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Vacuum preloading has been widely used to improve soft soils in coastal areas of China. An increasing
amount of evidence from field operations has shown that conventional vacuum preloading is prone to
clogging in prefabricated vertical drains (PVDs) and demands a large volume of sand fills. In recent years,
air-boosted vacuum preloading has been developed to overcome these limitations; however, this method
still requires more data to verify its performance. In this study, a field test for air-boosted vacuum
preloading was conducted, and a large-strain two-dimensional (2D) finite element (FE) model was
developed and validated against the field test data. Then, a series of FE parametric analyses was per-
formed to assess key factors, i.e. the air injection pressure, the injection spacing, and the characteristics of
cyclic injection, which affect the performance of the air-boosted vacuum preloading. The results showed
that the ground settlement and lateral displacement of the soils increased due to an increase in the
injection pressure, a decrease in the injection spacing, or increases in the number and duration of the
injection cycles. Based on the parametric analyses, an empirical formula for ground settlement prediction
was proposed and compared with a case history reported in the literature, showing good agreement.

© 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

The rapid economic growth in coastal areas of China calls for the
development of more space to sustain the growth; however, for the
coastal cities with dense populations and a shortage of land, this
appears to be a great challenge. Land reclamation has been
considered as an effective solution to grapple with this issue as it
creates new land from the adjacent water through depositing the
dredged sediments. The reclaimed ground is too weak to hold
buildings, ports, or other infrastructure systems. Therefore, ground
improvement techniques are typically implemented to strengthen
the deposits; among these techniques, vacuum preloading is
widely utilized to treat soft ground due to its low unit cost and high
construction efficiency. Vacuum preloading is the process of
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applying a negative or vacuum pressure in the ground, thereby
creating a pressure gradient between drainage channels (usually
prefabricated vertical drains (PVDs)) and surrounding soils. The
negative pressure continuously draws pore water out of the
ground, which, therefore, can speed up consolidation of the soils
(Indraratna et al., 2019; Gouw, 2020). This method was first pro-
posed by Kjellman (1952) to improve the consolidation of soil de-
posits at the Philadelphia International Airport, USA. Currently, it is
a standard method for treating soft dredged deposits in the coastal
cities of Asia. However, with its increasing application, the vacuum
preloading method has shown some drawbacks in sustaining
desirable performance, especially in regard to the treatment of
reclaimed ground (Shen et al., 2015; Gangaputhiran et al., 2016). For
example, PVDs are susceptible to bending and clogging as a result of
incompatible stiffness between the soils and the PVDs, which re-
duces the vacuum pressures in both the sand blanket and the PVDs,
thereby undermining the efficiency of vacuum preloading (Lei et al.,
2017). Moreover, owing to the stringent environmental protection
policies in the coastal areas of China, the demand for sands for the
construction of the sand blanket has increased substantially,
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Fig. 1. Plan and cross-sectional views of the test site and instrumentation: (a) Planar graph for conventional and air-boosted vacuum preloading; (b) Sectional drawing for con-
ventional vacuum preloading; and (c) Sectional drawing for air-boosted vacuum preloading.

resulting in a significant surge of construction cost (Mesri and
Khan, 2012; Liu et al., 2017a).

To overcome these limitations, an innovative method, called air-
boosted vacuum preloading, has been developed in recent years
(Nguyen et al., 2018). This method adds an air-boosted system to
the vacuum preloading system. The air-boosted system consists of
air injection pipes, booster pumps, and plastic hoses, while the
vacuum preloading system is upgraded from the conventional
vacuum preloading system by replacing the costly sand blanket

with a wire hose as the horizontal drainage system. A salient
feature of air-boosted vacuum preloading is that it creates an extra
pressure gradient between the soft soil and the PVDs through the
addition of air injection pipes. This additional pressure helps to
further accelerate soil consolidation, and thus improves the treat-
ment efficiency.

Numerous studies have employed numerical simulations and
field tests to evaluate the performance of air-boosted vacuum
preloading and its underlying mechanisms. Voottipruex et al.
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(2013) used numerical models to assess the performance of air-
boosted vacuum preloading for the improvement of weak ground.
They found that the treatment effectiveness was improved as the
injected air pressure increased. Based on a full-scale field test,
Wang et al. (2016) reported that the degree of consolidation was
improved by the air-boosted vacuum preloading (i.e. 85.7%)
compared with the conventional vacuum preloading (i.e. 70.1%) on
the 108th day. Cai et al. (2018) also evaluated the air-boosted vac-
uum preloading for deep marine clays based on field tests and
confirmed the benefits of the air-boosted vacuum preloading in
accelerating ground settlement.

Although past studies have demonstrated the benefits of air-
boosted vacuum preloading, several key factors influencing its
performance for mass treatment of soft soil ground are still not
understood. These key factors include the air injection pressure, the
injection spacing, and the injection cycles and durations. The
objective of this study was to document a full-scale field test pro-
gram comparing the air-boosted vacuum preloading method with
the conventional vacuum preloading method. A two-dimensional
(2D) continuum finite element (FE) model was then established
and validated against the field test data. The 2D FE model was
further used to conduct the parametric analyses to evaluate the
effects of these key factors on the performance of the air-boosted
vacuum preloading. The FE results, including ground settlement
and lateral displacement of soils, were discussed, with an emphasis
on their implications for the design and construction of an air-
boosted vacuum preloading system. Finally, based on the numeri-
cal analysis results, an empirical equation was developed to predict
the ground settlement, which is capable of considering various
injection pressures, injection spacings, and injection cycles and
durations.

