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ABSTRACT

Municipal sludge is a sedimentation waste produced during the wastewater process in sewage treatment plants.
Among recent studies, pilot and field tests showed that chemical conditioning combined with vacuum preloading
can effectively treat municipal sludge. To further understand the drainage and consolidation characteristics of the
conditioning sludge during vacuum preloading, a large deformation nonlinear numerical simulation model based
on the equal strain condition was developed to simulate and analyze the pilot and field tests, whereas the simula-
tion results were not satisfactory. The results of the numerical analysis of the pilot test showed that the predicted
consolidation degree was greater than that measured by the field tests, which is attributed to the relatively low
permeability layer formed during the preloading process of the prefabricated vertical drain. To better reflect
the consolidation process of the conditioned sludge, a simplified analysis method considering the low permeabil-
ity layer around the prefabricated vertical drain was proposed. The initial permeability coefficient of the low per-
meability layer is determined via numerical simulations using finite difference method. The predicted settlement
curve was in good agreement with the measured results, which indicated that the numerical simulation based on
the equal strain condition considering the relatively low permeability layer can better analyze the consolidation
process of ferric chloride-conditioning sludge with vacuum preloading.
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1 Introduction

Municipal sludge is a precipitate produced during municipal-sewage treatment [1–4]. It has fine
particles, high moisture content, and difficult dewatering. It is a complex precipitate with a high content
of organic matter and a variety of pollutants [5–10]. Current research on sewage sludge disposal focused
on dewatering and subsequent solidification of sludge in sewage treatment plants. Meanwhile,
dehydration and solidification of sludge in landfills are difficult and expensive [11,12].
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Vacuum preloading was regarded as one of the effective methods of reinforcing foundations in areas
with super soft soil [13]. Generally, it improved the load capacity and reduced settlement in airport
runways, oil storage stations and land reclamation projects [14–16].

The mechanical properties of sludge [17,18] are similar to those of the ultra-soft soil, hence, in order to
effectively treat sludge at low cost in sludge lagoons of municipal solid waste landfills, Lin et al. [19]
proposed a two-stage method called ‘vacuum preloading combined with chemical conditioning’, which
had advantages over the traditional methods. However, to date, no numerical simulation study on the
consolidation characteristics of chemically conditioned sludge using this two-stage method has been
reported to better understand the consolidation characteristics of chemically conditioned sludge under
vacuum preloading and to popularize the process.

Shaft consolidation theory is usually employed to evaluate the consolidation deformation of soft soil
foundations in vacuum preloading research. Based on Barron’s consolidation theory [20], Hansbo [21]
proposed a theoretical solution considering the well resistance, smear effect, and anisotropy of soil
permeability coefficients. Berry et al. [22] considered the nonlinearity of the soil and improved the
solution of the classical consolidation equations with small deformation. Indraratna et al. [23] proposed a
mathematical analytical formula based on the modified consolidation theory considering vacuum pressure.
Tang et al. [24] enriched and improved the shaft consolidation theory by considering the non-
instantaneous loading and layered characteristics. In addition, many scholars have carried out numerical
studies [25,26] on different process combinations such as vacuum preloading and electroosmosis [27,28],
which were helpful for the better understanding of the mechanism of reinforcement. In the above-cited
studies, different compression and permeability curves were used to describe the soil, and more accurate
consolidation solutions were obtained, however, the basic framework was still the small deformation
consolidation.

In this study, a numerical analysis model for large deformation nonlinear shaft consolidation, which
considers the large deformation and nonlinear characteristics of conditioned sludge in the consolidation
process, was developed. The model was used to simulate the pilot and field tests [29] of chemically
conditioned sludge under the conditions of vacuum preloading in a sludge lagoon at the Chang’an
landfill, China, and the simulation results were compared with the measured values.

2 Material and Properties

2.1 Basic Properties of Chemically Conditioned Municipal Sludge
The sludge used in the test was taken from Chang’an landfill in Chengdu, China, and the basic properties

were shown in Table 1 below.

The compression characteristic (e–p) curve of the Chengdu conditioned sludge is shown in Fig. 1. As
can be seen from the figure, the curve is piecewise linear. Based on the results of the consolidation tests, the
compression characteristics of the conditioned sludge are similar to those of the untreated sludge.

