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Abstract
The 2015 catastrophic landslide in a 110-m-high waste dump in Shenzhen is recognized as one of the largest landfill failure

worldwide. An earlier comprehensive field investigation revealed that the dominant component of the fill was completely

decomposed granite (CDG), and the dumping operation was accompanied by a rise of the groundwater level. In this paper,

the complex stress paths for the initially unsaturated fill materials being subjected to both rapid filling and wetting were

investigated. A simplified method was proposed for estimating the gain of undrained shear strength under the complex

stress paths. Soil samples were taken from the site to a laboratory to measure the undrained shear strength and validate the

estimation method. Total stress-based stability analyses were carried out to calculate the factor of safety of the dump at

failure. The triggering mechanism of the landslide is clarified as follows: The gain of shear strength with the surcharge

loading for the wet layer in the lower part of the waste dump was limited by a build-up of excess pore-water pressure. The

gain of shear strength for the relatively dry fill material was attenuated with the rise of groundwater level. When the shear

strength was not enough to resist the increasing slip force with the surcharge loading, a deep-seated translational failure

took place in the lower wet layer of the waste dump. The proposed method for analyses of undrained strength and slope

stability are proven to be applicable to the waste-dumping operation with rapid filling and rising groundwater level.

Keywords Construction waste dump � Completely decomposed granite � Slope stability � Total stress based analysis �
Undrained shear strength � Wetting

1 Introduction

Accompanying the rapid urbanization in China in recent

years, construction waste (CW) has dramatically increased

in many cities. Taking Shenzhen, one of the largest cities in

China, as an example, the volume of CW yielded per year

was approximately 3.6 9 107 m3 from 2013 to 2015 [7].

Approximately 61% of the CW was transported to waste

dumps for landfilling. More than 40 waste dump sites have

been constructed or are planned to be constructed in

Shenzhen. As the most common way to dispose of CW,

landfilling is often accompanied by the risk of landslides.

On 20 December 2015, a catastrophic landslide occurred in

a 110-m-high waste dump located in Guangming New

District, Shenzhen, China. This landslide destroyed 33

buildings and killed 77 people. The characteristics of the

landslide were captured by field investigation, unmanned

aerial vehicle (UAV) surveys, multistage remote-sensing

images and so on [23, 29, 30]. The volume of the sliding

mass is approximately 2.51 9 106 m3. Thus, it is recog-

nized as one of the largest landslides that occurred in a

landfill worldwide. The impacted area is 0.38 km2, with a

maximum length of 1100 m and a width ranging from 150

to 630 m. The maximum speed of sliding was estimated to

be 50 km/h, and the run-out distance was measured to be

approximately 450 m [30].

The post-failure characteristics of this landslide with a

high sliding speed and a long run-out distance have moti-

vated the study of the dynamic behaviour using various

numerical methods [3, 5, 8, 13, 16, 31]. However, few

quantitative analyses were performed to clarify the failure

& Xiao-gang Guo

xiaogang_guo@zju.edu.cn

1 MOE Key Laboratory of Soft Soils and Geoenvironmental

Engineering, Zhejiang University, Hangzhou 310058, China

2 China Institute of Water Resources and Hydropower

Research, Beijing 100044, China

123

Acta Geotechnica (2021) 16:1247–1263
https://doi.org/10.1007/s11440-020-01083-8(0123456789().,-volV)(0123456789().,- volV)

http://orcid.org/0000-0002-2738-8266
http://crossmark.crossref.org/dialog/?doi=10.1007/s11440-020-01083-8&amp;domain=pdf
https://doi.org/10.1007/s11440-020-01083-8


triggering mechanism of this landslide. This lack of anal-

ysis is due to the complexity and uncertainty in the waste

dump. The complexity and uncertainty result from the

variability in the hydrogeological conditions, and the time-

dependent state of the fill materials [30].

Based on a comprehensive field investigation, Zhan

et al. [30] reconstituted the geotechnical and hydrogeo-

logical conditions of the Guangming waste dump prior to

the landslide. The dumping operation was characterized

by rapid filling at a rate of 5–7 m/month, inadequate

compaction and poor water drainage. The dominant

component of the dumped materials was identified to be

completely decomposed granite (CDG). The CDG sam-

ples taken from the Guangming dump site presented

broad grain sizes with the contents of fine-particle (grain

size B 0.075 mm) greater than 30% [30]. The fill mate-

rials with broad grain sizes are probable to have internal

erosion and then trigger the instability of slope [24–28].