2. Field test program

Field tests of both conventional and air-boosted vacuum pre-
loading were conducted at a reclaimed land site (approximately
98,000 m? in area) in the Lingang Area of Tianjin, China. As shown
in Fig. 1, two test sections, each measuring 15 m x 15 m, were
treated with the conventional vacuum preloading (S1) and the air-
boosted vacuum preloading (S2), respectively. The ground eleva-
tion was surveyed before and after the vacuum preloading, where
the datum was the mean sea level of the Yellow Sea in China. Ac-
cording to the survey, the initial ground surface was at an elevation
of +5.5 m. The field test program included subsurface soil investi-
gation, test site construction, and settlement monitoring. The de-
tails of the field tests are presented in the following sections.

2.1. Subsurface soil conditions

Subsurface soil conditions were explored by drilling four bore-
holes to a depth of 16.9 m below the ground surface. The generalized
soil profile is given in Table 1. In general, the subsurface soils within
the explored depth were fat clay overlying lean clay. The lean clay
was further divided into three layers because of their considerably
different soil properties. In each layer, soil samples were obtained for
a series of laboratory tests, including basic index tests, consolidated-
drained (CD) triaxial tests, and falling-head permeability tests. These
tests were performed in accordance with the Chinese standard for
soil testing (GB/T 50123—2019, 2019). Both horizontal and vertical
hydraulic conductivities were measured by testing smaller samples
(¢61.8 mm x 40 mm) that were cut out of the horizontal and vertical
surfaces of the Shelby tube samples (¢100 mm x 500 mm),
respectively, as shown in Fig. 2.

The laboratory test results are summarized in Table 1. The water
content was in excess of the liquid limit, which in general indicated

Table 1
Soil properties.

Parameter Fat clay Lean clay Lean clay Lean clay
1 2 3
Thickness (m) 2.6 3.1 6.2 5
Water content (%) 66.5 54.3 55.1 45.1
Density (g/cm?) 1.84  1.87 1.92 1.87
Liquid limit (%) 55 43 38 31
Plastic limit (%) 30 25 21 15
Initial void ratio 1.22 1.21 1.12 1.07
Cohesion (kPa) 4.2 3.8 18.3 144
Internal friction angle (°) 6 5 4 7
Poisson’s ratio 0.35 0.32 0.3 0.32
Coefficient of earth pressure 0.89 0.91 0.93 0.88
Horizontal hydraulic conductivity ~ 0.00078 0.00069  0.0087 0.0076
(m/d)
Vertical hydraulic conductivity 0.00078 0.00067  0.0069 0.0058
(m/d)
Drained elastic modulus (MPa) 2.5 2.8 2.6 2.8
(a) (b)
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Fig. 2. Sampling method for permeability tests: (a) Longitudinal sampling and trans-
verse sampling; and (b) Transverse sampling.

a normally consolidated or unconsolidated soil. The initial void
ratio was high, all exceeding 1. The hydraulic conductivity was on
the order of 107 cm/s to 10~® cm/s, which falls in the typical range
for clay. In Table 1, the coefficient of the at-rest earth pressure was
calculated using Jaky’s equation (ko= 1-sin¢’, where ¢’ is the
effective internal friction angle) by assuming that the soils were
normally consolidated.

2.2. Test site construction

The air-boosted preloading system includes a vacuum preload-
ing system and an air-boosted system, as shown in Fig. 1. The
vacuum preloading system consists of different components,
whose installation at the test site followed several steps:

(1) The woven geotextile was laid down to separate the drainage
system from the dredged soil and to provide a platform for
mobilizing construction equipment.

(2) The PVDs were manually rooted to a depth of 4.5 m in a
square pattern with spacing of 1 m at both S1 and S2.

(3) The PVDs were extended 0.5 m above the ground and then
tied to drainage branch tubes via hand-type connectors, and
the other end of drainage branch tubes was connected to
main vacuum tubes through four-way (or three-way) joints.

(4) The main vacuum tubes were joined to larger collecting
pipes, through which pumped water was sent to an air-water
separating tank by a vacuum pump.
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(5) A peripheral ditch was dug around the test sections to
contain the outflow, and a layer of geomembrane was placed
over the ditch to prevent the water from seeping back into
the ground.

(6) The wire hose was installed, above which two layers of
vacuum geomembranes were placed. A layer of needle-
punched geotextile was inserted between the wire hose
and the lower layer of the geomembrane to prevent breakage
of the vacuum geomembranes.

For the air-boosted system, the air injection pipe is the key
component. To enhance the performance of the air-boosted system,
we developed an innovative air injection pipe system, which in-
cludes steel wire wrapped with fabric, as shown in Fig. 1. The use of
steel wire allowed the air injection pipe to resist bending and
facilitated its installation. These injection pipes were inserted
midway between the PVDs, and the injection spacing is 3 m to the
same depth as the PVDs. Thereafter, their tops were connected to a
booster pump and a plastic hose. By activating the booster pump,
pressurized air was generated and injected through the injection
pipes to the soil. However, air injection did not start until 40 d of
vacuum preloading. Air injection was maintained for 20 d at an air
pressure of 200 kPa. While the air was injected, vacuum preloading
continued; therefore, vacuum loading was performed for 60 d in
total. For conventional vacuum preloading that involved no air in-
jection, the loading duration was also 60 d.

