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ABSTRACT

This paper presents findings from an investigation of the large-scale construction solid waste (CSW)
landslide that occurred at a landfill at Shenzhen, Guangdong, China, on December 20, 2015, and which
killed 77 people and destroyed 33 houses. The landslide involved 2.73 x 10° m’ of CSW and affected an
area about 1100 m in length and 630 m in maximum width, making it the largest landfill landslide in
the world. The investigation of this disaster used a combination of unmanned aerial vehicle surveillance
and multistage remote-sensing images to reveal the increasing volume of waste in the landfill and the
shifting shape of the landfill slope for nearly two years before the landslide took place, beginning with
the creation of the CSW landfill in March, 2014, that resulted in the uncertain conditions of the landfill’s
boundaries and the unstable state of the hydrologic performance. As a result, applying conventional
stability analysis methods used for natural landslides to this case would be difficult. In order to analyze
this disaster, we took a multistage modeling technique to analyze the varied characteristics of the land-
fill slope’s structure at various stages of CSW dumping and used the non-steady flow theory to explain
the groundwater seepage problem. The investigation showed that the landfill could be divided into two
units based on the moisture in the land: @ a front uint, consisted of the landfill slope, which had low
water content; and @ a rear unit, consisted of fresh waste, which had a high water content. This struc-
ture caused two effects—surface-water infiltration and consolidation seepage that triggered the land-
slide in the landfill. Surface-water infiltration induced a gradual increase in pore water pressure head,
or piezometric head, in the front slope because the infiltrating position rose as the volume of waste
placement increased. Consolidation seepage led to higher excess pore water pressures as the loading of
waste increased. We also investigated the post-failure soil dynamics parameters of the landslide deposit
using cone penetration, triaxial, and ring-shear tests in order to simulate the characteristics of a flowing
slide with a long run-out due to the liquefaction effect. Finally, we conclude the paper with lessons from
the tens of catastrophic landslides of municipal solid waste around the world and discuss how to better
manage the geotechnical risks of urbanization.
© 2016 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

On December 20, 2015, a large landslide occurred at the
Hong’ao Village construction solid waste (CSW) landfill in
the Guangming New District of Shenzhen, Guangdong, China
(103°33'48"E, 30°54'55"N) (Fig. 1). The landslide involved 2.73 x
10° m? of CSW, and had a length of about 1100 m, making it the
largest landfill slope failure in the world. Because the landslide
killed 77 people and destroyed 33 houses within an industrial
zone of Shenzhen, the State Council of China immediately organ-
ized an investigation team to look into the causes of the landslide.
The lead author of this paper was the head of the expert group
within this investigation team; the second to eighth authors were
also group members; and the ninth and tenth authors participat-
ed in the remote-sensing and field investigation. The authors col-
lectively produced the cause-analysis report to the State Council
of China and prepared this paper based on the field investigation,
unmanned aerial vehicle (UAV) drone 3D photogrammetry, the
dynamic analysis of multistage remote-sensing images, in situ
and laboratory physical-mechanics tests, computer simulation,
relevant archives, and witness interviews.

Many municipal solid waste (MSW) landfill landslides have
occurred around the world in recent decades due to unsound
geotechnical engineering risk controls and practices, revealing
the importance of site selection, construction, and operation [1].
For example, on July 10, 2000, a waste landslide with a volume
of 16 000 m® occurred in the Payatas landfill in Quezon City, the
Philippines, after two weeks of heavy rain from two typhoons.
That event killed at least 330 people and left many homeless, and
had one of the worst death tolls of all landfill landslides [2,3]. On
February 21, 2005, a catastrophic waste landslide with a volume
of 2.7 x 10° m?® occurred at the Leuwigajah dump site in Bandung,
Indonesia, due to heavy rainfalls [4]. This disaster caused 147
deaths and, along with the Shenzhen landslide, was one of the
largest landfill landslides to date in terms of the volume of waste
involved. With increasing volume of waste and constant changes
in a landfill slope’s structures, the physical and mechanical prop-
erties and the hydrologic performance of a given landfill change
over time. Therefore, in contrast to natural landslide analysis, the
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Fig. 1. Location of the December 20, 2015 landslide at the construction solid waste
(CSW) landfill in Guangming New District of Shenzhen, Guangdong,

study of landfill slope failures must apply a dynamic analysis that
probes into boundary conditions and stability. For this landslide
investigation, we adopted a multistage modeling technique to
study the influence of soil mass structure and hydrologic perfor-
mance changes on the stability of landfill landslide during dif-
ferent phases of placement. The dynamics of rapid long run-out
sliding triggered by liquefaction after slope failure was simulated
with LS-RAPID software. Finally, taking typical landfill landslides
worldwide into consideration, this paper discusses the geotechni-
cal risk controls of urbanization.

2. Basic features of the landfill and landslide
2.1. Geological conditions

The Shenzhen landfill is located at the foot of the northern
side of Dayan Mountain, inside the Guangming New District of
Shenzhen. The southern elevation of Dayan Mountain is 306.8 m.
A valley with a lowest elevation of 34 m is situated on the north-
ern side of the mountain. The original location was an abandoned
open pit. According to a satellite remote-sensing image from
December 2013, shown in Fig. 2(a), the pit spread toward the
south and north, was surrounded by the mountain on the east,
west, and south, and narrowed down at the north. The exposed
bedrock of this site is composed of strongly, moderately, and
slightly weathered granite, which develops into three promi-
nent and distinctive planes with altitudes of 15°-25° ~/75°-84°,
265°-270° ~48°-58°, and 210°-225° ~/40°-85°, respectively. The
surrounding rock mass provides the landfill with a high degree of
stability. There are two types of groundwater under the surround-
ing rock mass, including fissure water in the block rock mass and
pore water in the surface weathered granite regolith.

2.2. Land(fill slope of construction solid waste (CSW)

According to remote-sensing images taken two days before the
landslide (Fig. 2(b), taken on December 18, 2015) and to the field
investigation, the elevation of the back edge of the landfill was
160 m, and the elevation of the front edge of the bottom, consist-
ing of boulder and gravel, was 46.1 m. Out of 10 terraces, terraces
TO to T6 had been compacted, shaped, and afforested, and ter-
races T7, T8, and T9 were being filled and compacted with a pre-
liminary shape (Table 1). The general angle of the landfill slope
downwards had a slope ratio of 1:2.5 (Fig. 3). The surface of the
edge slope was covered with grass and with non-woven fabrics
that were meant to mitigate rainfall and liquid from seeping into
the landfill.

2.3. Zoning of the landslide

The impact area of this landslide was 0.38 km?, with a length
of 1100 m from south to north and a width ranging from 150-
630 m. The total volume of waste in the landslide was 2.73 x
10° m?; this volume could be divided into two zones based on
how much groundwater seepage was in the ground beneath the
waste (Figs. 4 and 5).

2.3.1. Source area of landslide

Based on a comparison of remote-sensing images from De-
cember 18, 2015 with digital elevation model (DEM) data from
December 30, 2013 (before the construction of the landfill), the
landfill had a volume of about 5.83 x 10° m® CSW before sliding.
On the afternoon of December 21, 2015, the day after sliding,
a UAV drone took aerial photos, shown in Fig. 2(c). The source
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area was located at the part of the CSW landfill that was under
construction. The exiting position was at T1, with an elevation of
63 m. Based on a comparison of UAV drone aerial photos from De-
cember 21, 2015 (the day after the landslide) with DEM data from
December 18, 2015, the sliding area covered 0.116 km? and had
a south-north length of 374 m and an east-west width of 400 m.
The total volume of the landslide was 2.51 x 10° m?, and its thick-
ness ranged from 10-50 m, with an average of 30 m. There were
dozens of cracks along the rear of the landfill defining a deform-
ing mass of more than 1 x 10° m® in volume, shown in Fig. 6(a).

2.3.2. Accumulation area of landslide
The accumulation area of the landslide was located between
T1 and the northern accumulation boundary, and had a south-

Quarry and pond

Rear unit
(waste filling
& ponding)

Front unit
(landfill slope)

Fig. 2. Comparison of images showing the location, landfill, and landslide.
(a) Remote-sensing image three months before the placement of CSW, taken on
December 31, 2013; (b) remote-sensing-based effect image two days before slid-
ing of landfill landslide, taken on December 18, 2015; (c) aerial view one day after
the landfill landslide, taken on December 21, 2015 from an unmanned aerial vehi-
cle (UAV).

north length of 726 m and an east-west width ranging from
150-630 m. It covered 0.236 km* with a volume of 2.73 x 10° m’.
Its thickness ranged from 5-20 m, with an average of 10 m. The
major component of the landslide was CSW, which was also
mixed with rubble from the buildings destroyed in the landslide,
as shown in Fig. 6(b). The volume of the accumulation area (V,)
was 2.73 x 10° m’, while the volume of the source area (V;) was
2.51 x 10° m?; therefore, the coefficient of volumetric expansion
was V,/V; = 1.08.

2.4. Material composition

2.4.1. Sample statistics in situ

A field macro investigation of the material composition at the
source area was conducted (Fig. 7). Based on digital photographs
of 2 m x 2 m sampling windows of longitude profiles, the com-
position of the CSW was analyzed through statistical inference
(also see Fig. 4). The selected sampling windows are described as
follows.