Actually, fine-grained soil was observed in some sam-

pling boreholes in the middle part of the source area in

the field investigation. However, the fine-grained soil

samples accounted for less than 3% of the 102 samples

and might not form a continuous soil layer [30]. The

internal erosion is considered unlikely to be the direct

cause of the landslide. The CDG with different initial

water contents was dumped in different zones to form a

two-zone structure, with high-water-content fill dumped

in the lower and rear areas. Inadequate compaction of

the fill materials resulted in a low compactness with a

relative density (Dr) that ranged from 4 to 67%. No

effective drainage facilities resulted in a large quantity of

water accumulating in the dump and seeping into the

dump, leading to a significant rise in the groundwater

level. According to a water balance analysis [30], nearly

70% of the fill was likely to be saturated with the rising

of the groundwater level. The rapid landfilling of wet

and loose soils very likely caused a build-up of excess

pore-water pressure in the poorly drained fill. The exis-

tence of excess pore-water pressure in the lower layer of

the waste dump was confirmed by a borehole investi-

gation as well as the evaluation of the consolidation

degree of the borehole samples [30]. When the dump

reached a fill height of 100 m, a deep-seated translational

failure occurred in the lower poorly consolidated fill

layer.

The above review indicates that the fill materials in

the waste dump were initially in an unsaturated state and

then experienced a complex stress path involving sur-

charge loading and wetting prior to the final shearing

failure. The surcharge loading caused compression of the

pore air and led to partial consolidation of the unsatu-

rated fill, which was poorly drained. The compression

and the subsequent wetting resulted in an increase in the

saturation degree of unsaturated fill. The change in sat-

uration degree will inevitably alter the shearing beha-

viour prior to a final failure. In addition, the stress path

is believed to be different for the fill materials located in

different zones with different initial values of water

content. The complex stress path caused a difficulty in

the determination of shear strength and the quantitative

analysis of slope stability. As noted by Yin et al. [29],

conventional methods of stability analysis for natural

landslides are difficult to apply to waste dumps because

the topography and hydrological conditions were

changing during the filling process. The total stress-based

method used for the stability analysis of embankments

[9] or earth dams [2] under construction cannot be easily

implemented for the stability analysis of the waste dump.

This is because the determination of undrained shear

strength involves the complex stress path of surcharge

loading and wetting. Ladd [6] introduced an approach,

termed undrained strength analysis (USA), to calculate

the gain of shear strength for a saturated cohesive soil

ground being subjected to a staged surcharge loading. It

was believed that consolidated-undrained shear test (CU)

was rational to simulate the staged surcharge loading and

failure processes. In the consolidation stage, the K0 stress

condition considering anisotropy was believed to be

more rational than the isotropic consolidation. With an

interpretation of the CU test results, the relationship

between undrained shear strength cu and vertical con-

solidation stress r
0
vc could be obtained for a stability

analysis of the soil ground. To implement the stability

analysis, it was required to evaluate the change in ver-

tical effective stress r
0

vc in the soil profile during the

staged construction. The USA methodology shines a light

on the determination of shear strength for the fill mate-

rials in this paper, which was subjected to rapid filling

under a poorly drained condition.

In this study, the stress paths of the fill materials in the

waste dump were identified first by studying the rapid

filling process and the rise of the groundwater level. On the

basis of the identified stress paths and the methodology of

undrained strength analysis, a simplified method was pro-

posed for estimating the undrained shear strength of the fill

materials. Then, laboratory tests on the CDG samples taken

from the dumpsite were carried out to measure the

undrained shear strength. A comparison between the

measured and estimated shear strengths was conducted to

validate the estimation method. Considering the estimated

undrained shear strength, total stress-based stability anal-

yses were carried out to calculate the factor of safety just

before sliding. Finally, the influence of the initial saturation

degree of the fill materials on the landfill height and

capacity was investigated.
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2 Stress paths of fill materials in rapid
landfilling

As stated above, in this study, the determination of the

undrained shear strength involves a complex stress path

that reflects surcharge loading and wetting. Therefore, to

determine the shear strength, the filling process and the

evolution of the groundwater level in the waste dump are

clarified as follows.

2.1 Filling process of the waste dump

The geotechnical and hydrogeological conditions of the

waste dump reconstructed by Zhan et al. [30] are shown in

Fig. 1. The dumpsite was originally an abandoned quarry

surrounded by mountains with a narrow opening on the

north side. The bedrock was granite and was covered by a

layer of spoil waste. The dumping operation began in

February 2014. The fill, which mainly consisted of CDG,

was stacked first in the front area of the dumpsite. The

initial dry density of the fill was assumed to be equal to that

of the shallow fill on the front slope, which was not sub-

jected to compaction. The initial dry density was deter-

mined to be 1.3 g/cm3 during the field investigation [30].