2.3. Monitoring plan

Field monitoring was implemented to evaluate the perfor-
mance of the two vacuum preloading methods for improving the
soils at the test sections. The ground settlement at the four cor-
ners and the center of each section was investigated every 3—5 d.
Vacuum gages were installed to monitor the vacuum pressure
under the geomembranes and to control the vacuum pressure.
Vane shear tests were conducted before and after vacuum pre-
loading to assess the changes in soil strength. Locations of the
settlement measurement, the vacuum gages, and the vane shear
tests are shown in Fig. 1.

2.4. Monitoring results

Fig. 3 shows the changes in the ground settlement during the
60-d vacuum preloading in both sections S1 and S2. Under the
conventional vacuum preloading, the ground settlement reached
390 mm after 40 d, and it increased to 401 mm after 60 d. Under the
air-boosted vacuum preloading, the ground settlement was
392 mm after 40 d, which was similar to that under the conven-
tional vacuum preloading; however, the settlement was increased
to 448 mm after 60 d, approximately 12% greater than that under
the conventional vacuum preloading. Such an increase in the set-
tlement indicates the benefit of the air-boosted vacuum preloading
in accelerating consolidation.

Vane shear tests were performed to evaluate the changes in the
undrained shear strength at six locations with distances of 0.1 m,
0.25 m and 0.5 m from the air injection pipe for S2 and from the
PVDs for S1 (Fig. 1). Fig. 4 depicts the profiles of the undrained shear
strength of soil before and after vacuum preloading. In general, the
in situ soil undrained shear strength increased linearly with depth.
After the vacuum preloading, the undrained shear strength
increased within the depth of improvement (i.e. the upper 4.5 m);
however, the noticeable increase took place in the upper 0.5 m.
Moreover, the undrained shear strength increased more for the soil
closer to the air injection pipes (in S2) or the PVDs (in S1), where
the increase was more significant in the vicinity of the air injection
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pipes than that surrounding the PVD pipes. For example, in S2, the
undrained shear strengths at a depth of 0.1 m below the initial
ground surface measured at distances of 0.5 m, 0.25 m and 0.1 m to
the injection pipe were 11.5 kPa, 14.1 kPa and 16.3 kPa, respectively.
In contrast, in S1, the undrained shear strengths at the same depth
measured at distances of 0.5 m, 0.25 m, and 0.1 m to the PVD pipe
were 9.4 kPa, 12.6 kPa and 15.4 kPa, respectively. This result con-
firms that the use of combined air injection and vacuum preloading
further accelerates consolidation compared with vacuum preload-
ing alone.

3. 2D continuum FE analyses
3.1. Baseline models
Baseline FE models were developed to simulate the field tests in

S1 and S2. For the baseline FE models, the following assumptions
were made:
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(1) The vacuum pressure and air injection pressure were simu-
lated as a negative and a positive pore water pressure,
respectively.

(2) The test sections were simulated with a plane strain model.

A commercial FE software package, Plaxis 2D, was employed to
develop both the conventional and air-boosted vacuum preloading
models, as shown in Fig. 5. Due to the symmetry of the numerical
model, only half the model was built. The boundaries were set at
32 m from the center and 16 m below the ground surface (Fig. 5), to
adequately avoid the boundary effects on the numerical modeling.
The vacuum preloading area in the numerical model was
7.5 m x 4.5 m (i.e. half the size of the field test section). There were
eight PVDs in S1 and eight PVDs plus three air injection pipes in S2.
The PVDs and air injection pipes were 4.5 m deep, the PVD spacing
was 1 m, and the injection pipe spacing was 3 m. In the FE analyses,
the PVDs and injection pipes were modeled as drain line elements
in Plaxis 2D. The soils were modeled as an elastoplastic material
using the hardening soil (HS) model in Plaxis 2D. The HS model is a
second-order hyperbolic elastoplastic constitutive model, which
can consider the large irreversible deformation of soft clay under
compression (Liu et al., 2017b; Saleh et al., 2021). The constitutive
model is suitable for the calculation and analysis of soft soil ground
treated by vacuum preloading.

The soil parameters in the HS model mainly include the cohe-
sion ¢, the friction angle ¢, the compression modulus E, and the
power parameter m that is dependent on soil rigidity and stress
state. The parameters c and ¢ are determined by laboratory testing.
The secant modulus Eg%f and the loading-unloading stiffness Eref
are measured from CD triaxial tests, and the tangent modulus E{;{i
is measured from odometer tests. In our tests, the unloading
modulus was not determined; therefore, the following equations
were used to estimate these moduli (Schanz et al., 1999):

ES ~E' /3 (1)
i ~ i )
Ech<E 3)

All the parameter values are listed in Table 1. The power
parameter m, which characterized the degree of softness, was set to
1 since the softer the soil, the closer the parameter m to 1. The
Poisson’s ratio of soils was chosen according to the results pre-
sented by Gangaputhiran et al. (2016).

