
A Case Study of Vacuum Tube-Well Dewatering
Technology for Improving Deep Soft Soil in Yangtze
River Floodplain
Biao Zeng 

Southeast University School of Transportation
Yu Zhen 

Nanjing Darcy Geotechnical Engineering Co., Ltd.
Dingwen Zhang  (  zhangdw@seu.edu.cn )

Southeast University https://orcid.org/0000-0003-1602-5205
Tao Meng 

China Tiesiju Civil Engineering Group Co., Ltd.
Zejia Gong 

Southeast University School of Transportation
Songyu Liu 

Southeast University School of Transportation

Research Article

Keywords: vacuum tube-well, pumping test· ground settlement, water drawdown level, CPTU, Yangtze
River Floodplain

Posted Date: June 21st, 2021

DOI: https://doi.org/10.21203/rs.3.rs-174384/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-174384/v1
mailto:zhangdw@seu.edu.cn
https://orcid.org/0000-0003-1602-5205
https://doi.org/10.21203/rs.3.rs-174384/v1
https://creativecommons.org/licenses/by/4.0/


 1 

 

Title Page: 

 

A Case Study of Vacuum Tube-well Dewatering Technology for Improving Deep 

Soft Soil in Yangtze River Floodplain 

 

 Biao Zeng 1,2, Yu Zhen3, Dingwen Zhang1,2*, Tao Meng4, Zejia Gong1, Songyu Liu1  

 

1 School of Transportation, Southeast University, Nanjing, Jiangsu Province 211189, China; 

2 National Demonstration Center for Experimental Road and Traffic Engineering Education (Southeast University), Nanjing, 

Jiangsu Province, 211189,China； 

3 Nanjing Darcy Geotechnical Engineering Co., Ltd., Nanjing; Jiangsu Province 210041, China; 

4 China Tiesiju Civil Engineering Group Co., Ltd., Hefei; Anhui Province 230022, China; 

 

*Correspondence: Dingwen Zhang;  

School of Transportation, Southeast University, Nanjing, Jiangsu 211189, China;  

Email：zhangdw@seu.edu.cn ;  

ORCID ID：https://orcid.org/0000-0003-1602-5205  

 

Acknowledgments 

This study was financially supported by the Science and Technology Guidance Project of Jiangu Housing and Urban-Rural Development 

Department in China (2020ZD001203). Many Thanks to Professor Guangyin Du for his suggestion to the analysis and discussion of this paper. 

Great thanks also go to the editorial board and the reviewers of this paper. 

 

 

 

mailto:zhangdw@seu.edu.cn
https://orcid.org/0000-0003-1602-5205


 2 

A Case Study of Vacuum Tube-well Dewatering Technology 1 

for Improving Deep Soft Soil in Yangtze River Floodplain 2 

 3 

Biao Zeng 1,2, Yu Zhen3, Dingwen Zhang1,2*, Tao Meng4, Zejia Gong1, Songyu Liu1  4 

1 School of Transportation, Southeast University, Nanjing, Jiangsu Province 211189, China; 5 
2 National Demonstration Center for Experimental Road and Traffic Engineering Education (Southeast 6 

University), Nanjing, Jiangsu Province 211189，China; 7 
3 Nanjing Darcy Geotechnical Engineering Co., Ltd., Nanjing; Jiangsu Province 210041, China; 8 
4 China Tiesiju Civil Engineering Group Co., Ltd., Hefei; Anhui Province 230022, China; 9 
* Correspondence: zhangdw@seu.edu.cn 10 
 11 

Abstract 12 

Deep soft soil of the Yangtze River floodplain in Nanjing has a special interlayer structure, which provides 13 

favorable conditions for the application of vacuum tube-well dewatering technology. This paper focuses on the 14 

design, construction and treatment effect of vacuum tube-well dewatering technology. The hydrological 15 

parameters and the hydraulic connections between the various layers of the site have been ascertained through two 16 

simple single-well multi-holes pumping tests. Moreover, the layout of vacuum tube-wells and depressurization 17 

wells in a test site with 84m length and 84m width was designed based on the above parameters. Field tests of 18 

vacuum tube-well dewatering technology were conducted on the test site. And the changes of groundwater level, 19 

ground settlement and pore water pressure during the test was monitored. The CPTU test technology was used to 20 

quickly evaluate the engineering properties of the site before and after treatment. Finally, combined with the 21 

settlement monitoring data, the hyperbolic method was used to predict the final settlement. The results indicated 22 

that consolidation efficiency of vacuum tube-well dewatering technology has obvious advantages. Implications of 23 

this study can provide a reference for the construction design of the site's ground improvement consolidation and 24 

other similar projects.  25 

  26 

Keywords: vacuum tube-well ·  pumping test·  ground settlement· water drawdown level· CPTU· Yangtze River 27 

Floodplain 28 

 29 

1 Introduction 30 

In the downstream reaches of the Yangtze River, the sedimentary particles range from coarse to fine 31 

owing to the separation of water flow, making the soft soil in this region have the characteristics of silt 32 

clay mixed with fine sand (Iqbal et al. 2005; Cai et al. 2017). In addition to high water content, high 33 

compressibility, low shear strength, and low permeability coefficient, this kind of soil is often buried 34 

deep, and the underlying sand layer is hydraulically connected to the Yangtze River (Xia et al. 2006; 35 

Shi et al. 2016). The engineering geological conditions are extremely complicated. With the 36 

advancement of the Yangtze River Economic Belt strategy in China, engineering construction is 37 

increasing on the floodplain of the Yangtze River. The foundation treatment project of this kind of soil 38 

has become a research hotspot of engineers. 39 

At present, vacuum preloading method is one of the most popular methods for soft clay and dredger fill 40 

in coastal and riverside areas (Ding et al. 2019; Griffin and O'Kelly 2014). However, vacuum 41 
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preloading method takes a long time to process, and vacuum degree will attenuate along with depth, 42 

which causes its effective depth to be limited (Indraratna 2010; Chai 2005; Shen et al. 2013). Besides, 43 

vacuum preloading method will cause fine-grained soil to move around the PVD board and cause 44 

blockage, making its performance worse than expected (Wang et al. 2017; Lei et al. 2017; Wang et al. 45 