The initial water content of the fill in the front area was

19% on average and corresponded to a saturation degree of

48%, as indicated in Fig. 1. Fill with the same composition

but a much higher water content was then dumped in the pit

surrounded by the front fill and the mountains. The initial

water content and the saturation degree of the fill in the pit

were determined to be 26% and 66%, respectively, by

laboratory tests [30]. As the dumping operation continued,

the top of the waste dump reached an elevation of 115 m in

November 2014, with an average filling rate of 7 m/month.

As shown in Fig. 1, two zones with different initial satu-

ration degrees were formed in the waste dump. It is sup-

posed that a transition zone formed between these zones

due to seepage during landfilling. The average values of

water content and saturation degree for the transition zone

were estimated to be 23% and 58%, respectively. The

dumping operation was then suspended by the local gov-

ernment for five months. Operation resumed in April 2015

and continued until the landslide occurred in December

2015. Low-water-content fill was dumped on the upper

surface of all three zones in this stage, with a filling rate of

5 m/month. The maximum elevation of the waste dump

before the landslide was 160 m. From February 2014 to

December 2015, 5.83 9 106 m3 of fill material was

dumped in the quarry site, forming a slope with an overall

gradient of 4H/1 V (148).

2.2 Evolution of groundwater level in the waste
dump

Due to the large catchment area and poor drainage, water

that accumulated in the waste dump caused the ground-

water level to rise during landfilling. The rise of the

groundwater level changed the saturation degree of the fill

and further altered the stress path and the shear strength.

Groundwater level monitoring was absent during the

landfilling. The evolution of the groundwater level was

computed by conducting water balance analysis and seep-

age analysis [30]. The water balance analysis was con-

ducted by referring the values of runoff coefficient

determined in an imitate rain test [19] and the percentage

of infiltration with the effect of topography considered

[15, 22].

In accordance with the filling process stated above, the

seepage analyses were divided into two stages. The first

stage was from February 2014 to March 2015. The maxi-

mum elevation of the waste dump reached 115 m in this

stage, and then, the dumping operation was suspended for

five months. The second stage was from March to

December of 2015. The dumping operation was resumed,

and the maximum elevation rose to 160 m. Figure 2a

indicates the profile of the waste dump for the seepage

analysis of the first stage. The bottom ABCD is assumed to

be an undrained boundary. Water enters the waste dump

Fig. 1 Representative profile with three zones with different initial saturation degrees
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along the boundaries AF and DEF. Before the dumping

operation, there was a pond with approximately 9� 104m3

of water in the quarry site [30]. As the water in the pond

was not drained, the initial groundwater level is assumed to

be AC. The water that accumulated in the waste dump

during landfilling consisted of rainfall infiltration in the

dumping area and surface and subsurface runoff from the

catchment area [30]. It was assumed that 20% [15] of the

precipitation in the catchment area became surface runoff

and 60% [19] of the surface runoff seeped into the waste

dump along the boundary DEF, while 7% [22] of the

precipitation formed subsurface runoff and infiltrated into

the dump along AF. In the dumping area, the precipitation

on the gentle surface EF was believed to infiltrate into the

dump totally, while only 20% of the precipitation on the

inclined surface DE infiltrated into the dump [19]. The

evaporation in the dumping area was assumed to be one-

third of the evaporation potential from the free water sur-

face (1107 mm/y) [30]. The precipitation and evaporation

data during the 22 months before the landslide were col-

lected from the adjacent weather station [29]. In the

seepage analysis by the Seep/W module of the software

GEO-SLOPE, the infiltration rate was calculated based on

the percentages stated above and converted to the unit flux

boundary functions for AF and DEF. The relationship

between the permeability coefficient and suction was pre-

dicted from the measured soil water characteristic curve

(SWCC), and van Genuchten’s model was used for the

prediction [4]. The relationship of volumetric water content

and permeability coefficient to suction for the CDG with a

dry density of 1.3 g/cm3 is listed in Table 1.

Fig. 2 Groundwater level and pore pressure in the waste dump in (a) the initial state, (b) the first stage and (c) the second stage
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The computed groundwater level from the first stage of

seepage analysis is shown in Fig. 2b. A significant rise of

the groundwater level was caused by the residual water

ponding in the quarry and the subsequent water accumu-

lation in between February 2014 and March 2015. It can be

seen that the rise of groundwater level makes the fill

materials in the rear part saturated. Figure 2c shows the

profile of the waste dump for the second stage of seepage

analysis. The updated boundaries AH, DG and GH have the

same percentages of infiltration as those of AF, DE and EF,

respectively. The computed groundwater level from the

second stage of seepage analysis is shown in Fig. 2c.