Table 1: Basic properties of sludge used in the test

Water content
(%)

Organic matter content
(%)

Particle size distribution
(μm)

d85
(μm)

d50
(μm)

pH Specific
gravity

860 40 0.6–677 120 45 8.2 1.8
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The permeability coefficient vs. void ratio (k–e) curves of the infiltration characteristics of the Chengdu
conditioned sludge (5% and 10% of ferric chloride added) are shown in Fig. 2. The permeability coefficient
of the conditioned sludge is calculated based on the results of the consolidation tests under different
pressures. At the initial state (e = 15.873), the permeability coefficient k of the Chengdu sludge is
9 × 10−7 cm/s and that of the conditioned sludge treated with 10% ferric chloride is 3 × 10−6 cm/s, which
is 3.3 times that of the untreated Chengdu sludge. When the void ratio e is 3.22, the permeability
coefficient k of the Chengdu sludge is 2.14 × 10−9 cm/s and that of the conditioned sludge treated with
10% ferric chloride is 4.72 × 10−9 cm/s, which is 2.2 times that of the untreated Chengdu sludge.

As shown in Fig. 2, the curves of the Chengdu conditioned sludge treated with 5% and 10% ferric
chloride are also piecewise linear. When the void ratio of the sludge is higher than 8, the permeability
coefficient tends to vary linearly with the void ratio, which is consistent with the permeability
characteristics of super soft soil reported by Myint Win et al. [30]. Based on the above consolidation test
results of the conditioned sludge, the e–p and k–e curves are both piecewise linear.

Figure 1: Void ratio versus consolidation pressure (e–p) of the conditioned Chengdu sludge

Figure 2: Permeability coefficient–void ratio (k–e) of the conditioned and untreated Chengdu sludge
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3 Theoretical Model and Numerical Simulation

3.1 Theoretical Model
The numerical model based on the large deformation nonlinear shaft consolidation theory proposed by

Fox et al. [31] is used to analyze the soil consolidation of foundation improved by the prefabricated vertical
drain. In this model, the radially consolidated soil layer is discretized into a series of annular units, and the
vacuum pressure is applied to the boundary of the prefabricated vertical drain as a fixed excess pore pressure.

The grid diagram of the model is shown in Fig. 3. The unit height of the numerical model isH0. Ri and Rj

are the total number of radial units and vertical units, respectively. At the initial moment, the cross section of
each annular element is rectangular with a width of Δri and a height of L0¼ H0=Rj and the volume is
V0,i = 2πri Δri L0. ri and ze,ij are the radial and vertical coordinates of the unit center. In the model, r and
z represents the distance from a unit to the center of the prefabricated vertical drain and the bottom of the
soil layer.

Figure 3: Diagram of model of vacuum preloading combined with PVD for Chengdu sludge

After seepage, the unit is deformed, and its deformation only occurs in the vertical direction. The unit
width remains unchanged after deformation, and the shape of the deformed unit is trapezoid. The upper right
corner of the radial outermost mesh is still rectangular after deformation, which can ensure that there is no
shear deformation on the horizontal boundary and make the numerical close. In the process of sludge layer
deformation, the average height of the unit ij and the grid center ztij are calculated according to the following
formulas:

Ltij¼
ztc;i�1;j � ztc;i�1;j�1 þ ztc;i;j � ztc;i;j�1

2
(1)

ztij¼
ztc;i�1;j þ ztc;i�1;j�1 þ ztc;i;j þ ztc;i;j�1

4
(2)

In the formula:

ztc;i;j¼ ztc;i;jþ ztc;i;j�1 � ztc;i�1;j�1þ
3DrðV t

ij � pðztc;i�1;j � ztc;i�1;j�1Þðr22 � r21ÞÞ
pðr31 � 3r1r22 þ 2r32Þ

(3)

r1¼ ri � ri=2; r2¼ riþ Dri=2 (4)
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where Vt
ij is the unit volume at time t. Since the radial outermost grid is rectangular, the coordinates of the

upper right corner of the deformed grid are actually calculated from the right to the left.

3.2 Nonlinear Numerical Simulation Model for Large Deformation
Fox et al. [31] proposed a numerical model based on the large deformation nonlinear shaft consolidation

theory. In the model, the compression characteristic and permeability coefficient curves of the soil are divided
into piecewise linear, which makes the simulation analysis more flexible. Herein, the nonlinear numerical
simulation model for large deformation of shaft foundations under the condition of equal strain is
compiled by the FORTRAN programing language. The detailed calculation process of the parameters is
based on the reference [31]. The specific calculation steps of the model are shown in Fig. 4.