2016). 46 

In the traditional tube-well dewatering method, the pump are set at the bottom of the wells. The water 47 

is pumped up from the bottom through a pipe to a discharge point(Han 2015; Sargent et al. 1998). The 48 

method is suitable for the layers with abundant underground aquifers and large soil permeability(＞49 

1.2×10-3cm/s) (Cashman and Preene 2020; Zhang 2017). The application of vacuum technology in 50 

tube-well can solve the problem of impermeable aquifer and interlayer stagnant water, and expand the 51 

application scope of tube-well dewatering. Vacuum tube-well technology reduces the pore water 52 

pressure by pumping groundwater, and increases the effective stress of the soil, thereby improving the 53 

strength of the foundation (Han 2015). Vacuum tube-well technology not only retains the advantages of 54 

tube-well dewatering, such as large dewatering depth and fast dewatering speed, but also can increase 55 

negative pressure in any well section according to formation conditions and engineering needs to 56 

absorb saturated water in cohesive soil and residual water at the interface. In principle, it is applicable 57 

to the above-mentioned deep sand-clay in the Yangtze River Floodplain. 58 

Many scholars have researched the treatment mechanism and influencing factors of vacuum tube-well 59 

technology through theoretical analysis (Shen and Xu 2011; Indraratna et al. 2005; Wu et al. 2016), 60 

field tests (Pan 2016; Ren 2011), and numerical simulation (Ahmad et al. 2019; Luo et al. 2008). 61 

Rujiliatkamjorn et al. (2007) gave an analytical solution of the consolidation settlement of 62 

vacuum-assisted vertical and horizontal drainage. Huang (2014) used regression analysis method, grey 63 

forecasting method and neural network method to predict the settlement of vacuum tube-well field 64 

experiment, and an effective stress model for steady seepage of saturated soil under vacuum conditions 65 

is established. Nie et al. (2014) analyzed of the impact of a single row of well-point spacing on the 66 

treatment effect and found that after shortening the pumping well spacing, the dewatering effect was 67 

significantly improved. Indraratna et al. (2000) developed an equal plane strain model to perform 68 

numerical simulation analysis on tube-well drainage. Vertical tube-wells significantly increased the soil 69 

settlement rate, improved the dissipation of pore water pressure, and reduced the lateral deformation of 70 

soft clay foundations. Jia et al. (2014) established a three-dimensional groundwater flow model to 71 

divide the seepage field of groundwater around a vacuum well-point into a vacuum disturbance zone, a 72 

joint influence zone of vacuum and gravity, and a gravity influence zone. Currently, vacuum tube-well 73 

technology is mainly used for foundation pit dewatering, and its application in soft foundations is 74 

generally used as an auxiliary dewatering method combined with other foundation treatment methods 75 

(Liu et al. 2016; Liu et al. 2009). This method is still less applied in the treatment of large-area deep 76 

soft foundation in the Yangtze River floodplain, and its treatment performance lacks field test 77 

verification. 78 

This study uses two single-well multi-holes pumping tests to prove the hydrogeological conditions and 79 

hydraulic connection of the site in the Yangtze River Floodplain. Then the foundation was consolidated 80 

by vacuum tube-well dewatering technology. The groundwater level, pore water pressure, ground 81 

settlement, combined with CPTU in-situ testing technology, evaluated the site's bearing capacity and 82 

physical and mechanical indexes before and after treatment. The research results can provide a 83 
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reference for the construction design of the site's ground improvement consolidation and other similar 84 

projects. 85 

2 Ground conditions and soil characterization 86 

This site of field test is shown in Fig.1. The westernmost part of the site is about 400m away from the 87 

Yangtze River. The landform of the site is alluvial floodplain on the edge of terrace, and the soft soil is 88 

widely distributed. To reduce post-construction settlement, the soft soil needs to be treated to accelerate 89 

its consolidation. According to the results of drilling exploration, the engineering geological section 90 

map of the site is shown in Fig.2(a), and the main physical and mechanical indicators of the rock and 91 

soil layers are shown in Table 1. The CPT and SPT profiles to a depth of 30 m of the test site are 92 

presented in Fig.2(b) and Fig.2(c), respectively.  93 

Through the analysis of soil samples of different layer, it is found that the soft soil layer of the site has 94 

a special structure. The clay layer is sandwiched with a thin layer of silt sand, and obvious horizontal 95 

thin bedding is formed (Fig.2(d)). In layer 2-②, this structure is particularly obvious. These silt sand 96 

interlayers become channels for the horizontal movement of groundwater, which is beneficial to lower 97 

the groundwater level and reduce pore water pressure. However, the tube-well dewatering belongs to 98 

the category of gravity drainage, and its suction height is limited to a certain extent. It is more suitable 99 

for soils with larger permeability coefficients rather than soft clay. By pumping a vacuum in the 100 

tube-well to form a negative pressure, it can accelerate the movement of groundwater in the interlayer 101 

to the tube-well and solve the above problems.  102 

Table 1 Basic physical and mechanical properties of soil 103 

soil layer type of soil layer w(%) γ(kN/m3) e IL IP α1-2(MPa)-1 Es1-2(MPa) Ck(kPa) Φk(°) 

