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Abstract: This paper presents model tests (macro aspect) and microstructure tests (micro aspect) for investigating the consolida-
tion behavior of Tianjin dredged clay using the prefabricated vertical drain air-booster vacuum preloading (PAVP) and tube
air-booster vacuum preloading (TAVP) methods. The mechanism of air-booster vacuum preloading (AVP) using a spring-like
system is explained. The main difference between these two methods is the air-boosting equipment. A new anticlogging
air-booster prefabricated vertical drain (PVD) is used in the PAVP technique and a self-designed air-booster tube is used in the
TAVP technique. In the model tests, a comparison of the variables that are monitored during reinforcement (vacuum pressure,
surface settlement, water discharge, and pore-water pressure) and after reinforcement (water content, dry density, and vane shear
strength) is conducted. The results indicate that the consolidation behavior of Tianjin dredged clay using the PAVP method is
better than that using the TAVP method. PAVP more efficiently mitigates the issue of water-draining PVD clogging and signif-
icantly accelerates drainage consolidation. In addition, in the microstructure tests, a comparison of the variables that are monitored
after reinforcement (via scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP)) is conducted, and the
results further explain the model test results.

Key words: Tianjin dredged clay; Prefabricated vertical drain air-booster vacuum preloading (PAVP); Tube air-booster vacuum
preloading (TAVP); Model test; Microstructure test
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1 Introduction Tianjin is located in the Bohai Bay, and has com-
pleted 320 km® of land reclamation. As a typical
example, the Tianjin Lingang Economic Zone, with a
reclamation area of 200 kmz, is located in the shallow
sea area on the south side of the Haihe estuary (shown
in Fig. 1) and is formed largely of dredged clay.
Dredged clay is formed by hydraulic filling us-

ing slurry from a harbor basin or a sea channel (Li et

Land reclamation is an effective approach for
alleviating the shortage of land resources. As 0of 2019,
the total land area for reclamation in China has ex-
ceeded 1100 km* and is growing by 13% annually.
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al., 2009; Ong and Chai, 2011; Lei et al., 2017b; Liu
etal., 2018; Wang et al., 2018, 2019), and is typical of
ultra-soft soils. It possesses poor physical and me-
chanical properties, such as a high-water content,
high void ratio, high compressibility, low permeabil-
ity, and low bearing capacity (Chu and Yan, 2015;
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Liu et al., 2017; Zheng et al., 2017; Wang et al.,
2019). Therefore, there are many serious problems of
engineering geology to be solved by ground im-
provement techniques before a project can go
forward.

ianjin Lingang Economic

Zone with land reclamation
T

Fig. 1 Tianjin Lingang Economic Zone with land recla-
mation, China (Amap, annotations made by the authors)

Vacuum preloading methods have been widely
used in solving these problems of engineering geology
(Bergado et al., 2002; Yan and Chu, 2005; Chai et al.,
2006; Indraratna et al., 2014; Cai et al., 2017). However,
this kind of ultra-soft soil is not suitable for traditional
vacuum preloading methods. Until now, studies have
made some progress, but there are still some uncertain-
ties concerning vacuum preloading in soft soil consoli-
dation, particularly in handling the dredged clay with its
ultrahigh moisture content, for example, the clogging of
prefabricated vertical drains (PVDs) (Chu and Yan,
2015; Lei et al., 2017a) and the loss of vacuum pressure
(Chai et al.,, 2004). The clogging of water-draining
PVDs is one of the main factors affecting the consoli-
dation behavior of dredged clay using vacuum preload-
ing. How to eliminate the water-draining PVD clogged
layer and realize a rapid consolidation are key problems
that need to be resolved urgently.

To address this problem, a new type of air-booster
vacuum preloading (AVP) method for dredged clay has
been suggested (Shen et al., 2015; Wang et al., 2016; Lei
et al., 2017a, 2020; Cai et al., 2018). The basic principle
of AVP consists of the following three steps: (1) when
the air-booster pressure is applied, the pressure differ-
ence between the air-booster PVD/tube and water-
draining PVD squeezes the soil and stimulates the flow
of water; (2) the water flow can exit the water-draining
PVD and carry off the fine soil particles of the clogging;
(3) the airflow can create additional cracks under the

pressure difference, and can shorten the leakage path and
accelerate drainage consolidation of the soil (Azari et al.,
2016; Lei et al., 2017a, 2020). At present, there are two
main air-booster methods: (1) the PVD AVP (PAVP)
method, which involves the direct use of PVDs for
air-boosting purposes (Cai et al., 2018), and (2) the tube
AVP (TAVP) method, which uses a self-developed
booster tube for air-boosting purposes (Lei et al., 2020).
Current research on the consolidation behavior of
dredged clay using the AVP method has achieved some
progress, but there are few studies on the differences
between these two AVP methods and it is necessary to
compare the consolidation behaviors of dredged clay
when using them.

In this paper, the consolidation behavior of Tianjin
dredged clay using the PAVP (which uses a new anti-
clogging air-booster PVD) and TAVP (which uses a
self-developed air-booster tube) methods are investi-
gated by model tests and microstructure tests. Firstly, we
explain the mechanism of the AVP method using a
spring-like system and the main differences between the
two methods. Secondly, the difference of consolidation
behaviors for Tianjin dredged clay between the PAVP
and TAVP methods is discussed from a macro aspect
(model tests) and a micro aspect (microstructure tests).
Based on the results and analyses of these two tests, a
superior AVP method for treating that clay will be
proposed.