The soils were simulated as an assemblage of triangular FEs,
with the mesh density set to “medium” in Plaxis 2D. Fifteen-node
triangular elements are selected, which can ensure the accuracy
of the calculation results. In total, there were 1151 elements and
9419 nodes in the conventional vacuum preloading model and
2242 elements and 18,229 nodes in the air-boosted vacuum pre-
loading model. The boundary was fixed at the bottom but free on
the top. Both the left and right boundaries were fixed in the hori-
zontal direction but free in the vertical direction. The FE analysis
employed a fully implicit time-marching scheme, enabling the
large-strain consolidation to be evaluated. The calculation of large-
strain deformation was based on a Lagrangian formulation that
updates the FE mesh and the stiffness matrix at the beginning of
each iteration (Indraratna et al., 2016).

The conventional vacuum preloading process was simulated in
three construction phases in Plaxis 2D. The initial phase was used to
establish the ko-state equilibrium in the model, with the kg values
given in Table 1. The second phase was activated to impose a vac-
uum pressure of 90 kPa for 10 d. In this phase, the vacuum pressure
rose linearly to the target value of 90 kPa, and any deficiency such
as vacuum geomembrane leakage or sensor damage was noted by
field inspection. Note that the FE model could not simulate these
deficiencies while the second phase was set up in the FE model to
be consistent with the field loading process. In the final phase,
vacuum preloading continued for another 50 d. For the air-boosted
vacuum preloading, four construction phases were created. The
first and second phases were the same as those for the conventional
vacuum preloading. In the third phase, the vacuum preloading was
continued for another 30 d, and the final phase imposed air injec-
tion with an air pressure of 200 kPa while maintaining the vacuum
preloading for 20 d.

3.2. Model validation

The numerical analysis results were compared with the field
monitoring data to validate the FE models. Fig. 6 depicts the ground
settlement determined by both FE analyses and field monitoring.
Fig. 6a plots the settlement—time curves under conventional vacuum
preloading. In general, the settlement trend and the 60th day set-
tlement obtained from both FE analyses and field monitoring were
similar. However, there was a remarkable discrepancy (a difference
of approximately 62%) between the measured and calculated values
at the 10th day of vacuum preloading. This is because the FE model
used constant hydraulic conductivity while in the field, this value
may be reduced by the increased pressure. The first 10 d of con-
struction was the trial phase for vacuum preloading in engineering
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Fig. 5. FE baseline models: (a) Conventional vacuum preloading; and (b) Air-boosted vacuum preloading.
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practice, and the monitoring data were incomplete because tightness
of the vacuum membrane should be double-checked. Beyond this
stage, the vacuum pressure tended to be stable. When the vacuum
preloading time was 60 d, the minimum discrepancy between field
monitoring results and numerical simulation data of the conven-
tional vacuum preloading method was 2.3%. Fig. 6b shows variations
of the ground settlement with time under air-boosted vacuum pre-
loading. The ground settlements during the air injection (i.e. be-
tween the 40th and 60th day) from FE analyses and field monitoring
were comparable, but the consolidation rate was higher in the FE
modeling than in the field monitoring. As discussed previously, this
might be because the injected air pressure decreases the hydraulic
conductivities with time in the field. However, the minimum error of
the settlement corresponding to the 45th day was the smallest,
approximately 3.56%. The above comparisons indicate that the
baseline large-strain FE models were able to simulate both vacuum
preloading processes. The baseline FE models were thus further
utilized for the parametric analyses of the air-boosted vacuum pre-
loading, considering the effects of key influencing factors, i.e.
different injection pressures, injection spacings, and injection cycles
and durations, as discussed in the following sections.

3.3. FE parametric analyses for air-boosted vacuum preloading

The key factors influencing the effectiveness of air-boosted
vacuum preloading were investigated with the FE models. At pre-
sent, there is no consensus on the selection of a proper range of air
injection pressures. Some researchers recommended that the in-
jection pressure should be no more than 100 kPa, while others
suggested that the pressure should be in excess of 100 kPa. Based
on the monitoring data, Wang et al. (2016) and Cai et al. (2018)
found that air-boosted vacuum preloading was most effective
when the injection pressure was 80 kPa, while Anda et al. (2020)
indicated that a lower range of the injection pressure, i.e. 0—
20 kPa, was preferable. Based on field tests, Shen et al. (2015)
observed that the preferable air injection pressure was 400 kPa.
Xie et al. (2009) found that when the injection pressure ranged
between 60 kPa and 200 kPa, the drainage efficiency was improved
as the air injection pressure increased.

In the FE parametric analyses, eight air injection pressures,
ranging from 50 kPa to 350 kPa with continuous air injection for
20 d and injection spacing of 3 m, were selected to determine the
optimum air injection pressure. At an air injection pressure of
200 kPa with continuous air injection for 20 d, four injection
spacings ranging from 1 m to 4 m were evaluated. Air injection in a
cyclic manner (square shape in Fig. 7) was also investigated with
injection spacing of 3 m, an amplitude of 200 kPa, cyclic numbers of
N =1, 2,4 and 5, and various injection periods, 2T, where T is the
injection time per cycle, equal to 1 d, 2 d and 3 d.