1-① new fill          

2-① silt-clay 38.40 17.63 1.10 1.13 13.40 0.70 3.10 11.90 8.90 

2-② silt sand-clay 37.10 18.03 1.04 1.10 10.32 0.64 3.32 11.80 10.30 

3-① sand-silt 23.1 18.87 0.730 0.87 9.6 0.51 10.86 5.53 28.6 

3-② clay-sand 35.70 17.65 1.05 1.09 12.40 0.59 3.51 11.50 10.60 

4-① strongly weathered andesite saturated uniaxial compressive strength of rock frk=0.91MPa (standard value) 

4-② weathered andesite saturated uniaxial compressive strength of rock frk=9.91MPa (standard value) 

Note: w—moisture content; γ—unit weight; e—void ratio; IL—liquidity index; IP—plasticity index;  104 

α1-2—compressibility coefficient; Es1-2—compression modulus; Ck—cohesion; Φk—friction angle 105 

The types of groundwater in the site are mainly pore phreatic water and micro-confined water that 106 

occur in the Quaternary loose layer. The phreatic aquifers include layer 2-① and layer 2-②. The layer 107 

3-① is confined aquifer, which has a certain hydraulic connection with the upper phreatic water and is 108 

the vertical replenishment source for the upper soft soil layer. After the confined water level is reduced, 109 

the replenishment of the upper soft soil layer is effectively reduced, and the groundwater in the soft soil 110 

layer can penetrate into the lower silt fine sand layer through the crisscross interlayer, which 111 

accelerates the consolidation and settlement of the upper soft soil. The main sources of phreatic water 112 

replenishment are atmospheric precipitation and surface runoff, and the main discharge method is 113 

natural evaporation. In the horizontal direction, the confined aquifer ends at about 80m~100m outside 114 

the site, and beyond the end position is the clay layer. Therefore, the clay layer can be used as a 115 

horizontal impermeable boundary, while in the vertical direction, the underlying bedrock is used as 116 

impermeable boundary. The buried depth of the first sight water level measured during the exploration 117 
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is 0.5m~3.1m below the natural ground, and the stable groundwater depth is 0.6m~3.2m below the 118 

natural ground, and the elevation is 0.96m~5.0m. The groundwater level changes seasonally and 119 

periodically. According to the hydrogeological data of the Nanjing area, the annual change of the 120 

phreatic water level is generally about 2.0m. The elevation of the confined water level is generally 121 

around 3.5m.  122 

 123 

Fig.1. Site location 124 

 125 

Fig.2 (a) soil layer division; (b) CPT soil profile; (c) SPT soil profile;(d) drilling and coring photos 126 

 127 

3 Single-well multi-holes pumping test and result analysis 128 

3.1 Test scheme 129 

In order to ascertain the permeability, water outflow and water richness of phreatic aquifer and 130 

confined aquifer at the test site, and to determine the relevant hydrogeological parameters, as well as 131 
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provide design references for the construction of vacuum tube-well. Two single-well with multi-hole 132 

observations tests were conducted on the confined aquifer and phreatic aquifer respectively. The 133 

pumping tests adopt reverse circulation rotary drilling to form holes. Then the tube well is put into the 134 

hole, clean the side wall of the tube well to prevent blockage. Finally, the filter material 135 

(medium-coarse sand) is fixed between the sidewall of hole and the sidewall of tube well. The specific 136 

test scheme is as follows: 137 

(1) Confined aquifer: The main pumping well is ZJ01, the well depth is 27m, and the well diameter is 138 

273mm. Five observation holes are set simultaneously (GC01, GC02, GC03, GC04, GC05). The 139 

arrangement direction of GC01, GC02 is perpendicular to impermeable boundary, while the 140 

arrangement direction of GC03, GC04 is parallel to the impermeable boundary. The depth of 141 

observation holes is the same as that of the main well. In addition, set the GC05 hole as the phreatic 142 

level observation hole with a depth of 22m, which is used to observe the change of phreatic water level 143 

during the extraction of confined water. The specific layout is shown in Fig.3. The single well 144 

multi-hole pumping test of confined aquifer started on May 8, 2020. The pumping process lasted for 16 145 

hours. After the pumping was stopped, the water level recovery observation was carried out. The 146 

observation time was about 20 hours. 147 

(2) Phreatic aquifer: The main pumping well is ZJ02, the depth of the well is 24m, and the well 148 

diameter is 273mm. Six monitoring holes are set simultaneously (GC06, GC07, GC08, GC09, GC10, 149 

GC11). The depth of the observation holes is consistent with the depth of the main pumping well. The 150 

specific layout is shown in Fig.3. The single well multi-hole pumping test started on May 11, 2020. 151 

The pumping test lasted for 14hours. After the pumping was stopped, the water level recovery 152 

observation was carried out. The observation time was about 6 hours. 153 

 154 

Fig.3 Layout drawing of pumping test. 155 

3.2 Test results of confined aquifer 156 

The initial water level elevation of the confined aquifer measured on site is about 3.05m~3.19m. Fig.4 157 

shows the curve of the water drawdown level of each observation hole with time. In the early stage of 158 

pumping, the water drawdown level drops quickly, and after 120 minutes, it starts to slow down. To the 159 
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end of pumping, the water drawdown level of each observation well is between 1.4m and 3.87m. 160 

Because hole GC02 is far away from the main well, the water drawdown level is the smallest. However, 161 

The GC01, GC03, and GC04 water drawdown levels are relatively close, and one of the GC03 water 162 

drawdown level is the most, which is 3.87m. After the pumping was stopped, the confined water level 163 

of the observation wells recovered faster. It shows that the confined aquifer has a certain supply source. 164 

