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At present, there is a lack of necessary technical parameters for sludge vacuum reinforcement. To explore the effects of the drain
board type on sludge vacuum reinforcement, the Fenton reagent was used to pretreat the landfill sludge in a sludge landfill area
in Shanghai, and then, vacuum preloading contrast tests of different prefabricated vertical drainage types were carried out.
During the test, the discharge and settlement of sludge were recorded. After the test, the moisture content, shear strength, and
appearance of PVD were measured and analysed. The main conclusions are as follows: (1) the optimum ratio of H2O2 and Fe2+

is 2 for the landfill sludge; (2) the total displacement and accumulated settlement of the test group with integral prefabricated
vertical drainage are 1.7 times and 1.2 times those of the separate prefabricated vertical drainage, respectively; (3) the type of
prefabricated vertical drainage has no effect on the distribution of water content and shear strength; and (4) when the sludge is
vacuum strengthened, the integral prefabricated vertical drainage should be preferred.

1. Introduction

With the rapid growth of China’s economy, China’s sludge
production is increasing, and China’s total sludge production
exceeded 60 million tons (based on 80%moisture content) in
2019. It is estimated that approximately 65% of the generated
sewage sludge in China is disposed of in landfills, where this
value is only 10~20% in EU countries. Sanitary sludge
landfills can only be used as emergency treatment measures
[1–3]. This method may cause serious pollution problems,
and there are no other places to put sludge, such as the
Shenzhen Xiaping landfill, Suzhou Qizishan landfill, or
Chengdu Changan landfill [4, 5]. After treatment of landfill
sludge, the strength of landfill sludge is increased and can
be used as a material for ground improvement for resource
utilization [6]. Many methods can reduce the water content
of landfill sludge. The method of in situ sludge treatment
combined with vacuum preloading to improve the strength
of soft soil foundations in landfill pits is a new method for

the treatment of landfill sludge. However, there were still
some other measures we should take to make it a filling mate-
rial for ground improvement [4, 7]. An increasing number of
chemical agents and treatment methods have been proposed
to strengthen the soft soil foundation of sludge. The vacuum
preloading technique has been used to strengthen soft soil
foundations and has achieved good results. After a series of
treatments, the landfill sludge can be recycled, such as soil
improvement, nursery planting, and fertilizer preparation.
At this stage, most of the treated sludge was used for con-
struction applications, and it can be widely used for ground
improvement [8–10].

Due to the high water content of sludge, sludge needs to
be dewatered to reduce the water content of sludge and
increase the vane shear strength before being transported to
other places to be used for ground improvement [11, 12].
The commonly used treatment and dewatering method is
to add the reagent into the sludge [13–16] and then use a
filter press for dewatering [17, 18], but not until the amount
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of sludge consolidated by this method is small and the dewa-
tering efficiency is low. To increase the efficiency of dewater-
ing, some researchers proposed combining preloading and
reagents for the dewatering of sludge after landfills [19–21].
Preloading mainly contains surcharge preloading and
vacuum preloading. Compared with surcharge preloading,
vacuum preloading has two advantages: (1) vacuum preload-
ing is usually used on the field of geotechnical engineering for
the soft soil and slurry with very low strength and can be
applied for a large area; therefore, vacuum preloading can
treat a large amount of sludge at once; (2) sludge has a high
water content and low strength, and vacuum pressure is an
isotropic pressure [22] and does not cause shear failure of
sludge. Vacuum preloading combined with Fenton reagent
treatment is an efficient and low-cost method to make sludge
for ground improvement. Fenton reagents have strong oxida-
tion and flocculation abilities, which can destroy the extracel-
lular polymeric substances (EPS) of sludge and react with
reducing odorous substances [2, 23, 24]. Vacuum preloading
can quickly discharge the water in the sludge. During the
dewatering process, the sludge will be compacted and consol-
idated with the assistance of vacuum preloading [25]. In this
process, the strength of the sludge is increased gradually. It
also avoids pollution problems during secondary sludge han-
dling. From the conditioning mechanism of Fenton’s reagent
combined with vacuum preloading, the Fenton reagent com-
bined with vacuum preloading can cause more water dis-
charge from the sludge and improve sludge consolidation
efficiency [26]. There are some factors that affect the final
results, such as whether the conditioning sludge reacts
homogeneously with the Fenton reagent and whether the
vacuum loading method is suitable, but there were few
studies on the types of prefabricated vertical drainages (PVDs).

