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Abstract: A field monitoring program was carried out to
record the slope failure process of a landfill with multiple
intermediate covering layers. The monitored items include the
leachate level, the surface horizontal displacement and the
deep lateral displacement. Based on the monitoring data,
analysis was carried out to verify the stability control effects of
leachate drainage on the top layer, leachate drainage in
different layers, and near-slope leachate drainage. The results
show that the maximum slip area is 34 760 m’ and the average
surface horizontal displacement of the 10th platform is 1.77
m. Dumping near the slope is the main reason for the
instability. The closer to the dumping area, the greater the
degree of slip and the more significantly the leachate level
rises. Affected by the intermediate covering layers, the failure
mode is the local sliding inside the landfill, and the effect of
near-slope leachate drainage on the stability control is obvious.
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M unicipal solid waste is mainly disposed by means
of sanitary landfill, burning and composting. San-
itary landfill is deemed as the most economical way for

1-2 . .
021 Moreover, it is

dealing with municipal solid waste
convenient to manage the sanitary landfill. Municipal sol-
id waste which is landfilled accounts for 90% of total mu-
nicipal solid waste in China, 85% in UK, 70% in
France, 70% in the USA, 86% in Italy, 65% in Aus-
tralia and 61% in the Netherlands''. With the rapid in-
crease of waste amount in each city, the landfill height at
each landfill increases continuously, so that the stability
problem becomes more and more significant.

Slope failure of the landfill will not only seriously pol-
lute the environment due to leakage of landfill gas and
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leachate, but also cause serious personnel and property
loss'*™. Slope failures have occurred many times in many
areas since the 1980s. In 1997, the world’s largest land-
fill in South America was destroyed. Specifically, 12 x
10° m® of waste suffered from slippage damage. The slip-
page distance of waste bodies reached up to 1 500 m with-
in about 20 min. In recent years, landfill accidents also
took place in China. In 2009, gushing of leachate and
sludge took place at one landfill, and the stink sent out by
the landfill affected the daily life of residents within the
surrounding area of 30 km’. This shows that the study on
the stability of the landfill has important theoretical and
practical significance.

At present, research of landfill stability focuses on the
testing of waste shear strength!”™”, testing of weak inter-
face strength of a composite liner system'""", and the
static-dynamic stability analysis method for landfills'*™".
Research has failed to conduct enough work in on-site
monitoring of landfill instability cases. Zhan et al. " ar-
ranged monitoring points at a landfill without the interme-
diate covering layer. Their measurement results show that
the main slippage mode of such type landfill is the overall
slippage along the landfill-bottom composite liner system.
Multi-layer perched water levels may appear at a landfill
with multiple intermediate covering layers. Hence, the
leachate level distribution which is obviously different
from that of the landfill without an intermediate covering
layer can be formed. Nevertheless, previous research
failed to conduct slippage monitoring aimed at a landfill
with multiple intermediate covering layers. As a result,
the major slippage mode of a landfill with multiple inter-
mediate covering layers cannot be mastered. At present,
the research still lacks the analysis concerning the stability
evaluation method and stability control measures of the
landfill with multiple intermediate covering layers.

Monitoring projects were arranged at a landfill with
multiple intermediate covering layers. Variations of sur-
face horizontal displacement, deep lateral displacement
and the leachate level of the landfill during the slippage
course in April 2016 were recorded systematically and
comprehensively. The records provided an important ba-
sis for evaluation of the slippage mode of the landfill. In
comparison with earlier-stage reconnaissance of leachate
level distribution at the landfill, the effective stress distri-
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bution of a landfill without the intermediate covering layer
and a landfill with multiple intermediate covering layers
were analyzed. The main differences between them were
confirmed. The main slippage mode of the landfill with
multiple intermediate covering layers was obtained. The
slope slippage course of the landfill was analyzed by Geo-
Studio software. In addition, some measures of stability
control such as leachate drainage on the top layer,
leachate drainage in different layers, and near-slope
leachate drainage were proposed, and the control effects
were further analyzed.