In addition, the phreatic observation hole GC05, about 9.6m away from the main pumping well, was 165 

observed. During the pumping period, the water drawdown level is 5cm. After pumping was stopped, 166 

the depth of the phreatic aquifer changed from 2.98m to 2.91m, which risen by 7cm. It can be seen that 167 

although the phreatic level changes little during the pumping process, the water level changes are 168 

synchronized with the pumping process, indicating that there is a certain hydraulic connection between 169 

the phreatic aquifer and the confined aquifer, but the hydraulic connection is very weak and can be 170 

ignored in construction. 171 
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 172 

Fig. 4 Curve of water drawdown level of each observation well with time（confined aquifer） 173 

Combined with the water drawdown level data of each observation hole and the monitoring of outflow. 174 

According to the hydrogeology manual of China (China Geological Survey Bureau, 2013), using the 175 

Eq.(1)~Eq.(4) for the complete well in the confined aquifer, the permeability coefficient, 176 

transmissibility coefficient and influence radius of the confined aquifer can be obtained. The 177 

calculation diagram is shown in Fig.5, and the calculation results are shown in Table 2. After 178 

calculation, the permeability coefficient of the confined aquifer is K≈9.38~13.55 m/d, the average 179 

permeability coefficient K=11.46 m/d, the average transmissibility coefficient is 50.42 m2/d, and the 180 

average influence radius is 345m. 181 
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 182 

Fig. 5. Simplified diagram of calculation for water pumping test of confined aquifer  183 
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Where, M is the thickness of the confined aquifer(m); S1、S2 are the water drawdown level of the two 194 

observation holes(m); R1、R2 are the center distance between the two observation holes and the 195 

pumping well(m); Q1 is water outflow of the pumping well(m3/d); K is permeability coefficient(m/d); b 196 

is the distance of the pumping well from the impermeable boundary(m); R is influence radius(m); T is 197 

transmissibility coefficient(m2/d); Sw is water drawdown level of the main pumping well(m). 198 

Table 2 Test results of confined aquifer 199 

direction number R1/R2(m) S1/S2 (m) Q1（m3/d） b (m) M（m） K(m/d) R(m) T(m2/d) 

paraller 
GC01 16 3.40 

365 82 4.4 9.38 378.41 59.60 
GC02 74 1.40 

perpendicular 
GC03 20.9 3.86 

365 82 4.4 13.55 312.36 41.26 
GC04 49.3 3.24 

 200 
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3.3 Test results of phreatic aquifer 201 

The initial water level of the phreatic aquifer measured on site is about 5.66m~5.837m. Fig.6 shows the 202 

curve of the water drawdown level of each observation hole with time. The variation trend of this curve 203 

is similar to the confined aquifer. However, from the depth of water drawdown, each observation hole 204 

in the phreatic aquifer is lower than that of the confined aquifer. After pumping, the water drawdown 205 

level in each observation hole is between 0.21m and 1.56m. One of the observations well GC06, which 206 

is closer to the main well (4.31m), it has the largest water drawdown level of 1.56m. It indicates that 207 

the water permeability of the phreatic aquifer is less than the confined aquifer. In addition, the 208 

observation hole GC08, which is far away from the main well (58.34m), has a water drawdown level of 209 

0.21m, and still retains a certain downward trend, reflecting that the phreatic aquifer has a certain 210 

permeability and range of influence. 211 
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 212 

Fig.6 Curve of water drawdown level of each observation well with time（phreatic aquifer） 213 

Similarly, using Eq.(5) and Eq.(6) for complete wells in phreatic aquifers, the permeability coefficient 214 

and influence radius are calculated. The calculation diagram is shown in Fig.7, and the calculation 215 

results are shown in Table 3. From the results, the permeability coefficient of the phreatic aquifer is 216 

K=0.76m/d~1.05 m/d, the average permeability is K=0.86 m/d, and the influence radius is about 217 

81~244m. Due to the large difference in the calculated influence radius, the graphic method (Han 2015) 218 

is applied to find influence radius as shown in Fig.8. This method uses the curve between water 219 

drawdown level and distance to connect and extend. When the water drawdown level to zero, the 220 

corresponding distance is the influence radius. According to Fig.8, it is recommended that the influence 221 

radius of the phreatic aquifer is 130m. 222 
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 223 

Fig.7 Simplified diagram of calculation for water pumping test of phreatic aquifer  224 
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Where, C is the thickness of the phreatic aquifer(m); s1 and s2 are the water drawdown level of the two 229 

observation holes(m); r1 and r2 are the center distance between the two observation holes and the 230 

pumping well(m); Q2 is water inflow of pumping well(m3/d); K is permeability coefficient(m/d). 231 

Table 3 Test results of phreatic aquifer 232 

group number r1/r2（m） s1/s2(m) Q2（m3/d） C（m） K(m/d) R(m) 

1 
GC06 4.0 1.56 

51.48 21 1.05 244 
GC07 9.0 1.24 

2 
GC06 4..0 1.56 

51.48 21 0.86 117 
GC08 14.0 0.98 

3 
GC06 4.0 1.56 

51.48 21 0.76 81 
GC10 14.26 0.91 

4 
GC06 4.0 1.56 

51.48 21 0.79 88 
GC09 58.34 0.21 
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Fig.8 Graphic Method 234 

In summary, according to the pumping test, the hydrogeological parameters and hydraulic connections 235 

of the confined water layer and the phreatic layer were obtained, which can provide design basis for the 236 

layout, number, and spacing of the decompression wells and vacuum tube-wells. 237 

 238 

4 Field Test of Vacuum Tube-well Technology 239 

In order to analyze the feasibility of vacuum tube-well dewatering technology for improving the soft soil 240 

in Yangtze River floodplain. An area with 84m long and 84m wide was selected for the field test. 241 

Through monitoring groundwater level, surface subsidence, pore water pressure, combined with CPTU 242 

in-situ testing technology to summarize and evaluate the treatment performance. 243 