Further rise of groundwater level was observed during the

second stage of filling. The groundwater level at the front

was close to the slope surface, which was consistent with

the field observation by the staff at the site.

2.3 Stress paths for different zones of the waste
dump

The stress paths of the fill during the landfilling were

identified based on the filling process and the groundwater

level evolution. According to the initial values of saturation

degree and the change in groundwater level for the two

stages, the cross section of the waste dump before failure is

roughly divided into 14 zones, which are shown in different

colours in Fig. 3. Different zones have different stress

paths.

Two stress state variables for unsaturated soil mechan-

ics, i.e., net normal stress p� uað Þ and matrix suction

s ¼ ua � uw, are used to interpret the stress path involving

surcharge loading and wetting (see Fig. 4). Taking Zone 2

and Zone 12 in the waste dump as examples, the stress

paths are shown in Fig. 4a and b. For the unsaturated fill

dumped in Zone 2, as indicated by point A in Fig. 4a, the

net normal stress p� uað Þ and shear stress q were zero

initially, while the matrix suction s had a specific value.

The dumping operation imposed surcharge loading on the

fill and led to increases of p� uað Þ and q, as indicated by

path AB. The matrix suction decreased slightly as the

saturation degree increased with a soil compression. A

subsequent wetting with the rise of the groundwater level

made the fill in Zone 2 saturated. The matrix suction

decreased to zero, as indicated by the path BC. It was

supposed that the wetting due to a rise of the groundwater

level did not lead to a collapse in the fill. This process did

not include compression, so p� uað Þ and q remained

constant. In the case of poor drainage, the subsequent

surcharge loading resulted in a built-up of excess pore-

water pressure in the saturated fill. The fill was subjected to

rapid shearing during the landslide. The shear stress

increased dramatically to point D, which was on the failure

envelope. For the fill in Zone 12, during the filling process,

the groundwater level approached this zone gradually. The

upward movement of water due to capillary rise reduced

the matrix suction, as indicated by B’C’ in Fig. 4b. The

Table 1 Relationships of volumetric water content and permeability coefficient to suction for the CDG

Volumetric water content 0.515 0.498 0.413 0.360 0.313 0.293 0.272 0.250

Suction (kPa) 0.1 10 50 100 209 305 500 1000

Permeability coefficient (m/s) 1.67E-06 3.72E-07 2.19E-08 3.18E-09 3.21E-10 9.48E-11 1.88E-11 1.91E-12

Fig. 3 Discretization of the cross section of the waste dump prior to sliding

Fig. 4 Schematic diagram of the stress paths for (a) Zone 2 and

(b) Zone 12
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succeeding dumping operation further compressed the fill,

as indicated by C’D’. The unsaturated fill in Zone 12 was

finally subjected to rapid shearing. The stress state changed

to point E’ on the failure envelope. The final stress states

for the fill in Zones 2 and 12, i.e., points D and E’, indicate

different shear strengths. It is anticipated that the fill with a

lower initial saturation degree is more compressible under

undrained conditions and thus has higher shear strength.

The stress paths for the other 12 zones are interpreted in a

similar way. This stress path interpretation provides insight

into the estimation of undrained shear strength for fill

materials.

3 Estimation of undrained shear strength

Figure 5 shows the evolution of total stress state and

hydraulic state for the soil element being subjected to the

rapid filling under a poorly drained condition. The evolu-

tion basically involved three kinds of loading process, i.e.,

surcharge loading due to dumping operation, wetting due to

groundwater rise and shearing at failure. The surcharge

loading caused an increase in vertical total stress and sat-

uration degree Sr. The rapid loading process can be

assumed to be an undrained compression. The wetting led

to an increase in saturation degree Sr and a decrease in

matrix suction s. It was assumed that no volume change

occurred in the wetting process. The final dumping

operation caused a shearing failure of the soil element. It is

assumed to be an undrained shearing without volume

change because the saturation degree in the soil element

reached a high value and the failure was rapid. It should be

noted that the surcharge loading and wetting might occur

multiple times during the landfilling. Thus, the stress path

for the soil element can be simplified to be an undrained

compression, a wetting and a final undrained shearing. The

in situ stresses at the compression stage were believed

more close to K0 condition. The K0 consolidation could be

approximately equivalent to an isotropic consolidation with

a confining pressure r3 ¼ rvc 1þ 2K0ð Þ=3. rvc is the ver-

tical total stress, and K0 is the coefficient of earth pressure

at rest. The effective consolidation stress at the compres-

sion stage could be determined by an estimation of pore

pressure by assuming an undrained isotropic compression.

