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1. INTRODUCTION

Urban garbage contains many harmful substances and bacteria, so measures should be taken to
prevent it from polluting the environment [1-3]. Sanitary landfill has been widely used in China due to its
low cost and mature technology [4]. Due to the poor permeability of natural soil layer, an effective anti-
seepage system is necessary to be established to prevent leachate leakage [5]. Meantime, it is important to
verify the impermeability of the anti-seepage system. With the development of information technology, now
many problems can be solved by professional software [6]. These software make the finite element method, a
powerful and popular method proven to be an efficient mean to solve practical engineering problems. Finite
element method is a numerical simulation method, which is mainly used to solve various continuous
problems, such as seepage problems [7, 8]. G. X. Zhang et al. [9] considered the influence of pore pressure
and optimized the infiltration load formula of finite element method. Compared with other methods, the
results show that this method can reduce errors. Fukuchi et al. [10] proposed an equivalent KZ flow method
by using the powerful calculation function of computer, which can significantly improve the accuracy for
locating free surface location. L. Shi et al. [11] improves the finite-element-based limit equilibrium method
(FELE) and regards seepage force as body strength, which makes FELE insensitive to grid. D.M. Pedroso
[12] discussed a method based on the enrichment of finite elements, which can accurately model seepage
under complex boundary conditions. S. S. Athani et al. [13] considered coupling effect and used finite
element method to analyze seepage and stability of fill dam, the results show that the fill dam is safety.
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Using numerical simulation to solve seepage problems in landfill is still a relatively new method in
this field. Computer simulation of practical engineering problems can intuitively predict the effect of
engineering and reduce the amount of calculation [14]. At present, the analysis of seepage problems is mainly
focused on seepage of dams [15], but the seepage simulation of landfill is rare. In this paper, the finite
element method was used to analyze the permeability of the cut-off wall for landfill, and two possible
boundary conditions were selected to verify the cut-off wall’s safety and rationality. The simulation results
show that the cut-off wall can effectively slow down the infiltration rate of leachate, leachate seeps around
the bottom of the wall under the action of the cut-off wall, and a small amount of leachate directly passes
through the wall. Condition 1 has a higher leachate level than condition 2, which leads to an overall increase
of saturation line and a larger seepage velocity. The simulation results agree with the theory. The gradient of
the cut-off wall is within the safe range, And the design of cut-off wall can provide theoretical support for
practical engineering, and the way using finite element method to simulate seepage of cut-off wall has
guiding significance for optimizing related projects.

2. GENERAL SITUATION OF ENGINEERING

A landfill, located in Jiangsu Province, China, is selected for seepage analysis. The designed storage
capacity of the landfill is 3x10® m?, the depth of the landfill is 14 m, the perimeter of the landfill is 2000 m,
and the thick of cut-off wall is 1 m. According to geological report, the soil layers in the excavation depth of
the landfill are miscellaneous fill, clay layer, silty clay with cohesive silt, silt clay and clay. And the bottom
of the landfill is impermeable clay layer (the burial depth is about 16 m). The physical and mechanical
parameters of each soil layer and cut-off wall are shown in Table 1.

Table 1. The physical parameters values of each material in the landfill

Miscellaneous Silty clay with Silty Cut-off

Material fill Clay cohesive silt clay Clay Wall
Compression modulus/Es/(MPa) 6 11 11 8 11 200
Horizontal permeability 5 9.40x10 7 8.03x10°  9.30x10° 10
coefficient/kHi(m/s) 1.20x10 10 4.42x10 E 10 4x10
Water content/6/(%) 0.295 0.255 0.294 0.239 0.231 0.702
Average thickness of soil layer/h/(m) 1.7 3.6 3.8 4.2 10 /

Note: The wall thickness is 1 m and the wall height is 15 m.

The vertical cut-off wall is composed of PBFC anti-seepage slurry containing glass fibers [16, 17],
and the slurry formula is as follows: cement 180~240 kg/m?, bentonite 220~260 kg/m?, fly ash 180~200
kg/m®, polyvinyl alcohol 3~6 kg/m®, soda 5~8 kg/m®, glass fiber 0.6~1.2 kg/m?, Polycarboxylate
superplasticizer 2~3 kg/mq. Since the permeability coefficient of this slurry is 0.12~0.98x10° m/s, the slurry
can effectively slow down the leakage rate of landfill leachate into the surrounding soil. And it can
effectively block metal ions, ammonia nitrogen compounds and organic matters, the blocking rate of heavy
metal ions, ammonia nitrogen compounds and organic matters are over 99.90%, 98.00% and 83.00%
respectively. This meets the requirements of landfill on impermeability of cut-off wall. Finally, the cut-off
wall of landfill is constructed by high-pressure rotary jet grouting method.