4.1 Test scheme 244 

In the construction of tube-well dewatering, the layout of dewatering wells is of great significance to 245 

the treatment effect. The number of dewatering wells can be calculated according to total outflow of 246 

the site and the outflow of single dewatering well. The specific calculation method is shown in 247 

Eq.(7)~Eq.(10). (Ministry of Housing and Urban-Rural Development of China 2016; Han 2015) 248 𝑛 = 𝜆𝑄/𝑞                   249 

（7） 250 

 251 

Where, n is the number of dewatering wells; Q is the total outflow(m3/d); q is the outflow of single 252 

well(m3/d); λ is the adjustment coefficient, taken as 1.2. 253 

For phreatic well (dewatering for phreatic aquifer), The total outflow includes recharge Qr and static 254 

reserves Qs.  255 𝑄𝑟 = 𝜋𝐾（2𝐶−𝑆d）𝑆𝑑In(1+ 𝑅𝑟0)                  256 
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（8） 257 𝑄s = 𝐴𝑆𝑤𝜇/𝑡                  258 

（9） 259 

 260 

Where, r0 is equivalent radius, 𝑟0 = √𝐴/𝜋 (m); A is field area(m2); μ is yield of water, taken as 0.1 261 

according to experience; t is design dewatering time(d); Sd is design dewatering depth(m); C is the 262 

thickness of the phreatic aquifer(m). 263 

For depressurization well (dewatering for confined aquifer), the total outflow can be calculated as 264 

follow, 265 𝑄 = 2𝜋𝐾 𝑀𝑆dIn(1+ 𝑅𝑟0)                 266 

（10） 267 

Where, M is the thickness of the confined aquifer(m); K is permeability coefficient(m/d). 268 

The field test site is an area with 84m long and 84m wide. With reference to the calculation results of 269 

the single-well multi-hole pumping test, combined with Eq. (7)~Eq. (10), the number of phreatic wells 270 

and depressurization wells in the site can be obtained. The calculation results are shown in Table.4.  271 

Table 4 Design and calculation results of drainage wells 272 

types of well A(m2) C/M(m) Sd(m) R(m) r0(m) t(d) 
Qr 

(m3/d) 

Qs 

(m3/d) 

Q 

(m3/d) 
n 

phreatic well 7056 21 15 130 47.5 20 829 529 1493 33 

Depressurization well 7056 4.4 15 345 47.5 20 / / 2248 9 

Based on the above calculation results, while considering the graphic design. The phreatic wells are 273 

arranged in a square shape with a spacing of 14m, a total of 36. In addition, a set of 7m spacing and a 274 

set of 5m spacing are arranged in the field for comparison, which can compare the influence of 275 

different well spacing on the effect of dewatering and consolidation. It is important to note that seven 276 

wells of SG01~SG05, SG08, and SG15 use no-vacuum tube-wells, and the remaining phreatic wells 277 

use vacuum tube-wells. Depressurization wells are arranged in the outer circle of the field with a 278 

spacing of 28m, a total of 12. The number of depressurization wells is slightly higher than the 279 

calculation result, mainly because the site is located around the Yangtze River and the hydraulic 280 

connection is more complicated. Therefore, several depressurization wells have been added to ensure 281 

the treatment effect. The layout of wells in the site are shown in Fig.9 282 
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 283 

Fig. 9 The layout of the site and the location of each monitoring point 284 

The construction of the vacuum tube-well is carried out according to the following steps. Firstly, 285 

reverse circulation drilling is used to form the hole with a diameter of 450mm (Fig.10(a)). 286 

Subsequently, the suspension method is used to put in the vacuum tube-well. (Fig.10(b)). The vacuum 287 

tube-well is proposed to use a steel pipe with a diameter of 273mm (outer diameter). The steel pipe has 288 

filter holes in the aquifer. And the holes are wrapped with a 60 mesh nylon filter. The depth of the 289 

vacuum tube-well is about 24m. After the vacuum tube-well is fixed, immediately backfill the filter 290 

material (Fig.10(c)). The filter material used is medium-coarse sand. Finally, use a pump to wash the 291 

well until the well water reaches the specification requirements (Fig.10(d)). The upper part 3m-4m of 292 

wells is sealed with cement slurry and a sealing cap on the top of the well to ensure the vacuum 293 

condition in the well. Four vacuum tube-wells share a vacuum pump as shown in Fig.11. In the early 294 

stage of dewatering operation, vacuum pump is applied to the dewatering well, and the vacuum degree 295 

is not less than 60kPa. Vacuum pumping is performed alternately with a vacuum pump and a 296 

submersible pump. The pumping interval of the submersible pump ranges from short to long. Each 297 

time the water in the dewatering well is drained, the pump is stopped immediately. For wells with a 298 

large amount of water, the number of pumping times per day will increase accordingly. The opening 299 

and closing of the submersible pump are controlled automatically.  300 

The construction steps of depressurization wells are similar to those of the vacuum tube-wells, except 301 

that the pump of the depressurization wells is arranged in the confined aquifer, so its length is about 302 

27m. And the upper part of wells depressurization is sealed with clay slurry. The permeability 303 

coefficient of the confined aquifer is large, so vacuum pumps are not used.  304 

Arranging ground settlement plates, layered settlement holes, groundwater level observation wells, 305 

pore pressure gauges at different locations on the site. And use the CPTU test vehicle to test the 306 

changes in the soil engineering properties before and after the treatment. The layout of the site and the 307 

location of each monitoring point are shown in Fig. 9. 308 
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 309 

   310 

Fig.10. (a) Drilling holes by reverse circulation; (b) Insert the tube-well;  311 