3.4. Results of the parametric analyses for air-boosted vacuum
preloading

Fig. 8 shows the locations (Points a;—as, b1—bs, c;—c3 and e1—e3)
at which the FE numerical results were extracted from the FE an-
alyses. The center points c1—c3 were monitored for ground settle-
ment and soil lateral movement. Points a;—as and bi—b3 were
surveyed for ground settlement, the evolution of the ground set-
tlement and the lateral displacement at different depths. Vertical
and lateral displacements of soils at Points e;—e3 were monitored to
evaluate the influence of vacuum preloading on the soils outside
the improvement area. The horizontal distances e; to aj, a; to by,
and bq to c; were 5 m, 4 m and 3.5 m, respectively, and the vertical
distance between the neighboring monitoring points was 2.25 m.

3.4.1. Effects of air injection pressures

The results of the vertical and lateral displacements of soils were
calculated with the FE models to evaluate the effects of air injection
pressure on soil consolidation.

(1) Ground settlement

Fig. 9 presents the ground settlement (or vertical displacement
at c1) under different air injection pressures.

Based on the characteristics of the settlement curves, we
divided the settlement into two stages. Stage [ was the first 40 d
when only vacuum preloading was applied, while Stage II referred
to the period between the 40th and 60th day when both vacuum
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preloading and air injection were imposed. The ground settled
396 mm at the end of Stage I, and the settlement rapidly increased
once the air pressures were applied at the beginning of Stage II.
Overall, the ground settlement increased with an increase in air
injection pressure. The settlement increase in percentage resulting
from air injection followed a logarithmic relation with air injection
pressure, as shown in Fig. 9b. At a lower injection pressure, the
settlement progressively increased with time (see the inset of
Fig. 9a); however, at a higher injection pressure, the settlement
rapidly jumped to the maximum upon the application of pressure,

followed by a slight rebound. This might be because the higher
injection (positive) pressure compromised the vacuum pressure,
reducing the efficiency of the vacuum loading. The contour of
excess pore water pressure was plotted to explain the slight
rebound of the ground, as shown in Fig. 9c. The magnitude of
negative excess pore water pressure was not altered much upon the
application of high air injection pressure (i.e. 350 kPa at the 40th
day) but decreased after the high injection pressure was main-
tained for a certain time (i.e. 350 kPa at the 60th day). In contrast,
the magnitude of negative pore water pressure at a lower injection
pressure did not change much with a change in injection time (i.e.
50 kPa at the 40th day vs. 50 kPa at the 60th day). This phenomenon
was consistent with the results reported by Ke et al. (2020). The
above FE analysis result also indicates that when the air injection
pressure was higher than 100 kPa, a longer duration of continuous
air injection might not necessarily be beneficial.

The inset of Fig. 9a shows the ground settlement at Point cj,
while the ground settlement data for other locations (i.e. Points aj,
by, c1 and eq), at the beginning and end of the air injection, are
plotted in Fig. 10, and the regression relation is also shown in the
figure. It was observed that the ground settlement decreased
nonlinearly with the horizontal distance to the center of the treated
area. Moreover, the decreasing rate was more pronounced at higher
injection pressure. Fig. 10 also indicates that variations of ground
settlement due to the varied injection pressures were noted at a;
but disappeared at e, which indicated that the influence of air in-
jection reached but was not beyond the edge of the improvement
area.
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(2) Lateral displacement

Many studies have indicated that the application of vacuum
pressures could induce lateral movement of soil toward the center
of the improvement area (i.e. inward displacement), and a larger
lateral displacement leads to better ground improvement (Griffin
and O’Kelly, 2014; Shibata et al., 2014; Cai et al., 2018). Therefore,
lateral displacement of soils due to vacuum pressures was inves-
tigated in the FE analyses, and lateral displacement to the right
(relative to Point c1) was positive, and negative otherwise. Fig. 11
depicts the calculated lateral displacement at the edge of the
improvement area (i.e. Point a;) under different air injection
pressures. In Stage I, the lateral displacement increased over the
vacuum preloading time and gradually stabilized after 10 d. The
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maximum lateral displacement at Point a; was approximately
90 mm in this stage. In Stage II, the lateral displacement was further
increased and reached the maximum on the 42nd day. The
maximum values ranged from approximately 97 mm—119 mm
corresponding to a higher injection pressure. The lateral displace-
ment generally stabilized when the air injection pressure was less
than 100 kPa but rebounded at a pressure greater than 100 kPa,
which was similar to the trend of the ground settlement. The lateral
displacement at the end of Stage Il ranged from 97 mm to 114 mm.
In general, the lateral displacement at ground surface was
approximately 28%—33% of the ground settlement under the air-
boosted vacuum preloading.
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Fig. 9. Ground settlements and excess pore water pressures under different air injection pressures: (a) Evolution of the surface settlement; (b) Percent increase in the ground

settlement; and (c) Contour of the excess pore water pressure.
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Fig. 9. (continued).