2 PAVP and TAVP
2.1 Mechanism of the AVP method

Fig. 2a shows the overall system of the AVP
method. It consists of a vacuum pump, a water-air
separation equipment, a horizontal drain tube, a hor-
izontal air-booster tube, a pressed film groove, an
air-booster equipment (PVD/tube), water-draining
PVDs, and an air compressor. According to Cai et al.
(2018) and Lei et al. (2020), the system can generate
pressure differences between the water-draining
PVDs and the air-booster equipment (PVD/tube) and
more fissures will also be generated, thereby allevi-
ating water-draining and PVD clogging, and im-
proving the consolidation behavior of the dredged
clay.

In addition, the process of formation is as fol-
lows: in the air-boosting stage, the discontinuous
pores in the soil are filled with air, forming a certain
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air pressure to squeeze the soil. When the pressure is
greater than the critical strength of the soil, discon-
tinuous pores will be connected, and the soil will
perform an irregular fracture expansion, thereby
forming fissures in the soil (Katsman et al., 2013; Ye,
2018). In the non-air-boosting stage, these fissures
will become drainage channels and improve the
consolidation behavior of the clay.

Horizontal air-booster tube

Vacuum pump

Pressed

film groove ﬂ

Horizontal '."
drain tube ;

Water-air 'separation
equipment

Time

Uo=Pa
Ao=pa—(Uo—Au-Au")=Au+Au'

(b)
Fig. 2 Air-booster vacuum preloading: (a) system and (b)
mechanism (courtesy of Lei et al. (2020))
P.: atmospheric pressure; ug: initial pore-water pressure; Au:
variation in the pore-water pressure caused by vacuum pres-
sure; Au': variation in the pore-water pressure caused by the
air-booster; Ao: incremental effective stress

Time

Fig. 2b explains the mechanism of the AVP
method using a spring-like system (Lei et al., 2020).
Initially, the atmospheric pressure p, acts on the sys-
tem and produces an equal initial pore-water pressure
uy (Uy=pa). Then, vacuum pressure is imposed on the
system to create a negative variable pore-water
pressure —Au. Finally, air-booster pressure is applied
to the system to generate a negative variable pore-
water pressure —Au'. Therefore, the total pore-water
pressure is the sum of the variation in pore-water
pressure caused by vacuum pressure Au and the vari-
ation in pore-water pressure caused by the air-booster

Au'. Based on the effective stress theory, the total
stress is kept constant (i.e. atmospheric pressure p,),
and the increase in effective stress is equal to the
decrease in pore-water pressure. Hence, the incre-
mental effective stress Ao is the sum of Au and Au/’, i.e.
Ao=p,—(uy—Au—Au"y=Au+Au', and the soil skeleton is
compressed by Ao.

2.2 Difference between the PAVP and TAVP

The main difference between the PAVP and
TAVP methods is the air-booster equipment. The new
anticlogging air-booster PVD, which is used in the
PAVP method, is shown in Fig. 3a. The air-booster
PVD is composed of a core plate (made from poly-
propylene) and a filter sleeve (made from nonwoven
polypropylene geotextile), which are glued together.
The core is used to retain the shape of the PVD in the
soil, and the filter sleeve is applied to ensure water
drainage from the soil through the PVD. Compared
with the traditional air-booster PVD (Fig. 3¢), its core
plate and filter sleeve are separated, which increases
the transfer path and thus the new air-booster PVD
can improve the vacuum transmission capacity, in-
crease the strength of the PVD, and prevent the filter
from becoming damaged. In addition, the aperture of
the air-booster PVD can be adjusted according to the
test effect, the water permeability is greatly improved,
and clogging is effectively prevented.

(©) (d)

Fig. 3 Air-booster equipment (PVD/tube): (a) new air-
booster PVD; (b) new air-booster tube; (c) traditional
air-booster PVD; (d) traditional air-booster tube
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Fig. 3b presents the self-designed air-booster
tube under the TAVP method. The booster tube is
composed of a skeleton (made from iron) and a mesh
(made from wire). The role of the skeleton is to retain
the shape of the tube in the soil, and the role of the
mesh is to guarantee that the compressed gas is in-
jected into the soil from the sides of the tube. Com-
pared with traditional booster tubes (Fig. 3d) that
contain spiral flexible brackets and filter cloths,
which have a low stiffness and air permeability, the
self-designed tube has a higher stiffness and air per-
meability, which is convenient for intubation and
increased air-booster effects.

3 Methodology
3.1 Soil sample

In this study, a type of dredged clay that is
widely distributed within dredged clay from the
Tianjin Lingang Economic Zone was used. Table 1
shows the basic physical indices of the soil, among
which are a water content of 117.5% and a plasticity
index of 34.65.

Table 1 Basic physical indexes of the remolded soil
samples

Index property Value
Specific gravity, G 2.7
Initial water content, w (%) 117.5
Initial void ratio, e, 3.98
Liquid limit, wy (%) 63.87
Plastic limit, wp (%) 29.22
Plasticity index, Ip (%) 34.65
Wet density, p (g/cm?) 1.18

3.2 Model test
3.2.1 Test apparatus

Fig. 4a introduces the experimental set-up of the
AVP model test. It consisted of an air compressor, a
model test chamber (water-draining PVDs, an air-
booster PVD/tube, a horizontal drain tube, a sealing
membrane, and a geotextile were arranged inside), a
water-air separation tank, and a vacuum pump. The
model test chamber was made of plexiglass plate, and
had internal dimensions of 80 cmx60 cmx70 cm.