In this study, the optimum ratio of H2O2 and Fe
2+ for the

sludge treatment was judged by using the specific resistance
to filtration (SRF). Two types of PVDs (integral PVD and
separated PVD) were used for the vacuum preloading model
test. During the test, the applied vacuum pressure was mon-
itored. Water discharge and settlement were recorded during
the dewatering process. After dewatering of sludge, the water
contents for different locations were measured, and the
undrained shear strength of sludge was obtained by a vane
shear test. The efficiency of dewatering using different PVD
types was discussed based on the test results. The flow dia-
gram of this study is shown in Figure 1.

2. Materials and Methods

2.1. Landfill Sludge and Fenton’s Reagent Materials. The
sludge used in the test was taken from the sludge landfill area
of the Bailonggang wastewater treatment plant (WWTP) in
Shanghai. The sludge used in the model test is shown in
Figure 1, and the basic geotechnical properties of the sludge
are listed in Table 1. The sludge landfill is located in the
Pudong New Area, and its location is on the bank of the
Yangtze River. The surface of landfill sludge is covered with
a large number of plants to prevent the spread of the sludge
odour, and some backfill soil and water are exposed locally.
A single sludge landfill has a length of 180m, a width of

100m, and a depth of approximately 8~10m. The barrier
around the landfill sludge is approximately 10m. A single
sludge landfill can store millions of tons of sludge. Therefore,
it is necessary to find the optimal method and parameters for
sludge treatment.

In the experiment, FeSO4, H2O2, and dilute sulfuric acid
were selected, all of which were analytically pure (AR). The
experimental reagent was added according to the percentage
of sludge dry basis.

2.2. Experimental Apparatus and Procedure

2.2.1. Vacuum Filtration Test. The details for the SRF test
have been reported in the previous research [19]. In addition,
the brief introduction of the SRF test is given here. Sludge
dewatering relies on the pressure difference between the
two sides of the filter medium (porous material), so that the
water is forced through the filter medium, and the solid par-
ticles are trapped on the medium to achieve the purpose of
dewatering. In vacuum filtration tests, the pressure difference
is caused by vacuum pressure, and the pressure is regulated
by regulating the valve to make the pressure difference con-
stant in the whole experiment process. Vacuum filtration
tests are usually used to determine the average SRF based
on filtration theory. SRF refers to the resistance per unit area
of sludge filtered under a certain pressure. In research on
sludge dewatering performance, the specific resistance to fil-
tration is often used as a comprehensive index [27] to mea-
sure the sludge dewatering performance. The smaller the
specific resistance to filtration is, the better the dewatering
performance and vice versa. The SRF refers to the resistance
per unit of filtering area when per unit mass of the sludge is
filtered under a certain pressure. It can be calculated as [28]

t
V

= μωr

2PA2� �V + μRf
PA

, ð1Þ

where V is the filtration volume (m3); t is the filtration time
(s); P is the filtration pressure (kg/m2), which includes the
pressure acting on the mud cake and on the medium; A is
the filtration area (m2); μ is the dynamic viscosity of the
filtrate (kg∙s/m2); ω is the dry solid weight of the filtrate
retained in the filter medium per unit volume (kg/m3); r is
THE SRF (m/kg or s2/g); and Rf is the impedance of the filter
medium (L/m2).

A Buchner funnel was used to perform the filtration resis-
tance test, as shown in Figure 2. During the test, the changes
in parameters such as the vacuum pressure and the filtrate
volume were recorded. The moisture content of the sludge
cake was measured, and the specific resistance to filtration
was calculated after the test.