1 Site Description

The landfill is located in Xi’an of Shanxi Province,
China, with an annual precipitation of 582.5 to 652. 8
mm. This landfill covers an area of more than 0. 73 km’
and has a gross capacity of more than 49 x 10° m’( see
Fig. 1). Established in 1994, the landfill has continued
working for 20 years with a current daily average landfill
capacity of 8 000 t/d. The landfill is a typical valley-
type landfill, where the waste is mainly filled in a long
and narrow valley. The elevation of the valley bottom is
498 to 546 m. The length of the upstream part and
downstream part of the valley bottom is over 1 km.
There is a loess dam downstream and the dam crest ele-

@ Monitoring point for displacement

<P5 to P19 Leachate level and the deep displacemnt monitoring hole. L1F

vation is 509 m. The landfill mainly adopts the layered
filling mode. The thickness of each layer of filled waste
is approximately 10 m. During the earlier stage in the
landfill, the daily amount of landfill waste was small and
the interval time between the upper and lower waste lay-
ers was long. Hence, to prevent the diffusion of the
landfill gas and the increase of the leachate due to rain-
fall infiltration, intermediate cover layers were posi-
tioned on top of the filled waste. The landfill is located
in a loess area surrounded by abundant loess resources.
Hence, loess with a thickness of 10 to 30 cm was select-
ed for the intermediate cover layers where one loess cov-
er layer was positioned on top of each waste layer. Due
to the low permeability coefficient of loess, the multi-
layer leachate levels can be formed inside the landfill.
On-site reconnaissance results show that there is a
perched leachate level on each intermediate covering lay-
er (see Figs. 2 and 3). The leachate level means the
depth of the leachate in the landfill, which is calculated
from the ground. As shown in Fig. 3, 4.76 means that
the leachate level is 4. 76 m below the ground. Up to
now, the waste thickness is approximately 100 to 110
m. There are 11 layers (the 1st layer to the 11th layer)
from the bottom to the top (see Figs.2 and 3).
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2 Methods and Results
2.1 The test methods

In order to grasp the whole scope of the slope instabili-
ty, on-site monitoring of the landfill slope was conduc-
ted. Monitoring projects involve: 1) Surface horizontal
displacement monitoring, grasping the slippage scope and
state of the slope timely; 2) Deep lateral displacement
monitoring, providing a basis for identification of slide
mode and slippage face depth; 3) Leachate level monito-
ring, providing an important basis for stability assessment
of the landfill. There were 179 monitoring points for sur-
face horizontal displacement ( W1-W179, from the 1st
platform to the 10th platform). Surface horizontal dis-
placement monitoring was conducted by the measurement
of coordinate changes at monitoring points with the appli-
cation of the TC1700 electronic total station. There were
19 monitoring points for deep lateral displacement ( P1-
P19, from the 1st platform to the 10th platform). Deep
lateral displacement monitoring was conducted by the gra-
dient measurement of a pre-embedded inclinometer tube
with the application of an inclinometer. The leachate level
was monitored by a steel ruler water level gauge in the pre-
embedded inclinometer tube(P1-P19).

2.2 Test results
2.2.1 Monitoring results of surface horizontal dis-
placement

During the period from April 13 to April 30, 2016,
landfill work was mainly conducted on the southwest area
on the top of the 10th layer of the landfill near the slope.
During the period from April 30 to May 6, the dumping
area was transferred to the northeast side of the 10th lay-
er, and finally transferred to the upstream region of the
landfill. Due to the landfill, the downstream monitoring
area showed various degrees of slippage. As stipulated in
the technical code for geotechnical engineering of munici-

pal solid waste sanitary landfill'"”’

, warning is required
when the superficial displacement rate exceeds 10 mm/d
for successive 2 d. As shown in Fig. 4, the alarm area
reached 13 000 m’ on April 13, mainly located in the
slope area of the southwest side of the 10th layer. Due to
the intense dumping area and heavy landfill burden, it
still filled the municipal solid waste at the southwest area
of the 10th layer. Due to the new municipal solid waste
load, the alarm area increased to 34 760 m” and the slip
range extended from the 10th layer to the 9th layer. The
maximum slip rate of the surface displacement reached
217 mm/d. In order to safely and effectively receive mu-
nicipal solid waste, landfill work was transferred to the
northeast region of the 10th layer. Subsequently, the alert
area decreased, from 34 760 m’ on April 19 to 21 800 m’
on May 2. On May 5, the alert area increased to 32 500
m’. Considering that the alarm area was still large, the

dumping work was transferred to the upstream region on
May 6. Then, the alarm area decreased rapidly. From
23 460 m’ on May 6 to 17 400 m® on May 11, the alarm
area decreased to 5 900 m’ on May 21 and the area was sta-
ble after May 25. Judging from the changing law of the
dumping region and the alarm area, the main reason of the
slippage was the dumping.
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Fig.4 Alarm area of the landfill