3. CALCULATION MODEL
3.1. Differential equation of seepage flow

Steady seepage is based on Darcy's law, Darcy's law and continuity equation can be combined to
obtain stable seepage differential equation. When soil and water are incompressible, the stable seepage
differential equation is [18]:

el 5y) + 35 (ko 52) = 0 ®

The numerical simulation software uses the finite element method to solve the seepage differential
equation, and software will transform the seepage differential equation into the finite element form. In this
time, the Galerkin method with weighted residuals can be used to transform differential equations into linear
equations in finite element form [19]:
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In this formula, Ci1, Ci2, C21 and Cy are components in horizontal and vertical directions of
permeability coefficient, Cu1 is kxcos2a+kysin2a, Ci1> and Ca are kycosa+k,sina, Ca is kksin2a+k,cos2a, and a
is the angle between permeability direction and horizontal plane. Hy, H; is the node head; < N > is an
interpolation function vector, and its partial derivatives are unit gradients in horizontal and vertical directions
respectively; Q is the boundary flow; 7 Is the unit thickness; 4 is mwyw in transient seepage; t is time; A is the
sum of unit areas; L is the sum of the boundary lengths. There is no need to consider the time factor when
analyzing steady seepage, so {Hl}t in second term is O, and the formula (2) becomes, (3) is the finite

H, )’
element form of steady seepage equation.
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3.2. Analysis type

The SEEP/W module of GeoStudio was used to studied the seepage situation of leachate, which can
simulate the saturation line and seepage field of cut-off wall. The saturation model is suitable for the situation
that soil materials are always below the water level line, but in practical engineering, seepage mainly exists
below the saturation line, while almost no seepage occurs above the saturation line [20]. Therefore, the
saturated/unsaturated seepage constitutive model can finally determine the positions of saturated and
unsaturated areas after iteration, and the results are more realistic. Hence, the saturated/unsaturated seepage
constitutive model was selected to calculate and iterate the location of saturated and unsaturated regions, and
the results are more in line with the actual situation. When the saturated/unsaturated model is selected, the
curvilinear relation between matric suction, volumetric water content and permeability coefficient should be
provided in the software. At this point, the function type of soil water characteristic curve is volume water
content data point function, and the estimation method can choose the sample function provided by the
software; At the same time, the permeability coefficient function type is selected as the permeability
coefficient data point function, and the estimation method is frelund & Xing method, which can be used
under full matrix suction. Using the frelund & Xing method, we need to get the data of fitting parameters o,
n, m, which can be obtained by software by fitting the data of permeability coefficient. At last, the curve will
be estimated by the function of the finite element software When the permeability coefficient is 4x10-%° m/s,
the soil-water characteristic curve and permeability coefficient function curve of the cut-off wall are shown
in Figure 1 and Figure 2.
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Figure 1. Soil-water characteristic curve of cut-off Figure 2. Permeability coefficient function of cut-off
wall wall
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From Figure 1, we can find that the water content of the cut-off wall decreases smoothly with the
increase of matrix suction, then drops rapidly when the matrix suction reaches a certain value, the
permeability coefficient also shows a similar tend. This tend indicates that the pore size distribution in the
cut-off wall is relatively uniform, as the moisture in the pore space can only be released when the matric
suction is loaded to a certain value. The initial water content decreases slowly with the increase of matrix
suction, which indicates that the cut-off wall has good anti-seepage performance.

3.3. Model condition

According to the landfill condition, the section to be analyzed is relatively flat, so the soil layers can
be regarded as rectangles when modeling. Meanwhile, the specific size and boundary conditions of each
component in the model can be determined by the content of investigation report and construction
organization design. The overall height and length of the model are 30 m and 20 m respectively. And the cut-
off wall is 15 m in height and 1 m in width; the depth of landfill is 14 m; the buried depth of groundwater is
5.60 m to 5.90 m, and the foundation pit dewatering is 3 m below the bottom of the foundation pit.

Although geotechnical engineering problems may never reach a steady state under the influence of
external conditions and cycles, it can be regarded as infinitely close to stable state. Hence, this paper uses
steady analysis to simulate the actual situation of landfill. And we only need to give the required boundary
conditions and various parameters. In order to simulate the actual condition, the soil model was set as
saturated/unsaturated model.