(c) Backfill filter material;(d) Clean the tube-well and test pumping 312 

 313 

Fig.11 Structure and connection of wells 314 

(1) CPTU field test 315 

Use the in-situ CPTU technology to test the soil properties before and after the reinforcement. CPTU 316 

test adopts SEU@CPTU-2 digital multi-function CPTU holes pressure static penetration probe system, 317 

equipped with multi-function digital probe. Not only can measure the cone tip resistance qc and 318 

sidewall friction fs, but also the pore water pressure u and the dissipation process of excess pore water 319 

pressure in the soil layers below the groundwater level can be tested (Cai et al. 2009). 320 
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(2) Groundwater level observation well 321 

The groundwater level observation well is mainly used to observe the drop of the phreatic level (water 322 

level of the soft soil layer) in the test site. Ten observation wells are arranged in different positions in 323 

the site. The water level observation well has a depth of 24m, a diameter of about 450mm, and a 324 

double-walled corrugated pipe with a diameter of 250mm. 325 

(3) Ground settlement plate 326 

Ground settlement plates are used to monitor changes during the processing. A total of 25 ground 327 

settlement was set up and buried in the undisturbed soil, evenly distributed around and in the middle of 328 

the site. 329 

(4) Pore water pressure gauges 330 

Pore water pressure gauges are used to monitor changes in pore pressure during treatment. The pore 331 

water pressure gauges are buried in the center of the tube-wells with different spacing, divided into 332 

three groups, and an additional group is added at the center of the site, each group has 4, a total of 16, 333 

and the buried depths are 15m, 20m, 25m, and 30m. 334 

The monitoring instruments were buried in accordance with the test plan, the initial values were 335 

collected, and the CPTU data of the in-situ soil was measured. The field test began on the morning of 336 

May 23 and ended on June 11 for a total of 20 days. During the pumping process, the ground 337 

settlement, groundwater level, and pore water pressure are monitored. After the pumping is completed, 338 

the treated soil is tested again with CPTU. 339 

4.2 Ground settlement 340 

Fig.12 shows the variation curve of cumulative ground settlement over time for some typical 341 

monitoring points. It can be seen that as the groundwater is pumped out, the surface settlement 342 

gradually increases. This is mainly because the pore water pressure of the soil decreases and the 343 

effective stress increases, which causes the soil to consolidate. Among the monitoring points, CJ20 has 344 

the largest surface subsidence at 726mm, which is located at the center of the well spacing of 7m. CJ19, 345 

which is located at the center of the 5m well spacing, and its settlement is 597mm. The settlement of 346 

the site center CJ11 point is 628mm. The average ground settlement within the diving well group is 347 

about 611mm.  348 

The contour map of the ground settlement of the test site is shown in Fig.13. The settlement of the 349 

entire site decreases radially from the center to the surrounding with 7m spacing wells. It is generally 350 

believed that after shortening the spacing of pumping wells, the dewatering effect will be significantly 351 

improved. However, the settlement of the tube-well spacing of 7m is greater than that of 5m in this site. 352 

This is mainly because each tube-well has a dewatering influence range. When the distance between 353 

the tube wells is too large, the dewatering treatment range is limited; when the distance between the 354 

tube-wells is too small, the mutual interference of the vacuum zones between different tube-wells 355 

inhibits the dewatering effect. Therefore, there is an optimal spacing for the vacuum tube-well 356 

dewatering method. On this site, the space of 7m is better. 357 

Another observation is that the settlement on the left side of the test site is relatively small, which is 358 

believed to be related to the lack of vacuum pumping in nearby submersible wells. Vacuum tube-well 359 

dewatering can form negative pressure around the pipe inlet, accelerate pumping, reduce pore water 360 

pressure in the soil, and increase pumping rate and consolidation efficiency. 361 
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Fig.12. Variation curve of cumulative ground settlement over time for some typical monitoring points 363 

 364 

Fig.13. Contour map of the ground settlement 365 

 366 

4.3 Groundwater level 367 

The groundwater levels at different locations on the site were monitored. Fig.14 shows the variation 368 

curves of the groundwater levels at some typical monitoring points with pumping time. As shown in 369 

Fig.14, as the pumping continues, the depth of the groundwater level gradually decreases. The phreatic 370 

level is basically reduced to the buried depth of 10~13m, and the water drawdown levels to about 371 

9~11m. Among them, the water level of SW03 drops to a buried depth of 18.6m, and the water 372 

drawdown levels to about 16.7m. This point is located at the center of the 7m well spacing and 373 

corresponds to the point CJ20 with the largest amount of ground settlement.  374 

However, it is interesting to observe that comparing the water level drawdown curve and the settlement 375 

curve, it can be found that the settlement curve is of a “slow drop type”, that is, as the groundwater is 376 
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pumped out, the settlement keeps increasing at a slower rate. The water level drawdown curve shows a 377 

"steep drop-slow drop type". Initial pumping, the water drawdown levels very quickly, the water level 378 

within 24 hours drawdown reduces by about 80% of the total depth value. After 24 hours, the water 379 

level continues to decrease, but the magnitude reduction slowed. This is mainly because the test site is 380 

a soft soil and deep water-rich sand layer with a large drainage distance, so the consolidation rate is 381 

slow. Pumping water in this type of formation will cause the groundwater level to change quickly and 382 

stabilize in a short time. However, due to the large drainage distance, settling speed is slower than 383 

dewatering speed. 384 
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Fig.14. Variation curves of the groundwater levels at some typical monitoring points 386 