The Fenton reagent consists of H2O2 and Fe
2+ and can be

used as a reagent for the treatment of landfill sludge. In the
Fenton system, the ratio of H2O2 and Fe2+ has a large influ-
ence on the efficiency of treatment. The Fenton reagent is
composed of Fe2+ and H2O2. Under acidic conditions, it
can react to form strong oxidizing hydroxyl radicals (OH−),
which have depolymerization and destruction effects on the
colloidal structure of sludge. OH− can release intracellular
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water to improve sludge dewatering performance. Neyens
et al. carried out an experimental study of Fenton’s reagent-
concentrated sludge dewatering performance [23], which
showed that the pH, Fe2+ addition amount, and H2O2
addition amount of the sludge were the three main factors
affecting the sludge dewatering performance. Wu used the
pH, Fe2+ addition amount, and H2O2 addition amount of
sludge as influencing factors to perform a filtration resistance
test through a three-factor four-level orthogonal test [16, 19,
20, 25]. The drainage characteristics and permeability of the
sludge modified by reagents were improved to a greater
extent than those of the original sludge, and the sludge mois-
ture content decreased significantly. It was found that the
H2O2 addition amount had the greatest influence on the con-
ditioning effect of the Fenton reaction; moreover, changes in
pH under acidic conditions had little influence on the condi-
tioning effect of the Fenton reaction. Therefore, this filtration
resistance test program was aimed at exploring the influence
of Fe2+ and H2O2 addition amount on the conditioning effect
of the Fenton reaction based on the above research results.
The test program is shown in Table 2. In the test, the pH of
the sludge was adjusted to 4.0 with dilute sulfuric acid first.
Then, Fe2+ solution (FeSO4·7H2O solution) was added. After
mixing, H2O2 solution was added.

2.2.2. Vacuum Preloading Model Test. The instruments used
included a measuring cylinder, an electronic balance (with a
precision of 0.01 g), a glass rod, a beaker, a model box (as
shown in Figure 3), an air compressor, a vacuum switching
valve, a vacuum gauge, a suction filter bottle, a ruler, a thin
tube, an oven, PVDs (as shown in Figure 4), black sealing
films, and geotextiles. The performance indicators of the
PVDs are shown in Table 3.

Landfill sludge was treated by using the reagent and
vacuum preloading. The types of PVDs should be considered
in the project. PVDs are used for the drainage of vacuum
preloading and transfer of the vacuum pressure into the soil
during vacuum preloading. The PVD type influences the effi-
ciency of vacuum dewatering of the sludge. In the vacuum
preloading test, it is difficult to control the tightness of the fil-
ter membrane and core plate during the production of the
separated PVD. When the filter membrane is loosely con-
nected to the core plate, the filter membrane of the separated
PVD will be embedded into the core groove under the action
of vacuum pressure, which reduces the space of the drainage
channel and reduces the drainage capacity of the plate. When
the shape of the separated PVD bends with the deformation
of the soil, the groove teeth of the core plate are easy to fall
down, and the drainage channel area and water carrying
capacity are greatly reduced, which will affect the vacuum
preloading test. Under complex construction conditions such
as vacuum preloading, the filter membrane is not easy to sep-
arate from the core plate and the groove teeth on the core
plate of the integral PVD are not easy to fall over. In the study
of vacuum preloading treatment of landfill sludge, the differ-
ent types of PVDs have not appeared yet.

To explore the dewatering law of the modified sludge vac-
uum drainage of these two plastic PVDs as well as their

Vacuum filtration test PVD types

Figure 1: Flow diagram of this study.

Table 1: Basic geotechnical properties of sludge.

Moisture
content (%)

Specific
gravity

Organic
content (%)

Density
(g·cm-3)

Permeability
(10-7 cm·s-1)

76.2 1.8 40.9 1.12 1.9

Note: moisture content is the mass ratio between water and sludge.
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difference, the treatment effects of these two plastic PVDs
were compared and analysed through vacuum preloading
tests. The model box is composed of a cylindrical plastic bar-
rel and sealing cover. The height of the barrel is 980mm, the
outer diameter is 580mm, and the inner diameter is 570mm.
The design of our test equipment is based on the design of
other scholars in the study of the vacuum preloading test
[26, 29, 30]. The model box designed by them is composed
of a cylindrical plexiglass barrel. The height of the model
box is 500mm, the outer diameter is 600mm, and the inner

diameter is 580mm. Our model box size design is the same
as theirs. The height of our model box is a little higher than
theirs, but the actual size of our model box is the same as
theirs. This size design meets horizontal strength reinforce-
ment and also can be used to simulate vacuum deformation
characteristics of topsoil in the vertical direction. In general,
the size of the model box is sufficient to meet the perspective
of the depth and scope of the strength test in vacuum pre-
loading. The vacuum preloading test is shown in Table 4.