Figure 3 shows the finite element model. After establishing the model and assigning finite element
regions for each soil layers, it is necessary to assign the physical parameters of each soil layer for each finite
element region. The finite element region can be divided into many small calculation units through mesh, and
the finite element software will calculate and iterate these meshes. Because of the fast calculation speed,
computer is suitable for repeated calculation, thus reducing a lot of manual work. Meanwhile, the grid type
used unstructured quadratic & triangular meshes, and the global grid size was 0.2m. Grid encryption
processing can improve the calculation accuracy, so the grid size of cut-off wall was encrypted to 0.1m.
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Figure 3. Finite element model and meshing of the cut-off wall

When establishing the model, we should assigned correct boundary conditions. If the boundary
conditions are not appropriate, the final analysis results will have one order of deviation [21]. In steady state
analysis, there are two ways to specify boundary conditions: specify boundary head or boundary flux. In this
analysis, boundary head was assigned as boundary condition, and the simulation result will be seepage flux.
The left and right boundary are leachate head and groundwater head, the height difference between left and
right water head leads to the seepage in the model. A flux section was drawn in the cut-off wall when the
model was established, and its function is to obtain the flow data of the section when leachate seeps through
the cut-off wall. Table 2 shows the grid division and boundary conditions.
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Table 2. Grid division and boundary conditions

Grid division Grid Node Setting of boundary conditions
Global Grid size of Grid division type -
grid size  cut-off wall number number Left boundary Right boundary

0.2m 0.1m quadratic & triangular meshes 14032 14192 Leachate head Groundwater head

According to the actual situation, two conditions are listed for comparative analysis, which are as follows: (1)
The landfill is filled with leachate. (2) The leachate depth is 10m.

4. RESULTS
4.1. Results of condition 1

In condition 1, the landfill is filled with leachate, the head boundary condition is 20 m on the left
and 3 m on the right. The cloud picture of total head is shown in Figure 4. The simulation results show that
the unit width flux is 3.37x107 m3/s. The seepage velocity on both sides of the cut-off wall is shown in
Figure 5. When leachate passes through the wall, the seepage velocity can be reduced by up to 24.2%, and
the maximum values of seepage velocity on both sides appeared at the height of 6m, which was 4.58x107°
m/s and 4.29x10° m/s respectively. With the wall height increased, the seepage velocity increased first and
then decreased.
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Figure 4. Cloud picture of total head and saturation line
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Figure 5. Seepage velocity on both sides of the cut-off wall
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Combined with the equipotential line distribution of the total head, it can be seen that the seepage is
mainly concentrated in the middle and lower part of the cut-off wall. Which means that in practical
engineering, the anti-seepage performance of these parts should be paid more attention to. The larger the
head difference is, the more obvious the seepage action is, so the seepage velocity decreases continuously
when the wall height exceeds 6m. However, because the bottom of the landfill is clay layer which can be
used as anti-seepage layer, the seepage velocity increases from 0 to 6 m. At the same time, the slope in the
landfill will slow down the seepage velocity of leachate to a certain extent. Therefore, when the leachate
seeps into the bottom of the cut-off wall, the seepage velocity of leachate will decrease continuously. Due to
the poor soil properties of miscellaneous fill, the seepage velocity at the top of the wall was larger than that in
the nearby area. From the seepage velocity curve and cloud picture, it can be inferred that leachate flows
around the bottom of the cut-off wall. Therefore, the seepage path becomes longer, which reflects the
impermeability of the cut-off wall.

The gradient of cut-off wall is shown in Figure 6, and the maximum gradient of outflow surface of
cut-off wall is 18.68, which meets the relevant standards. According to Technical code for municipal solid
waste sanitary landfill(GB50869-2013) [22], J is 10 when the permeability coefficient of cut-off wall /=10,
J is 20 when k=107). Therefore, it is considered that the cut-off wall is safe and will not be damaged by
seepage [23, 24]. For the seepage flow in accordance with Darcy's law, the variation trend of gradient is
similar to that of seepage velocity. Therefore, gradient increases at wall height of 0~9 m because the soil
layer of foundation can be seen as anti-seepage layer; When wall height was 9~15 m, the water pressure
decreases with the increase of wall height; Due to the poor permeability of miscellaneous fill, the gradient on
the top of the wall is larger than nearby areas. In order to ensure the safety, it is necessary for project to
reduce the height of saturation line as much as possible. It can be seen from the Figure 4 that there is a 10.3
m drop between the infiltration point and overflow point of the saturation line, which indicates that the cut-
off wall can effectively reduce the height of the saturation line to improve the safety of the project.
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Figure 6. The change of seepage gradient with wall height

4.2. Results of condition 2

In condition 2, the leachate depth is 10m, the head boundary condition is 16 m on the left and 3 m
on the right. The cloud picture of total head is shown in Figure 7. The simulation results show that the unit
width flux is 1.98x107 m%/s. The seepage velocity on both sides of the cut-off wall is shown in Figure 8,
when leachate passes through the wall, the seepage velocity can be reduced by up to 27%, and the maximum
values of seepage velocity on both sides appeared at the height of 6m, which was 2.98x10” m/s and 2.79x10
% m/s respectively. With the wall height increased, the seepage velocity increased first and then decreased.
The gradient of cut-off wall is shown in Figure 9, and the maximum gradient of cut-off wall is 13.85, which
is in line with national standards.