No. 1: The sampling window was located at the exit of the
landslide source. It was composed of tawny sandy clay, taupe
clay, and broken stone. The proportion of broken stone and taupe
clay were about 5% and 12%, respectively, and the rest was tawny
sandy clay (Fig. 7(a)).

No. 2: The sampling window was located at the western front
edge of the landslide source area. It was composed of 60% taw-
ny sandy clay and 40% red sandy clay. The sandy clay contained
about 30% of fine sand and 1-2 mm gravel particles (Fig. 7(b)).

Table 1
Main dimensions of the terraces and placed slope at the front of landfill before the
landslide.

No. Elevation (m) Width (m)
TO 55.3 94
T1 63.0 85
T2 743 9.5
T3 85.0 7.0
T4 94.6 8.0
T5 104.5 13.5
T6 115.7 14.5
T7 In construction

T8 In construction

T9 In construction

Fig. 3. Photograph of the engineered slope and terraces in the front of the landfill
taken on October 10, 2015. The surface drainage had been constructed.
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Fig. 4. Zoning map of the landslide at the Shenzhen landfill. (a) Image showing the zones of the sliding source and accumulation area. The sampling sites for the ring-shear
test, component observation in situ, and boreholes for permeability are indicated. (b) Topographical contour map showing the destroyed houses at the front of landslide.
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Fig. 5. Longitudinal profile of the landslide at the Shenzhen landfill. The energy line is indicated from scar of landslide to the front of accumulation with an angle of 6° and
the drilling holes after sliding reveal that the slip zone is translational with an angle of 4°. The landslide is exited at the terrace T1.
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Fig. 6. Photographs taken two days after the landslide. (a) Residual unstable waste
mass at the back; (b) destroyed buildings in front and the flow-like landslide accu-
mulation with abundant water.

No. 3: The sampling window was located at the west middle
side of the landslide source area, with relatively clear sliding trac-
es on the surface. It consisted of 2% CSW, such as broken stone,
rubble, and steel. The rest was almost all red sandy clay with
about 30% fine sand and 2-3 mm gravel particles (Fig. 7(c)).

No. 4: The sampling window was located at the western rear
side of the landslide source area. It was mainly composed of
tawny and red sandy clay. The red sandy clay contained less sand
but more water than the tawny sandy clay. This window also had

typical CSW such as concrete and steel, as well as domestic refuse
scattered on top (Fig. 7(d)).

2.4.2. Analysis from boreholes

After the landslide, in order to determine the distribution of
the slide zone, the geological structure of the landfill, and the
geotechnical features, 27 holes with depths from 13.6-80.2 m
were drilled; the total length of these boreholes was 941 m (also
see Fig. 5).

(1) The geotechnical structure: The geotechnical structure of
the CSW landfill could be divided into four layers from the top to
the bottom:

* The first layer was the slide mass of soil with red, tawny, and
grey colors. It consisted of CSW from local weathered soil
from lithologies such as granite, migmatite, and sandstone.
Some areas also had diluvial gravel, general cohesive soil,
and soft soil. It commonly contained CSW such as baked clay
bricks, as well as concrete bricks mixed with domestic refuse
such as plastic and clothes. The soil was soft, loose, wet, and
saturated. The core part was rough, and the fracture surface
had no trace of compaction.

* The second layer was landfill soil with red and tawny colors.
It consisted of CSW from local weathered soil from litholo-
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Fig. 7. Photographs of the material components of the CSW from statistic windows
in situ after the landslide. The CSW was derived from the constructing metro.

gies such as granite, migmatite, and malmstone. Some areas
also had diluvial gravel and cohesive soil. It commonly con-
tained CSW such as baked clay bricks and concrete bricks.
The soil was soft and loose with poor and uneven stratifica-
tion.

« The third layer was quarry spoil with tawny and red colors.
It consisted of soil-rock mixtures of disjunction layers of the
quarry. Major components were cohesive soil, quartz sand
and gravel, granite rubble, and broken stone. The gradation
was poor with no sorting. The soil was saturated, and could
be drilled under static pressing. It was difficult to form the
core part into a columnar shape, and easy to collapse and de-
form it.

« The fourth layer was moderately weathered granite with light
grey and ashen colors. It had a fine granular blastic texture, a
massive structure, and fracture development as well as iron
staining. The core part was massive with a crisp sound when
hammered; in addition, it was difficult to drill it with an
alloy. It was relatively broken, and hard. The general quality
grade of this pluton was level IV.

(2) The shape of the sliding plane: The boreholes revealed that
the landslide slide plane was almost horizontal, with a dip an-
gle of 4°. The sliding exit was at the T1 terrace at an elevation of
63.6 m. The landslide slide plane extended up slope for 412 m to
an elevation of 93.4 m. The trailing edge had an elevation of 156 m,
and was twisted into an L-shaped surface.

2.4.3. Grain-size composition

Samples of the CSW landfill were analyzed in the laboratory
and found to be mainly composed of weathered soil of stratum
such as granite, migmatite, and sandstone. The sieving method was
applied to analyze the composition of the weathered soil, which
could be divided into seven levels according to size. Grain sizes
were < 0.075 mm, 0.075-0.25 mm, 0.25-0.5 mm, 0.5-1 mm, and
1-2 mm; grains sized 0.5-10 mm made up 80% of the total weight.

An analysis of sample grains from the sliding plane, the accu-
mulation, and the residual mass of the source revealed the fol-
lowing (Fig. 8):

100 ,,__7'
g 80 | A
£ e d
H =4
= 60 > pEce
R =2 =il
5 T
£ b————
€ L ~©- Fine grained clayey gravel sand (G1)
§ 20 —&- Fine grained clayey gravel sand (G2)
e —&- Fine grained clayey gravel sand (G3)
0 - Fine grained clayey medium sand (G4)
0.01 0.1 1 10

Grain size (mm)

Fig. 8. Grain size distribution of samples taken from the landslide.

(1) Silt and clay grain (< 0.075 mm): The proportions of total
weight were 41.0%-46.3%, 35.3%, and 19.2%, respectively.

(2) Sand grain (0.075-2 mm): The proportions of total weight
were 25.4%-26.1%, 30.5%, and 66.4%, respectively.

(3) Gravel grain (2-20 mm): The proportions of total weight
were 28.3%-32.9%, 34.2%, and 14.4%, respectively.

2.5. Tests on physical and mechanical parameters

2.5.1. Basic physical and mechanical parameters

Our study included simple tests on the physical and mechani-
cal parameters of seven samples collected from the surface of the
landslide (Table 2). The plasticity index (I,) was 8.5-11.4, indicat-
ing that the soil of the landslide was silty clay or sandy clay with
a low plasticity index.

With regard to fine-grained clayey gravel sand, its average
natural moisture content was 23.7%; its mean degree of satu-
ration was 78.6%, with a maximum of 90.4%, indicating a “wet”
soil body. With regard to silty clay, its average natural moisture
content was 46.4% and its degree of saturation was 94.5%, which
meant that the soil body was “very wet.” With regard to fine-
grained clayey medium sand, its average natural moisture content
was 15.9% and its degree of saturation was 47.4%, suggesting it to
be “slightly wet.”

The shear strength parameters of the samples were deter-
mined by direct shear. In the quick direct shear test with
undrained samples, the minimum shear strength index of the
samples was ¢, = 14.5° with ¢, =7 kPa. In the consolidated quick
direct shear test with sufficient drainage, the minimum shear
strength index of the samples was ¢, = 21.8° with ¢, = 9.7 kPa.

2.5.2. Soil density and moisture content

With the aim of learning the density and moisture content of
the CSW of the landfill before the landslide, this study adopted
the regular cutting-ring method to collect 34 samples from the
residual terraces of the landfill after the landslide, and tested
these samples in the laboratory (Table 3).

The dry density of the soil in terraces T1 to T7 was between
1.30 g.cm™ and 1.81 g-cm™. Accordingly, its relative compaction
was 70%-100%. The dry density of the soil in the terraces that
were compacted by bulldozers and other vehicles was 1.81 g-cm™,
and the dry density of the soil on the slopes without compaction
was 1.3-1.5 g-cm™. Therefore, the main variation trend of the
dry density was that it decreased along with the increase of the
elevation of the terrace. The dry density values of the soils in the
compacted terraces that were measured by the test of filling sand
into a digging pit were similar to the results from the cutting-ring
methods.

The moisture content of terraces T1 to T6 was between 18%
and 20% (by mass). Accordingly, the degree of saturation was
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Sample No.