The vacuum preloading test system was mainly com-
posed of a model box, plastic PVDs, black sealing mem-
branes, drain pipes, red ball valve, vacuum metre, water
collection bottle, vacuum switch valve, air compressor, etc.;
the PVD was connected to the water collection bottle (gas-
liquid separation bottle) through the drain pipe. The other
end of the bottle was connected to the vacuum switching
valve and the air compressor to achieve gas-liquid separation,
as shown in Figure 5; to avoid excessive initial pressure, a
large number of small particles migrated to the PVD and
clogged the filter membrane. The vacuum load was applied
in stages. The primary load was 40 kPa. After 24 hours, the
load increased to 80 kPa until the end of the test.

During the test, the vacuum degree, discharge capacity,
and accumulated settlement were monitored and recorded.
When the water discharge per hour is less than 15mL, the
vacuum preloading test is considered to be stopped. After
the test, several samples were taken from the sludge in the
model box to measure the water content and perform the
vane shear test [31]. The test points and sampling points
are shown in Figure 6.

3. Experimental Results and Discussion

3.1. Vacuum Filtration Test Results. The relationship between
the specific resistance to the filtration value and the
H2O2/Fe

2+ ratio is shown in Figure 7. It can be seen from
the figure that the specific resistance to filtration tended to
decrease with the increasing mixture ratio. When the mixture
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(a) Sketch of the test device (b) Picture of the test device

Figure 2: Specific resistance test device.

Table 2: Reagent proportioning scheme for the specific resistance
test.

Case 1 2 3 4 5 6 7 8 9 10

H2O2 (%) 4 6 8 12 16 8 12 16 24 32

Fe2+ (%) 4 4 4 4 4 8 8 8 8 8

H2O2/Fe
2+ 1 1.5 2 3 4 1 1.5 2 3 4

Note: the value in the table is the mass ratio between the addition amount
and dry sludge.

Figure 3: Physical diagram of the test device.
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ratio reached 2.0, the specific resistance to filtration value no
longer decreased. Fe2+ reacted with H2O2 in the Fenton reac-
tion system to generate hydroxyl radicals (OH−). Fe2+ also
acted as a catalyst for the Fenton reaction. The comparison
of the two curves in the figure showed that the amount of
Fe2+ was not the better at the same mixture ratio because
excessive Fe2+ would not only reduce H2O2 but also consume
the effective OH− available for oxidation in the system. At the
same time, it would affect the oxidation cracking effect of the
Fenton process [32]; the amount of H2O2 was not the better.
When the mixture ratio was 4, the specific resistance to filtra-
tion value with 8% Fenton’s reagent and 32% H2O2 was basi-
cally the same as that with 4% Fe2+ and 16% H2O2 because
when the amount of H2O2 was too high, Fe2+ in the system
would be oxidized to Fe3+ quickly and greatly reduced the
catalytic effect so that the reaction rate was reduced and the
production of hydroxyl groups was inhibited [33]. Based on

the test results, 4% Fe2+ and 8% H2O2 were used for the
model test.

3.2. Vacuum Preloading Model Test Results

3.2.1. Cumulative Water Discharge. The drainage condition
during vacuum preloading is shown in Figures 8 and 9.
Figure 8 shows that after conditioning, the drainage rate
was significantly improved compared to that of the original
sludge, and the drainage rate was very sensitive to the vac-
uum degree. At the initial moment when vacuum pressure
was applied and within 24 hours after the vacuum pressure
was adjusted, the drainage rate suddenly increased. The
drainage rate of the test group using the integral PVD main-
tained a high level in the rapid phase within the first 50 hours
and then rapidly decreased into the slow phase, indicating
that the pores of the sludge decreased with deepening

(a) The separated PVD (b) The integral PVD

Figure 4: PVD.

Table 3: Performance index of two kinds of drainage board.

Type

Sectional
dimension (mm)

Longitudinal
discharge
(m3·s-1)

The equivalent
aperture of the
filter membrane

(mm)

Tensile
strength
(kPa)

The filter
membrane
permeability

coefficient (cm·s-1)

The filter membrane strength of
extension (N·cm-1)

Width
(±2%)

Thickness
(±0.5%) Dry state Wet state

The
separated
PVD

100 ≥4.0 ≥25 0.075 ≥1.3 ≥5 × 10−4 25 20

The
integral
PVD

100 ≥4.0 ≥25 0.12 ≥1.4 ≥5 × 10−4 25 20

Condition — —
Lateral
pressure
350 kPa

In O98

Ratio of
elongation
in 10%

Immersed in water
for 24 hours

Ratio of
elongation
in 10%

Ratio of elongation in
15%, immersed in
water for 24 hours

Note: the “condition” means the further explanation on the test condition, and all the data are obtained under these conditions.