 387 

4.4 Pore water pressure 388 

To analyze the pore water pressure changes at different depths in the site during the pumping process, 4 389 

sets of pore water pressure gauges were buried in the center of the three well spacing and the center of 390 

the site, respectively, KY01 (5m), KY02 (7m), KY03 (site Center), KY04 (14m). The pore pressure 391 

dissipation of each group of pore pressure gauges at the same depth varies with monitoring time as 392 

shown in Figure 13. It can be seen that the pore pressure dissipation curve is similar to the water 393 

drawdown level curve. The pore pressure dissipates faster in the early stage and slows down in the later 394 

stage. The pore water pressure dissipation value caused by pumping is about 90kPa~120kPa, which 395 

corresponds well to the groundwater drawdown level. Fig. 15(a) shows that the 15m pore pressure at 396 

each monitoring point has basically approached zero, and the pore pressure at the center of the site has 397 

been less than zero, indicating that the groundwater level has fallen below this depth. Fig. 15(d) shows 398 

that the pore pressure at 30m first decreases and then increases and then decreases, which is obviously 399 

different from other depths. This is mainly because the buried depth of pore water pressure gauge pair 400 

has reached the confined aquifer, and the groundwater is mainly pumped from the deeper 401 

pressure-reducing wells outside the site. In the previous section, the single-well porous pumping test 402 

has proved that the confined aquifer recovers quickly and there is a certain source of replenishment. 403 

Therefore, after the pore pressure drops to a certain value, it basically stabilizes, and even slightly 404 
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increases. The rapid increase in pore pressure at 30 meters on June 3 was caused by the on-site 405 

decompression well stopping pumping. Fig.15 also shows the maximum pore pressure dissipation 406 

value at each point. It can be seen that the KY02 pore pressure dissipation value at the center of the 407 

well pipe with a 7m spacing is the largest, and its pore pressure dissipation value at 20m reaches 408 

160.9kPa. 409 
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Fig.15. Curve of pore pressure dissipation (a) 15m; (b) 20m; (c) 25m; (d) 30m; 412 

4.5 CPTU test results 413 

Before and after the treatment, the CPTU in-situ test was performed at the center of the site. The cone 414 

tip resistance qc, side friction resistance fs, and pore pressure u are measured as shown in Fig.16. The 415 

cone tip resistance qc of the soil has been significantly increased after the treatment. Before treatment, 416 

qc was between 0.2MPa~3MPa, with an average value of 1.09MPa. After treatment, it was increased to 417 

0.5MPa~7MPa, with an average value of 1.83MPa. Especially in the depth of the water drawdown 418 

level in the range of 5~15m, qc has a large increase of about 110%. And fc has an increase of about 419 

77.9%. It indicates that the bearing capacity of the foundation has increased significantly. Moreover, 420 

the pore water pressure u tested by CPTU has decreased, which is obvious. After treatment, it is 0 or 421 

close to 0 when the depth is above 15m. It is consistent with the field measurement results. It not only 422 

shows that the water in the upper part of the depth has been discharged by vacuum pumping, but also 423 

verifies the accuracy of the CPTU in-situ test results. 424 

Based on the CPTU data and the empirical formula method, the undrained shear strength Su and the 425 

compressive modulus Es of the soil before and after the treatment can be estimated according to the 426 

measured cone tip resistance qc, the specific calculation method is shown in Eq.(11)~Eq.(12).(Mayne 427 

and Kulhawy 1990; Xie et al. 2019). 428 
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Where, 
0v

 is the total overburden pressure(kPa), and Nk is the empirical conic coefficient, with a 433 

value range of 11-19, taken as 16. a is the calculation coefficient. The range of a is 3~8 for most soft 434 

clay, taken as 3.5.  435 

During the CPTU test, pore pressure dissipation tests at different depths were also carried out. 436 

According to the measured excess pore water pressure dissipation curve, Eq.(13) and Eq.(14) can be 437 

used to calculate the soil permeability coefficient kh and consolidation coefficient ch, and other 438 

important soil engineering property parameters (Chai et al. 2004). 439 
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Where, r is the probe radius, taking the value 17.85mm; Ir is the stiffness index, Ir=G/Su, G is the shear 444 

modulus(kPa); t50 is the time when the over pore pressure dissipates to 50%, it can be checked on the 445 

drawn normalized over pore pressure curve(s). T* is the time factor corresponding to t50, taken as 0.245. 446 
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Fig.16. CPTU test curve 448 

According to the CPTU test results, the main engineering parameters of the soil before and after the 449 

treatment are shown in Table 5. It can be seen that the undrained shear strength of each soil layer 450 

increased by 13.6%-193.9% after the treatment, especially the strength of the soft soil layer ③ and ④ 451 

increased significantly; the compressive modulus increased by about 357.4%~515.1%, indicating that 452 

the compressibility of soil is small, the bearing performance of the foundation is enhanced; the 453 
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consolidation coefficient and the permeability coefficient is reduced. The vacuum tube-well has a 454 

significant effect of dewatering and consolidation. 455 

Table 5 Changes of main engineering parameters of soil before and after treatment 456 

depth(m) 
layer 

number 

type of Soil 

layer 

undrained shear 

strength Su（kPa） 

compression 

modulus Es（MPa） 

consolidation coefficient 

ch（10-3cm2/s） 

permeability coefficient 

kh（10-5cm/s） 

before after before after before after before after 

0~2.3 ① new fill -  -  

2.11 0.49 0.84 0.019 

2.3~4 ② silty clay 103.4 117.52 4.77 14.49 

4~10 ③ 
sludge-Silty 

clay 
24.27 150.07 3.2 19.81 

10~15 ④ silt sand-clay 101.03 261.39 13.33 34.50 

15~30 ⑤ 
sludge-Silty 

clay 
51.86 155.34 6.84 20.51 

Note: The soil layer classification in this table is based on CPTU test data, which is different from Table 1. 457 

4.6 Settlement prediction 458 

Prediction of final settlement is an important part of soft soil ground treatment. There are many 459 

methods for the calculation and prediction of ground settlement. According to its application principles, 460 

it can be basically divided into two categories. One is a purely theoretical calculation method based on 461 

the principle of soil consolidation and compression, such as layerwise summation method and 462 

numerical calculation method. And the other is a settlement prediction method based on measured 463 

settlement data, including the Asaoka method (Asaoka 1978), the hyperbola method (Sridharan et al. 464 