The total stress of the unit rtij can be calculated based on the bulk density of the soil layer, and after each
time step, the effective stress of the unit r

0t
ij and the permeability coefficient ktij can be obtained by

interpolating directly from the data points on the compression curve or permeability coefficient curve of
the soil based on the pore ratio etij.

The pore pressure of the unit can be derived as:

utij ¼ rtij � r
0t
ij (5)

The hydraulic head of the unit can be derived as:

htij ¼
utij
rw

þ ztij (6)

YES

NO

Mesh and input initial 
parameters

Update element coordinates according to 
unit volume

Calculate unit stress and permeability coefficient 
according to void ratio

Calculate hydraulic gradient and seepage velocity 
between units

Calculate seepage time step and 
total time

Calculate seepage flow and update unit volume and 
void ratio

Termination 
condition

Termination

Figure 4: Specific calculation steps of the developed model
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Due to the different permeability coefficients of adjacent units, the equivalent radial permeability
coefficient is introduced to calculate the horizontal seepage between units. The equivalent permeability
coefficients ktrs;ij of adjacent units can be derived according to the following formula:

ktrs;ij¼
ðDri þ Driþ1Þktijktiþ1;j

Driktiþ1;j þ Driþ1kti;j
(7)

The hydraulic gradient between adjacent units can be obtained:

itr;ij ¼
htiþ1;j � hti;jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðriþ1 � r1Þ2 þ ðztiþ1;j � ztijÞ2
q (8)

The hydraulic gradient at the prefabricated vertical drain is:

itr;o;j ¼
ht1;j � hwtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dr1
2

� �2

þ zt1;j �
ztc;o;j þ ztc;o;j�1

2

� �2
s (9)

where hwt is the total hydraulic head at the prefabricated vertical drain. When calculating the hydraulic
gradient at the prefabricated vertical drain, the hydraulic head height ht1;j is calculated according to the
negative pressure in the prefabricated vertical drain.

Seepage flow between adjacent units can be calculated by the following formula:

qtr;ij ¼ �ktrs;iji
t
r;ij2p ri þ Dri

2

� �
ðztc;ij þ ztc;i;j�1Þsinhtij (10)

When the flow rate at the prefabricated vertical drain is calculated, ri þ Dri
2

� �
is replaced by rw.

The unit volume can be updated from the seepage flow between adjacent units after each step Δt, shown
as the following formulas:

V iþDt
ij ¼ V t

ij þ ðqtr;i�1;j � qtr;i;jÞDt (11)

eiþDt
ij ¼ V tþDt

ij ð1þ e0jÞ
V0j

� 1 (12)

At t + Δt moment, the surface displacement of different units StþDt
i , the average settlement of soil layer

StþDt
avg , the degree of consolidation defined by settlement of soil layer UtþDt

s and the degree of consolidation
defined by pore pressure of soil layer UtþDt

p can be calculated as follows:

StþDt
i ¼ H0 � ztþDt

c;j;Rj
(13)

StþDt
avg ¼

PRi
i¼1

PRj

j¼1 ðV0;i � V tþDt
ij Þ

pðr2e � r2wÞ
(14)

UtþDt
s ¼ StþDt

avg

S
(15)

UtþDt
p ¼

PRi
i¼1

PRj

j¼1 r
0tþDt
ij V tþDt

ij

�dq
PRi

i¼1

PRj

j¼1 V
tþDt
ij

(16)
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where S is the final settlement of the soil layer under the vacuum load; r
0tþDt
ij is the effective stress of the unit

at t + Δt moment; dq is the negative pressure in the prefabricated vertical drain.

The time step Δt is calculated using the formula recommended by Fox et al. [31]:

Dt¼ min
0:4rwatv;ijðLtijÞ2
ktijð1þ etijÞ

;
0:4rwatv;ijðDriÞ2
ktijð1þ etijÞ

;
0:001V0;iðe0;j � ef ;jÞ

ð1þ e0;jÞðqtr;i�1;j � qtr;i;jÞ

( )
(17)

where atv;ij is the compressibility coefficient of the soil; e0,j is the initial porosity ratio; ef,j is the void ratio of
the soil after consolidation under the vacuum load. ktij is the permeability coefficient of the unit at t time; Ltij is
the average height of the unit at time t; etij is the void ratio of the unit at t time; qtr;i�1;j; q

t
r;i;j is the flow rate

between units at any time. The first two formulas guarantees the stability of numerical calculation and the
third formula guarantees that the volume strain of the unit does not exceed 0.1% in each time step [31].