Table 4: Vacuum preloading test.

Case Sludge dosage (kg) Type of PVD Reagent Addition amount (amount of dry base added) Standing time (h)

1 100 The separated PVD Fenton reagent 4%Fe2+, 8%H2O2 72

2 100 The integral PVD Fenton reagent 4%Fe2+, 8%H2O2 72

3 100 The integral PVD — — 72
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drainage dewatering, clogging an increasing number of
drainage channels. More drainage channels may be retained
and achieve better results with the combination of other
reagents with framework building effects such as CaO [15].

Figure 9 shows that the drainage conditions of case 1 and
case 2 PVDs after conditioning were obviously different. The
drainage rate of the case 1 model box of the test group using a
separable PVD was lower than that of the case 1 and 2 model
box using an integrated PVD during the whole experiment.
This was because the core board of the separable PVD
(case 1) was not bonded with the filter membrane. Under
the action of large vacuum pressure, the filter membrane
was easily pressed into the groove of the core board and
clogged the drainage channel, reducing the water through
the capacity of the PVD. Due to the continuous gap between

the drainage rates of case 1 and case 2, after 312 hours of vac-
uum preloading, case 1 drained a total of 9350mL while case
2 drained a total of 15700mL. The total discharge capacity of
case 2 was 1.68 times that of case 1. Since the original sludge
was not treated with reagents, although it used the integrated
PVD, the drainage effect was still poor, which was only
3100mL, much lower than that of case 1 drained by the sep-
arable PVD after conditioning. When the same reagents were
used for the vacuum reinforcement, the drainage effect of the
separable PVD was not as good as that of the integrated PVD.

3.2.2. Sludge Surface Settlement. During the test, eight points
were selected on the diameter of a certain vertical PVD to
monitor and record the sludge settlement. The settlement
of each point was different, but it was symmetrically distrib-
uted around the PVD. Therefore, four monitoring points on
the radius were selected to make their settlement curves, as
shown in Figure 10.

It can be seen from the figure that the settlement curve of
each point had a sudden increase after 24 hours. This was
because of the vacuum pressure adjustment (adjusted from
40 kPa to 80 kPa); by observing the steepness of the settle-
ment curves, the slope gradually decreased over time. The
settlement curves presented the characteristics of being fast
first and then slow, which was consistent with the drainage
characteristics. The trend of the settlement in the test is the
same as Lin et al. and Wu et al. [4, 19].

In the process of settlement, the settlement value of each
point on the same diameter was different. The farther away
from the PVD, the greater the settlement value, while the
closer to the PVD, the smaller the settlement value. This
may be related to the formation of soil piles. The settlement
conditions of case 1 and case 2 were basically the same. The
maximum settlement value of case 2 was 7.3 cm, and the
maximum settlement value of case 1 was 6 cm. Figure 10
shows that although the monitoring points were evenly
distributed, the settlement values did not increase uniformly
along the radius. Instead, the farther away from the PVD, the
faster the settlement rate and the larger the settlement value.
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Figure 5: Schematic diagram of the test device.
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Figure 6: Schematic diagram of test points and sampling points.
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The average settlement value of the selected 8 points was
used as the cumulative settlement value of the sludge to
obtain the relationship between the cumulative settlement
of the sludge and the time. The curves are shown in Figure 11.

Figure 11 shows that the changes in the cumulative settle-
ment of the test group can be roughly divided into two stages,
namely, stage 1 and stage 2. The loading of 40 kPa in the early
24 hours of vacuum preloading is stage 1, and vacuum pre-
loading up to 80 kPa is classified as stage 2. The average set-
tlement rate of all cases changes greatly when the load
suddenly increases to 80 kPa, which is consistent with the
curve of water discharge. Vacuum preloading is applied in
stages to effectively increase the drainage effect in the vacuum
preloading stage.