In order to analyze the influence of MSW load on the
slip of the landfill with multiple intermediate covering
layers, the surface displacement accumulation diagram of
the landfill during the period from March 30, 2016 to
May 30 was drawn. In Fig.5, the arrow direction denotes
the slippage direction of a displacement monitoring point;
the length of the arrow denotes the slippage distance. In
order to display the arrow length more clearly, the arrow
length was magnified by 10 multiples based on the actual
length; the number on the bottom of the arrow denotes
the actual slippage distance. Under the influence of the
MSW load, there were different degrees of slip in the
downstream region. The closer to the dumping area, the
greater the degree of slip. Since the landfill operation was
carried out at the top of the 10th layer, there was an obvi-
ous slip in the 10th layer slope area. During the period
from March 30 to May 30, the maximum surface dis-
placement of the 10th platform reached 2. 86 m, and the
average displacement reached 1. 77 m. The sliding degree
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Fig.5 Surface displacement accumulation diagram (unit: m)
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of the 9th platform is smaller than that of the 10th plat-
form, and the maximum surface displacement of the 9th
platform reached 1.62 m, and the average displacement
reached 0. 54 m. The slipping degree of the 8th platform
was the lowest, the maximum surface displacement
reached 0.45 m, and the average displacement reached
0.21 m. The slip degree of the southwest region of the
same platform was higher than that of the northeast re-
gion. The maximum surface displacement point of the
10th platform was located in the southwest region, and
the average surface displacement in the southwest region
reached 2. 49 m, which exceeded 1. 10 m in the northeast
region. The maximum surface displacement point of the
9th layer was also located in the southwest region, the av-
erage slip of the southwest region was 0. 71 m, while the
northeast region was 0. 38 m.
2.2.2 Monitoring results of deep lateral displace-
ment

The deep displacement monitoring holes were arranged
as shown in Fig. 1, and the monitoring results of repre-
sentative monitoring points (P18, P15, P12) are plotted
in Fig. 6. These three holes are located near the 1-1 sec-
tion. P18 is located in the middle of the 9th platform,
which is 40 m from the landfill work area; P15 is loca-
ted in the middle of the 8th platform, which is about 80
m from the landfill work area; P12 is located in the mid-
dle of the 7th platform, which is about 120 m from the
landfill work area. The deformation of deep lateral dis-
placement monitoring holes are dominated by tilting de-
formation, and the displacement decreases with the in-
crease of depth. During the period from January 6 to
May 25, the lateral displacement of the P18 hole gradu-
ally decreases along the depth, and the maximum cumu-
lative displacement at 1m below the ground is about
0.75 m, and the displacement at the bottom is about 0
m. The P15 hole shows a similar rule. At the same
time, the deep slip shows the same phenomenon as the
surface slip. The closer to the dumping area, the more
obvious the deep slip. From January 6 to May 25, the
cumulative displacement at 1 m below the ground of the
P18 hole was 744 mm, the average cumulative displace-
ment of the P18 hole was 293 mm. While the cumula-
tive displacement at 1 m below the ground of the P15
hole was 191 mm, the average cumulative displacement
of the P15 hole was 112 mm. The cumulative displace-
ment at 1 m below the ground of the P12 hole was 74
mm, the average cumulative displacement of the P12
hole was 35 mm. During April 9 to April 30, the alarm
area reached the maximum. The deep displacement dur-
ing that period also reached the maximum. As shown in
Fig. 6, during the period from April 9 to April 30, the
average cumulative displacement of P18 hole was the
largest, which was 67 mm. P15 and P12 also showed
the same slip law.
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Due to the low permeability coefficient of the interme-
diate covering layers, the existence of the covering layers
caused the multi-layer leachate level in the landfill.
Therefore, the effective stress of the multi-layer interme-
diate cover landfill was obviously different from that of
the non-intermediate cover landfill. The effective stress
will change at the intermediate covers. The effective
stress on the first layer of the multi-layer intermediate
cover landfill was the same as that on the non-intermedi-
ate cover landfill at the same depth. However, the effec-
tive stress in the lower part of the multi-layer intermediate
cover landfill was much greater than that of the non-inter-
mediate cover landfill. Due to the barrier of the interme-
diate cover, the leachate of the upper layer was not con-
tinuous with the leachate of the next layer, and the satu-
rated unit weight of the upper layer was converted into the
effective unit weight of the next layer. For the municipal
solid waste below the leachate level in the non-intermedi-
ate cover landfill, as the leachate was continuous, only
the buoyant unit weight can be converted into effective
stress. Zhan et al. """ monitored a non-intermediate cover
landfill and revealed that the downstream area slipped
along the bottom liner system. Therefore, the main slip
pattern of the multi-layer intermediate cover landfill was
local slip, and the slip patterns of these two types of land-
fill were quite different.