The four water-draining PVDs were arranged in
a square shape, and an air-booster PVD/tube was
installed in the center (Fig. 4b). To minimize the
boundary effect, all the PVDs were transformed be-
fore the AVP model test. According to the dimensions
of the model test chamber, the width of the water-
draining PVDs, the distance between the water-
draining PVDs, and the length were calculated by
Egs. (1) and (2) as 3 cm, 30 cm, and 45 cm, respec-
tively. In addition, the locations of the measuring
points for the model tests before and after reinforce-
ment are presented in Figs. 5a and 5b, respectively.
The specific calculation equation is as follows (Lei et
al., 2020):

d, =2"=, (1)

where dy, b, and ¢ are the equivalent drain diameter,
width, and thickness of the band-shaped water-draining
PVD, respectively.

Enlarged in Fig. 4b

Water-air separation tank .

i =
INGBAO

/Air compressor

()

Fig. 4 Air-booster vacuum preloading model test: (a)
experimental set-up, (b) layout of water-draining PVDs
and air-booster PVD/tube
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d where ratio n=15-22 (Cai et al., 2018); d, is the ef-

n=—, (2)

fective diameter of influence (Lei et al., 2020).
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Fig. 5 Locations of the measuring points for the model tests before (a) and after (b) reinforcement, and for the micro-

structure test (c) (left is top view and right is front view) (unit: cm)
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3.2.2 Test procedure and scheme

In this study, two sets of model tests (PAVP and
TAVP) are compared to assess the consolidation be-
havior of Tianjin dredged clay and are summarized in
Table 2. The precise procedures of the test plan were
as follows: (1) The vacuum pressure was 80 kPa, and
the air-booster pressure was 150 kPa (Lei et al., 2020);
the air-booster pressure was activated every 24 h by
opening the air compressor, and the air compressor
was operated for 45, 60, and 90 min at the times of
188, 284, and 380 h, respectively. (2) When the sur-
face settlement was less than 2 mm/d, the water out-
put was smaller than 0.2 kg/d, and the pore-water
pressure dissipation was lower than 0.02 kPa/d for
three consecutive days, the test was stopped. (3)
During the test, the vacuum pressure, surface settle-
ment, water discharge, and pore-water pressure were
monitored, and the water content, dry density, and
shear strength were measured after the test.

3.3 Microstructure test
3.3.1 Test scheme

The microstructure of a soil largely determines
its engineering properties, and the changes in micro-
structure are fundamental to its strength and defor-
mation characteristics (Inyang et al., 2007; Yu et al.,
2019). In this study, a microstructure test was con-
ducted in combination with scanning electron mi-
croscopy (SEM) and mercury intrusion porosimetry
(MIP) to give an improved analysis of the micro-
structure of soil. Furthermore, after the PAVP and
TAVP reinforcements, microstructure tests (SEM and
MIP) of the dredged clay were performed at various
locations (S1, S2, S3, M1, M2, and M3) and depths (0
and 15 cm); the locations of the measuring points for
the microstructure tests are shown in Fig. 5c. Among
them, the soil microscopic unit characterization with
respect to its geometry, arrangement, connection, and
most of the microscopic parameters (such as the

porosity, shape factor, and fractal dimension) were
primarily obtained by the SEM tests, while the MIP
tests determined the pore diameter distribution of the
soil more accurately.

3.3.2  Quantitative analysis of the microstructure
parameters via SEM

Image-Pro Plus image processing software was
used to binarize the SEM images, and certain param-
eters were extracted for the quantitative analysis of
microstructures. The meaning and algorithm of the
microstructure parameters are briefly described as
follows (Hyslip and Vallejo, 1997; Arasan et al., 2011):

(1) Porosity: The porosity is the percentage of
the pores in the soil to the total volume of the soil, that
is, the ratio of the pore volume in the soil to the total
volume of the soil.

(2) Fractal dimension:

L(g)=Lye"™", 3)

where D is the fractal dimension of the pores, Ly is a
constant, ¢ is the length of pore curve, and L(e) is the
fractal curve. D depicts the degree of roughness of the
curve, that is, the degree of roughness of the shape of
the pore curve.

4 Results and discussion
4.1 Model test
4.1.1 Vacuum pressure

The pressure gauge installed on the water-air
separation tank was used to directly capture the vac-
uum pressure in time. The variation curves of the
vacuum pressure of the PAVP and TAVP tests for the
overall process are shown in Fig. 6a. In the two model
tests, the influence of the air-booster on vacuum
pressure could be divided into two phases. In the first

Table 2 Model test schemes for PAVP and TAVP

Test Vacuum Booster Booster activation Duration of Measured variable Measured varia-
pressure (kPa) pressure (kPa) time (h) boosting (min) (during test) ble (after test)
Water content
188, 45, Vacuum pressure, .
PAVP/ 80 150 284, 60, surface settlement, dry density,
TAVP . vane shear
380 90 water discharge

strength
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phase, the variation trends of the vacuum pressure
with time were similar; the vacuum pressure re-
mained almost stable and exhibited very slight fluc-
tuations at approximately 80 kPa before air-boosting
(before 188 h). In the second phase, the curve of the
vacuum pressure for the PAVP test was higher than
that of the TAVP test, but declined gradually during
the air-boosting processes (at 188 h, 284 h, and 380 h)
and eventually reached approximately 72 kPa in the
PAVP test and 70 kPa in the TAVP test. These results
demonstrated that the PAVP method has a better effect
on the variations in surface vacuum pressure.
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Fig. 6 Variation curves of the vacuum pressure in time
during the PAVP and TAVP tests: (a) overall process; (b)
first air-boosting process at 188 h

Fig. 6b displays the variation curves of the
vacuum pressure with time for the PAVP and TAVP
tests during the first air-boosting process at 188 h. The
vacuum pressure of the PAVP test was always higher
than that of the TAVP test after the first air-boosting
process at 188 h. The variation in vacuum pressure
due to the first air-boosting process could be split into

three stages: rapid decline, stable behavior, and sharp
rise. When the air-booster was activated, the vacuum
pressure in the two tests rapidly declined at approx-
imately the same rate. The vacuum pressure due to the
first air-boosting process then remained relatively
stable. When the air-booster was stopped, the vacuum
pressure in the two tests rose sharply at approximately
the same rate.