T8569

T8570

T8571

T8572

T8573

T8574

T8575

Sampling point

Sample name

Natural moisture content

(%)
Specific gravity Gg

Natural density
po (g-cm™)

Degree of saturation

S (%)
Void ratio e
Liquid limit e, (%)

Plastic limit w, (%)

Plasticity index I, (%)

Liquidity index I,

The average compression
coefficient a,, (MPa™)

Modulus of compressi-

bility Es(MPa)

Quick direct Cohesive
shear test ~ force ¢,

(kPa)

Internal fric-
tion angle

9q(°)

Consolidat-  Cohesive
ed quick force ¢

shear test (kPa)

Internal fric-
tion angle

2 (°)

Shear zone sliding

surface

Fine-grained c
ey gravel sand

250

2.67
1.92

90.4

0.738
33.6
222
114
0.25
0.39

4.5

9.7

21.8

lay-

Shear zone sliding

surface

Fine-grained clay-
ey gravel sand

25.2

2.67
1.87

85.4

0.788
33.0
20.9
121
0.36
0.42

4.2

7.0

14.5

Landslide accumu-
lation area

Fine-grained clay-
ey gravel sand

231

2.64
173

69.4

0.879
35.0
24.9
10.1
-0.18
0.64

31

13.4

220

Landslide accumu-
lation area
Fine-grained clay-
ey gravel sand

215

2.64
176

69.0

0.823
35.0
249
10.1
-0.18
0.72

25

16.5

Landslide accumu-

lation area

Silty clay

46.9

2.65
1.68

94.4

1317
43.2
31.8
114
132
0.67

35

3.6

20.1

Landslide accumu-

lation area

Silty clay

45.9

2.65
1.69

94.5

1.288
43.2
318
114
1.32
0.76

3.0

7.6

35

Residual sliding
body of source area

Fine-grained clayey
medium sand

15.9

2.63
1.62

47.4

0.882
256
171
8.5
-0.14
0.56

34

253

Table 3

Test results of moisture content and dry density from samples (cutting-ring test).

Sampling spot

Container number

Moisture content

The average moisture content

Wet density (g.cm™) Dry density (g-.cm™)

The average dry density (g-cm™)

TO

T1

T2

T3

T4

T5

T6

3-1vhe
3-pen
101
105
106
107
102
103
104
108
109
110
m
112
113
114
116
17
118
119
120
121
120
121

0.79
0.33
0.33
0.34
0.32
0.34
0.32
0.32
0.33
0.31
0.33
0.39
0.61
0.65
0.64
0.72
0.36
0.30
0.29
0.34
0.34
0.28
0.25
0.28

0.48

0.33

2.57
2.09
217
214
2.01
2.09
2.02
2.04
2.09
1.95
2.10
2.51
1.83
1.86
1.85
1.56
1.83
1.96
1.88
211

1.99
2.28
178
1.77

1.78
1.76
1.83
1.81

1.69
175
1.71

172
176
1.64
1.76
212
1.22
1.20
1.20
0.84
1.47
1.66
1.58
1.76
1.65
2.01

1.53
1.49

179

175

173

112
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45%-50%. The average moisture content of terrace T7 was 32%
(by mass) and its degree of saturation was 83%. Furthermore, the
groundwater on terrace T4 was the most abundant, with a mois-
ture content of 53%-85% and a degree of saturation of nearly 100%.

2.5.3. Shear strength index

(1) Triaxial pre-consolidated undrained shear test on CSW:
According to the initial density and water content of the soil
samples measured in situ, two types of low-density samples were
prepared with different values of degree of saturation. After-
ward, we set up a pre-consolidated test in a confined pressure
of 50-500 kPa on a triaxial vehicle and conducted an undrained
shear test to determine the shear strength index of the soil sam-
ples. One of the low-density samples had an initial dry density
of 1.3 g.cm™ and a degree of saturation of 48%. The experimental
results were as follows: internal friction angle ¢, = 24.8° and co-
hesion ¢, = 22 kPa. The other low-density sample had an initial
dry density of 1.3 g-cm™ and a degree of saturation of 66%. The
shear strength measured in this sample was: internal friction
angle ¢, = 22° and cohesion ¢, = 3.4 kPa.

(2) Direct shear test on silt layer: We collected disturbed soil
samples with intercalated silt layers in CSW from terrace T4,
which was located at the southwestern side of the landslide
source area. We conducted repeated direct shear tests in order to
determine the residual shear strength index. The result of these
tests was: internal friction angle ¢, = 17° and cohesion ¢, = 10 kPa.

3. Mechanism of landslide failure

Our initial investigations suggested that the triggering mecha-
nism of the CSW landslide at the Shenzhen landfill was water re-
lated; that is, water builds up within the waste mass from rainfall
and direct placement of wet solid waste. Many other studies of
similar materials indicate a similar cause of failure [1]. Koerner et
al. [5,6] used the simplified Bishop method to analyze the stabil-
ity of ten large landfill failures in which five were unlined or soil
lined, and five were lined with one or more geosynthetic materi-
als. Excessive liquids, generating high pore water pressures above,
below, and within the failure surfaces, were the triggering mech-
anisms and contributing causes of failure in all ten case histories
presented and analyzed in their studies [5,6]. Stark et al. [7] dis-
cussed the cause of a waste slide in Cincinnati, Ohio, USA. A 9-20 m
thick layer of waste was placed over an existing 60 m high waste
pit in the 14 months prior to that waste slide. This corresponds to
an average filling rate across the slope of 0.02-0.05 m-d". It was
thought that this filling may have generated excess pore water
pressure in the brown native soil and, consequently, a decrease in
the effective normal stresses acting on the failure surface [7].

Thus, we investigated the mechanism of landslide failure from
the perspective of a gradual cumulative fill-placement processes
and the hydrologic performance of the CSW.

3.1. Placing processes of CSW at landfill

According to the remote-sensing images and the field investi-
gation, the volume of CSW in the landfill was 5.83 x 10° m’ before
sliding. Terraces TO to T6, up to an elevation of 115.7 m, had been
compacted into shape, with a total volume of 4.856 x 10° m’. Be-
tween May and December, 2015, terraces T7, T8, and T9, located
at the back of the CSW landfill with an elevation of 115-160 m,
were still in construction (Fig. 9). According to the statistics from
muck carrier vehicles, the total volume of CSW landfill added
during the 233 days from May 1, 2015 to December 20, 2015 was
about 9.74 x 10° m’.

In order to simplify the analysis, the placing process of the

CSW at the landfill was divided into five stages (Fig. 10), with the
first stage being the main placing stage of the front landfill slope
and terraces at the landfill. The second to fifth stages were the
placing stages of CSW in the rear pond of the landfill. However, it
is noticeable that the design and construction of the CSW landfill
only considered surface drainage ditches and blind ditches, and
did not include ground drainage facilities.

3.2. Rainfall and infiltration

In landfill designs, the hydrologic evaluation of landfill perfor-
mance (HELP) model can be applied to account for the effects of
surface storage; snow melt; runoff; infiltration; evapotranspira-
tion; vegetative growth; soil-moisture storage; lateral subsurface
drainage; leachate recirculation; unsaturated vertical drainage;
and leakage through soil, geomembrane, or composite liners [8].
It is difficult, however, to reconstruct the hydrologic performance
of the Shenzhen landfill. Therefore, we considered only a few
simple factors such as precipitation, average runoff volume, and
seepage.

S—FIlI slope
T—Terraqe\g

Fig. 9. Remote-sensing image showing the landfill, terraces, and engineered slope
on December 18, 2015. The landfill was divided into two units: the front landfilled
slope unit with low water-bearing CSW, and the rear placing and ponding unit
with rich water-bearing CSW.
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Fig. 10. Longitudinal profile showing the placing phases and the landfill slope
structures. The rear slope with terraces TO to T6 had been shaped prior to April 31,
2015, and the rear pond was gradually filled from May to December of 2015 with
a volume of near 1 x 10° m®. The surface water during the rainfall at back was di-
rectly runoff to the pond due to low permeability of the slope.
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3.2.1. Runoff due to rainfall

The average annual precipitation for the region where the
Shenzhen landfill is located is 1605.3 mm. The rainy season lasts
from April to September. We examined precipitation records
since January, 2014 for the Tangjia Observation Station of Precip-
itation, which is located about 2 km away from the landfill. The
maximum precipitation during this period, occurring on May 11,
2014, was about 147.2 mm (Fig. 11(a)). According to the field in-
vestigation, there were two gullies at the rear of the landfill. One
of these was located in the south, with a topographic slope of 11°,
a length of 500 m, and a catchment area of 50 000 m> The other
one was located in the southwest, with a topographic slope of
17°, a length of 240 m, and a catchment area of 24 000 m”. Thus,
the total catchment area was about 74 000 m> The groundwater
of the CSW landfill mainly came from the surface water of the
slope and the infiltrated groundwater from the surrounding gran-
ite rock mass.

The two gullies had dense vegetation coverage, with an inten-
sive weathered layer of granite on the surface; and groundwater
seepage can last for a long time. The hydrogeological structure in
the landfill was controlled by the placing process. Accordingly,
we may divide the seepage process of the groundwater into five
phases in the landfill (Table 4).

3.2.2. Seepage and hydraulic conductivity

The piezometric level acting on the sliding plane at the time of
failure was not measured. As a result, the piezometric level had to
be estimated. In this paper, the rain water runoff from the catch-
ment was used to estimate the piezometric levels and pore water
pressures in the landfill.

