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Abstract

:

Based on an improvement project of soft soil ground in Zhuhai City on the Pearl River Delta, a comparative study on vacuum preloading and surcharge preloading was performed. The ground and stratified settlements, excess pore water pressure, and the degrees of consolidation of soft soil are analyzed, along with the horizontal displacement and soil strength. The results show that surcharge preloading results in smaller secondary consolidation settlements than vacuum preloading. Primary consolidation settlement quickly increases with increasing excess pore water pressure of less than −40 kPa in vacuum preloading, while also increasing between 20 kPa and 25 kPa in surcharge preloading. The sharp increase in the strata permeability coefficient will induce the increase in strata consolidation degree and has little effect on the ground consolidation degree. The surcharge preloading can be given priority to reduce the settlement foundation in the service stage.
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1. Introduction


Soft soil is widely distributed close to lakes and the middle and lower reaches of rivers all over the world. The Pearl River Delta, located on the southeast coast of China, serves as one example of such an area. The physical and mechanical properties of soft soils are highly intricate, characterized by low strength, high moisture content, high compressibility, and high sensitivity to external disturbances [1]. Improper treatment of the soft soil base can result in a range of practical engineering issues, including uneven ground settlement and large post-work settlement over a longer period. These issues can impact the structural stability and long-term safety of various buildings constructed on such soil [2,3]. Hence, it is imperative to improve soft soil conditions before utilizing it as a foundation for any building. Vacuum preloading, surcharge preloading, and combined preloading are commonly used practical methods to enhance soft soil conditions [4,5,6,7,8].



Figure 1 illustrates the schematics of vacuum preloading and surcharge preloading methods. These methods aim to drain the pore water from the ground through a pre-loaded vertical and horizontal drainage system, and as the pore water dissipates, the pore volume of the soil then decreases, consolidation and settlement of the foundation occurs, and the effective stress and strength of the foundation soil gradually increases. The drainage consolidation models of the ground by preloading are presented [9,10,11,12,13].



Some innovations are provided to improve the vacuum preloading method. For example, the expansion of dissolved gas in water, thermal preloading, and prefabricated boosters are used to accelerate water drainage [6,7,14,15]. The optimal surcharge preloading rate minimizes the lateral displacement [16], and the sealing membrane with clay reduces the total cost by replacement [17].



Some case studies have shown that vacuum preloading resulted in more consolidation degree and less consolidation settlement than surcharge preloading [18,19,20,21]. The consolidation settlement is composed of immediate, primary, and secondary consolidation settlements [5,22]. The immediate and primary consolidation settlements of the ground are mostly completed during the preloading stage. However, during the service stage, when the ground is used as a foundation for buildings, secondary consolidation settlements continue to occur due to soft soil creep under the additional stress. The uneven secondary consolidation settlement in the service stage will reduce the safety of the building on the ground and will even destroy the building. Therefore, it is necessary to investigate the impact of vacuum and surcharge preloading on the immediate, primary, and secondary consolidation settlement of ground to minimize the detrimental effects of uneven secondary consolidation settlement on the building [19,23]. However, such effects have not been thoroughly studied.



This study outlines an improvement project for soft soil ground in Zhuhai City and conducts a case comparative study to investigate the diversity of primary and secondary consolidation settlement resulting from ground improvement by vacuum preloading and surcharge preloading, including the effects of excess pore water pressure, horizontal displacement, and soil strength.




2. Site Condition


This improvement project is located in Zhuhai City, Guangdong Province, between Heyi East Road and Heyi West Road. This project has an L-shaped site with a total area of 128,000 m² and is divided into a vacuum preloading region and a surcharged preloading region with an area of 53,000 m² and 75,000 m², respectively, as depicted in Figure 2. Table 1 tabulates the profile of the strata and the mechanical parameters of each soil stratum at the site. The table reveals that the site is primarily composed of a soft soil stratum, which has a thickness of 19.24 m below ground level, as determined by geotechnical investigation. The layout of exploratory holes from the geotechnical investigation is illustrated in Figure 2. The groundwater table is situated at a depth of 1.37 m from ground level.