4.1.2 Water discharge

Fig. 7a reveals the variation curves of the water
discharge with time of the PAVP and TAVP tests
during the overall process. The water discharge was
collected in a water-air separation tank and weighed
by the electronic scale underneath the tank. The
overall trend of the two curves of the two tests was
similar. The trend could be divided into three stages: a
rapid growth stage, a slow growth to stability stage,
and another growth stage. In the first stage (from 0 to
68 h), when the vacuum pump was started, the curves
of the water discharge for the two methods rapidly
increased at almost the same rate. In the second stage
(from 68 to 188 h), the curves slowly grew and then
remained relatively stable. In the third stage (after
188 h), when the air-booster was activated (at 188 h),
growth curves occurred again and a maximum value
was achieved. The values of the water discharge for
the PAVP and TAVP tests were 48.51 kg and 42.61 kg,
respectively, and thus the final discharge of the PAVP
method was higher than that of the TAVP by more
than 13.85%. The water discharge is a very important
indicator for evaluating the effect of vacuum pre-
loading, which is proportional to the processing effect
(Lei et al.,, 2017a). This finding showed that, for
dredged clay, the effect of the PAVP method was
greater than that of the TAVP method.

To further evaluate the influence of air-boosting,
the PAVP test is selected as an example. It can easily
be seen that the curve after 188 h (during the air-
boosting process) exhibits the following features:
three increases occurred at 188 h (air-boosting for
45 min), 284 h (air-boosting for 60 min), and 380 h
(air-boosting for 90 min), and the upward trend de-
creased accordingly. The latter was because that the
time periods of the three air-boosting processes were
different.

Fig. 7b shows the variation curves of the water
discharge with time of the PAVP and TAVP tests
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during the first air-boosting process at 188 h. The
level of water discharge in the PAVP test was defi-
nitely higher than that of the TAVP test. This result
shows that the PAVP method has an improved effect
on the water discharge. In addition, both curves
showed a similar trend, and rapidly rose in the first
10 min, after which the growth rate slowed down and
finally stabilized. These results indicated that the
air-boosting process has its most significant effect
towards the beginning of its operation (from 20 min to
30 min in Fig. 7b).
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Fig. 7 Variation curves of the water discharge with time
of the PAVP and TAVP tests: (a) overall process; (b) first
air-boosting process at 188 h

4.1.3 Surface settlement

Fig. 8 shows the variation curves of the surface
settlement with time of the PAVP and TAVP tests,
which were obtained by calculating the average of
five monitoring points (Fig. 5a). The curves of surface
settlement during the whole vacuum preloading pe-
riod could be split into two parts. First, before the air-
booster was activated, the surface settlements under

the two situations virtually corresponded, and gradu-
ally increased until remaining stable at 188 h. After
the air-booster was activated, the surface settlement in
the PAVP test was greater than that in the TAVP test.
The settlements eventually reached the maxima of
15.40 cm and 13.40 cm, respectively. The surface
settlement in the PAVP test had increased by 14.93%
compared with that in the TAVP test. Generally,
therefore, the PAVP method is considered effective
for the AVP treatment of Tianjin dredged clay. In
addition, when the air-booster was activated, surface
settlement occurred three times as sudden increases at
188 h (air-boosting for 45 min), at 284 h (air-boosting
for 60 min), and at 380 h (air-boosting for 90 min).
The sudden increases were because the time intervals
of the three air-boosting processes were different. In
other words, the air-boosting effect improved with
increasing duration of the process.

0 T T
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2 I I | -a- TAvP
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Fig. 8 Variation curves of the surface settlement with time
of the PAVP and TAVP tests

4.1.4 Coefficient of consolidation

The coefficient of consolidation (C,) is a pa-
rameter that reflects the degree of consolidation of
soft soil. To better investigate these consolidation
characteristics, C, was determined and analyzed. C,
was back-calculated by Liu et al. (2017) as follows:

2

C, = _M’ 4)
6At

S, = ﬂo + ﬂlSi—l’ Q)

where H is the length of the water-draining PVDs, f
is a constant, £ is a coefficient which is obtained by
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the Asaoka method, and Af is the time interval. The
settlement curve between settlements S; and Si—;
(Fig. 9) was used to define Eq. (5) and obtain f; in
Eq. (4). As shown in Fig. 9, the values of f;, were
0.8574 and 0.8883 for the PAVP and TAVP tests,
respectively. In addition, the length H of the water-
draining PVDs was 45 cm, and the time interval A¢
was 24 h.