The CSW under terrace T6, with an elevation of 115.7 m, was
compacted and the cut-off ditch, platform drainage, and chute
were set on the surface of the slope. Therefore, we considered it
reasonable to ignore the influence of the precipitation infiltration.
In order to investigate the possible presence of perched aquifers,
the hydraulic conductivities were estimated based on the data

Table 4

of the layered soil of the landfill obtained by static cone penetra-
tion tests (CPTs) in the field (also see Fig. 4(a)). Specifically, the
hydraulic conductivity of borehole B1 in terrace T1 was between
1.0x 107°-1.0 x 107 m-s™"; this sample mainly consisted of a clay
layer, with a weighted average value of 2.7 x 10® m-s™', belonging
to an extremely weak permeable layer (Table 5). The hydrau-
lic conductivity of borehole B2 in terrace T3 was 1.0 x 107" -
1.0 x 10~ m-s™"; this sample consisted of a highly permeable sand
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Fig. 11. Graphs of precipitation at the Shenzhen landfill. (a) From January 1, 2014
to December 31, 2015, the concentrating period of rainfall was in May and August
of 2014 and in May and July of 2015; (b) one month prior to the landslide, a heavy
rainfall with an amount of 67.8 mm occurred on December 9, 2015, only 11 days
before landslide.

Estimated water volume runoff to the rear space of the landfill from rainfall at various stages of placement.

Estimated water volume from rainfall

Stage Date (day/month) Duration (days) Catchment (m?) Total rainfall (mm)
Total (m?®) Average (m*d™)
No.1 Before 30/4/2015 365 74 000 19432 143 796.8 393.96
No.2 1/5-30/6 61 74 000 696.6 56 809.8 931.31
No.3 1/7-31/8 61 74 000 562.0 39 086.8 640.77
No.4 1/9-31/10 61 74 000 209.6 18 011.6 295.27
No.5 1/11-20/12 50 74 000 104.1 7 551.8 152.08
Table 5

In borehole B1: Calculation of hydraulic conductivity of landfill after sliding (also see Fig. 4).

No. Soil name Depth (m) Hydraulic conductivity (m-s™) Hydraulic conductivity (m-d™")
1 Sensitive fine grained 2.45 3.0x10°-3.0x10° 2.0%x10"-2.0x%x10"
2 Clay 2.83 10x107°- 1.0x 10° 6.6 x 10° - 6.6 x 10°°
3 Sensitive fine grained 3.20 3.0x10°-3.0x 10" 20%x10*-2.0x% 107
4 Silty clay to clay 3.43 1.0x10°-1.0%x10% 6.6x10°-6.6x10"
5 Clay 3.65 1.0x10"° - 1.0x 107 6.6x10° - 6.6 x 107
6 Clayey silt to silty clay 4.36 1.0x10*%-1.0x 107 6.6x10*-6.6x10"
7 Clay 5.59 1.0x10"°-1.0x10"° 6.6x10°-6.6x107
8 Clayey silt to silty clay 5.90 1.0x10°-1.0%x107 6.6%x10"-6.6x10"
9 Silty clay to clay 6.44 10x10°-1.0x10® 6.6x10° - 6.6 x 10
10 Clay 741 1.0x10°-1.0x%x10"° 6.6x10°-6.6x107

Weighted average value

2.7%x10°-27%x10"% 1.8x10*-18x%x10°
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layer interbedded with a low permeability clay layer that com-
bined together into multiple confined aquifers. The hydraulic
conductivities in the confined aquifers varied obviously, with
a weighted average value of 3.6 x 10° m-s™', and belonged to a
middle permeable soil layer interbedded with highly permeable
sand layers (Table 6). The hydraulic conductivity of borehole B3
in terrace T5 was 1.0 x 107" - 1.0 x 10~ m:s™'; this sample mainly
consisted of clay and sandy clay, with a weighted average value
of 1.4 x 10 m-s™". This layer belonged to a medium permeability
soil layer interbedded with a highly permeable sand layer with a
thickness of 33 cm (Table 7).

The hydraulic conductivity of the fresh CSW was much higher
than that of the existing landfill CSW [9]. Therefore, it could be
speculated that the hydraulic conductivity of the new CSW was
1.0%x 107 - 1.0x 10 m-s™", or, 0.1-10.0 m-d"' in magnitude.

3.3. Structure of the landfill

The placement of CSW in the Shenzhen landfill was a gradual
loading process. Bounded by terrace T6, the landfill could be di-
vided into two units: a front landfill slope unit, and a rear placing
and ponding unit (also see Fig. 9).

(1) The front landfill slope unit: Through rolling compaction,
this unit had a low water content and better soil consolidation.
The dry density was 1.30-1.81 g.cm™, decreased with increasing
terrace elevation, and the corresponding relative compactness
was 70%-100%. However, the drilling and the CPTs after sliding
showed there were multiple soft and plastic clay layers or silt
interlayers in the slope, in which the water content was more
than 45%. An in situ CPT showed the tip resistance to be less than
1 MPa. Because the cohesive soil had a high water content and
low hydraulic conductivity, it was difficult to compact it or to
compact it quickly. Weak interlayers were formed with aquitards
in slope. Therefore, multiple confined aquifers were present in
the slope.

(2) The rear placing and ponding unit: Because of the direct

placement of the CSW and the undrained existing water body
with a volume of 80 000-90 000 m’ in the bottom of the open
pit, the soil body was formed with high water content and poor
consolidation. The load of solid waste on the top caused some
consolidation effects on the highly saturated CSW at the bottom,
causing an increase of pore pressure. Because the front landfill
slope unit was higher, the rear placing and ponding unit became
a relatively lower closed pond. After rainfall, surface water flowed
directly into this pond, and the continued placement of CSW
gradually elevated the position of water infiltration. The pore wa-
ter pressure head or piezometric head in the slope correspond-
ingly and continually increased.

3.4. Multistage modeling and simulation

In theory, research on the placing rate of CSW and the hydro-
geological performance in a landfill can use the superposition
method to calculate to any desired precision. Based on the placing
process of the CSW, we adopted five stages in analyzing the per-
formance.

According to documented cases around the world, the two
main types of failure of an MSW landfill are rotational and
translational failure [1]. Excess pore water pressure is the most
emphasized reason for landfill stability failure [2,6,10,11]. Our
calculations used the coupling method through the seep analysis
module and the slope-stability analysis module of Geo-Studio
software [12]. The type of CWS landslide at the Shenzhen landfill
was considered to be translation/rotation, and the groundwater
was unstable, so the Morgenstern-Price method with a transient
flow simulation was applied to analyze the stability of the land-
slide. Physical and mechanical parameters for the calculation are
listed in Table 8 based on survey results taken after the landslide.

3.4.1. The first placing stage
The first placing stage was from May 1, 2014 to April 30, 2015,
lasting 365 days, during which time nearly 4.856 x 10° m® of CSW

Hydraulic conductivity (m-s™) Hydraulic conductivity (m-d™")

Weighted average value

T;gﬁ'ghole B2: Calculation of hydraulic conductivity of landfill after sliding (also see Fig. 4).
No. Soil name Depth (m)
1 Clayey silt to silty clay 0.38
2 Clay 122
3 Silty clay to clay 1.61
4 Clay 10.43
5 Sand to silty sand 10.98
6 Sandy silt to clayey silt 11.62
7 Clay 12.42
8 Clayey silt to silty clay 12.98
9 Sand to silty sand 13.54
10 Sandy silt to clayey silt 13.91
11 Clayey silt to silty clay 15.04
12 Silty sand to sandy silt 15.54
13 Sandy silt to clayey silt 15.85
14 Clayey silt to silty clay 16.49
15 Slilty sand to sandy silt 17.04
16 Sandy silt to clayey silt 17.49
17 Clayey silt to silty clay 18.25
18 Sand 18.73
19 Clay 19.08
20 Sand to silty sand 20.29

1.0x10°-1.0x 107
1.0x10"°-1.0x 10"
1.0x10°-1.0x10"
1.0x10"°-1.0x10"°
1.0x10° - 1.0x 107

1.0x107 -1.0x10°
1.0x10"°-1.0x10"°
1.0x10° - 1.0 x 107
1.0x10°-1.0x 107

1.0x107-1.0x 10
1.0x10°-1.0x 107
1.0x10°-1.0x 107
1.0x107 -1.0x10°
1.0x10°-1.0x 107
1.0x10°-1.0x 107
1.0x107 -1.0x 10
1.0x10°-1.0x107
1.0x10*-1.0x 107

1.0x10"°-1.0x10"°
1.0x10°-1.0x10™"

3.6x10°-3.6x107

6.6x 10" -6.6x 107
6.6x10°-6.6x 107
6.6x10°-6.6x10"
6.6x10°-6.6x 107
6.6x10" - 6.6

6.6x 107 -6.6x 107
6.6x10°-6.6x 107
6.6x 10" -6.6x 107
6.6x10" - 6.6

6.6x107°-6.6x107
6.6x 10" -6.6x 107
6.6x107-6.6x 10"
6.6x 107 -6.6x 107
6.6x10*-6.6x 107
6.6x107-6.6x 10"
6.6x 107 - 6.6x 107
6.6x10*-6.6x10"

