size distri-

bution is larger than 25%, that for the liquidity index, cohesion, compression coefficient, and

compression modulus are ranging from 10% to 15%, while that for other parameters are below

10%. Particle size is one of the main factors influences the soil permeability, the larger variabil-

ity of the soil particle size determined the larger variability of the permeability coefficient.

Although the soil water content is not particularly high in the range of 36% to 47%, its liquidity

index is larger than 1 indicating that the soil is in a flow-plastic state. The particle grain sizes

are all in the range of 0.005–0.075 mm, which means that the soil constituent is silt. The soil

samples were classified as mucky silty clay according to the void ratio between 1 to 1.5, with

water content larger than the liquid limit, and a plastic index between 10–17.

Schemes comparison

Combined with the soil characteristics, construction requirements, and current situation of

the project, soft soil foundation treatment methods were considered, such as in situ solidifica-

tion, vacuum preloading, and vacuum preloading incorporated with electroosmosis. The con-

struction craft, scope of application, and technical and economical characteristics of the three

methods were comprehensively analyzed. In situ solidification method has a short

Table 1. Inherent variability of the index parameters before treatment.

Property No. of data Property value Property COV (%)

Range Mean

Water content (%) 95 36–47 42 6

Density (g/m3) 95 1.74–1.84 1.77 1

Void ratio 95 1.03–1.29 1.20 6

Liquid limit (%) 95 34–39 37 3

Plastic limit (%) 95 19–23 21 5

Liquidity index 95 1–2 1.4 13

Plastic index 95 15–17 16 4

Permeability coefficient (cm/s) 95 3.14 × 10−7- 6.29 × 10−7 27

1.06 × 10−6

Cohesion (kPa) 89 10–17 12 13

Internal friction angle (0) 89 16–19 17 5

Compression coefficient (MPa-1) 67 0.49–0.95 0.76 15

Compression modulus (MPa) 67 2.4–4.1 2.93 14

Particle size analysis 0.075–0.05 mm (%) 37 4–21.1 12.6 38

0.05–0.01 mm (%) 22–73.8 53.6 25

0.01–0.005 mm (%) 2.1–8.1 4.4 33

https://doi.org/10.1371/journal.pone.0288026.t001
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construction period and good reinforcement effect with 14–21 $/m3, but the excavated solidi-

fied soil would become abandoned soil causing a waste of resources and the addition of cement

in the soil increased the amount of earthwork. The vacuum preloading method is a mature

technique with a low cost of 11–14 $/m2, but its construction period is long [25], which affects

the project progress. According to present in-situ tests [24], VPE is suitable for the treatment

of soft soil with high water content and low permeability with 22–42 $/m2, more crucially its

construction period is short. Further technical explorations need to be carried out for the

application of VPE in large area field engineering. Finally, VPE was chosen to treat the soft soil

which was to be excavated due to its less cost and short duration.

Design and construction of VPE

Fig 2 illustrates the design scheme of VPE used in the excavation area with complex terrain.

The construction site with a sloping surface first went through the clearing of debris and an

engineering survey. Moreover, the slope was trimmed into step shape to facilitate the operation

of a crawler-type plug-in machine, which was used to insert the vertical drains and electrodes

into the soil. Since the bearing capacity of the disturbed soil was too low making it difficult for

the machines or personnel to operate, a layer of non-woven geotextile was laid on the soil sur-

face to achieve a better bearing capacity permitting personnel to work on the top. Plate-shaped

plastic vertical drains (PVDs) and electric vertical drains (EVDs) were vertically inserted into

the excavation depth of the soil with a spacing of 0.7 m in a square layout, as shown in Fig 2A

and 2B. Detailed information for EVDs has been introduced by Sun et al. [26]. Above the soil

surface 1 m of PVDs and EVDs were reserved and wound around the horizontal corrugated

filter tube (40 mm in diameter) with a spacing of 1.4 m, as shown in Fig 2C.