3.4.2. Effects of injection spacing

The effect of injection spacing was quantified by ground set-
tlement and lateral displacement. The results are plotted in Figs. 12
and 13. Fig. 12a shows the variations of ground settlement with air
injection spacing at Point c;. Fig. 12b displays the ground settlement
increase in percentage versus injection spacing, which followed a
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260 4 80kPa
280+ v 150 kPa
< 200 kPa
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201 * 350 kPa
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4401 3
460 |- * ]
480 | ]
500 1 1 1 1 1 1 1
12 10 8 6 4 5 0

Location distance (m)

Fig. 10. Ground settlements at different locations on the ground surface under
different injection pressures.

negative power relation. Compared with vacuum preloading with
no air injection, the air injection (i.e. air-boosted vacuum preload-
ing) increased the ground settlement by 18.3%, 10%, 7.5% and 7% for
the injection spacing of 1 m, 2 m, 3 m and 4 m, respectively. This
result indicates that ground settlement decreased more signifi-
cantly for the spacing between 1 m and 3 m (inclusive) than that for
the spacing greater than 3 m.

Fig. 13 illustrates the evolution of the lateral displacement of
soils at various depths below the edge of the improvement area (i.e.
Points ay, a; and a3) affected by different air injection spacings. In
general, the lateral displacement was smaller at a greater depth
(comparing a; with as), indicating the decreased effect of injection
spacing with increasing depth; however, the trends of lateral
displacement at different depths were generally similar. The
maximum lateral displacement due to air injection occurred 1-2 d
after the application of the air injection. This implied that to
maintain a favorable treatment result, the duration of continuous
air injection should not be less than 2 d when the injection pressure
was 200 kPa; however, an overly long injection time (e.g. 10 d or
longer) was not helpful either.

The maximum lateral displacement at a; due to the air-boosted
vacuum preloading is plotted versus injection spacing and depth in
Fig. 14. The relation between the maximum lateral displacement
and the depth is a quadratic function, as shown in Fig. 14. The
simulated results show that the air-boosted vacuum preloading
technique could increase the lateral displacement, particularly at
shallow depths. The uneven increase in the lateral displacement at
different depths would cause the ground to crack and PVDs and
injection pipes to bend. A proper monitoring program can be
implemented to ensure that the lateral displacement is within the
tolerable range for specific applications, where care may be taken
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to control the lateral movement of soils at the ground surface as the
maximum lateral displacement occurs at shallow depths. In the
preliminary design stage, when the monitoring program is un-
available, the lateral ground displacement may be estimated by
multiplying the calculated ground settlement with an empirical
factor, as discussed previously and shown in Table 2.

3.4.3. Effect of cyclic air injections

In the previous section, the data showed that continuous air
injection for a longer duration might not be beneficial for ground
improvement. Therefore, cyclic air injection, with T = 3 d and a
square shape, was investigated under an air injection pressure of
200 kPa. The results are presented in Figs. 15 and 16. For compar-
ison purposes, the injection with various periods (i.e. 2T) was
imposed with the same terminal time (i.e. the 60th day) but
different starting times (see Fig. 7).

Fig. 15a shows that cyclic air injection led to an increased cu-
mulative ground settlement, which is in contrast to the case with
continuous air injection (e.g. Fig. 12) that would cause ground
rebound. Note that this result was obtained under a high injection
pressure of 200 kPa and an injection spacing of 1 m. For a similar
duration of air injection, ground settlement due to the cyclic injec-
tion (438 mm for N=41in Fig.15) was also larger than that induced by
the continuous injection (432 mm under 200 kPa in Fig. 9). The
above results imply that imposing longer cyclic air injection was
beneficial to the development of settlement more than imposing
continuous air injection when injection spacing, injection pressure,
and injection duration were similar. In addition, the relation be-
tween settlement increase in percentage (dj,) and number of in-
jection cycles (N) was established for various values of T, where T is
the injection time per cycle or half the injection period, as shown in
Fig. 15b. The intercept of lines in Fig. 15b represents the effect of T
alone, and the value of the intercept in relation to T is plotted in
Fig. 15c. In addition, the injection period (2T) effect was also

evaluated by varying the value of T. In summary, the correlation
between the settlement increase in percentage (di,), N and T is as
follows:

din = 0.01N +0.015T + 0.98 (4)

Eq. (4) is only applicable toT=1d, 2 d and 3 d.

Fig. 16a—c depicts the time-dependent lateral displacement
with various injection cycles below the edge of the improvement
area (i.e. Points a;—as). In general, lateral displacement increased
with increasing injection cycles but decreased with increasing
depth (0 m, 2.25 m and 4.5 m). The lateral displacement on the 60th
day was 7.3%—12.5%, 5.3%—8.4% and 0.9%—3% greater than that
under conventional vacuum preloading at depths of 0 m, 2.25 m
and 4.5 m, respectively. The development of lateral displacement at
various depths is exhibited in Fig. 17, showing a progressive
decrease with depth.

4. Development of the empirical settlement prediction
equation

Based on the results of the field tests and the FE parametric
analyses, we proposed a simple and practical closed-form expres-
sion to calculate the consolidation settlement under air-boosted
vacuum preloading. The closed-form equation took the form of
the existing methods for conventional vacuum preloading but
improved it by considering the influencing factors of air injection.
The proposed equation was then validated against a case history
reported by others.

4.1. Closed-form expression

Several empirical solutions are available to predict consolidation
settlement under conventional vacuum preloading, including the
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Fig. 12. Variations of ground settlement with injection spacing: (a) Evolution of the ground settlement; and (b) Percent
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Table 2
Empirical factor for predicting the lateral displacement.