6.6 - 66
6.6x10°-6.6x 107
6.6x107" - 6.6
24x107"'-24




Table 7

In borehole B3: Calculation of hydraulic conductivity of landfill after sliding (also see Fig. 4).
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No. Soil name Depth (m) Hydraulic conductivity (m-s™) Hydraulic conductivity (m-d™")
1 Sensitive fine grained 2.42 3.0x10°-3.0x107° 2.0x10*-2.0x%x107
2 Clay 3.80 1.0x10°-1.0x%x10"° 6.6x10°-6.6x10"°
3 Clayey silt to silty clay 3.96 1.0x10*-1.0%x 107 6.6x10"-6.6%x107
4 Clay 5.82 1.0x10°-1.0x10"° 6.6x10°-6.6x10"
5 Silty clay to clay 6.14 1.0x10°-1.0x 10°® 6.6% 107 - 6.6 x 10
6 Clay 7.68 1.0% 107~ 1.0 x 107 6.6%10°-6.6x 10"
7 Silty clay to clay 7.92 1.0x10°-1.0x10% 6.6x10°-6.6%x10"
8 Clay 9.28 1.0%107° - 1.0 x 10° 6.6%10° - 6.6x10°
9 Silty clay to clay 981 1.0%10°- 1.0 x 10°° 6.6% 107 - 6.6 x 10~
10 Clay 11.73 1.0x10°-1.0%x10° 6.6x10°-6.6%x10"
1 Silty clay to clay 12.25 1.0x10°-1.0x 10 6.6x10° - 6.6 x 10
12 Clay 13.52 1.0% 107 - 1.0 x 107 6.6%10° - 6.6 x 10°
13 Sand 13.85 1.0x107-1.0x10" 6.6 - 66

14 Clay 14.65 1.0x107°-1.0x 107 6.6x10° - 6.6x 107
15 Silty clay to clay 15.02 10%10°-1.0x 10" 6.6% 107 - 6.6 x 10~
16 Clay 15.27 1.0x10°-1.0x%x10"° 6.6x10°-6.6%x107
17 Silty clay to clay 16.71 1.0x10°-1.0x 10 6.6x10° - 6.6 107
18 Clay 1727 1.0%x 107~ 1.0 x 10 6.6%10° - 6.6x 10"
19 Silty clay to clay 17.64 1.0x10°-10x10"% 6.6x10°-6.6x10"
20 Silty sand to sandy silt 17.91 1.0x10°-1.0x%x107° 6.6x107-6.6%x10"
21 Clayey silt to silty clay 18.91 1.0x10°-1.0%x107 6.6x10"-6.6%x10"
22 Clay 19.55 1.0x10°-1.0x%x10"° 6.6x10°-6.6x107
23 Silty clay to clay 19.78 10%10°-1.0x 10°° 6.6% 107 - 6.6 x 10~
24 Clayey silt to silty clay 20.42 1.0x10°-1.0%x107 6.6x10"-6.6%x10"
25 Clay 20.89 1.0x107° - 1.0 x 10° 6.6%10° - 6.6x10°
26 Clayey silt to silty clay 21.18 1.0x10*-1.0%x 107 6.6x10"-6.6%x107
27 Silty clay to clay 21.45 1.0%10°-1.0x 10°® 6.6%10° - 6.6 x 10
28 Clayey silt to silty clay 21.92 1.0x10%-1.0x 107 6.6x 10 -6.6x 107
29 Clay 2213 1.0% 107~ 1.0 x 10 6.6%10° - 6.6x 10~
30 Silty clay to clay 22.40 1.0x10°-1.0%x10"% 6.6x10°-6.6x10"
31 Clay 22.60 1.0x101°-1.0x 107 6.6x10° - 6.6 % 10
32 Silty clay to clay 23.18 10%10° - 1.0x 10°° 6.6% 107 - 6.6 x 10~
33 Sandy silt to clayey silt 23.69 1.0x107-1.0%x10° 6.6x10°-6.6%x107
34 Silty clay to clay 23.94 1.0x10°-1.0x10°° 6.6x10° - 6.6x 10

Weighted average value

14%x10°-14x 107

93x107-93x10"

Table 8
Main physical and mechanical parameters chosen for the factor of safety (FOS) calculation of the initial landslide.
Shear strength
No. of material Description Density (kN-m™) - — Hydraulic conductivity (m-d™")
Cohesion c (kPa)  Internal friction angle ¢ (°)
No. 1 waste mass Waste material was placed before April 30, 1.7-2.0 10.0-20.0 17.0-24.0 0.05-0.00005
2015. The material had been compacted
No. 2 waste mass Waste material was placed from May 1 to 16.0-1.9 7.0-10.0 14.5-17.0 0.15-1.50
June 30, 2015
No. 3 waste mass Waste material was placed from July 1 to 15.0-1.8 7.0-10.0 14.5-17.0 0.20-2.00
August 31, 2015
No. 4 waste mass Waste material was placed from September 1.4-17.0 7.0-10.0 14.5-17.0 0.25-2.50
1 to October 31, 2015
No. 5 waste mass Waste material was placed from November 1.3-16.0 7.0-10.0 14.5-17.0 0.30-3.00
1 to landslide on December 20, 2015
Bedrock Relatively, the granite is regarded as rigid 24.5 15000 45 1 x 107 (impermeability)

and impermeable material
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was placed. Terraces TO to T6 and the basic landfill slope took
shape, and the terrain slope was about 20°. During this first stage,
prior to April 30, 2015, rain flowed directly to a bedrock open
pit with a total volume of about 1.438 x 10° m’; that is, about
393.96 m®>.d™' on average. Because groundwater drainage facili-
ties were not built, the groundwater below an elevation of 63 m
could not be drained (also see Fig. 2(a)). Hence we assumed that
the groundwater level in the first stage did not exceed an eleva-
tion of 63 m. Geo-Studio shows that the groundwater level was
under 63 m, nearly horizontal, and that the pore water pressure
was generally 150 kPa, with a maximum at the rear of the landfill
of about 300 kPa, as shown in Fig. 12(a). The stability calculation
demonstrated that because of the gentle slope, about 20° below
terrace T6, the influence of groundwater on the front slope was
not apparent. As shown in Fig. 12(b), the factor of safety (FOS) of
the possible failure slope was 1.401, so the stability was good.

3.4.2. The second placing stage

The second placing stage was from May 1, 2015 to June 31,
2015, lasting 61 days, during which nearly 2.2 x 10° m’ of CSW
was placed. The front slope of the landfill reached an elevation of
115.7 m, causing a pond to form at the lower rear of the landfill.
Runoff from rain flowed directly from two gullies to the pond
and infiltrated the CSW landfill. The volume of surface water was
about 5.68 x 10* m?; that is, about 393.96 m®.d™! on average. Be-
cause the hydraulic conductivity of the front slope was low, the
groundwater in the north of terrace T3 could not drain effectively.
The existing groundwater was plentiful in the first stage. The addi-
tion of the exiting water and the surface water caused a backwater
effect in the ponding area at the rear of the landfill. The piezomet-
ric level apparently rose from 63 m to 81 m, and the pore water
pressure was generally 200 kPa, with a maximum ranging from
400 kPa to 600 kPa (Fig. 13). The groundwater level in the front
slope did not change, and the FOS of the possible failure slope was
the same as in the first stage, FOS = 1.401. The stability was good.

3.4.3. The third placing stage
The third placing stage was from July 1, 2015 to August 31,
2015, lasting 61 days, with a placement of nearly 2.03 x 10°> m? of
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Fig. 12. The first stage of CSW placement. (a) Geo-Studio simulation of seepage
in the landfill. The seepage is simulated to show a pore pressure distribution. The
level is assumed less than bedrock peak with an elevation of 63 m. (b) FOS of pos-
sible failure slope. The FOS is high due to the level is under the potential sliding
plane.

CSW. The surface water from rain still flowed directly from two
gullies to the pond and infiltrated the CSW landfill. The volume of
surface water was about 3.91 x 10* m?®; that is, about 640.77 m*.d™’
on average.

In the open pit, the CSW soil was saturated due to rich ground-
water. The ZK5 and ZK17 boreholes (also see Fig. 5) that were
drilled after the landslide revealed that the main components of
CSW in the open pit were cohesive soil, quartz sand, gravel, and
granite breccia, with a poor grading and no separation. The drill
core was hard to form into a pile shape, and easily loosened and
deformed due to the degree of saturation of the soil. The natural
moisture content of the deep red clay ranged from 45.9% to 46.9%,
and the degree of saturation ranged from 94.4% to 94.5%. The
natural moisture content of the greyish brown sandy clay ranged
from 21.5% to 23.1%, and the degree of saturation ranged from
69.0% to 69.4%. If classified by water content, the moisture of the
CSW ranged from “wet” to “very wet”; by degree of saturation,
the moisture of the CSW ranged from “wet” to “saturated.” The
gradual loading from the upper CSW placement caused consoli-
dation of the lower soil mass with high water content and result-
ed in excess pore water pressure. Chen [13] referred to such pore
water pressure as infiltration-induced pore pressure and external
load-induced pore pressure, and discussed the addition of pore
pressures. Li [14] expanded on Chen’s viewpoint. We adopted
their thinking, which suggested that the infiltration-induced pore
pressure was higher than the external load-induced pore pres-
sure.

Therefore, in the rear of the landfill, the piezometric level rose
from 81 m to 86 m, and the pore pressure was about 400 kPa,
with a maximum from 400 kPa to 500 kPa. In the middle of the
landfill, the piezometric level rose from 65 m to 75 m, and the
pore pressure reached 400 kPa. In the front landfill slope, the
groundwater level did not change, remaining at 63 m (Fig. 14(a)).
The FOS of the future failure slope decreased slightly, to 1.301. The
stability was still good (Fig. 14(b)).