3.3 The Verification of the Model
To verify the numerical simulation model, the obtained results are compared with those based on

Barron’s consolidation theory as recorded by Fox et al. [31]. The upper and lower surfaces of the soil
layer are impervious and there is only radial drainage. The Barron’s consolidation theory is based on the
assumption of small deformation, hence, the vacuum pressure dq in the prefabricated vertical drain is set
to 0.1 kPa in the numerical simulation to avoid the large deformation generation and ensure the accuracy
of Barron consolidation theory. The degree of consolidation is calculated based on the settlement
conversion. When the load applied to the soil is small, the nonlinear numerical simulation results for
large deformations based on equal strain are consistent with the results based on Barron’s consolidation
theory.

Fig. 5 compares the results obtained herein with those based on Barron’s consolidation theory. The
Figure indicates that the two results are very close and the model developed is validated herein.

Indraratana et al. [23] derived the formula for the degree of consolidation of shaft foundations
considering the nonlinearity of the soil material, which can take into account the nonlinear consolidation
of shaft foundations. When the soil has large vertical deformation and constant strain, the soil
permeability coefficient and the void ratio decrease but the seepage path in the horizontal direction
remains unchanged and the changes in each radial element are the same, which implies that there is only

Figure 5: Comparison of the results of the developed model and those based on the Baron’s consolidation
theory
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material nonlinearity in the consolidation process and no geometric nonlinearity. Therefore, the nonlinear
numerical simulation results of large deformations based on equal strain should be consistent with those
based on nonlinear shaft consolidation theory [23]. The results recorded by Fox et al. [31] as an example
of numerical simulation results based on the equal strain are compared with those based on the nonlinear
shaft consolidation theory, as shown in Fig. 6.

The two results are consistent, which further validates the model developed herein. It is noteworthy that
the nonlinear consolidation theory of shaft foundation proposed by Indraratna et al. [23] is an analytical
solution, which is suitable for solving the case that the e–p curve and e–k curve are linear in the whole
section. The consolidation test results showed that the e–p curve and e–k curve of chemically conditioned
municipal sludge are piecewise linear, hence, the Indraratna’s solution is not applicable.

4 Results and Discussion

Lin et al. [19] proposed a two-stage in-situ treatment method for vacuum preloading on conditioned
sludge combined with chemical treatment to improve the sludge ground. Based on the pilot and field tests
[19,29], it was proven that the combination of vacuum preloading and chemical treatment can
successfully reduce the amount of sludge treatment, and a good curing effect was obtained. To further
understand the consolidation characteristics of the conditioned sludge in the treatment process, the field
and pilot tests were simulated with the developed model and the results were compared with the
measured values.

4.1 Numerical Simulation of the Pilot Test and the Field Test
In the pilot test, an equal amount of ferric chloride (10%) was added along the depth (3.2 m). Owing to

the good sealing effect, the vacuum pressure under the film was 80 kPa and the vacuum negative pressure
along the depth was −80 kPa. The field test results revealed that the vacuum load was evenly distributed
along the integral plastic prefabricated vertical drain, there was no loss in load transfer and no well
resistance effect. At the same time, due to the remolding of sludge, the smear effect was not considered.
The prefabricated vertical drains were arranged in a square form with a spacing of 0.4 m, and the
equivalent diameter dw of the processing unit of the prefabricated vertical drain was 0.45 m. The basic
parameters for the numerical analysis of the pilot test are listed in Table 2.

Figure 6: Comparison of the numerical simulation results based on the equal strain and those based on the
nonlinear shaft consolidation theory
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Fig. 7 gives the comparison between the numerical simulation result and the measured result of the pilot
test.

Based on the results of the field test [19,29], the optimum ferric chloride addition was 7.5% and 5% for
the depths of 0–3 and 3–7 m, respectively. The e–k curve of the conditioned sludge treated with 5% ferric
chloride can be obtained directly from Fig. 2. On the other hand, the permeability coefficient k of the
conditioned sludge with 7.5% ferric chloride can be obtained based on the compression characteristics
from the average permeability coefficient of the conditioned sludge treated with 10% and 5% ferric
chloride. The results of the vacuum test under a membrane revealed that the vacuum negative pressure in
the prefabricated vertical drain was −60 kPa for 0–85 d and −20 kPa for 85–114 d. The prefabricated
vertical drains were arranged in a square form with a spacing of 0.4 m, thus, the equivalent diameter of
the processing unit of the prefabricated vertical drain is 0.45 m. The basic parameters for the numerical
simulation analysis of the field test are listed in Table 3.