3. Construction Processes


Before the implementation of improvements, the length of the PVDs and the total pressures of surcharge preloading and vacuum preloading were fixed at 21.0 m and 80 kPa, respectively. According to the Code for Foundation Treatment, the PVDs were a cross-section of 100 mm × 4 mm with an equivalent diameter of 66 mm, and they were designed to be installed in a triangular pattern at a spacing of 1.2 m in the two improving regions. Secondly, a 0.5 m thick sand cushion was laid on the two regions. In the vacuum preloading region, the vertical draining pipe, vacuum pump, horizontal draining pipe, sealing membrane (geo-members), and sealing ditch were successively installed by on-scene operation. The vacuum pump was then started, and the vacuum pressure under the membranes achieved −80 kPa on the 20th day, and this was maintained for 63 days. The total period of vacuum preloading was 83 days, and in the surcharge preloading region, the water collection well, sealing membrane, blind ditch, and surcharge load were also successively applied by on-scene operation. The surcharge load material was selected to be clay soil with a unit weight of 17.8 kN/m3, and the surcharge fill was constructed up to 4.5 m heigh with an equivalent pressure of 80.1 kPa in 30 days, which then lasted for 53 days.



During the total period of vacuum preloading and surcharge preloading, various parameters were monitored in the two regions targeted for improvement, including ground settlement, stratified settlement, horizontal displacement, and excess pore water pressure. The number and sequence of monitoring points and holes are tabulated in Table 2, and the layout of monitoring points and holes is plotted in Figure 2. In order to monitor the settlement amount and settlement process of each soil layer and to grasp the deformation of each soil layer under vacuum, ground vertical settlement and horizontal displacement were monitored using a LeicaNA730 balance level with an accuracy of 1.2 mm/km and a LeicaTZ08 total station with an accuracy of 1 s, respectively. In order to monitor the settlement amount and settlement process of each soil layer and to grasp the deformation of each soil layer under vacuum pre-pressure and mound pre-pressure, eight CJY-7090 high-precision stratified settlement gauges with a measurement accuracy of 1 mm were fixed at intervals of 3.0 m in a 24 m stratified settlement tube, respectively, and the stratified settlement of the soil was obtained by monitoring the synchronous sinking amount of the magnetic settlement ring fixed on the settlement tube with the settlement of the foundation. It is worth mentioning that the accuracy of the measurement results is greatly influenced by the selection of the reference point, and it is necessary to ensure that the settlement tube enters the soil-bearing layer, otherwise, the compression and settlement of the soil at the bottom of the tube produces relatively large measurement errors.



The pore water pressure was monitored using a KXR-3030 vibrating wire pore water pressure transducer, buried at the monitoring location in a one-hole multi-point pattern. The KXR-3030 vibrating wire pore water pressure transducer has a resolving power of ≤0.08% F.S (Full scale) and a combined error of ≤ 1.5% F.S. It mainly consists of a probe, a frequency reading instrument, and a cable, which translates the change in pore water pressure by measuring the frequency change of the internal steel string. Seven vibrating wire pore water pressure transducers were buried at 3.0 m intervals in each excess pore water pressure hole from a depth of 3 m to 21 m.



The shear strength of the soil is related to the stability of the foundation, and the direct shear test is a common method to determine the shear strength of the soil, with the advantages of simple operation and high-test efficiency. The static load test is currently one of the most intuitive and reliable testing methods to determine the bearing capacity [24,25,26]. Most foundations should be tested for bearing capacity using static load tests. In this case, after improvement, soil strength and pile friction resistance of improved soil was presented by direct shear test and field static load test, respectively.