Table 3 lists the coefficients of consolidation and
parameters of the PAVP and TAVP tests. According to
the values of all parameters (H, 5, and Af), the coef-
ficients of consolidation (C) could be calculated by
substituting the values into Eq. (4). That yielded
values of 0.000601 cm?/s and 0.000463 cm?/s for the
PAVP and TAVP tests, respectively. It was observed
that the compression performance and stimulation of
soil consolidation had improved and the outcomes
were consistent with the aforementioned analyses.
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Fig. 9 Asaoka method to calculate the ultimate settle-
ment S,,: (a) PAVP test; (b) TAVP test

Table 3 Coefficients of consolidation and parameters of
the PAVP and TAVP tests

Test H (cm) At (h) I C, (cm?/s)
PAVP 45 24 0.8574 0.000601
TAVP 45 24 0.83883 0.000463

4.1.5 Pore-water pressure

Fig. 10 shows the variation curves of the pore-
water pressure with time of the PAVP and TAVP tests
at different positions (at depths of 15 cm, 30 cm, and
45 cm and at measuring points P1, P2, and P3, re-
spectively). It should be noted that the “fault” in the
figure reflects a data acquisition error. Overall, the
pore-water pressure decreased in time at the various
depths and measuring points. The variation in pore-
water pressure could be divided into four phases:
rapid reduction, slow decrease, leveling off, and again
reduction.

Taking Fig. 10b as an example, in the first phase
(from O to 44 h), in the PAVP and TAVP tests, the
pore-water pressure dropped rapidly after the start of
the tests. In the second phase (from 44 to 140 h), the
pore-water pressure slowly decreased. In the third
phase (from 140 to 188 h), the pore-water pressure
dissipation tended to level off. In the fourth phase
(after 188 h), the pore-water pressure again exhibited
three reductions at 188 h, 284 h, and 380 h, which
were due to the quickening of pore-water pressure
dissipation caused by the air-booster. The maximum
pore-water pressure values for the PAVP and TAVP
tests were —36.18 kPa and —32.18 kPa at a depth of
15 cm, respectively. The maximum value of the PAVP
test was 12.4% higher than that of the TAVP test.
Furthermore, the pore-water pressure increased at
depths from 15 to 45 cm in both tests. In the PAVP test,
the final pore-water pressures at the shallowest depth
(15 cm), intermediate depth (30 cm), and deepest
depth (45 cm) were —36.18 kPa, —30.50 kPa, and
—26.27 kPa, respectively; in the TAVP test, the final
values were —32.18 kPa, —28.24 kPa, and —23.18 kPa
from the shallowest depth (15 cm) to the deepest
depth (45 cm), respectively. Based on the above
analysis, the results clearly indicate that the final
pore-water pressure of the PAVP test is lower than that
of the TAVP test, and demonstrate that the PAVP
method has a more profound effect on the improve-
ment of the dredged clay.
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Fig. 10 Variation curves of the pore-water pressure in
time of the PAVP and TAVP tests: (a) measuring point P1;
(b) measuring point P2; (¢) measuring point P3 (the
“fault” represents a failure of data collection)

4.1.6 Water content

Water content is an important indicator for
evaluating the effects of soil properties after vacuum
preloading reinforcement. The water contents at dif-
ferent depths (0 cm, 15 cm, and 30 cm) and measuring
points (W1, W2, and W3) (Fig. 5) after the PAVP and

TAVP tests are presented in Fig. 11a. At the different
depths and measuring points, the water contents in the
PAVP test were always smaller than those in the TAVP
test. Moreover, the basic developments of the water
contents were approximately parallel for both tests:
the water content increased with increasing depth
(from 10 to 30 cm) and measuring points (from W1 to
W3). The reason for this was that the vacuum pressure
dissipated as a function of the measuring point (the
water-draining PVD distance increased from W1 to
W3) and drainage depth (Indraratna et al., 2005;
Wang et al., 2017).
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Fig. 11 After air-booster vacuum preloading reinforce-
ment: (a) water content and (b) vane shear strength

Before treatment, the initial water content of the
soil was greater than 117%. After treatment, in the
PAVP test, the average water contents of the soil at the
different measuring points were 31.97% (depth of
0 cm), 37.98% (depth of 15 cm), and 44.05% (depth
of 30 cm), while the average water contents of the soil
in the TAVP test were 39.63%, 45.77%, and 53.75%,
respectively. It can therefore be seen that the PAVP
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test decreases the water content compared with the
TAVP one by 19.34%, 17.92%, and 18.04%, respec-
tively, at the three different depths considered. The
consolidation behavior of Tianjin dredged clay by the
PAVP method is thus greater than that by the TAVP
method.

4.1.7 Dry density

The dry density is often used as a criterion to
evaluate soil in engineering. The dry densities at dif-
ferent depths (0 cm, 15 cm, and 30 cm) and measuring
points (D1, D2, and D3) (Fig. 5) after the PAVP and
TAVP tests are summarized in Table 4. The equation
for dry density is as follows:

p
=, 6
Pa 1+w ©)

where pq is the dry density, p is the density of the soil
after reinforcement (p was measured by the cutting
ring method), and w is the water content of the soil
before reinforcement.

As shown in Table 4, the dry density and water
content of the soil after reinforcement exhibited op-
posite characteristics at the different depths and
measuring points, but the value from the PAVP test
was always higher than that from the TAVP test.
Moreover, the dry density decreased with increasing
depth and measuring point from W1 to W3 in the two
tests. Specifically, in the PAVP test, the maximum
value was 1.47 g/cm3 at measuring point D1 and a
depth of 0 cm, and the minimum value was
0.97 g/em’ at measuring point D3 and a depth of
30 cm. In the TAVP test, the maximum value was
1.21 g/em® and the minimum value was 0.87 g/cm’
compared with the PAVP test results at the same po-
sitions. The negative correlation between the dry
density and water content is expected from Eq. (6) as
they are inversely related. Based on the previous
analysis, the consolidation behavior of the dredged
clay using the PAVP method was enhanced compared
to that from the TAVP method.