Table 2: Basic parameters for the numerical analysis of the pilot test

Initial
stress
q0
(kPa)

Initial
void
ratio
e0

Initial
permeability
coefficient k0
(cm/s)

Vacuum
load
(kPa)

Equivalent
diameter of
prefabricated
vertical drain
de (m)

Equivalent
diameter of
processing
unit dw (m)

Sludge
thickness
H (m)

Horizontal
grid
number Ri

Vertical
grid
number
Rj

1 15.457 3 × 10−6 80 0.0662 0.45 3.2 18 20

Figure 7: Comparison between the simulation and the measured results of the pilot test

Table 3: Basic parameters for the numerical simulation analysis of the field test

Sludge
layer

Effective
addition of
ferric
chloride

Initial
stress
q0
(kPa)

Initial
void
ratio
e0

Initial
permeability
coefficient k0
(cm/s)

Equivalent diameter
of prefabricated
vertical drain de (m)

Equivalent
diameter of
processing unit
dw (m)

Sludge
thickness
H (m)

0–3 m 7.5% 1 15.457 3 × 10−6 0.0662 0.45 3

3–7 m 5% 1 15.457 1.6 × 10−6 0.0662 0.45 4
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The numerical simulation results and the measured results are compared in Fig. 8.

As shown in Figs. 7 and 8, the predicted settlement obtained based on the model developed is much
higher than the corresponding measured settlement. This was attributed to the fact that the numerical
simulation model based on equal strain assumed that the deformation of the radial grid is consistent. The
changes in the water content and permeability coefficient of the sludge at different positions of the radial
distance from the prefabricated vertical drain were the same. Although the developed model can better
simulate the successive changes in the water content of the sludge around the prefabricated vertical drain
as well as the “overall vertical deformation” of the sludge layer, it was assumed that there was a greater
arch effect on the soil surface. The stress on each element around the prefabricated vertical drain was
redistributed after deformation and that on each element near the prefabricated vertical drain decreases,
whereas that on each element far away from the prefabricated vertical drain increases. Also, the
deformation of each element was consistent but it was different from the actual deformation. In the actual
vacuum preloading process, the sludge near the prefabricated vertical drain was consolidated first and the
water content decreased, thereby forming a relatively low permeability layer, which slowed down the
whole drainage consolidation process [32]. At the same time, due to the interaction between the sludge
units, the sludge around the prefabricated vertical drain settled one after the other, and the actual
deformation of the sludge layer was closer to that based on equal strain. Therefore, the model developed
herein is also based on equal strain condition.

4.2 Numerical Simulation Considering Low Permeability Layer
By comparing the sludge vacuum preloading test and the numerical simulation results, a certain

difference was observed between the numerical simulation results and the measured results. The reason
for the difference was that in the actual vacuum preloading process, the sludge was first consolidated near
the prefabricated vertical drain. The decrease in the water content resulted in a relatively low permeability
layer. This phenomenon of low permeability layer was also observed in the vacuum preloading process of
the dredged fill with high water content [32]. Due to the high water content of the conditioned sludge, the
soil particles were in a fluid state. Then, a large hydraulic gradient was created between the prefabricated
vertical drain and the sludge under the vacuum pressure and some of the fine particles formed a soil
column around the prefabricated vertical drain.

Figure 8: Comparison between the numerical simulation results and the measured results
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To better simulate the effect of the relatively low permeability layer around the prefabricated vertical
drain on the drainage consolidation during sludge preloading, the following simplified analysis is
performed. It is assumed that the low permeability layer is rapidly formed in the preloading process,
which is similar to the smeared area in sand well foundations. At the initial time, the radius of the
permeability layer is rs, which is equal to the equivalent diameter of prefabricated vertical drain de, and
the permeability coefficient of the sludge outside the layer kh is m times higher than the permeability
coefficient of the sludge in the low permeability layer ks

To analyze the selection of the ratio of the permeability coefficient of the sludge outside the layer to that
of the sludge in the low permeability layer, a numerical model for vacuum preloading of the conditioned
sludge considering the low permeability layer was established using the finite difference method, and the
pilot and field tests were simulated, respectively (as shown in Fig. 9).

In the model, the radius of the low permeability layer is three times the equivalent radius of the
prefabricated vertical drain, and to more realistically simulate the consolidation process, the permeability
coefficient changed based on the e–p and k–e curves for the Chengdu conditioned sludge during the
simulation.