IAES Int J Rob & Autom, Vol. 10, No. 1, March 2021 : 59 — 67


http://dict.cn/Technical%20code%20for%20municipal%20solid%20waste%20sanitary%20landfill
http://dict.cn/Technical%20code%20for%20municipal%20solid%20waste%20sanitary%20landfill

Int J Rob & Autom

ISSN: 2722-2586

65

Seepage velocity(m/s)

i / isc ebfmﬂ
"1~ | Total Head
"I |ms2-4m
® - 04-6m
. 06-8m
Ll os-10m
" g10-122m
g12-14m
T [@aum sity cldy with cohesive silt
- 12
£
~-1N-
P leachate 1
§ - MNunes
° g by .., chy
w B .\‘s
oo
§ e
LR | [ L
0 1 2 3 4 8 8 7T B % WM 12 W MW TEY N2 BN

Distance (m)

Figure 7. Cloud picture of total head and saturation line

In this condition, there is a 6.4 m drop between the infiltration point and overflow point of the
saturation line, and the saturation line is lower than that of condition 1. The soil below the saturation line is
saturated, so under the influence of seepage flow, its shear strength, seepage stability and the stress on the
wall will be greatly affected. This change will affect the safety of cut-off wall and surrounding soil [25]. In
actual projects, it is necessary to reduce the height of leachate level to lower the height of the saturation line.
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Figure 8. Seepage velocity on both sides of the cut-off wall
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wall height

The seepage field of leachate in cut-off wall and surrounding soil can be obtained accurately and
intuitively by using finite element method. When the boundary conditions are different, the results show
similar regulations, but the differences caused by head difference are as follows: In condition 2, the leachate
water level is lower than that of condition 1, which leads to smaller difference of total head. Because the
seepage velocity is proportional to the head difference, the seepage velocity of condition 2 is smaller than
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that of condition 1. Also, the unit width flux is smaller, means that smaller head difference will lead to
smaller infiltration capacity. For the seepage flow in accordance with Darcy's law, the variation trend of
gradient is similar to that of seepage velocity, so smaller head difference lead to smaller gradient.

The values of some points have a sudden change because material properties at the boundary change
a lot. Although the finite element method is relatively accurate, the error is still inevitable [26]. The computer
finite element software regards the soil layer model as isotropic when parameters such as material properties
be inputted. But in fact, the soil is anisotropic, and its horizontal coefficient and vertical permeability
coefficient are different. In addition, the impact of rainfall, garbage filling in the landfill and surface pressure
around the landfill were not considered in the analysis, so the simulated value will have certain deviation
from the actual result.

5. CONCLUSION

This paper studied the permeability of cut-off wall in landfill on the basis of the current seepage
analysis of dams and other water conservancy projects. With the help of finite element software, a numerical
analysis was carried out on the practical engineering cut-off wall constructed with PBFC anti-seepage slurry.
This paper mainly studied the seepage on cut-off wall of different leachate levels, the conclusions of this
paper are as follows:

The seepage velocity of leachate decreases with the increase of wall height. In practical engineering,
the seepage velocity increases first and then decreases with the increase of wall height due to the blocking
effect of stratum and inner slope. After the leachate enters the cut-off wall, the seepage velocity of leachate
decreases by 24.2% and 27% respectively, which indicates that the cut-off wall can effectively reduce the
seepage velocity of leachate. The seepage is mainly concentrated in the middle and lower parts of the wall, so
more attention should be paid to these parts in practical engineering.

The results of numerical simulation show that the gradient are 18.68 and 13.85 respectively, which
are both within the safe range, the overflow point of the saturation line on the cut-off wall is much lower than
the immersion point, which indicates that the cut-off wall can improve the permeability stability of the
surrounding environment.

When the head difference decreases, the seepage velocity and gradient will also decrease
accordingly. According to the simulation results, when the water head difference decreases by 4 meters, the
difference between the elevation of infiltration point and overflow point of phreatic line decreases by 3.3
meters. Therefore, drainage measures can be set to reduce the water level of leachate, so as to reduce the
height of saturation line.
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