4.1.8 Vane shear strength

To assess the effects of the soil properties, the
vane shear strength was measured with a manual vane
shear instrument. Fig. 11b shows the vane shear
strength of dredged clay at dissimilar depths (0 cm,

15 cm, and 30 cm) and measuring points (V1, V2, and
V3) (Fig. 5) after the two tests. The vane shear
strength value of the PAVP test was constantly higher
than that of the TAVP test at different depths and
measuring points. In addition, the vane shear strength
decreased with increasing depth from 10 to 30 cm and
measuring point from W1 to W3 for both tests. These
results revealed that, because of the high vacuum
pressure, a better reinforcement effect was obtained at
a shallow depth and a position that was near the
water-draining PVDs (Indraratna et al., 2005).

Table 4 Dry densities at different measuring points
after the PAVP and TAVP tests

Denth Dry density (g/cm3)
ept PAVP TAVP
(cm)
DI D2 D3 DI D2 D3
0 147 125 117 121 108 099
15 130 110 1.02 116 104 092
30 120 107 097 114 097 087

Generally, the average vane shear strengths of
the soil in the PAVP test at the different measuring
points were 31.00 kPa (depth of 0 cm), 16.23 kPa
(depth of 15 cm), and 10.33 kPa (depth of 30 cm),
higher than those in the TAVP test, which were
29.17 kPa, 13.50 kPa, and 8.67 kPa (at depths of 0 cm,
15 cm, and 30 cm, respectively). The PAVP test
clearly showed increases in vane shear strength of
6.27%, 20.22%, and 19.14%, above the respective
figures from the TAVP test. The vane shear strength in
the PAVP test was thus higher than that in the TAVP
test at the different depths and measuring points.

According to the vane shear strength, the char-
acteristic value of the foundation bearing capacity can
be calculated. The equation is as follows (Chu et al.,
2000):

f. =5.14C,, @)

where C, is the average vane shear strength of the soil,
and f, is the characteristic value of the foundation
bearing capacity. Thus, in the PAVP test, the charac-
teristic values of the foundation bearing capacity at
the different measuring points were obtained as
159.34 kPa, 83.44 kPa, and 53.11 kPa at depths of
0 cm, 15 cm, and 30 cm, respectively; in the TAVP
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test, the characteristic values were 149.92 kPa (depth
of 0 cm), 64.25 kPa (depth of 15 cm), and 44.55 kPa
(depth of 30 cm). It can be seen that the foundation
bearing capacity from the PAVP test was larger than
that from the TAVP test. Combining the vane shear
strengths and foundation bearing capacities, one
could easily observe that the results were similar to
those of the water content, and the effect of the PAVP
test was superior to that of the TAVP test.

4.1.9 Degree of consolidation

The degree of consolidation (DOC) is a signifi-
cant parameter or index for estimating the consolida-
tion behavior of the clay. To further consider the ef-
fect of soil improvement, the DOC of soil was de-
termined and analyzed. The DOC can be obtained via
settlement Eqgs. (8) and (9) or pore-water pressure
Egs. (10) and (11). The settlement-obtained DOC can
be calculated as follows:

St
Ut _g’ (8)
__b
5=t ©)

where U, is the DOC at time ¢, S; is the settlement at
time ¢, and S, is the ultimate settlement. In this
method, based on the Asaoka method for forecasting
the ultimate settlement S,, the intersection of the
settlement curve between S; and S;-; and the 45° line
is considered the ultimate settlement S, (Chu and Yan,
2015; Liu et al., 2017); S, can also be calculated with
Eq. (9). As an alternative, the pore-water pressure-
based DOC can be calculated as follows:

—u,Jdz
:1_—“”f(z) a3 (10)

Uavg ’
I[uo (2) —u, ]dz

u, =y,z—380, (11)
where U,y is the average DOC, uqz) is the ultimate
pore-water pressure at depth z, ug(z) is the initial
pore-water pressure at depth z, us is the vacuum
pressure at depth z, and y,, is the unit weight of water.

In this study, the DOC was calculated by set-
tlement using Egs. (8) and (9). As shown in Fig. 9, the

ultimate settlement was 16.43 cm and 14.64 cm in the
PAVP and TAVP tests, respectively. The DOC at dif-
ferent times in the PAVP and TAVP tests are summa-
rized in Table 5. Comparing the values in Table 5,
except for 188 h, the U, of the PAVP test was generally
higher than that of the TAVP test at different times
(284 h, 380 h, and at the end). The reason was that the
first air-boosting process began operating at 188 h,
and the settlement of the two tests was basically the
same before 188 h. After 188 h, the air-booster pres-
sure started to work and promoted settlement of the
soil. Therefore, the values of the DOC in the PAVP
test (which were 76%, 89%, and 94% at 284 h, 380 h,
and at the end, respectively) exceeded the values of
the DOC in the TAVP test (which were 75%, 86%,
and 91% at 284 h, 380 h, and at the end, respectively)
in time. It was clear that the consolidation effect of the
PAVP method was greater than that of the TAVP
method.