4. Calculation of Primary and Secondary Settlement


Based on the mechanics of soil consolidation, the ground settlement is composed of instant settlement (   S i   ), primary consolidation settlement (   S p   ), and secondary consolidation settlement (   S s   ) caused by creep. Therefore, the final settlement by the consolidation method is presented. The final settlements (   S ∞   ) of two improved regions are also analyzed by the consolidation model method proposed by:


    S ∞  =  S i  +  S p  +  S s      ,    S t  =  S i  +  S  p t   +  S  s t     



(1)




where    S t    is average ground and strata consolidation settlement at time of  t , and    S  p t     and    S  s t     are the primary consolidation settlement and secondary consolidation settlement caused by creep at time  t .



During the primary consolidation settlement stage,    S  s t     is very small and is therefore ignored. Then:


   S  p t   =  S t  −  S i   



(2)







The primary consolidation settlement and its rate are written as:


    S  p t   =   U ¯  t   S p      ,     S ˙   p t   =     U ¯  t   ˙   S p    



(3)




where    S  p t     and     S ˙   p t     are the primary consolidation settlement and its rate, respectively.     U ¯  t    is the average of consolidation degree by     U ¯  t  =   ∑   i = 1  1       q 1   ˙    ∑ Δ p   [ (  T i  −  T  i − 1   ) −  α β   e  − β t      e  β  T i    −  e  β  T  i − 1       ]  , where      q 1   ˙    is the loading rate of 80/20 and 80/30 kPa/d for vacuum and surcharging preloading, respectively;    ∑ Δ p   is the cumulative loads (80 kPa); and    T 1    and    T 0    are the start time and end time for load No.1, respectively. When the conditions of vertical and inward radial drainage are applied,   α =  8   π 2     ,   β =  8  F  n       C h     d e 2    +    π 2   4     C v     H 2     , where   n =  d e  /  d w  = 19.09  ,   n = F  n  =    n 2     n 2  − 1   ln n −   3  n 2  − 1   4  n 2     .    C h    and    C v    are the horizontal and vertical consolidation coefficients (cm2/s), respectively.    C v  = k   1 + e   /  a  1 − 2    γ w   , where k, e,    a  1 − 2     and    γ w    are listed in Table 1. In the paper,    C h  =  C v   .



Substituting     U ¯  t    in Equation (3), the following can be obtained:


    S ˙   p t   + β  S  p t   =   ∑   i = 1  1       q i   ˙    ∑ Δ p   (  T i  −  T  i − 1   )  S p   



(4)







Equation (4) is the first order differential equation of    S  p t    , proposed by Asaoka [27]. Then, substituting    S  p t     in Equation (4) with Equation (2), the following is obtained:


     S t   ˙  + β  S t  =   ∑   i = 1  1       q i   ˙    ∑ Δ p   (  T i  −  T  i − 1   )  S p  + β  S i   



(5)







Equation (5) shows that the average ground settlement rates (     S t   ˙   ) is liner to the    S t    with the slope (  − β  ) and intercept (   b c  )   fitted by least square method.



Where      S t   ˙  = 0  ,     S t    is the sum of    S p    and    S i   , and is denoted as    S  p i    .    S  p i     is calculated by:


   S  p i   =    b c   β  =  S p  +  S i   



(6)




and based on the measured settlement,     U ¯  t    is also rewritten as:


    U ¯  t  =    S  p t      S p    =    S t  −  S i     S  p i   −  S i     



(7)




so    S i    was deduced and calculated by:


   S i  =    S t  −   U ¯  t   S  p i     1 −   U ¯  t     



(8)







Then,    S p    is presented by:


   S p  =  S  p i   −  S i   



(9)







During the secondary consolidation settlement stage, the increment of    S  p t     is very small and keeps a constant of    S p   , then:


   S  s t   =  S t  −  S i  −  S p   



(10)







The    S  s t     is analyzed by the Voigt–Kelvin model [23], and is presented by:


   E v   S  s t   +  K e    S ˙   s t   = p H  



(11)




where     S ˙   s t     is the secondary settlement rate;     E v    and    K e    is the elastic model of spring and viscosity coefficient of Newton dashpot in the Voigt–Kelvin model; and  p  is loading on the ground.