Figure 11 shows that the cumulative settlement of case 2
was the largest, which was 6.4 cm, followed by case 1, which

was 5.4 cm. Case 3 had the smallest settlement, which was less
than 2 cm; these three settlement curves had a sudden increase
after 24 hours. The slopes of the settlement curves became
smooth, indicating that the settlement rates decreased with
time, which was related to the decrease in the drainage rate
with time. The cumulative average settlement of case 1 with
the separable PVD was slightly smaller than that of case 1 with
the integrated PVD, which was significantly larger than the
original sludge without reagent conditioning.

3.2.3. Moisture Content

(1) Distribution in the Horizontal Direction. To study the dis-
tribution of the moisture content along the radial direction
after vacuum preloading of different types of PVDs, several
samples were taken along the radial direction to measure
the moisture content in the case 1, 2, and 3 model boxes after
the test. The result is shown in Figure 12.

Figure 12 shows that the closer to the PVD, the smaller
the moisture content. The moisture content close to the
PVD was the smallest. The moisture content of case 2 was
66.0%, that of case 1 was 66.5%, and that of case 3 was
71.2%. The distribution range of the moisture content along
the radial direction was relatively large. For case 2, the distri-
bution range increased from 66.0% to 72.0%; for case 1, it
increased from 66.5% to 74.2%; and for case 3, it increased
from 71.2% to 75.5%, with a span of more than 4%.

At the position 5 cm away from the board, the distribu-
tion curve of the moisture content had a large turning point.
The slope was much smaller after 5 cm than before 5 cm,
indicating that there was a dense low-permeability layer
formed within 1~5 cm from the board [7]. The density of
the sludge within 1~5 cm was different from that within
5~12 cm. The permeability varied greatly. The changes in
the moisture content in the radial direction of case 1 and case
2 were similar, indicating that the PVD type had no effect on
the distribution of the moisture content in the radial direc-
tion. However, the distribution curve of the moisture content
of case 2 was always below that of case 1. Different types of
PVDs resulted in different moisture contents in the same
position, which was directly related to different discharge
capacities caused by the different types of PVDs.

The distribution of the moisture content in the radial
direction showed a rule that the farther away from the
PVD, the higher the moisture content, which was related to
the decline rule of the vacuum degree. During vacuum pre-
loading, the vacuum degree gradually declined along the
radius and depth directions with PVD as the center [34].
Moreover, a vacuum seepage field in the shape of a depres-
sion cone with a convex bottom would be gradually formed
over time. The reinforcement range was the area developed
by the depression cone [35].

(2) Distribution in the Vertical Direction. To study the verti-
cal distribution of the moisture content of the sludge after
different types of PVDs were used for vacuum preloading,
the moisture content was measured at positions away from
the PVD with distances of 1 cm, 5 cm, 13 cm, and 20 cm
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vertically at depths of 0 cm, 10 cm, and 20 cm, respectively.
The vertical distribution of the moisture content is shown
in Figure 13.

Figure 13 shows that the distribution of the moisture con-
tent of the three groups of model boxes changed considerably
compared with the conditions before vacuum preloading.
The moisture content was not homogeneously distributed.
The moisture content was the smallest at depths of 0 cm
and 1 cm from the board. The moisture content was the larg-
est at 20 cm. Through careful observation of Figure 13, it can
be found that the moisture content of case 1 within the depth
range of 10 cm~20 cm had a great turning point compared to
that within the depth range of 0~10 cm, indicating that the
moisture content was distributed more even than that within

the depth range of 10~20cm; themoisture content of case 2 had
a smaller change in the surface layer than that at depths of
10cm and 20cm, indicating that the moisture content in the
upper part was distributed more evenly than that in the lower
part after vacuum preloading. The PVD type had no obvious
influences on the vertical distribution of the moisture content.

At the same time, it can also be seen that when the
distance from the PVD was constant, there was a rule that
the deeper the depth, the larger the moisture content along
the depth direction, which may be related to the attenuation
of the vacuum in the depth direction. The farther away from
the PVD, the greater changes in the moisture content along
the depth direction, indicating that the further away from
the PVD, the faster the vacuum loss rate and the greater the
vacuum loss.