The constitutive model for the chemically conditioned sludge is the Drucker–Prager model and that of
the PVD is the elastic–plastic model. Because the strength of sludge prior to solidification is low, the
mechanical parameters cannot be obtained directly by strength tests. Therefore, the parameters of the
constitutive model were obtained by inversion. The main parameters of the model are listed in Table 4.

Figure 9: Numerical model for vacuum preloading of the conditioned sludge for pilot and the field tests

Table 4: Parameters of the constitutive model

Type Elastic modulus
(kPa)

Density
(g/cm3)

Possion
ratio

Angle of friction
(°)

Cohesion value
(kPa)

PVD 3 × 104 2 0.25 / /

Chemically conditioned
sludge

2500 1.2 0.32 9 27
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The kh/ks ratios for the various numerical simulations were set at 10, 20, 30, and 40, respectively, and the
settlement–time curves of the pilot and field tests at different ratios were compared with the measured results,
as shown in Figs. 10 and 11.

As shown in Figs. 10 and 11, when the kh/ks ratio is less than 40, the values of the final settlement
obtained from the simulation of the pilot and field tests are significantly higher than the measured value.
When the ratio is 40, the values of the final settlement are in good agreement with the measured value,
and the increasing trends are similar. Therefore, it can be assumed that the consolidation process of
conditioned sludge can be better simulated at a ratio of 40.

Figure 10: Comparison between the measured settlement and the settlement predicted with different ratios
in the pilot test

Figure 11: Comparison between the measured settlement and the settlement predicted with different ratios
in the field test
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4.3 Numerical Simulation Based on the Established Method
The permeability coefficient, void ratio, and water content of the Chengdu conditioned sludge are listed

in Table 5. When the water content of the sludge was reduced from 860% to 435%, the permeability
coefficient decreased by 15 times, and when it was further reduced to 380%, the permeability coefficient
decreased by about 30 times. Hence, the permeability coefficient of sludge decreased significantly with a
decrease in the water content. According to simulation results based on finite difference method,
kh/ks = 40 was used for the back analysis of the consolidation process.

The setting of the numerical simulation is the same as that of the numerical simulation based on finite
difference method. The back-analysis results of the numerical simulation are shown in Figs. 12 and 13. When
rs/rw = 3 and kh/ks = 40, the measured results of the field and the pilot tests are in good agreement with those
of the numerical simulation. This proves that the numerical simulation model based on the equal stain
condition considering the relative low permeability layer can efficiently analyze the consolidation process
of the conditioned sludge treated with ferric chloride during the vacuum preloading process.

Table 5: Parameters of Chengdu conditioned sludge

Void ratio 15.457 7.83 6.83 4.71

Water content (%) 860 435 380 260

Permeability coefficient (cm/s) 3 × 10−6 1.83 × 10−7 9.5 × 10−8 5.65 × 10−9

Figure 12: Comparison between the measured settlement and the back analysis of numerical simulation in
the pilot test
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5 Conclusions

Based on the ‘vacuum preloading combined with chemical conditioning’, a large-deformation
consolidation analysis model was developed to simulate the consolidation settlement of the conditioned
sludge in the pilot and field tests. The back analysis was also performed under the assumption of the low
permeability layer. The main conclusions are as follows:

(1) Under the same condition, the predicted settlement simulated by the developed model is in good
agreement with Barron’s solution as well as the nonlinear solution, which indicates that it is
feasible to use the large-deformation theory to simulate the consolidation process of chemically
conditioned sludge.

(2) The results of the pilot and field tests show that the settlements predicted by the numerical simulation
model based on the equal strain condition are much higher than the measured values.

(3) During the vacuum preloading of sludge, the sludge near the prefabricated vertical drain was first
consolidated and the water content decreased, thereby forming a relatively low permeability
layer, and thus, the whole consolidation process is prolonged. Therefore, to better simulate the
process of chemically conditioned sludge consolidation, the effect of the low permeability layer
should be considered.

(4) The simulation of the vacuum preloading of conditioned sludge considering the low permeability
layer was performed based on the finite difference method. It is concluded that a kh/ks ratio of
40 can better simulate the consolidation characteristics of conditioned sludge under vacuum
preloading treatment.

(5) Considering the low permeability layer formed around the prefabricated vertical drain, the pilot and
field tests for the vacuum preloading of conditioned sludge were analyzed using the numerical
simulation model developed herein. The obtained results are in good agreement with the
measured results as well as those simulated using the finite difference method.

Figure 13: Comparison between the measured settlement and the back analysis of numerical simulation in
the field test
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