3.4.4. The fourth placing stage
The fourth placing stage was from September 1, 2015 to Octo-
ber 31, 2015, lasting 61 days, during which nearly 3.83 x 10° m’
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Fig. 13. The second stage of CSW placement. (a) Geo-Studio simulation of seepage
in the landfill. The groundwater level is rising at the rear due to infiltration of
surface water, but slightly changes in the front slope due to the low hydraulic con-
ductivity. (b) FOS of possible failure slope. The FOS is slightly declined due to the
water level is only approach to the sliding zone.
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of CSW was placed. The runoff due to rain still flowed directly
from two gullies to the pond and infiltrated the CSW landfill. The
volume of surface water was about 1.801 x 10* m®; that is, about
295.27 m>-d™' on average.

In the rear of the landfill, the piezometric level rose from
86 m to 97 m, and the pore pressure changed slightly; it was
generally 400 kPa, with a maximum from 400 kPa to 500 kPa
(Fig. 15(a)). In the middle of the landfill, the groundwater lev-
el rose from 75 m to 81 m. The elevation at the position of the
infiltration area was above 121 m, forming a water head differ-
ence of at least 40 m with the middle groundwater level, and
causing excess pore water pressure, from 600 kPa to 700 kPa.
In the front of the landfill, the groundwater level rose slightly,
to about 65 m. Due to the rising groundwater level in the mid-
dle and front slope, a new potential slide area formed in the
northern part of terrace T6. The FOS of the possible failure slope
decreased markedly, to 1.075. The stability decreased, coming
close to a critical state (Fig. 15(b)).

3.4.5. The fifth placing stage

The fifth placing stage was from November 1, 2015 to Decem-
ber 20, 2015, lasting 50 days, during which nearly 1.68 x 10° m® of
CSW was placed. According to the field investigation on the third
day after the landslide, there was still a stream of flowing water in
the second gully, with a measured discharge of 6 m*.d™", causing
a continuous water supply (Fig. 16). The volume of runoff from
the two gullies was about 7452 m?; that is, about 152.1 m>-d™' on
average. Although the amount of surface-water infiltration was
generally less than during the previous stages, there was heavy
rainfall of 67.8 mm on December 9, accumulating to 95.7 mm by
the time of the landslide, and aggravating the failure of the slope
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Fig. 14. The third stage of CSW placement. (a) Geo-Studio simulation of seepage
in the landfill; (b) FOS of whole possible failure slope; (c) FOS of front possible
failure slope.

(also see Fig. 11(b)).

In the rear of the landfill, the piezometric level rose from
97 m to 147 m; in the middle, it lowered to 112 m (Fig. 17(a)).
The excess pore pressure increased dramatically, to a maximum
of 800 kPa. In the middle of the landfill, the groundwater level
change caused a hydraulic jump. The piezometric level decreased
from 112 m to 68 m, and the groundwater head difference was
44 m, creating excess pore water pressure of 800-1000 kPa.
In contrast to the first four stages, the piezometric head in the
front of the landfill slope rose from 65 m to 78 m, resulting in a
significant increase of pore water pressure. The simulated result
of the existence of a piezometric water head in the landfill was
confirmed by drilling two days after the landslide, when artesian
water flowed from all four drill holes on terrace T3. The depths
of these four holes, respectively, were 7.0 m, 9.4 m, 10.5 m, and
19.5 m (Fig. 18, also see Fig. 4(a)).

In the rear of the landslide, the rise in groundwater level and
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Fig. 15. The fourth stage of CSW placement. (a) Geo-Studio simulation of seepage
in the landfill; (b) FOS of whole possible failure slope; (c) FOS of front possible
failure slope.
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Fig. 16. Gully runoff due to rainfall and continual infiltration to the fresh landfill
waste mass at the rear of the landfill. (a) South gully and trench at back, taken on
November 24, 2015; (b) permanent discharge of southwest gully to landfill, taken
on December 21, 2015.
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the consolidation-induced seepage of the CSW in the lower part
formed the driving source of the sliding. Meanwhile, in the mid-
dle and front of the landfill, both the infiltration and the external
load induced a marked increase in pore pressure, resulting in a
decrease of the resisting force in the front area. Calculation shows
that the FOS of the possible failure slope was 0.918, suggesting
that the landslide possibly had started (also see Fig. 17(b)).

This situation, in which the elevation of surface-water infiltra-
tion gradually rose as the placement of the CSW rose in the rear
of the landfill, was similar to the 1.2 x 10’ m? landfill failure and
liquefaction that occurred in Cincinnati, Ohio, USA, which was
caused by excess pore pressure. In that case, the excess pore pres-
sures represent externally generated pressures in the back pond
of fresh landfill waste that were higher than would be the case
under normal hydrostatic conditions in existing landfill waste [6].

The above analysis indicated that the Shenzhen landfill could
be divided into a front unit (the landfill slope with low moisture
content) and a rear unit (the placing unit with ponding and high
moisture content). This dual structure brought about two effects:
first, surface-water infiltration, in that externally generated pres-
sures at the back pond of fresh landfill waste were higher than
would be the case under normal hydrostatic conditions in an
existing landfill slope; and second, consolidation seepage, in that
the externally generated load from upper placement of waste in
steps leads to excess pore pressure in the lower saturated soil
body. Therefore, groundwater seeped from the rear unit into the
front unit, causing a decrease of stability of the front slope, and
inducing the landslide.

4. Dynamic analysis of the long run-out sliding

This section used a dynamics analysis to study landslide
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mobility after failure. The study focused on a landslide hazard
and risk assessment in order to identify the hazard level, the area
exposed to hazard, and the landslide velocity if a landslide were
to occur [15-17].

4.1. Ring-shear test results

To improve the understanding of the high mobility of the
Shenzhen landside, a series of laboratory tests and numerical
simulations were performed. Ring-shear devices are most appro-
priate for studying large displacements and high shear speeds in
order to evaluate post-failure motion. We employed a large ring-
shear apparatus (DPRI-5) at Kyoto University (Japan) to examine
the undrained shear behavior of the landslide materials. The
ring-shear apparatus is extensively used in landslide research,
and further details concerning its principles can be found in, for
example, Sassa et al. [18,19]. In this study, several samples from
the source area of the landslide were tested under fully softened
and residual-shear-strength conditions [20]. These experimental
results were used to provide appropriate parameters for the sub-
sequent simulations of landslide motion. Moreover, as mentioned
in the previous sections, pore water had a significant influence on
the initiation and run-out processes. A comparative trial was also
conducted under dry conditions to explore the possible role of
water lubrication during run-out.

4.1.1. Sample characteristics and test programs

Geotechnical index properties were measured for the landslide
materials, as indicated in Tables 2 and 3, and Fig. 8 presents the
grain-size distribution of the soil sample. Due to a grain-size lim-
itation imposed by the shear box, gravels > 5 mm were removed
by sieving before ring-shear testing. The excluded gravel com-
prised 12% by weight of the sample. As Kuenza et al. [21] pointed
out, the shear behavior of soils is mainly controlled by the matrix
material when the gravel content is < 40%. Therefore, we believe
that excluding the coarser materials had little, if any, effect on the
shear behavior in the ring-shear tests.

For the undrained ring-shear tests, all samples were prepared
by pouring oven-dried soils into the shear box in layers [22]; the
samples were then saturated by standard procedures, including
using CO, to remove air from the sample and de-aired water to
fill the void space of the sample [18]. The degree of saturation
was evaluated by invoking the pore pressure coefficient of By, as
suggested by Sassa et al. [16]. Note that all the test samples were
saturated with an index of B, > 0.95. To examine the undrained
shear behavior, all saturated samples were consolidated under
a given normal stress and then sheared to residual state using a
shear-speed-controlled method, in which the shear stress was
gradually increased with the given rate (2 kPa-s™) to failure. After
failure, the sample was deformed at a shear speed of approximate
60 mm:-s' to the residual strength condition. Three levels of nor-
mal stress (200 kPa, 400 kPa, and 600 kPa) were involved in order
to determine the potential reduction of undrained strength in the
effective stress path. The response of the pore water pressure for
the saturated sample was measured during the rapid shearing.

4.1.2. Test results and discussion

Representative undrained ring-shear test results and the ef-
fective stress path for the tested landslide materials are shown
in Figs. 19 and 20, respectively. Fig. 19 shows the curves of shear
stress and pore water pressure as a function of shear duration
for different normal stresses. The tests indicated that the normal
stress had little effect on the undrained shear behavior, which
generally exhibited Skempton’s softened characteristics.

First, with increasing shear stress at the controlled loading rate
(2 kPa-s™), pore water pressure gradually increased at relatively
small displacements of millimeters. This result was mainly attrib-
uted to the reason that the collapse of a metastable structure can
induce a build-up of pore water pressure before the occurrence
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of shear failure in this type of undrained shear test [22-24]. It
should also be pointed out that a lagged response (of tens of sec-
onds) of pore water pressure was observed during this loading
stage. This was due to the fact that the test sample contained a
high proportion of fine particles (also see Fig. 8), resulting in low
permeability.