So, during the secondary consolidation stage, the relationship between consolidation settlement rate and the consolidation settlement is also a line with the slope (  −  β s   ) and intercept (   b s   ), and    β s    and    b s    are fitted by the least square method. The final consolidation settlement is presented by:


   S ∞  =    b s     β s       



(12)






   S s  =  S ∞  −  S i  −  S p   



(13)







Equation (11) is solved by:


   S  s t   =   p H    E v      1 −  e  −    E v     K e    t        



(14)







So   t → ∞  ,    E v  = p H /  S s   . When t = 83 d,    S  s t   =  S  83   −  S i  −  S p   .




5. Results and Discussions


5.1. Measured Settlements


Figure 3 and Table 3 show the ground settlements (   S  g s    ) and the stratified settlements (   S  s s    ) in the vacuum and surcharge preloading regions. As shown in Figure 3 and Table 3, on the 83rd day, the central    S  g s     and    S  83     in the vacuum preloading region are 0.7 to 0.93 times that in the surcharge preloading region.



These ratios belong in the range from 0.8 to 1.0 provided by Chai [28]. Figure 3 also shows that    S  s s     reduce along depth and have a good fitness by negative exponential function with correlation coefficients of 0.93 and 0.87, respectively.



The consolidation degree,    U  s t    , is calculated by the ratio of    S t    to the final average settlements of ground and strata (   S  1 , ∞    ), predicted by the hyperbolic method with the formulas    S t  =  S 0  +  t   α 1  +  β 1  t     and    S  1 , ∞   =  S 0  +  1   β 1      t → ∞    .    S 0    is the measured ground and stratified settlement (mm) on the 20th day and 30th day for vacuum and surcharge preloading with 80 kPa, respectively;    α 1    and    β 1    are constants.    S  1 , ∞     and    U  s t     are tabulated in Table 3. Table 3 shows that    U  s t     of foundation depth from 0 m to 15 m by the vacuum preloading is 1% greater than the one of surcharge preloading, while the    U  s t     of vacuum at a depth of 15–21 m is 3% to 5% smaller than the one of surcharge.



Figure 3c shows the curves of the stratified settlements. In contrast to surcharge preloading, vacuum preloading reinforcement of soft foundations exhibits an accelerated increase in soil strength during the initial stages, followed by a deceleration in the later stages of reinforcement. Conversely, surcharge preloading demonstrates a more gradual increase in soil strength throughout the reinforcement process [29]. This distinction is attributed to the disparate reinforcement mechanisms inherent to each preloading method.



Vacuum preloading employs an impermeable plastic film and geotextile sealing to strengthen soft ground foundations. By generating negative pressure within the soil, vacuum pumps facilitate the gradual extraction of soil pore water and air, leading to a continuous decrease in pore water pressure and an increase in the foundation’s effective stress. The vacuum pressure’s direct action on the fluid within the soil pores and indirect action on the soil skeleton via the pore fluid approximates an isotropic isobaric situation, enabling immediate application of the set load value. Consequently, a larger initial settlement is attained, and ground settlement remains relatively uniform [22,30].



In contrast, surcharge preloading applies the external load directly to the soil skeleton or particles, necessitating a stepwise loading process that precludes a one-time application of the set load value. Moreover, trapped air bubbles within the soil cannot be discharged during the extrusion process, potentially obstructing the pores and reducing soil permeability. This effect decelerates the consolidation process, resulting in a consolidation rate inferior to that of vacuum preloading.




5.2. Primary and Secondary Settlement Analysis


Figure 4 illustrates the correlation between     S ˙  t    and    S t    for both vacuum preloading and surcharge preloading. Using the slopes and intercepts of the     S ˙  t  –  S t    curve in Figure 4 and Equations (8), (9), (12), and (13),    S ∞   ,    S i   ,    S p   , and    S s    are calculated and tabulated in Table 4. Then,    E s   ,    E v   , and    K e    are calculated as 4.19 MPa, 6.83 MPa, and 4726.80 MPa/d in the surcharge preloading region, while they are 4.48 MPa, 4.67 MPa, and 3433.90 MPa/d in the vacuum preloading region.