2.2.3 Monitoring results of leachate level

During the period from April 9 to May 6, 2016, land-
fill work was mainly conducted on the top of the 10th lay-
er and then transferred to the upstream region. As shown
in Fig. 7, the leachate level in most of the monitoring
wells increased during the period from April 9 to May 6,
especially P14 and P19. After the dumping, the leachate
level depth of the P14 hole increased from 5.7 m below
the ground to 4. 5 m below the ground, and the P19 hole
increased from 3.3 m below the ground to 4.5 m below
the ground. The closer to the dumping area, the greater
the increase in the leachate level. The average leachate
level of P19, P18 and P17 on the 9th platform was in-
creased by 11% after the dumping, and the average
leachate level increase on the 8th and 7th platforms was
smaller than that of the 9th platform. During the dump-
ing, the leachate level in the slope area increased, and
the surface and the deep displacement points also showed
a large slip at the same time, which indicates that there is
a positive correlation between the increase of the leachate
level and the occurrence of the surface and the deep slip.

As the upper part of the new municipal solid waste was
dumped, the lower part of the MSW was squeezed, the
porosity was reduced and the leachate in the pores was
uplifted. At the same time, new MSW brought a lot of
leachate, which resulted in the increase of the leachate
level. This phenomenon was consistent with that observed
by Chen et al. "' at other landfills. For the multi-layer

Date
0 o~ O O <
q 3 ) o o
N — — N o~
< n < < <
v ) O O el
- - — — =
(=] (=] (=] (=] (=]
(q\] N ()] ()] N
2 T T T 1

W
T

19 ;?20160525

£

Leachate level depth/m
N

6_
7_
In the 10th platform  In the upstream region
. o-PIl; =P12; -»~P13; —aPl4; —--PI15
-e-P16; —<-P17; —-P18; —~PI19

Fig. 7
time

Curves between leachate level depth and monitoring

intermediate cover landfill, due to the existence of the
low permeability of the intermediate covers, the upper
part leachate cannot quickly and effectively seep to the
lower part, making the upper water level higher. As the
landfill dumped from the bottom to the top, it formed the
profile, as shown in Fig. 2. For the same height of the
MSW, the farther away from the slope, the greater the
load. In addition, for the same depth, the pressure of the
multi-layer intermediate cover landfill was much greater
There-
fore, the landfill with multiple intermediate covering lay-

than that of the non-intermediate cover landfill.

ers displayed obvious adverse slope phenomena, as shown
in Fig. 3. Since the intermediate covers have an inverted
slope, the drains, which were built above the covers,
must also be inverted slopes. Therefore, the leachate
flowed from the outside to the inside. The leachate inside
the landfill cannot be effectively drained, and so the

leachate level was high.

3  Analysis of Slope Slip at the Landfill with
Multiple Intermediate Covering Layers

In this paper, the SLOPE/W module developed by
Geo-Studio Company was adopted to conduct an inverse
analysis of instable slopes. In addition to the function of
automatically searching a non-arc slippage face, the
SLOPE/W can also search a slippage face which passes
through a soft interlayer or an interface. The widely
adopted Morgenstern-Price method was selected for the
analysis of calculating the slope stability safety factor.
The analysis model was established according to the relief
map of Section 1-1 in April, 2016. The leachate data,
which was used in the computation model, was derived
from the total leachate level in April, 2016 and the results
of multiple water levels were obtained by on-site recon-
naissance in 2015, as shown in Fig. 8. The strength pa-
rameters of each material are listed in Tab. 1, involving
the bottom loess layer, HDPE membrane, dam and
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waste. Waste strength parameters adopted in this paper
were mainly subject to the Technical Code for Geotechni-
cal Engineering of Municipal Solid Waste Sanitary Land-
fill (CJJ176—2012). These parameters were determined
according to different ages and depths. Waste was classi-
fied into new waste and old waste.
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Fig.8 The analysis model