0 15 30 45

0

1

2

3

0 50 100 150 200 250 300

0

2

4

6

Se
ttl

em
en

t v
al

ue
 (c

m
)

Time (h)

�e distance from the PVD 3 cm
�e distance from the PVD 11 cm
�e distance from the PVD 19 cm
�e distance from the PVD 27 cm

(a) Case 1

0

2

4

6

8

Se
ttl

em
en

t v
al

ue
 (c

m
)

0 15 30 45

0

1

2

3

0 50 100 150 200 250 300
Time (h)

�e distance from the PVD 3 cm
�e distance from the PVD 11 cm
�e distance from the PVD 19 cm
�e distance from the PVD 27 cm

(b) Case 2

Figure 10: Settlement law of the monitoring point.
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3.2.4. Shear Strength. To study the shear strength distribution
of the sludge at different depths and distances from the PVD
after different types of PVDs were used for vacuum preload-
ing, after unloading, vane shear tests were carried out at posi-
tions 3 cm and 13 cm away from the PVD at depths of 15 cm
and 30 cm. The undrained shear strength of remolded soil
should be measured after the peak strength or stable value
strength appears and then rotated continuously along the
direction of shear torsion for 6 turns. The results are shown
in Table 5.

Table 5 shows the shear strength of case 3 after vacuum
preloading was still rather low, and the shear strength of case
1 and case 2 had increased to different degrees, but the
strength distribution was inhomogeneous; case 2 had the
highest shear strength, with a maximum value of 5.8 kPa,
followed by case 3 with a maximum value of 3.4 kPa and case
3 with a minimum value of 1.1 kPa; the shear strengths of

case 1 and case 2 at a distance of 3 cm from the PVD were
3.4 times and 4.1 times those at 13 cm, respectively, indicat-
ing that dense “soil piles” with poor permeability were
formed near the PVD [29, 36, 37]. The soil piles were formed
by the movement and aggregation of fine particles towards
the PVD under the action of permeability. The strength was
larger than that of the surrounding soil [19]. The lower
the moisture content is, the higher the shear strength near
the PVD.

It can be seen from the table that the strength of case 2
remodelled sludge was much lower than that of in situ
strength, followed by case 1. Case 2 was the most sensitive
and structurally strongest. The sensitivity of case 3 was basi-
cally not structural between 1.0 and 1.4. The sensitivities of
the three groups of sludge were below 2.0, which were all
low-sensitivity soils. There was still some gap in the remo-
delled strengths of the three groups of tests at the position
3 cm from the PVD. The remodelled strengths were basically
the same at the position 13 cm from the PVD. This showed
that a dense sludge layer was formed between 3 cm and
13 cm, which affected the dewatering of the sludge far away
from the PVD, making the sludge strength distribution
extremely inhomogeneous.

The shear strength was the greatest at the position close
to the PVD. The farther the distance from the PVD is along
the radial direction, the lower the strength, and the deeper
along the depth direction, the lower the strength. The shear
strength after vacuum preloading presented the abovemen-
tioned law, which may be due to the gradual attenuation of
the vacuum degree along the radial and depth directions
[7]. The shear strengths of the three groups were far from
reaching the landfill standard stipulated by the state. The
vacuum preloading performance can be improved by adding
curing reagents and reducing the PVD spacing.

3.2.5. PVD. The PVDs before and after vacuum preloading
are shown in Figure 14.

The PVD was connected to the vacuum source through a
flat joint and a thin tube, undertaking the dual functions of
transmitting vacuum pressure and draining water. After 15
days of vacuum preloading, the filter membrane and the core
board of the PVD were reddish-brown with obvious stratifi-
cations. The colour gradually became lighter from top to bot-
tom. This indicated that the degree of chemical reactions
inside the sludge was inhomogeneous after the reagent was
added. The closer to the bottom of the model box, the less
sludge that can fully react with Fenton’s reagent. The upper
reaction was the most violent and sufficient, while the middle
and lower chemical reaction degrees decreased successively.
The even mixture determined the uniformity of the sludge
and the reagent. It is especially important to explore new
mixing methods to make the upper and lower parts of the
sludge fully react with the reagent.