Table 4 shows that the instant settlement,    S i   , the primary consolidation settlement,    S p    and the secondary consolidation settlement^,    S s   , of vacuum preloading account for 28.2%, 44.7%, and 27.1% of the final settlements,    S ∞   , while the ones of surcharged loading do 26.7%, 55.5%, and 17.0% of    S ∞   . This means that the    S s  /  S ∞    during vacuum preloading is 1.6 times that during surcharge preloading. The reason for this is speculated as follows: Firstly, in Section 5.1 on the 83rd day, the    U  s t     of vacuum preloading is less than the one of surcharge preloading. In other words,    S s  /  S ∞  = 1 −  U  s t     t = 83     of the vacuum preloading is greater than the one of the surcharge preloading. Secondly, the surcharge preloaded foundation undergoes an additional stress field by a similar loading method for preloading and service stage, while the vacuum preloaded one is subjected to a negative pressure seepage field in the preloading stage and to an additional stress field in the service stage.



Figure 5 depicts the predicted curves for    S i   ,    S  p t    , and    S  s t     plotted against time. From Figure 5 it can be deduced that after preloading,    S i    and    S  p t     tend to stabilize within 83 days, while    S  s t     is smaller. In the service after the 83rd day, the    S  g s     is still increasing for a long time of 10 ten years and is dominated by    S  s t    . If the    S  s t     of the preloading improved ground is over excessive, this may result in adverse settlement and settlement differences during the life of the building, reducing the serviceability of the foundations.



During the primary consolidation phase, soil consolidation primarily arises from the expulsion of air and free water within the pores. Conversely, secondary consolidation chiefly occurs due to the reorganization of soil grain structure and the creep of bound water films on soil grain surfaces. As illustrated in Figure 5, the duration required for vacuum preloading consolidation to achieve settlement stability is notably longer compared to surcharge preloading consolidation. The reason for this may be that the vacuum preloading method acts on the pore water vapor fluid in the soil, and as pore water and gas dissipate, the pore space between soil particles gradually expands, inducing the rearrangement and compaction of soil particles without incurring shear damage or particle breakage. In contrast, the external load of surcharge preloading is applied directly to the soil skeleton or particles. The compression or disintegration of the skeleton prompts the translation or rotation of clay agglomerates, culminating in the internal cementation fracture of these agglomerates. Macroscopically, this process manifests as creep deformation of the soil. However, due to the rearrangement and fragmentation filling of soil particles, the soil becomes more compact and exhibits enhanced settlement consolidation [19,22,30].



Therefore, the surcharge preloading has priority compared with vacuum preloading in reducing the ground settlement of ground during its service.




5.3. Relationship between Excess Pore Water Pressures and Primary Consolidation Settlement


Figure 6 plots the average excess pore water pressures (   u t   ). As shown in Figure 6, the    u t    monotonously increases up to the maximums on the 63rd day, then basically remains stable in vacuum preloading. On the 63rd day, the    u t    of vacuum preloading decays linearly from −70 kPa to −10 kPa along the depth of the ground, with an attenuation coefficient of 3.1 kPa/m. The reason for this is the PVDs’s block, bending, and brakeage induced by stratified settlement [6,9,17,31,32,33,34]. The    u t    of surcharge preloading reaches maximum on the 30th day, then dissipates up to the minimums on the 53rd day. The    u t    of surcharge preloading on the 30th day is piecewise linear along depth, i.e., it increases from 15 kPa to 30 kPa with depth in the range of 3–15 m, and slightly reduces to 27 kPa with depth in the range of 15–21 m. The    u t    monotonously increases up to the maximum on the 63rd day, then basically remains stable in vacuum preloading. This shows existents in soil structure compression and stress redistribution during the consolidation process [5].