There are six wire concentrators connected to the EVDs on-site to the special direct-current

(DC) power supply by electrical wires and main cable wires. The wiring diagram was illus-

trated in Fig 2B. Each wire concentrator is connected to 14–18 electrical wires, and each elec-

trical wire is connected to 108–150 EVDs. The special DC power has high-voltage parameters

and automatic control function according to the settlings. After that a layer of woven geotextile

and two layers of vacuum membrane were placed on site. The edge of the membrane was

embedded in the sealing ditch 1 m deep. In order to monitor the vacuum degree, pore water

pressure, and surface settlement of the construction site, there were eight vacuum gauges,

twelve pore water pressure gauges buried in four locations at depths of 1 m, 2 m, and 3 m, and

five settlement plates were evenly distributed on site in the north, south, east, west and south-

east directions, as shown in Fig 3. A 7.5 kW vacuum pump was deployed every 1000 m2. Other

processes were similar to the conventional vacuum preloading method. Real scene of the con-

struction site covered by vacuum membranes was illustrated in Fig 2D.

The combination mode of vacuum preloading and electroosmosis was divided into two

stages, that were vacuum preloading first and then vacuum preloading and electroosmosis

jointly reinforcement. The vacuum pumps started working on 2 June 2021 (first day), while

Fig 2. Implementation of VPE used in the excavation area with complex terrain. a) Cross-section scheme. b) Wiring diagram and layout plan of EVDs and PVDs. c)

Connection of PVDs and EVDs with corrugated filter tube. d) Real scene of the construction site covered by vacuum membrane (unit mm).

https://doi.org/10.1371/journal.pone.0288026.g002
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the special DC power supply working time was 28 June 2021(27 th day). After that they contin-

uous went on until the end of the reinforcement on 22 July 2021 (51 st day). When the pore

water pressure dissipated obviously, the surface settlement curves converged, and the rein-

forcement came to an end. After the reinforcement, in-situ drilling and sampling were carried

out for geotechnical laboratory testing, such as water content, density, Atterberg limits, shear

strength index, compressibility coefficient and etc.

Results and analysis

Vacuum pressure

The sealing of the excavation area with complex terrain was hard work. The vacuum pressure

under the membrane increased to 70 kPa after the jet vacuum pumps sucking lasted for almost

seven days. Subsequently, the vacuum degree under the membrane of the eight measuring

points fluctuated in the range of 70 to 82 kPa. Due to the influence of typhoon “fireworks” on

July 20, 2021, the vacuum degree under the membrane decreased continuously and could only

Fig 3. Layout of the monitoring point for vacuum pressure, surface settlement, and pore water pressure.

https://doi.org/10.1371/journal.pone.0288026.g003
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maintain 60 kPa. The vacuum pressure at PVDs and EVDs in the soil was obviously lower

than that under the membrane [27].

Electric current and electric energy consumption of electroosmosis

The stepped-up steady voltage mode and electrode conversion technology were adopted in the

field. The electric current variation trend was similar for six special DC power supplies, so only

one of the special DC power supplies NO.1 displayed electric current variation under different

applied voltage presented here, as shown in Fig 4. On the 27th day of vacuum preloading rein-

forcement, a steady voltage was applied to the EVDs during the day from 7 am to 6 pm and the

initial voltage was 20 V, which was increased by 5 V every five days. From the 37th day, day-

time applied voltage following the previous mode, while higher voltage was applied and the

polarity of the electrodes was reversed in the night from 6 pm to 7 am. The values of during day

electric current ranged from 20 A to 45 A which were close to that of its corresponding applied

voltages. When the voltage was adjusted to about 65 V and reversed the polarity of the elec-

trodes in the night, the electric current reached higher than 130 A. Reversing the electrodes at

night was to generate reversed electroosmotic flow, which was conducive to reduce the interface

resistance between the anodes and the soil. The stepped-up voltage during the day and electrode

conversion during the night were helpful in maintaining the electric current in the soil during

the day and it did not decrease but was rising slowly. According to the above electrification

method, the total electric energy consumption for each special DC power supply was close,

which was the sum of day and night electric energy consumption, as shown in Fig 5A. The

Fig 4. Electric current variation under different applied voltage of NO.1 special DC power supply.

https://doi.org/10.1371/journal.pone.0288026.g004
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electrification mode during the day did not consume too much electrical energy and its total

values not more than 400 kWh, while the electric energy consumption during the night was

striking (S1 and S2 Datasets).