Table 5 Degrees of consolidation at different times

DOC (%)
Test
188 h 284 h 380 h End
PAVP 54 76 89 94
TAVP 62 75 86 91

4.2 Microstructure test
4.2.1 Microstructure characteristics

In the two reinforcement modes of the PAVP and
TAVP tests, the microstructure changes at the three
measuring points were similar. Therefore, only
measuring point S3 was selected as an example for
qualitative analysis of the microstructure of the soil
sample. Fig. 12 shows an SEM image that was mag-
nified 6000 times at measuring point S3 of the clay
after the PAVP and TAVP model tests. The micro-
structure characteristics of the soil were examined,
and the analysis was in three parts: skeleton particle
morphologies, skeleton particle contact forms, and
intraframework grain pores. The specific analysis
results were as follows:
4.2.1.1 Skeleton particle morphologies

In the two reinforcement methods, the skeleton
particle morphologies of the dredged clay were pri-
marily composed of sheet and block structures and a
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few granular structures. The sheet and block struc-
tures were agglomerated, and the granules and ag-
gregates with smaller sizes were gathered or ce-
mented together to form larger clots. At the same
depth (0 cm or 15 cm), the soil skeleton particle size
was uniform and densely arranged after reinforce-
ment by the PAVP test, while the soil skeleton particle
size was disordered and loosely arranged after rein-
forcement by the TAVP test.
4.2.1.2 Skeleton particle contact forms

Both forms of contact (point contact and surface
contact) were observed in the soil microstructure of
the two methods at different depths. After the PAVP
treatment, the contact forms of the soil skeleton par-
ticles were mostly surface contacts, with only a small
number of point contacts; after the TAVP treatment,
the contact forms of the soil skeleton particles were
more evenly split between point contacts and surface
contacts.

2 | det
* |ETD[10.0 kV.

4.2.1.3 Intraframework grain pores

At identical depths, the diameters of the pores
between the soil skeletons in the TAVP method were
large, and there were a large number of intergranular
pores. However, the diameters of the pores between
the soil skeletons in the PAVP method were small; the
pores were mainly intragranular pores, and the in-
tergranular pores were small. The strongest effect on
soil deformation was the number of intergranular
pores, followed by that of the intragranular pores,
while the effect of the interparticle pores was smaller,
and that of intracavity pores was negligible (Delage
and Lefebvre, 1984; Zhang et al., 2018a, 2018b).
These findings indicated that compared with the
TAVP test, the microstructure of the PAVP test was
not prone to deformation, and its consolidation be-
havior was better.

In summary, the above mentioned results
showed that the consolidation behavior of Tianjin
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Fig. 12 SEM images of measuring point S3 after reinforcement: (a) 0 cm depth, PAVP test; (b) 0 cm depth, TAVP test; (c)

15 cm depth, PAVP test; (d) 15 cm depth, TAVP test
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dredged clay using the PAVP method was superior to
that from the TAVP method with regard to the three
aspects: skeleton particle morphologies, skeleton par-
ticle contact forms, and intraframework grain pores.

4.2.2 Quantitative analysis of the microstructures

Quantitative analysis of the microstructures of
dredged clay was carried out. It can be divided into
two aspects: porosity and fractal dimension (D). Ta-
ble 6 provides the quantitative parameters of the mi-
crostructure derived from SEM images; the results
were obtained by binarizing the images. The specific
analysis results were as follows:

Table 6 Quantitative parameters of the microstructure
observed in the SEM images

. . Fractal
Method Me:;iunrtmg l?srp:)h Po(rOoA)s)lty dimegsion,
S1 0 4.2 1.008
PAVP S2 0 7.5 1.123
S3 0 9.5 1.155
S1 0 6.8 1.176
TAVP S2 0 12.0 1.183
S3 0 7.5 1.201
S1 15 4.9 1.177
PAVP S2 15 8.8 1.159
S3 15 6.3 1.142
S1 15 7.6 1.226
TAVP S2 15 13.3 1.199
S3 15 8.2 1.216

4.2.2.1 Porosity

At similar depths (0 cm or 15 cm) of the three
measuring points, except S3 at depth 0 cm, the po-
rosity in the soil after PAVP reinforcement was low,
while that after TAVP reinforcement was high. For
instance, at a depth of 0 cm, the maximum values of
the porosity were 9.5% and 12.0% for the PAVP and
TAVP methods, respectively. These results demon-
strated that compared with the TAVP method, the
PAVP method could cause a decrease in the porosity
of approximately 20.8%. This was because the pore
diameter and connectivity between the soil skeletons
after the PAVP reinforcement were lower than those
after the TAVP reinforcement. In addition, at different
depths, the porosity at depth 0 cm was lower than that
at depth 15 cm, except for S3 of PAVP. These results

corresponded to the model test results of the shallow
(0 cm) reinforcement effect being better than the deep
(15 cm) reinforcement effect.

4.2.2.2 Fractal dimension

The D values of the soil pores after PAVP rein-
forcement were lower than those of the soil pores
after TAVP reinforcement at equivalent depths (0 cm
or 15 cm) of the three measuring points. The maxi-
mum values for the PAVP and TAVP methods were
1.177 and 1.226, respectively. This was because when
the soil had been reinforced by vacuum preloading,
the pores due to the PAVP method were small and
uniform, and the degree of irregularity was low,
while the pores due to the TAVP method were large
and disordered, and the degree of irregularity was
high. Consequently, the soil in the PAVP method had
to be subjected to a larger force to destroy the exist-
ing equilibrium state, which explained why the
strength of the soil after PAVP reinforcement in the
model test was higher than that of the soil after TAVP
reinforcement.