The consolidation degrees (   U  w t    ) are plotted in Figure 6 and tabulated in Table 5.    U  w t     is calculated using    u t    by the hyperbolic method with the formula    u t  =  u 0  + t /    α 2  +  β 2  t    ,    u ∞  =  u 0  +  1   β 2      t → ∞    ,    U  w t   =   Δ  u t     u ∞     , where    u 0    refers to the measured average excess pore water pressure (kPa) at any depth on the 20th day and 30th day in vacuum and surcharge preloading, respectively.   Δ  u t    is the difference between    u t    and its maximum (kPa).    u ∞    is the final excess pore water pressure.    α 2    and    β 2    are the constants. As shown in Table 5, the    U  w t     decreases with the depth from 3 m to 15 m, then increases from 15 to 21 m on the 83rd day.



Figure 7 plots the primary consolidation settlement (   S  p t    ) vs.    u t   . The secondary consolidation settlement (   S  s t    ) during preloading retains a low level, and the effect of    u t    on    S  s t     can be ignored. Figure 7a shows that during the vacuum preloading, the    S  p t     obviously increases by 540 mm, equal to 90% primary consolidation settlement, with    u t    ranging from 0 kPa to −40 kPa, while it gently increases by approximately 60 mm with    u t    over −40 kPa. Therefore, it can be deduced that    u t    with −40 kPa is an important value during the monitoring of    u t   ,    S t    in the vacuum preloading. As shown in Figure 7b, during the surcharge preloading,    S  p t     slowly increases with    u t    beneath 20 kPa and increases significantly with    u t    between 20 kPa and 25 kPa.




5.4. Horizontal Displacement and Soil Strength and Effects on Primary Consolidation Settlement


Figure 8 plots the horizontal displacement. Figure 8 shows that horizontal displacement induced by vacuum preloading with a maximum of 263 mm (point WY104) moving toward the center is 1.2 times the one by surcharge preloading, with a maximum of 218 mm (point WY002) moving in the negative direction. Because of the horizontal displacement and    S  p t     increase with the time, it can be presumed that    S  p t     grows with the increase in horizontal displacement [35].



After vacuum and surcharge preloading, the cohesion ( c ) and internal friction angle ( φ ) of clays increase from 2.9 kPa to 4.3~4.4 kPa and from 2.30° to 2.92~2.99°, respectively, and the pile side friction resistance increases from 7.0 kPa to 10.2~11.3 kPa.



With the application of vacuum preloading, cohesion, friction angle, and pile lateral frictional resistance experienced an increase of 48%, 27%, and 46%, respectively. Furthermore, when surcharge preloading pressure was applied, the improvements in cohesion, friction angle, and pile lateral frictional resistance were observed to be 52%, 31%, and 61%, respectively. Similarly, the deformation parameters such as    E s   ,    E v   , and    K e    were also improved, and the increasing of    E s   ,    E v   , and    K e    reduce the    S  p t     and    S  s t    . These findings underscore the efficacy of both vacuum preloading and the application of additional preloading pressure in bolstering the soil’s mechanical properties and overall performance; the results indicate a substantial enhancement of soft soil ground properties in the improvement project.




5.5. Discussions


The measured ground settlement difference for vacuum preloading is smaller than that of surcharge preloading. This may be because the vacuum preloading applies a relatively more uniform pressure on the ground than surcharge preloading, which initializes the trapezoid pressure with small value at the sides and a large one in the center. This is verified by Zhang et al. [19]. Therefore, the vacuum preloading benefits to reduce differential ground settlement [20,36,37].



As can also be seen from Figure 3c, the stratified settlements at the depth of 21 m are less than 100 mm, approximately 7% of the ground settlements, in the vacuum and surcharge preloading. Therefore, the depth of 21 m can be regarded as the influence depth of vacuum preloading and surcharge preloading. Figure 6 shows that the    U  s t     decreases as depth increases, while there are increases at the depth of 21 m in the two preloading regions. This may be because the permeability of soil (k) and the void ratio (e) of this site decreases with increasing depth, while sharply increasing at a depth of approximately 21 m close to the stratigraphic boundary between clay and silt clay (seen Table 1) [34,36,38]. The sharp increasing of strata permeability coefficient will induce the increase in strata    U  s t     and has little effect on the ground    U  s t    .