Tab.1 Shear strength parameters for materials

Unit weight/  Angle of internal

Material (KN -m-?) friction/( °) Cohesion/kPa
Dam 19 28 10
Loess layer 19 22 30
HDPE membrane 1 21 3
New waste 12 20
Old waste 15 30 0

As shown in Tab. 2, the monolithic stability of the
landfills without the intermediate covering layer and the
landfill with multiple intermediate covering layers were
analyzed. The same models were adopted in the analysis,
whereas the two landfills differed in leachate level forms.
The landfill without the intermediate covering layer only
had one leachate level, while the landfill with intermedi-
ate covering layers had 11 leachate levels. Nevertheless,
both of them had the same leachate level height sum.
Analysis results show that the monolithic stability safety
factor of the landfill without the intermediate covering
layer is 1. 127, which is smaller than the stability safety
factor of 2. 797 of the landfill, with intermediate covering
layers. The reason is that the effective stress of the land-
fill with intermediate covering layers exceeded that of the
landfill without the intermediate covering layer.

Tab.2 The monolithic stability safety factor of the landfills
Landfill type

Safety factor
1. 127
2.797

Landfill without intermediate covering layer

Landfill with multiple intermediate covering layers

Qian et al. "'’ surveyed 15 instability damage cases
which occurred in worldwide large landfills over the last
20 years. They found that 11 accidents were caused by
the monolithic slip of the landfill, which was damaged a-
long the liner system; only four accidents were caused by
the shallow-layer damage generated from slip inside the
waste body. They pointed out that the damage form of all
the landfills containing geo-membrane liner was caused by
the monolithic slip of the damaged face, which was dam-
aged along the liner system. Zhan et al. "' also investi-
gated the slippage accident of Shenzhen Xiaping Landfill.
After analyzing the on-site slippage data, they pointed out

that the slip of the landfill was the monolithic slippage

caused by damage along the liner system. These conclu-
sions were mainly applicable to the landfill without the in-
termediate covering layer. As for the landfill with inter-
mediate covering layers, compared with the monolithic
slip, a shallow-layer slip may more easily occur. As
shown in Tab. 3, the stability safety factor is 1. 017 for
the shallow-layer damage, which is mainly caused by
slippage inside the waste body of the landfill with inter-
mediate covering layers. As for the monolithic slip caused
by damage along the liner system, the stability safety fac-
tor is 2. 797.

Tab.3 Stability safety factor of the landfill with multiple
intermediate covering layers

Stable type
Monolithic stability

Safety factor
2.797
1.017

Local stability

4 Analysis of the Effects of Control Measures
for Slippage of the Landfill

! conducted statistics for the land-

Korner and Soong '™
slides of 10 landfills in different places in the world.
They found that 70% of the landslides were caused by
high leachate level in the landfill, of which only three
landslides were caused by heavy rainfall. Zhan et al. ''*’
found that sharp and quick rise of leachate level caused by
heavy rainfall was the factor for the accident. Hence, the
measures of stability control mainly focused on leachate
drainage at the landfill. The effects of stability control
measures for the landfill under different leachate drainage

measures were analyzed.
4.1 Leachate drainage on the top layer

Zhan et al. "' installed pumping vertical wells on the
top of landfill in order to realize forced reduction of
leachate level. Results show that the level of the landfill
decreased by 1 to 4 m, and the slippage of the landfill
was effectively controlled. As shown in Tab. 4, the influ-
ences of the top-layer leachate drainage measure on the
stability of the landfill with multiple intermediate covering
layers were analyzed. Results show that the effect of the
top-layer leachate drainage measure on the stability of
landfill with multiple intermediate covering layers was not
obvious. Specifically, the stability safety factor of the
landfill with the top-layer leachate drainage of 5 m was
the same as that untreated by the water level reduction
measure. The safety factor of the landfill with a top-layer

Tab.4 Influences of the leachate drainage on the top layer
on the stability of landfill

Stability control measures Safety factor

Top layer leachate drainage of 1 m 1.017
Top layer leachate drainage of 5 m 1.017
Top layer leachate drainage of 10 m 1. 023
Top layer leachate drainage of 20 m 1. 057
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leachate drainage of 20 m was 1.057, which was in-
creased by 4% , while the influences were not obvious.
The top-layer leachate drainage measure was applicable to
the stability control of a landfill without the intermediate
covering layer, but it is inapplicable to the stability con-
trol of a landfill with multiple intermediate covering lay-
ers.