Second, with the progress of loading to failure (see the marked
points in Fig. 19), the shear strength dropped by tens of kilopas-
cal after the failure of the sample when initially softened. This
strength loss generally appeared to be a slight positive tendency
of normal stress, and accompanied the increase of pore water
pressure.

Third, after failure following further increase of shear displace-
ment at high shear speed (~ 60 mm-s™), it was observed the shear
stress and pore water pressure fluctuated at a large shear dis-
placement. Post-test inspection revealed a better-developed shear
zone with lower porosity than the remainder of each sample, and
showed that shear surfaces were obstructed by gravel particles.

The effective stress path for the three undrained ring-shear
tests is plotted in Fig. 20, and two straight lines were fitted to the
experimental data. The dashed line was fitted through the peak
values where the reduction of shear strength was initiated, and
projected back through the origin; this is called the collapse line
(CL) in some studies [25,26]. The CL of the tested materials from
the landslide has a slope of about 24°. The other line (the black
solid line in Fig. 20) was fitted through the steady-state strength
at which soils undergo a steady state of deformation (i.e., contin-
uous deformation under constant shear stress and constant effec-
tive confining pressure at constant volume and constant speed).
This line was called the residual failure line (RFL) and had an
inclination of about 33°. Like the CL, it projects back through the
origin. Soils in an initial state above the CL are not susceptible to
strength softening, whereas soils below the CL are susceptible to
strength reduction if (and only if) the static shear stress exceeds
the residual strength of the soils. Although the most effective
approach to evaluate the high mobility of landslides is still under
wide discussion, the undrained ring-shear tests for landslide ma-
terials shown in Figs. 19 and 20 indicate that the materials had a
potential strength loss due to displacement softening, and that
the landslide mobility would be elevated.

Because the field conditions of the landslide were rather per-
plexing, another comparative trial was conducted under dry con-
ditions in order to explore the possible role of water lubrication
during sliding. This was done because the field evidence showed
that the landslide materials had high water content. As shown in
Fig. 21, the strength spectra for the dry sample, including peak
and residual, were nearly twice as high as for the saturated sam-
ple. This result supported the assumption that the landslide was
lubricated by the abundant pore water at the base of the land-
slide. A comparison of the ring-shear test results with those from
studies of less mobile landslides suggested that the observed
strength loss was not sufficient to fully explain the landslide’s
mobility. A more detailed geomorphological reconstruction of
the landslide event and tests on other materials, including more
sandy parts of the landfill materials, may be needed in order to
better understand the mechanisms contributing to the landslide’s
mobility.

4.2. Dynamic simulation of long run-out motion

This section used the LS-RAPID landslide dynamics computer
software developed by Kyoto University to simulate the long run-
out distance characteristics of the landslide. This software has
successfully simulated the whole process of steady-state land-
slide failure, strength degradation after landslide failure, moving,

and accumulation of landslides that occurred in the Philippines
and in Japan [16]. The simulation took the pore pressure charac-
teristics of the failure and of the post-failure of the landslide into
account.

4.2.1. Dynamics parameters of landslide

Based on the ring-shear test and the physical and mechanical
parameters, and from comparisons with other similar landslide
cases, this section used the dynamics parameters shown in Table 9
(also see Tables 2 and 3).

4.2.2. Results of the dynamic simulation of the landslide

Fig. 22 shows the simulation result from LS-RAPID of the land-
slide at the Shenzhen landfill, showing landslide movement and
accumulation at different times. The red grids represent moving
landslide and the green grids represent the stable mountain and
plain.

Fig. 22(a) at O s represents the initial state of the landslide, and
embodies the morphological characteristics before the landslide
failure.

Fig. 22(b) at 5 s represents the launch of the landslide. The
whole slope failure starts to move downward, with a speed of
14 m-s™" and a movement distance of 480 m.

Fig. 22(c) at 30 s represents the moving downward stage. The
slide mass exits and the rear and its periphery collapse to the
middle, with a maximum speed of 18 m-s™' and a movement dis-
tance of 560 m.

Fig. 22(d) at 65 s represents the stage of continuous speed for-
ward. The slide mass gradually disperses, with a maximum speed
of 21.7 m-s™" and a movement distance of 720 m.

Fig. 22(e) at 95 s represents the decelerated motion stage. The
accumulation is changing constantly, with a maximum speed of
11.5 m-s™' and a movement distance of 920 m.
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Fig. 22(f) at 120 s represents the front accumulation stage. After
dispersing over flat ground, the accumulation is still changing, with
a maximum speed of 1.4 m-s™' and a movement distance of 1060 m.

4.3. Discussion on simulation result

Part of the simulation result can be verified from the junction
surveillance video at the Dejichengchang Road, provided by the
Shenzhen Police Security Bureau (PSB), which shows the landfill
failure of CSW from 11 h 28 m 29 s. After exiting off the initial
failure surface, the major slide mass continuously moved forward

245

over 600 m, being flow-like before coming to rest. From the sur-
veillance video it can be estimated that the deposition ceased af-
ter about 11 h 41 m and that main movement lasted about 150 s.

In our simulation of the process using LS-RAPID, the landslide
moved downward, exited off the landfill, and formed a long run-
out. The landslide mass spread over a flat piece of open land in
the front zone before coming to rest. In the simulation, the max-
imum speed was about 29.8 m-s™, the maximum accumulation
thickness was about 23 m, the movement distance was about
610 m, the main moving period of the slide mass was about 130 s,
and its apparent friction angle was 6° (Fig. 23, also see Fig. 5).

;:lr):fngeters chosen for the dynamic simulation of the run-out of the landslide.

Parameters of soils used in simulation Value Source

In the source area Steady-state shear resistance () 30 kPa Test data
Lateral pressure ratio (k = o,/0,) 0.3-0.5 Estimation (see text)
Friction angle at peak (¢,) 20° Test data
Cohesion at peak (c) 10 kPa Assuming small [19]
Friction angle during motion (¢,,) 26° Test data
Shear displacement at the start of strength reduction (DL) 5-8 mm Test data
Shear displacement at the start of steady state (DU) 80-100 mm Test data
Pore pressure generation rate (B,,) 0.9 Estimated
Total unit weight of the mass (y,) 18 kN-m™ From the test

In the moving area Steady state shear resistance () 30 kPa Test data
Lateral pressure ratio (k = ,/0,) 0.3-0.5 Estimated
Friction angle at peak (¢,) 20° Test data
Cohesion at peak (c) 10 kPa Assuming small [19]
Friction angle during motion (¢,,) 26° Test data
Shear displacement at the start of strength reduction (DL) 5-8 mm Test data
Shear displacement at the end of strength reduction (DU) 80-100 mm Test data
Pore pressure generation rate (B) 0.2 Estimated
Total unit weight of the mass (y,) 18 kN-m™® From the test
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Fig. 22. Simulation result of the long run-out of the landslide at the Shenzhen landfill with LS-RAPID.
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5. Geotechnical risk analysis on landfill

One of the serious problems faced by many countries is the
improper management of growing quantities of MSW (Table 10).
Large waste dumps are being created in developing countries
such as Brazil, China, India, Indonesia, and the Philippines, while
very large engineered landfills are being built in developed
countries such as the United States. Uncontrolled large dumps
or even large engineered landfills can pose serious physical and
environmental problems if the slopes are not properly designed,
constructed, and maintained [1]. Effective management of ge-
otechnical risks is supremely important in MSW landfills [27].
McMahon [28] described three main types of risk associated
with geotechnical design: encountering an unknown geological
condition, using the wrong geotechnical design criteria, and bias
variation in the design parameters being greater than estimated.
Clayton [29] divided geotechnical risk into technical, contractual,
and project management. This paper discusses the geotechnical
risk of the landslide at the Shenzhen landfill, in order to provide
those dealing with urbanization with some lessons for siting, de-
sign, construction, operation, and the management of landfills.
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Fig. 23. Simulation result of the run-out velocity of the landslide at the Shenzhen
landfill with LS-RAPID. (a) Velocity vs. time; (b) velocity vs. distance.
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5.1. Design-induced risk

According to the construction design drawing, the landfill
designers set some drainage systems on the surface of the land-
fill slope, such as a flood-intercepting trench, a drainage trench,
and a torrent tank. Among these, a near-surface drainage facility,
such as a blind pipe, was set in the front zone, and a superficial
impermeable drainage layer was set only on terraces T4 and T7.
Although this kind of drainage system can prevent the infiltration
of near-surface water, it cannot drain the bottom groundwater
in the ponding zone at the rear of the landfill. In order to ana-
lyze the landslide risk brought about by design mistakes in the
groundwater drainage system, this study compared the three fol-
lowing drainage conditions, using the same physical parameters
and simulation conditions discussed in previous sections.

5.1.1. Near-surface blind drainage

This scenario assumed that a 20 m blind drain was set on the
slope to drain the groundwater (Fig. 24(a), also see Fig. 17). The
groundwater seepage field in the landfill remained basically
unchanged; only the groundwater level at the toe of the slope
declined slightly. This scenario indicated that the blind drain was
too short to effectively drain, and drained only nearby groundwa-
ter. It had a slight influence on the landslide with its FOS of 0.95,
as shown in Fig. 25(a), but had a similar result to an undrained
situation.