Fig 5B provides an example of electric energy consumption per day for No. 1 special DC

power. The electric energy consumption per day between days 27 to 36 (only during the day)

was lower than 10 kWh, while after that the total electric energy consumption per day varied

between 110 and 140 kWh. The electric energy consumption during the night per day from

the 37th day accounted for more than 85% of the total energy consumption per day. The

higher voltage applied and electrode conversion during the night consumed a large amount of

electric energy. The lower current and voltage applied during the day did not consume much

electric energy. Hence, the electrification mode has a significant influence on electric energy

consumption.

Pore water pressure

The dissipation of pore water pressure decreased with increasing depth, which was mainly

because the vacuum degree decayed with increasing depth. Taking one of the measuring points

as an example, the variation of pore water pressure at 1 m, 3 m, and 5 m was introduced, as

shown in Fig 6. The pore water pressure at 1 m is greatly affected by the vacuum degree, and

decreases rapidly to a negative value. Its maximum dissipation value was about 68 kPa. The

dissipation rate of pore water pressure at 3 m and 5 m was close and dissipated to 48 kPa and

40 kPa, respectively. In the later period, these pore water pressures rebounded especially at 1 m

depth due to the decrease of vacuum degree (S3 Dataset).

Surface settlement

The surface settlements of the five settlement plates are shown in Fig 7. Before the 15 d of rein-

forcement there was a rapid, almost linear increase in the surface settlements. Then the settle-

ment rate decreased gradually and tended to be steady after 45 d of reinforcement. The

maximum and minimum final settlement was 35.9 cm for S3 located on the southeast side of

the site and 30.4 cm for S4 located on the southern side of the site, respectively. It is necessary

to judge whether the consolidation degree is suitable for excavation according to the final

Fig 5. Electric energy consumption. a) Electric energy consumption of six special DC power supplies. b) Electric energy consumption per day for No. 1 special DC power.

https://doi.org/10.1371/journal.pone.0288026.g005
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excavation situation. The degree of consolidation Ut can reflect the reinforcement effect and

dissipation of excess pore water pressure most directly, which is expressed as follows:

Ut ¼
St
S1

ð1Þ

where St is the average settlement at time t, and S1 ¼
S3 S2 � S1ð Þ� S2 S3 � S2ð Þ

S2 � S1ð Þ� S3 � S2ð Þ
is the final settlement of

foundation [22]. S1, S2 and S3 are the settlements at time intervals t1, t2 and t3, respectively. The

time intervals should be long enough and try to make t3 at the end of the settlement curve.

After repeated selection and calculation the final degrees of consolidation for S1-S5 were

83.3%, 82.7%, 85.7%, 84.0%, and 81.6%, respectively.

There are mainly two reasons contributing to the generation of the settlement. Soil is a

three-phase dispersion system. The discharge of pore water and air into the soil, and the move-

ment of fine soil particles resulting in realign of soil particles, both caused the decrease of soil

pore volume and hence the compression of soil under the effect of vacuum preloading and

direct-current electric field. The suitable compression of the soil was conducted to reduce the

mass and volume of the excavated soil.