Locations (surface Empirical factor (%)

position) 1m 2m 3m 4m Infinity (no
injection)
a, 274 26.5 26.8 26.4 26.7-33.2
—-342 339 -338 333
by 23.8 235 24.7 23.3—-28 24.8—30.2
—287 —-281 303
[ 229 229 23.1 22.6 23.1-27.1

=271 -269 273 -26.6

three-point method (Zheng et al., 2017), the hyperbolic method (Uy
and Dungca, 2018), the logistic regression method (Goh et al., 2017),
and the Chinese standard method (JTS 147—2—2009, 2009).

The three-point method takes the following form and is used to
predict long-term settlement:

st = sqa’ef 45, (1 - a*e*ﬁ*t> (5)

where sq is the immediate consolidation settlement (mm), which is
typically ignored and taken as zero in the vacuum preloading; s; is
the consolidation settlement (mm) at time ¢; t is the vacuum pre-
loading time (d); and s.. is the ultimate consolidation settlement.
Eq. (6) is adopted to determine where three random points ((t1, S1),
(t2, s2), and (t3, s3)) with equal time interval (t3 — t; = t; — t7) are
selected from the measured settlement curve in the short term.
This means that the three-point method is suitable to predict the
settlement during the construction process instead of the design. In
these equations, ¢ and ﬂ* are empirical parameters, which are
respectively determined by Eqs. (7) and (8) as follows:

_ S3(S2 —51) — S2(S3 — 52)
T s s~ (53— %2) ©

o~ 53 =52)(—t)( — ) )

(53 —51)(s2 —51)(t3 — t)

x  (t3 —t1)(S2 —51) — (t2 — t1)(S3 — 51)
b= (53 —51)(S2 —s1)(t3 — t2) (8)

The hyperbolic method uses the hyperbolic equation to predict
the ground settlement as follows:

t—to

St =So+——p—
ET 0T T Bt —1to)

(9)

where sg is the consolidation settlement (mm) corresponding to
the time ty (d) when vacuum preloading begins, and if ty = 0, then
so = 0; and « and (8 are the parameters related to the slope and
ultimate value of the settlement—preloading time curves, respec-
tively, i.e. « = At/As; and § = 1/sw. @ and § can be back-calculated
from the field test data; however, when the field test data are not
available, their values may be obtained based on the consolidation
theory. The value of § may be determined according to Lei et al.
(2019) as follows:

6= ! (10)

Ehi(egi — e1i)/(1 + eg;)

I

1

where eg; is the void ratio before vacuum preloading; eq; is the void
ratio after vacuum preloading, which is estimated as approximately
0.6—0.7 times the initial void ratio; h; is the thickness of the ith soil
layer or the depth of the improvement (mm); and £ is an empirical
coefficient, equal to 1.1-1.4 (Shen et al., 2015; Feng et al., 2021).

The estimation of a may be linked to the average degree of
consolidation, U,, as follows:

a:x(uiaft) (11)

where y is an empirical coefficient for different average
consolidation degrees, which may be estimated using
X = 6x10712¢23-578U:. and U, may be specified by the project
requirement or calculated using the standard method as discussed
later.

The logistic regression method given in Eq. (12) involves three
empirical parameters by, b, and b3, which are back-calculated from
field tests or numerical simulations.

_ b

o 1+ bzefbﬁ
The standard method is stipulated by the Chinese standard (JTS
147—2-2009, 2009), which equates the PVD with a sand well and

specifies procedures for the calculation of the average degree of
consolidation, U,, as follows:

St (12)

St = UaSo (13)
B 8C,t
Us=1- exP(F(n)d%) (14)
2 2 _
Fn) = Zn lnn—?ﬂ1 21
n°—1 4n
(15)

n = de/dw, de = a‘ld
dw = w[2(b+0)]/w

where 6 and b are the thickness and width of the PVDs, respec-
tively; @1 and a, are the empirical coefficients, of which «; is taken
as 1.13 for square arrangement patterns of PVDs, and «; as 1 when
laboratory experimental data are unavailable; and C, is the hori-
zontal coefficient of consolidation.
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With the previously suggested methods, the ground settlement
of the project site under vacuum preloading (without air injection)
was estimated and compared with the field test data. All the pa-
rameters used for these methods are summarized in Table 3. The
results are plotted in Fig. 17. In comparison to the field monitoring
data, the hyperbolic method gave the best estimate among the four
methods. Therefore, the hyperbolic equation was further utilized to
derive a closed-form expression for the case of air-boosted vacuum
preloading by incorporating the influencing factors, i.e. the injec-
tion pressure, the injection spacing, and the characteristics of cyclic
injection as follows:
stc = Sc(1+dp)(1 +ds)din (16)
where s is the consolidation settlement of soil under combined air
injection and vacuum preloading; s. is the consolidation settlement
with vacuum preloading alone, which can be determined by Eq. (9);
din is the settlement increases in percentage (settlement ratio)
considering the injection cycle and period, and can be calculated
using Eq. (4); and dp and ds are the settlement increases in

percentage considering effects of injection pressure and injection
spacing, respectively, which can be obtained using Eq. (17) (corre-
sponding to Fig. 9b) and Eq. (18) (corresponding to Fig. 12b).

dp = 6.1854Inp — 25.07 (17)

ds = 17.527s70716 (18)
where p is the injection pressure (kPa), which is limited in the range
of 50—350 kPa; and s is the air injection spacing (m) ranging from
1 mto4m.