4.2 Leachate drainage in different layers

As shown in Tab. 5, the influences of the leachate
drainage in different layers on the landfill with multiple
intermediate covering layers were analyzed. Leachate
drainage in different layers refers to leachate level reduc-
tion implemented in each waste layer. In Tab.5, the lay-
ered leachate drainage of 1 m indicates the leachate drain-
age of I m to each waste layer. As for the landfill with
the layered leachate drainage of 1 m, the stability safety
factor was 1. 114, which was increased by 10% . As for
the landfill with layered leachate drainage of 3 m, the sta-
bility safety factor was 1.386, which was increased by
36% . The leachate drainage in different layers can effec-
tively enhance the stability of landfill with multiple inter-
mediate covering layers. Taking the construction into ac-
count, it was difficult to drain the leachate far from the
slope area. Especially for some landfills with a length ex-
ceeding 1 000 m, it is very difficult to conduct leachate
drainage of saturated waste on each waste layer remote
from the slope area.

Tab.5 Influences of the leachate drainage in different layers
on the stability of landfill

Stability control measures Safety factor
1.114
1.242

1.386

Layered leachate drainage of 1 m
Layered leachate drainage of 2 m

Layered leachate drainage of 3 m

4.3 Near-slope leachate drainage

As shown in Tab. 6, the influences of the near-slope
leachate drainage on the stability of the landfill with mul-
tiple intermediate covering layers were analyzed. The
leachate drainage in near-slope areas means to drain the
leachate in each layer near the landfill slope. In Tab. 6,
the near-slope leachate drainage of 10 m indicates that the
leachate in each layer within the 10 m scope near the
landfill slope was drained. After the leachate in each lay-
er within the 10 m scope near the slope was drained, the
stability safety factor of the landfill was 1. 102, which was

Tab.6 Influences of the near-slope leachate drainage on the
stability of landfill

Stability control measures Safety factor

Near-slope leachate drainage of 10 m 1.102
Near-slope leachate drainage of 20 m 1. 186
Near-slope leachate drainage of 30 m 1. 256
Near-slope leachate drainage of 50 m 1.375

increased by 8% . After the leachate in each layer within
the 50 m scope near the slope was drained, the stability
safety factor of the landfill was 1.375, which was in-
creased by 35% . The near-slope leachate drainage can ef-
fectively enhance the stability of the landfill with multiple
intermediate covering layers. In comparison with the lay-
ered leachate drainage, the near-slope leachate drainage
can be easily realized in the landfill. This measure can be
realized by arranging leachate horizontal drainage wells in
the near-slope area.

5 Conclusions

1) During the period from April 9 to May 26, the
slope slip occurred at the landfill and the maximum slip
area was 34 760 m’. Dumping was the main reason for its
instability,, and the failure mode was the local sliding in-
side the landfill. The closer to the dumping area, the
greater the degree of the slip and the more significantly
the leachate level rises.

2) The average surface horizontal displacement of the
10th platform was 1. 77 m. The slip degree of the south-
west region was more than that of the northeast region on
the same platform. The average displacement in the
southwest region of the 10th platform was 2. 49 m, which
was 1. 10 m in the northeast region.

3) The deep lateral displacement monitoring holes were
dominated by tilting deformation, and the displacement
decreases with the increase of depth. During the period
from January 6 to May 25, the average lateral displace-
ment in P18 hole was 293 mm, while the P15 hole was
112 mm and the P12 was 35 mm.

4) The results of the stability analysis showed that
leachate drainage in different layers and near-slope
leachate drainage were suitable for the stability control of
the multi-layer intermediate cover landfill. The effect of
near-slope leachate drainage on stability control was obvi-
ous.
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