1981), and the logarithmic curve method (Zeng et al. 1981). 465 

In this study, an empirical hyperbolic method introduced by Technical Specification for Vacuum 466 

Preloading Technique to Improve Soft Soils (Ministry of Transport of China 2009) was used to predict 467 

settlement. Assume that the total settlement of soils St consisted of two parts: Settlement of initial 468 

reference point (S0) and the subsequent one, which can be fitted by the formula of the hyperbola. St can 469 

be calculated by Eq. (15).  470 𝑆t = 𝑆0 + 𝑡−𝑡0𝛼+𝛽(𝑡−𝑡0)                471 

   （15） 472 

 473 

When t →∞, the final settlement S∞ can be calculated by Eq. (16). 474 𝑆∞ = 𝑆0 + 1𝛽                 475 

  （16） 476 

Where, S∞ is the settlement by dewatering and consolidation(m); S0 and t0 are initial reference point 477 

settlement and observation time(d). St is the settlement at time t. α and β are calculation parameters, 478 

which are the intercept and slope of the fitted curve, respectively. 479 
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Fig.17 Settlement prediction curve(a) hyperbola of settlement and time; (b) fitting curve 481 

Select the data of three representative settlement monitoring points for prediction, they are CJ11 482 

(center), CJ19 (left) and CJ20 (right) respectively. According to the hyperbola of settlement and time 483 

(Fig.17(a)), the settlement at t0=7 can be used as the initial reference point S0. Perform linear fitting on 484 

the settlement monitoring data after t0, and get the fitting curve as shown in Fig.17(b). According to the 485 

fitting curve, the calculation parameters α and β are obtained and the final settlement of each 486 

monitoring point is calculated as shown in Table 6. Comparing the settlement value measured in 20 487 

days (S20), the degree of consolidation(U) after the end of the pumping can be calculated. It can be seen 488 

that the degree of consolidation of the three measuring points of CJ11, CJ19, and CJ20 are 76.5%, 489 

79.1% and 80.1%, respectively. After 60 days of the test, the degree of consolidation of each 490 

monitoring point is greater than 94%. Many scholars have introduced the cases of soft soil treatment by 491 

vacuum preloading. The treatment time for most cases to reach the similar consolidation degree is more 492 

than 100 days, and some cases even more than 300 days (Ding et al. 2019; Wu et al. 2020; Indraratna et 493 

al. 2011). Therefore, the consolidation efficiency of vacuum tube-well dewatering technology has 494 

obvious advantages. 495 

Table.6 Settlement prediction results of each monitoring point 496 

monitoring point S0(mm) α β S∞(mm) S20(mm) U20(%) S60(mm) U60(%) 

CJ11 457 0.00285 0.00394 808 628 76.5 766 94.8 

CJ19 455 0.00333 0.00425 755 597 79.1 714 94.6 

CJ20 530 0.00266 0.00289 906 726 80.1 853 94.2 

Note: S20 and S60 are the monitored settlement for 20 days and 60 days, respectively.U20 and U60 are the 497 

corresponding degree of consolidation. 498 

5 Conclusion 499 

Preloading the deep soft soil in the Yangtze River floodplain with vacuum tube-well and conducting 500 

some field monitoring tests. The following conclusions can be drawn from this paper. 501 

Deep soft soil of the Yangtze River floodplain area in Nanjing has a special interlayer structure. The 502 

clay layer is sandwiched with a thin layer of silt sand, and obvious horizontal thin bedding is formed, 503 

which is similar to the horizontal drainage plate in the soil. This special structure provides favorable 504 

conditions for the application of vacuum tube-well. However, in some clay layers with low 505 

permeability coefficients, the application of this method may be limited.  506 

Based on the single-well multi-hole pumping test, the hydraulic connection between the site aquifers 507 

was found. The permeability coefficient, outflow and influence radius of the confined aquifer and 508 
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phreatic aquifer of the site were calculated by using the experimental observation data. Furthermore, 509 

the layout of vacuum tube-wells and depressurization wells in a test site with 84m length and 84 width 510 

was designed based on the above parameters. 511 

Field test of vacuum tube-well dewatering technology was carried out on the test site . The results 512 

showed that the surface subsidence and water drawdown level do not increase with the decrease of the 513 

well pipe spacing due to the mutual interference of vacuum negative pressure. There is an optimal 514 

spacing. In this test site, the 7m spacing has the best treatment effect. The settlement of the entire site 515 

decreases radially from the center to the surrounding with 7m spacing wells. The settlement on the 516 

right side of the test site (vacuum tube-well) is higher than that on the left side (no-vacuum tube-well), 517 

indicating that the vacuum negative pressure can increase the pumping rate and the consolidation 518 

effect.  519 

The pore water pressure tested by CPTU is basically consistent with the field measured value. And 520 

after treatment, the cone tip resistance qc and side friction resistance fs of the soil has been significantly 521 

increased. Especially in the depth range where the groundwater drawdown levels, qc and fs increased by 522 

about 110% and 77.49% respectively. It is indicated that the foundation bearing capacity was 523 

significantly improved. Based on the CPTU pore pressure dissipation test, it was found that the 524 

undrained shear strength Su of the treated soil increased by 13.6%~193.9%, the compressive modulus 525 

Es increased by 357.4%~515.1%, and the engineering properties of the soil were significantly 526 

improved. 527 

Combined with the settlement monitoring data, the hyperbolic method was used to predict the final 528 

settlement. The time required for vacuum tube-well dewatering technology to reach 94% degree of 529 

consolidation is about 60 days, which is faster than the vacuum preloading method. Therefore, 530 

consolidation efficiency of vacuum tube-well dewatering technology has obvious advantages. 531 
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