To summarize, the calculation of the consolidation settlement of
air-boosted vacuum preloading involves three steps. First, « and
are determined using Eqs. (11) and (10), respectively, during which
Egs. (14) and (15) will be invoked to determine «. Once these two
parameters are determined, Eq. (9) is used to calculate the
consolidation settlement from vacuum preloading alone. Second,
dp, ds and dj, are determined using Eqs. (17), (18) and (4), respec-
tively. Finally, the proposed closed-form equation (i.e. Eq. (16)) is
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Parameters for different empirical methods.
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Fig. 17. Vacuum preloading induced ground settlement estimated by four empirical

methods.
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Table 4
Parameters of the developed equation.
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Fig. 19. Comparison of the closed-form solution to the field test data.

utilized to calculate the consolidation settlement due to air-boosted
vacuum preloading.

Following the above steps, the closed-form expression was
used to calculate the numerical cases listed for the three-
dimensional (3D) FE modeling. Although the closed-form
expression was deduced based on the 3D FE parametric ana-
lyses, not all parameters were obtained from the FE analyses. For
example, the parameters « and § were theoretically derived, i.e.
decoupled from the 3D FE analyses. Therefore, the comparison
between the proposed closed-form expression and the 3D FE
analyses is necessary to assess the accuracy of the closed-form
expression. Fig. 18 shows the comparative results between the
3D FE analyses and the closed-form equation. For the various
injection pressures, injection spacings and injection cycles
considered, the predicted ground settlement using the closed-
form expression was reasonably comparable to the 3D FE
modeling results. In the following section, the proposed closed-
form solution is applied to a case reported in the literature to
further assess its validity.

4.2. Application of the proposed closed-form equation

The applicability of the proposed closed-form equation is
evaluated against the field test results reported by Cai et al.
(2018). The field tests were carried out in Wenzhou, China,
where the vacuum preloading lasted for 92 d, including 72 d of
vacuum preloading and 20 d of air-boosted vacuum preloading.
The average degree of consolidation was 74% for 72 d of vacuum
preloading. At the end of the vacuum preloading in conjunction
with air injection, an average degree of consolidation of 80% was
required. This design information is useful for the calculation of
a. Moreover, the stratigraphic details were employed to calcu-
late . The depth of the vacuum preloading was 20 m, and the
top-down soil profile consisted of 1.55 m thick silt, 6.8 m
muddy-silt clay, 4.9 m silt clay, 5 m silt clay and 4.85 m silt. The
corresponding void ratios before vacuum preloading were 1.645,
1.5, 1.205, 1.555 and 1.655, respectively, while the void ratios
after vacuum preloading were 1.21, 1.16, 1.01, 1.17 and 1.24,
respectively.

The air injection pressure was p = 20 kPa, the injection spacing
was s = 1.6 m, the total number of air injection cycles was N = 20
and the air injection time per cycle was T = 2 h until the end of the
preloading. Given the above information, using Eqs. (17), (18) and
(4), dp, ds and dj, were determined. The parameters required for
Eq. (9) are summarized in Table 4. The results calculated by the
closed-form equation are compared with the monitoring data (Cai
et al., 2018) in Fig. 19. Overall, the results were in excellent agree-
ment, and the largest discrepancy was less than 2% during vacuum
preloading alone and approximately 1.5% during air-boosted vac-
uum preloading.

5. Conclusions

This study presents field tests and numerical modeling of
ground surface settlement and lateral displacement of dredged
sediments treated with air-boosted vacuum preloading. In addi-
tion, a simple and practical closed-form formula is proposed to
predict the consolidation settlement, considering the influencing
factors of air injection pressure, injection spacing, and charac-
teristics of cyclic injection. The main conclusions are drawn as
follows:

(1) Compared with conventional vacuum preloading, air-
boosted vacuum preloading enhanced the consolidation
rate of soft ground, with ground settlement and soil un-
drained shear strength increasing by 11.7% and 5.7%—21.8%,
respectively.

(2) An increase in the injection pressure led to increases in the
ground settlement and soil lateral displacement. For air injec-
tion pressures ranging from 50 kPa to 350 kPa, the ground
settlement increased by 1.5%—12.3% compared to that under
vacuum loading alone. The corresponding lateral displacement
was approximately 23%—33% of the ground settlement. In
general, the lateral displacement was greater at shallower
depths, which could lead to potential cracks near the ground
surface.

(3) A decrease in the injection spacing increased the ground
settlement and the lateral displacement. A 1-m decrease in
the injection spacing increased the ground settlement and
lateral displacement by 18.3% and 17.7%, respectively. It could
be beneficial to impose cyclic air injections rather than
continuous air injection and a longer duration of cyclic in-
jection to enhance the consolidation.

A simple and practical closed-form expression was developed to
estimate ground settlement by air-boosted vacuum preloading,
which included the effects of the injection pressure, the injection
spacing, the number of injection cycles, and the injection period.
This equation was validated against the 3D FE analyses and a full-
scale case reported in the literature.
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