5.1.2. Drainage pipe in the front of the slope

This scenario assumed that a 170 m culvert pipe was set on
the raised bedrock under terraces T3 and T4 on the landfill slope
to drain groundwater (Fig. 24(b), also see Fig. 17). The middle and
back of the groundwater seepage field in the landfill had a subtle
change, but an obvious change happened in the front, especial-
ly in the area with the raised bedrock. The pore water pressure
essentially disappeared; the groundwater level in the toe of the
slope declined, demonstrating a good drainage effect. The safety
factor, FOS = 1.07, showed that the stability improved significant-
ly, as shown in Fig. 25(b).

5.1.3. Drainage pipe from the rear of landfill

This scenario assumed that a 470 m culvert pipe was set,
which extended to the rear of the landfill and connected with
the gully. The pipe could drain the water flow of the gully and
the groundwater in the slope (Fig. 24(c), also see Fig. 17). The
groundwater seepage field in the landfill had an apparent change,
in that the pore water pressure in the rear of the landfill declined

Table 10
Some selections of documented landslide events in landfills around the world [1].
No. Location Year Fatalities ?/:1%? ;3) Prevention Reason Source
1 Payatas, Manila, the Philippines 2000 278 13-16 Unlined Heavy rainfall (typhoon) Merry et al. [2]
2 Leuwigajah, Bandung, Indonesia 2005 147 2700 Unlined Fire and heavy rain Lavigne et al. [4]
3 Bandeirantes, Sao Paulo, Brazil 1991 — 65 Lined Pore pressure Bauer et al. [10]
4 Umraniye-Hekimbasi, Istanbul, Turkey 1993 39 1200 Unlined Gas explosion Kocasoy et al. [30]
5 Athens, Greece 2003 — 800 Unlined Fire and water Kolsch et al. [31]
6 Bulbul, Durban, South Africa 1997 — 160 Unlined Pore pressure by liquid waste  Blight [11,32]
7 Dona Juana, Bogota, Colombia 1997 — 800 Lined Pore pressure by leachate Hendron et al. [33]
8 Mecklenburg-vorpommern, Germany 2001 — 400 Unlined Gas and water Kolsch et al. [31]
9 Rumpke, Cincinnati, Ohio, USA 1996 — 1200 Unlined Excavate and explosion Eid et al. [34]
10 Kettleman, California, USA 1988 — 490 Lined Excess pore water pressure Huvaj-Sarihan et al. [35]
11 Shenzhen, Guangdong, China 2015 77 2730 Lined. Surface drainage  Excess pore water pressure This paper

system is being built
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from 800 kPa to 200 kPa and the pressure in the middle and front
virtually disappeared, showing that the drainage effect was good.
The safety factor, FOS = 1.89, as shown in Fig. 25(c), showed that
the stability was very good.

5.1.4. Comparison of four operating modes

Fig. 26 compares the changing FOS conditions under the four
alternative operating modes, over a period of 60 days before the
landslide, from October 20, 2015. First, with the infiltration of
surface water and under the circumstance of not setting a drain-
age system, the FOS of the possible failure slope declined from 1.42
to 0.92, showing that a landslide occurred. Second, assuming that
a near-surface blind drain was set in the front zone, the FOS de-
clined from 1.52 to 0.95, showing that a landslide still happened.
Third, assuming that a 170 m culvert pipe was set on the raised
bedrock under terraces T3 and T4, the FOS declined from 1.67 to
1.07, showing that the stability of the slope was good. Fourth, as-
suming that a drainage pipe was set from the rear of the landfill,
the FOS of the possible failure slope remained at 1.89, showing
that the stability of the slope was very good.

If a reasonable drainage system had been set at the bottom of
the landfill, the risk could have been avoided.

5.2. Emergency-induced risk

Our visit to the site suggested that precursors indicating a
forthcoming landslide at the Shenzhen landfill were very clear.
The following indicators were present in the monthly report
issued by management on November 21, 2015: @ A slight sink
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Fig. 24. Scenario assuming various drainages of groundwater: simulation result
of seepage in the Shenzhen landfill before sliding. (a) Blind ditch on the surface
of the slope; (b) drainage pipe in the front of the slope; (c) drainage pipe from the
rear of the landfill.

occurred on terrace T3; @ a drainage trench was fractured after
the rush of rain; and ® since November 26, some cracks had oc-
curred in the slope between terraces T3 and T4. According to eye-
witnesses, at about 6 a.m. on the day of the landslide, December
20, 2015, workers discovered bulges, cracking, and deformation of
the slope between terraces T3 and T4. Meanwhile, a crack with a
length of several tens of meters and a width of 0.4 cm occurred at
the top of the landfill. Workers filled the crack with soil. By 9 a.m.,
the crack was longer and wider, and the workers stopped filling it.

We calculated the FOS for the front slope of the fifth placing
stage. The result showed that because of the excess pore water
pressure that existed on the raised area of bedrock, the FOS of
a local landslide in the front landfill slope was 0.737, which was
obviously lower than the whole landslide FOS (also see Fig. 17(c)).
This result verified the reliability of witnesses’ descriptions that
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Fig. 25. Scenario assuming various drainages of groundwater: simulation result of
FOS of possible failure slope in the Shenzhen landfill before sliding. (a) Blind ditch
on the surface of the slope; (b) drainage pipe in the front of the slope; (c) drainage
pipe from the rear of the landfill.
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many cracks occurred between terraces T3 and T4 several hours
before the slide. Therefore, if the emergency preparedness steps
of evacuating the people in the risk zone had been formulated
and implemented when the cracks were first noticed, the risk to
life safety could have been prevented.

5.3. Construction-induced risk

Witness interviews and explorations in the field revealed that:
@ The flood-intercepting trench had not been constructed in the
rear zone as required by the designers; @ high-water-content
CSW was directly discharged into the landfill without air-curing
or mixing with dry soil; ® the available volume of the open pit
had been exhausted with a water volume of 80 000-90 000 m’
before the placement of the CSW; and @ the CSW placement in-
volved overloading and was done too fast. This landfill had placed
5.83 x 10° m® of CSW, clearly exceeding the original design limit
of 4 x10° m>.

Based on the five CPTs conducted during the field investiga-
tion, the compactness of the majority of the CSW in the landfill
was 40%-80%. Some black silt layers existed with high water
contents of 40%-48%. If the placing schedule had been effectively
controlled and the fresh CSW appropriately rolled, so that the
compactness of the CSW met the design needs of 95%, the mois-
ture content would have obviously been lower.

The dry and saturated ring-shear test for the soil samples from
the landfill showed that the shear resistance of the saturated
sample was about 75 kPa, and that of the dry sample was about
150 kPa: the former being 50% lower than the latter (Fig. 21).
This finding also showed that if the placing speed had been con-
trolled, the moisture content of the CSW could have been lower,
and accordingly the shear resistance higher. At the same time,
the apparent friction angle of the energy line would have been
increased, thereby reducing the hazardous reach of a rapid long
run-out landslide.

5.4. Contract-induced risk

The investigation showed that company A, which was respon-
sible for this landfill construction project, had no related quali-
fications and illegally borrowed the qualifications of company B.
The related technology service organizations did not fulfill their
contractual obligations in accordance with the law. In September,
2015, after signing a design contract with company A, company
C did not conduct the design, but directly stamped the drawing
provided by company A. Company D signed two supervision con-
tracts with company A, but in the process of construction and op-
eration, company D did not arrange for any staff to supervise the
construction quality.

5.5. Siting-induced risk

This landfill was listed in the special planning of landfill con-
struction from 2011 to 2020 and was ratified by Shenzhen author-
ities. However, there are two newly-built industrial zones, one of
which is only 154 m, and the other 300 m, from the base of the
landfill. Some temporary living houses were even built only 60 m
from the landfill. This siting risk existed because of the lack of an
effective buffer zone.

Five obvious geotechnical risk issues existed at the landfill, of
design, emergency, construction, contract, and siting. In terms of
technology, these were all foreseeable; however, due to non-tech-
nical reasons, these risks were not foreseen. Therefore, in con-
struction for urbanization, it is necessary to enhance control over
both technological and non-technological geotechnical risks.

6. Conclusions

We applied a multistage modeling technique to study the var-
ious characteristics of the CSW landfill slope structure during the
five phases of CSW placement, and used non-steady fluid flow
theory to analyze the groundwater seepage affecting the landfill.
The results show that the landfill could be divided into two units:
the front unit (the landfill slope), with low water content, and
the rear unit (fresh waste), with ponded water and high moisture
levels. This structure created two effects—surface-water infil-
tration and consolidation seepage to trigger the landslide at the
landfill. We also used soil dynamic parameters of the landslide
from cone penetration, triaxial, and ring-shear tests to simulate
the characteristics of a flowing slide with a long run-out due to
the liquefaction effect. The result suggested that the landslide had
a maximum speed of about 29.8 m-s™' with a maximum width
of about 23 m, and traveled about 610 m in 130 s, at an apparent
friction angle of 6°. Using lessons learned from catastrophic solid
waste landfill landslides from around the world and errors made
in managing the emerging geotechnical risks during the urban-
ization process in the area, we discussed how the catastrophic
failure might have been avoided.
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