According to the above findings, one could de-
duce that the consolidation behavior of Tianjin
dredged clay by the PAVP method had clear ad-
vantages over that of the TAVP method in respect of
the two quantitative parameters of porosity and fractal
dimension.

4.2.3 Pore diameter distributions

The microstructures of the clay at the different
measuring points (M1, M2, and M3) and depths (0 cm
and 15 cm) after reinforcement were explored by MIP.
The pore diameter distributions of the dredged clay
after PAVP and TAVP reinforcements are shown in
Fig. 13. It can be seen that at the different depths and
three measuring points, the overall change trend of
the volume proportion with the pore diameter was
similar; in both methods, the peak position of the
PAVP reinforcement was observed on the left side of
that of the TAVP reinforcement, indicating that there
were more small pores in the PAVP test.

Since the behaviors of the pore diameter distri-
bution at the three measuring points were parallel, the
pore diameter distributions of the soil samples
strengthened by the two methods were analyzed only
at measuring point M1 (Fig. 13a).

At a depth of 0 cm at measuring point M1, both
curves showed a distinct peak, but the positions and
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magnitudes of the peaks were different. For the soil
sample strengthened by the PAVP method, the peak
value of the curve was observed near a pore diameter
of 0.10 um, and the peak value of the volume pro-
portion was approximately 6.4%. However, for the
soil sample after TAVP reinforcement, the pore
diameter for the peak value was approximately
1.05 pm, and the peak value of the volume proportion
was approximately 4.0%. These results indicated that
the small-diameter pores were the dominant pore
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Fig. 13 Pore diameter distributions of the dredged clay
after reinforcement at measuring points M1 (a), M2 (b),
and M3 (¢)

groups after reinforcement by the PAVP method, and
the large-diameter pores were the dominant pore
groups after reinforcement by the TAVP method,
which was completely consistent with the results
observed in the SEM images. Thus, the consolidation
behavior of the clay using the PAVP method was
superior to that of the TAVP method.

At a depth of 15 cm at measuring point M1, the
overall behavior was consistent with that at a depth of
0 cm, but the peak positions of the two reinforcement
modes had shifted to the right. For the soil sample, the
PAVP method resulted in a peak curve near a pore
diameter of 0.26 um, and the peak value of the vol-
ume proportion was approximately 2.8%. For the soil
sample from the TAVP method, the pore diameter for
the peak value was approximately 5.58 pum, and the
peak value of the volume proportion was approxi-
mately 2.9%. These findings indicated that in both
reinforcement modes, the number of large-diameter
pores in the soil increased with increasing depth.

5 Discussion

The pressure difference between water-draining
PVDs and the air-booster PVD/tube AVP method is
one of the main reasons for promoting drainage and
accelerating consolidation (Shen et al., 2015; Lei et
al., 2017a, 2020; Cai et al., 2018). The action direc-
tions of air-booster pressure in the two methods are
presented in Fig. 14. In the PAVP method (Fig. 14a),
the direction of air-booster pressure acts only in two
opposite directions, and the action direction is per-
pendicular to the water-draining PVDs, whereas in
the TAVP method (Fig. 14b), the direction of air-
booster pressure acts in multiple directions, and only
part of the pressure is perpendicular to the water-
draining PVDs. However, the air-booster pressure
perpendicular to the water-draining PVDs has the
greatest effect on increasing the pressure difference
between water-draining PVDs and air-booster PVD;
therefore, compared with TAVP, PAVP can further
reinforce Tianjin dredged clay in these experiments.

6 Conclusions

In this study, the consolidation behaviors of
Tianjin dredged clay using the PAVP and TAVP
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Fig. 14 Action directions of air-booster pressure: (a)
PAVP; (b) TAVP (unit: cm)

methods were investigated by both model and mi-
crostructure tests. Among them, the two sets of model
test were compared to evaluate the consolidation
behavior of the clay by the PAVP and TAVP methods
from a macroscopic point of view, and microstructure
tests of the clay after reinforcement by the two
methods were performed to analyze the changes in the
microstructure. Based on the results of the model and
microstructure tests, the conclusions can be summa-
rized as follows:

1. The model test results showed that the con-
solidation behavior of Tianjin dredged clay using the
PAVP method is better than that using the TAVP
method from a macro point of view. The specific
performance was as follows: (1) The water discharge,
consolidation settlement, and dissipation of the pore-
water pressure of the PAVP test were 13.85%, 14.39%,

and 12.40% greater than those of the TAVP test, re-
spectively. (2) The PAVP test could clearly decrease
the water content by 19.34% and significantly in-
crease the dry density, vane shear strength, foundation
bearing capacity, and DOC.

2. The microstructure test results indicated that
the consolidation behavior of Tianjin dredged clay
using the PAVP method had clear advantages over
that of the TAVP method from a micro perspective.
The specific results could be divided according to the
following aspects: (1) In the SEM test, compared with
the results of the TAVP method, after PAVP rein-
forcement the skeleton particle morphology was more
uniform and denser, the contact forms of the particles
consisted more of surface contacts, and the in-
traframework grain porosity was higher; in addition,
the porosity and fractal dimension of the soil were
smaller. (2) In the MIP test, the peak position of the
pore diameter distribution for the PAVP test was ob-
served on the left side of that for the TAVP test, in-
dicating that there were smaller pores in the PAVP
test.

3. In summary, the consolidation behavior of
Tianjin dredged clay using the PAVP method was
better than that using the TAVP method based on the
model and microstructure tests, which could more
efficiently relieve water-draining PVD clogging and
significantly accelerate drainage consolidation.
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