Analysis of soil laboratory testing

Twelve 7 m deep boreholes were drilled in the construction site after VPE treatment for soil

laboratory testing. The vertical distribution of soil physical, mechanical and deformation

parameters are shown in Fig 8A–8J, respectively. Fig 8K using bar charts illustrates the varia-

tion range, mean value, and COV of the soil parameters before and after treatment. Firstly, the

variations of the physical parameters after VPE treatment were analyzed. As seen from the

Fig 6. Pore water pressure variation.

https://doi.org/10.1371/journal.pone.0288026.g006
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laboratory test soil samples for most of the boreholes the water content increased and the den-

sity decreased along the depth direction. The soil water contents after VPE treatment ranged

from 24% to 52%, while most of the water contents was still between the range of 36% and

47% (before treatment range). About 16% water content data was smaller than the low end of

the initial soil water content range. The water content of soil within the depth of 1 m decreased

most significantly. The mean value of the soil water content before and after VPE treatment

was close, the COV increased from 6% to 16%. The soil density varies from 1.63 to 1.92 g/cm3

after VPE treatment exceeded the previous range before treatment. The testing locations of the

density data larger than the initial upper limit were coincidently almost consistent with that of

water content smaller than the initial lower limit of water content. The testing locations of the

density data smaller than the lower limit were coincidently almost consistent with that of

water content larger than the initial upper limit of water content. The COV and mean of den-

sity after treatment was slightly larger than that before treatment (S4 and S5 Datasets).

As shown in Fig 8C and 8D, there are obviously some data larger than the initial upper

limit for the liquid limit and plastic limit. Only very little data is slightly below the low end of

liquid limit before treatment range, while no data below that of plastic limit before treatment

range. If the soil plastic limit exceeded the initial upper limit, its corresponding liquid limit at

the same location also almost exceeded its initial upper limit. The COV and mean value for liq-

uid limit after VPE treatment increased by 7% and 2%, respectively. Similarly, the COV and

mean value for plastic limit after VPE treatment increased by 8% and 2%, respectively. Basi-

cally, the liquid limit and plastic limit of the soil at some locations increased after VPE treat-

ment. Liquid limit is an important index property for cohesive soils. It reflects the particle-

Fig 7. Surface settlement variation.

https://doi.org/10.1371/journal.pone.0288026.g007
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level interactions and soil microstructure. The increase in liquid limit indicates further funda-

mental changes in the clay properties, which may be due to the increase of salt content of the

soil after VPE treatment [28, 29]. The presence of gel generated by electroosmosis sorbed the

extra amount of water by matrix suction might result in an increase in the plastic limit [30] (S6

and S7 Datasets).

For liquidity index, it was larger than 1 for the soil before treatment, while after VPE treat-

ment 11% of testing data ranged from 0.75 to 1 representing the soil changing from a fluid

state to a soft plastic state and 4% of data ranged from 0.25 to 0.75 representing the soil chang-

ing from a fluid state to a plastic state. Its mean value decreased by 0.1 and COV increased by

8% more than the soil before treatment. For plastic index, the mean value after treatment was

the same as that before treatment. However, it ranged from 10 to 22, with 51% data smaller

than the initial lower limit and 28% data larger than the initial upper limit. The COV also

increased by 11% (S8 and S9 Datasets).

Fig 8. Soil parameter distribution along its depth profile of different boreholes. a) Water content. b) Density. c) Liquid limit. d) Plastic limit. e) Liquidity index. f)

Plastic index. g) Cohesion. h) Internal friction angle. i) Compression coefficient. j) Compression modulus. k) Variation range, mean value, and COV of the soil parameters

before and after treatment.

https://doi.org/10.1371/journal.pone.0288026.g008
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Secondly, the variations of the mechanical parameters after VPE treatment were analyzed.

For cohesion, there is some data smaller than the initial lower limit, the mean value decreased

by 1 kPa. For internal friction angle, it ranged from 11˚ to 32˚ and its mean value was 19˚

increasing by 2˚ than the initial mean value. There is 29% of the data larger than the initial

upper limit. Most of the testing locations of the internal friction angles larger than the initial

upper limit were coinciding with that of cohesion data smaller than the lower limit of the soil

cohesion before treatment. Conversely, the corresponding internal friction angles of the cohe-

sion data smaller than the lower limit of the soil cohesion before treatment were larger than

the initial upper limit of internal friction angles before treatment (S10 and S11 Datasets).

Finally, the variations of the deformation parameters after VPE treatment were analyzed.