The consolidation degrees denoted as     U ¯  t   ,      U  s t    ,    U  w t    , calculated by the consolidation model method [39],    S t    and    u t    for vacuum and surcharging preloading, respectively, are plotted in Figure 9. Figure 9 shows that in vacuum and surcharging preloading, the     U ¯  t   ,      U  s t     are close to each other within 35 days after preloading, while they deviate significantly after the 35th day. On the 83rd day, the sequence of consolidation degree from the maximum to the minimum is     U ¯  t   ,      U  s t    ,      U  w t    . The    U  w t     is less than    U  s t     within 50 days and is relatively close to    U  s t     after the 50th day.



Based on the definition of     U ¯  t    and    U  s t    , the ratio of    S  s t     to    S  1 , ∞     is calculated by:


     S  s t      S  1 , ∞     =  U  s t   −   U ¯  t     S p     S  1 , ∞     −    S i     S  1 , ∞      



(15)







The    S  s t     develops with the increasing of the difference between    U  s t     and     U ¯  t     S p     S  1 , ∞      . On the 83rd day, the    S  s t     accounts for 9% of    S  1 , ∞     in vacuum preloading and 10% in surcharge preloading.



In the drainage consolidation improvement of soft soil, vacuum preloading is more beneficial to reduce the uneven settlement, but in order to reduce the ground settlement of ground during its service, surcharge preloading should be given priority compared with vacuum preloading.





6. Conclusions


Based on the improvement engineering of soft soil ground in Zhuhai City on the Pearl River Delta, a case comparative study on vacuum preloading and surcharge preloading was performed. The conclusions are drawn below:




	(1)

	
Compared to the surcharge preloading method, the vacuum preloading method is more efficient in terms of consolidation time and settlement reduction. However, surcharge preloading results in smaller secondary consolidation settlements than vacuum preloading and should be given priority in order to reduce the settlement foundation in the service stage.




	(2)

	
The primary consolidation settlement (   S  p t    ) quickly increases up to 90% of the total primary consolidation settlement (   S p   ), with an increase in the average excess pore water pressures (   u t   ) of less than −40 kPa in vacuum preloading, while it also quickly increases, with the average excess pore water pressures (   u t   ) hovering between 20 kPa and 25 kPa in surcharge preloading.




	(3)

	
The sharp increase in strata permeability coefficient will induce the increase in strata consolidation degrees and has little effect on the ground consolidation degrees.




	(4)

	
The vacuum preloading is more beneficial to reduce uneven settlement, and the surcharge preloading is more beneficial to reduce ground settlement during its service.
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Figure 1. Schematic diagram of vacuum and surcharge preloading method. 
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Figure 2. Schematic of the field test. 
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Figure 3. Curves of ground settlements and stratified settlements: (a) historical curve of ground settlements in the vacuum preloading; (b) historical curve of ground settlements in the surcharge preloading; (c) historical curve of stratified settlements; (d) fitting function of stratified settlements. 
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Figure 4. Curves of settlement rate and settlement: (a) vacuum preloading; (b) surcharge preloading. 
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Figure 5. Predicted curve of Si, Sp, and Ss using Sgs vs. time: (a) vacuum preloading; (b) surcharge preloading. 
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Figure 6.    u t    of vacuum preloading and surcharge preloading: (a) distribution of    u t    along the depth of vacuum preloading; (b) distribution of    u t    along the depth of surcharge preloading; (c) historical curve of vacuum preloading; (d) historical curve of surcharge preloading. 
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Figure 7. The Spt and ut at a depth of 15 m: (a) vacuum preloading; (b) surcharge preloading. 
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Figure 8. Historical curve of horizontal settlement. 
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Figure 9. The consolidation degrees denoted as     U ¯  t   ,      U  s t    ,    U  w t     and      S  s t      S  1 , ∞      : (a) vacuum preloading; (b) surcharge preloading. 
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Table 1. Parameters of soil strata.