During the vacuum preloading test, PVD clogging and
bending were two important factors affecting the effect of soil
reinforcement. Generally, PVD clogging can be divided into
filter clogging and core board clogging. PVD bending can
be divided into Z-shaped, S-shaped, and other forms [38].
It may be that the depth of the test treatment was not deep
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and the PVDwas short, so there was no bending phenomenon
in either type of PVD. After vacuum preloading on the PVDs
of cases 1 and 2, the colour changed from white to reddish-
brown. There were some reddish-brown particles attached to
the filter membrane, indicating the occurrence of clogging.
The sludge itself had small particles. Coupled with the oxida-
tion cracking effect of the Fenton process [32], the contents
of clay and colloidal particles were further increased. Under
the action of vacuum pressure, small particles (mainly clay
and colloidal particles) transferred and aggregated to the
drain, clogging the PVDs of case 1 and case 2.

In addition, case 1 separable PVD also accumulated a
large number of dark-brown small particles on the upper part
of the core board. These small particles accumulated in the
upper groove of the core board by the filter membrane, clog-
ging part of the drainage channels and enhancing the
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Figure 13: Vertical moisture content distribution curve.

Table 5: Shear strength of sludge.

Depth
(cm)

The distance
from the board

(cm)

Strength of
sludge
(kPa)

Remodeled
strength of
sludge
(kPa)

Sensitivity

1 2 3 1 2 3 1 2 3

15

3 3.4 5.8 1.4 2.0 3.1 1.0 1.7 1.9 1.4

13 1.0 1.4 1.1 0.6 0.8 1.0 1.0 1.7 1.0

24 0.6 1.0 0.6 0.6 0.8 0.6 1.0 1.2 1.0

30

3 — 4.0 — — 1.9 — — 2.1 —

13 — 1.0 — — 0.7 — — 1.4 —

24 — 0.6 — — 0.6 — — 1.0 —

Note: the vane shear strength test is an in situ test of soil shear strength,
which does not need to prepare remodeled sludge samples.
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resistance effect. The separated drain board has a larger filter
membrane area. During vacuum filtration, in the process of
sludge soil particles accumulating towards the PVD under
the action of vacuum loading, the filter membrane is
extruded into the groove of the plastic board. The core board
clogging of case 1 separable PVD reduced its own water
through capacity, which was the direct reason for the drain-
age rate and discharge capacity of case 1 not as good as those
of case 2. The root cause was the separation of the membrane
core board from the separable PVD. When the vacuum pre-
loading method was used to treat sludge, silt, and other
particle-graded mud, integrated PVD was used.

Another possible reason is that the earth pressure on the
geotextile filter fabric of integral PVD can be uniformly
transmitted to the vertical board of the core (as shown in
Figure 15). However, for the separated PVD, because the geo-
textile filter fabric is separated from the vertical board of the
core, the force of the middle vertical board of the core is
much higher than that of the plate near both sides. Due to
the high force, the middle vertical board of the core is unsta-
ble and the middle channel of the PVD collapses.

4. Conclusions

This paper used different types of PVDs to conduct vacuum
preloading and model tests on long-term landfill sludge
modified by the Fenton process. The following conclusions
are obtained:

(1) After conditioning by the Fenton process, the sludge
drainage rate was accelerated, the discharge capacity
was significantly improved, and the dewatering time
was greatly shortened. The drainage rate of case 2
with the integrated PVD was always slightly higher
than that of case 1 with the separable PVD. The dis-
charge capacity of case 2 was 1.68 times that of case 1

(2) The average moisture contents of case 1 and case 2
after vacuum preloading dropped from 76.2% to
74.3% and 72.7%, respectively, with a difference of
1.5%. The cumulative settlement of case 2 was
6.4 cm, which was 1.2 times that of case 3. The deep
dehydration reduction effect of the integrated PVD
was slightly better than that of the separable PVD

(3) The moisture content distribution law of case 1 and
case 2 was as follows: under the same depth, the far-
ther away from the PVD, the greater the moisture
content; when the distance from the PVD was the
same, the deeper the depth, the greater the moisture
content; the soil strength was the greatest near the
PVD, which gradually decreased along with the radial
and depth directions. The PVD had no obvious influ-
ence on themoisture content and intensity distribution

(4) After vacuum preloading, the PVDs of case 1 and
case 2 both showed layered staining. A large number
of dark-brown small particles on the upper part of the
core board of the separable PVD in case 1 were
clogged, indicating that the separable PVD was more
likely to be clogged than the integrated PVD due to
its structural characteristics
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