There is 11% compression coefficient data smaller than 0.5 MPa-1 and its corresponding com-

pression modulus larger than 4 MPa. But there is 25% compression coefficient data larger than

1 MPa-1. Although the mean compression coefficient and the mean compression modulus

increased by 0.05 MPa-1 and 0.4 MPa respectively compared to the initial values, their COV

increased by 23% and 44%, respectively (S12 Dataset).

Although the mean values of the soil index parameters after VPE treatment improved

slightly, their COV significantly increased, which was attributed to the inhomogeneity

strengthening effect of VPE for different dewatering amounts of electroosmosis flow between

the anodes and the cathodes in the horizontal direction and the decay of vacuum pressure and

voltage potential in the vertical direction [26]. The COV of soil parameters after VPE treat-

ment all increased compared to that before treatment. This indicated that after VPE treatment

the dispersion of soil parameters became larger. The COV of deformation parameters were

larger than that of mechanical parameters, and the latter were larger than that of physical

parameters. Inversely, the stability of physical parameters is better than the mechanical param-

eters, and the latter is better than the deformation parameters after VPE treatment.

In addition, water content is an easily available index of soil properties. With water content

as an independent variable, linear regression was used to fit the correlation among indexes,

hence simplifying the calculation and acquisition of soil physical property indexes. It is found

that water content (w) has a good linear relationship with density (ρ) and compression coeffi-

cient (a1–2). The linear fitting equations are as follows:

r ¼ � 0:0092wþ 2:1673 R2 ¼ 0:9854ð Þ ð2Þ

a1� 2 ¼ 0:0457w � 1:1013 R2 ¼ 0:9502ð Þ ð3Þ

Foundation pit excavation

From the laboratory testing, the results indicated that the soil properties after VPE treatment

distribution had greater spatial variability. Although there was little difference between the

mean values of soil parameters before and after treatment, the miniature excavation soil was

hard and the pit wall was stable (Fig 9A), the drill hole sample had good continuity and integ-

rity with stable forming (Fig 9B). This indicated that the improved index parameters scattering

in the construction site have a significant influence on the soil sate. After comprehensive

judgement, it has been proven that the treated soft soil can carry out foundation pit excavation.

The practice has proved that the subsequent construction tasks such as pit slope and excava-

tion have been successfully realized in this area as shown in Fig 9C, and the construction of the

sluice project has been carried out.
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Conclusions

A sluice foundation pit excavation project located at tidal flats site experienced well point pre-

cipitation and tube well drainage. However, unstable sliding occured during the slope excava-

tion of the foundation pit and caused the failure of some pre-driven piles in the local scope of

the site. VPE technique was selected for engineering application specifically for the disturbed

soil with complex terrain after comprehensive analysis of the construction craft, scope of appli-

cation, and technical and economical characteristics of the further disposal schemes.

The electrification mode significantly influenced electric energy consumption. Stepped-up

voltage helped save electric energy, but electrode conversion consumed a lot of electric energy.

When the consolidation degree reached above 80%, it was suitable for further excavation. The

dispersion of soil parameters became larger after VPE treatment. The stability of physical

parameters is better than the mechanical parameters, and the latter is better than the deforma-

tion parameters. Soil water content has a linear relationship with density and compression

coefficient. The given linear fitting equations can help in simplifying the calculation and acqui-

sition of these indexes. Although the mean values of the soil index parameters slightly

improved, their COV significantly increased. These locations with improved index parameters

scattering in the construction site ensured that the subsequent construction tasks such as pit

slope and excavation were successfully realized in this area. VPE method can be applied in

treating soft soil during foundation pit excavation project. The successful excavation of this

project showed that the mean values of the soil index parameters after VPE treatment changed

slightly making it less important in judging the likelihood of excavation of the soil, while the

values with great improvement emphasized the favorable excavation.

Fig 9. Soil state after treatment. a) Miniature excavation. b) Drill hole sample at 5 m. c) Scene after completion of

excavation.

https://doi.org/10.1371/journal.pone.0288026.g009
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