Table 1. Parameters of soil strata.





	Soil Strata
	Unit Weight of Natural (γ)

(N·m−3)
	Elastic Modulus (Es)

(MPa)
	Natural Water Content (W)

(%)
	Soil Cohesion (c)

(kPa)
	Compression Factor (a1-2)

(MPa−1)
	Horizontal Permeability (kh)

(cm·s−1)
	Friction Angle (φ)

(°)
	Void Ratio (e)

(–)
	Stratum Thickness (h)

(m)
	Pile Friction

Resistance (kPa)





	Plain fill
	18.0
	3.89
	38.2
	5.0
	1.876
	8.11 × 10−7
	5.00
	0.801
	3.14
	15



	Clay
	15.2
	1.76
	73.6
	2.9
	1.138
	9.81 × 10−8
	2.30
	2.513
	19.24
	11



	Silt clay
	17.3
	3.40
	48.1
	8.3
	1.142
	2.31 × 10−7
	9.10
	1.571
	3.93
	30







Notes: φ is friction angle, and the results are from direct shear tests.
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Table 2. Monitoring points for vacuum preloading and surcharge preloading.
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Monitoring Items

	
Vacuum Preloading

	
Surcharge Preloading




	
Number

	
Sequence

	
Number

	
Sequence






	
Ground settlement

	
20

	
BC001-BC020

	
30

	
BC101-BC130




	
Excess pore water pressure

	
4

	
KY001-KY004

	
6

	
KY101-KY106




	
Stratified settlement

	
6

	
FC001-FC006

	
8

	
FC101-FC108




	
Horizontal displacement

	
6

	
WY001-WY006

	
4

	
WY101-WY104
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Table 3. Consolidation degrees using ground and stratified settlements of vacuum preloading and surcharge preloading.
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Depth/m

	
Vacuum Preloading

	
Surcharge Preloading




	
     S  83   / mm    

	
     S ∞  / mm    

	
     S  83          /  S ∞     

	
     S  83   / mm    

	
     S ∞  / mm    

	
     S  83          /  S ∞     






	
0

	
1098

	
1204

	
91%

	
1185

	
1317

	
90%




	
3

	
820

	
898

	
91%

	
999

	
1105

	
90%




	
9

	
660

	
734

	
90%

	
815

	
911

	
89%




	
15

	
350

	
413

	
85%

	
500

	
565

	
88%




	
21

	
75

	
83

	
90%

	
88

	
93

	
95%
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Table 4. Ground settlements by consolidation model method.
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Vacuum Preloading

	
Surcharge Preloading




	
Settlement

	
Settlement Ratio

	
Settlement

	
Settlement Ratio






	
immediate

	
375.4

	
28.2%,

	
400.2

	
26.7%,




	
primary consolidation

	
594.6

	
44.7%

	
804.8

	
55.5%




	
secondary consolidation

	
360

	
27.1%

	
246

	
17.0%




	
final

	
1330

	
100%

	
1451

	
100%











[image: Table] 





Table 5. Stress consolidations degree of vacuum preloading and surcharge preloading.
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Depth/m

	
Vacuum Preloading

	
Surcharge Preloading




	
β2

	


     Δ   u  83   / kPa    









	


     Δ   u ∞  / kPa    









	


      Δ   u  83       /  Δ   u ∞      









	
β2

	


     Δ   u  83   / kPa    









	


     Δ   u ∞  / kPa    









	


      Δ   u  83       /  Δ   u ∞      














	
3

	
0.0193

	
45

	
52

	
87%

	
0.0711

	
12

	
14

	
85%




	
9

	
0.0232

	
36

	
43

	
84%

	
0.0543

	
15

	
18

	
83%




	
15

	
0.0301

	
26

	
33

	
78%

	
0.0394

	
20

	
25

	
79%




	
21

	
0.0761

	
11

	
13

	
82%

	
0.0386

	
21

	
26

	
81%
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