During the wetting stage, the decrease in suction can be

estimated from SWCC, and the contribution of residual

suction to shear strength can be evaluated by the suction-

induced stress [10]. Based on these simplifications, the gain

of undrained shear strength for the soil element during the

landfilling can be estimated in accordance with the USA

methodology. The estimation procedure of undrained shear

strength includes the following three steps.

a. Step 1: estimation of pore pressure generated during

undrained isotropic compression.

Fig. 5 Total stress state and hydraulic state of soil element during rapid landfilling
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For isotropic compression, Skempton [17] gave an

expression of the pore pressure coefficient B as

B ¼ Duaw
Dr3

¼ 1þ n0
Caw

Cs

� ��1

ð1Þ

in which Dn is the change in porosity. In the definition

of Caw given by Skempton and Bishop [18], the pore

air and pore water were treated as a fluid mixture. In

other words, the pore-air pressure was assumed to be

equal to the pore-water pressure. The influence of the

surface tension was disregarded. By taking Boyle’s and

Henry’s laws into account, Schuurman [14] derived an

expression of the compressibility of the water/air

mixture as

Caw ¼ 1� Sr0 þ h � Sr0ð Þ ua0=u
2
a

� �
ð3Þ

where ua0 is the initial pore-air pressure; ua is the pore-

air pressure after loading and equals (ua0 þ Dua); Sr0
denotes the initial saturation degree; and h is the sol-

ubility of air in water and equals 0.02 at 20 �C. Con-
sidering Eq. (1), the change in pore pressure is

expressed as

Duaw ¼ Dua

¼ 1þ n0
1� Sr0 þ h � Sr0ð Þ ua0=u

2
a

� �
Cs

� ��1

Dr3:

ð4Þ

In undrained isotropic compression, the water con-

tent remains constant. The saturation degree after

loading is determined by

Sri ¼
Sr0e0
ei

ð5Þ

in which e0 is the initial void ratio and ei is the void

ratio after the i-th loading and expressed as

ei ¼ e0 � 1þ e0ð Þ 1� Bð ÞDr3 � Cs: ð6Þ

The pore pressure is determined by iterative calcu-

lation of Eq. (4). The initial saturation degree and pore

pressure are updated via Eqs. (5) and (6) in each iter-

ation step. Notably, neglecting surface tension is more

acceptable in the case with a high saturation degree, in

which pore air is assumed to exist in pore water in the

form of bubbles.

b. Step 2: estimation of effective consolidation stress r
0
3

by taking the contribution of suction into account.

Although the effect of surface tension (or matrix

suction) was ignored in the calculation of pore

pressure, the contribution of suction to the shear

strength should be taken into account for an

unsaturated fill. To determine the shear strength, the

effective consolidation stress prior to shearing should

first be identified. In the equation of shear strength

proposed by Vanapalli et al. [20], the effective

consolidation stress with a contribution of suction

was expressed as

r
0

3 ¼ r3 � uað Þ þ Se ua � uwð Þ ð7Þ

where Se is the effective saturation and uw is the pore-

water pressure. Lu et al. [11] determined the effective

saturation by employing van Genuchten’s model for

the SWCC, i.e.,

Se ¼
Sr � Sres
1� Sres

¼ 1

1þ a � sð Þb

" #b�1
b

ð8Þ

where Sres is the residual saturation, a and b are the

fitting parameters determined by SWCC [18], and s is

the matrix suction. Se ua � uwð Þ is an approximation for

the contribution of suction to effective stress [10].

Once the saturation degree is determined, the

effective consolidation stress can be determined by

Eq. (7).

c. Step 3: estimation of undrained shear strength via the

modified Cam-Clay model.

After undrained isotropic compression and wetting,

the fill was assumed to be saturated or nearly saturated.

From the modified Cam-Clay model, the volume

change in the saturated soil in the undrained shear is

dev ¼
1

1þ e0ð Þp0 jþ k� jð ÞM
2 � g2

M2 þ g2

� �
dp0

�

þ k� jð Þ 2g
M2 þ g2

dq

	

¼ 0

ð9Þ

in which p0 is the mean effective normal stress; k and j
are the slopes of the normal consolidation line and

unloading/reloading line in the coordinate of e versus

lnp0, respectively; M is the slope of the critical state

line in the coordinate of q versus p0; g is the stress ratio

determined by g ¼ q= p0 þ p0r
� �

and equal to M at

failure; p0r denotes the equivalent normal stress of

cohesion and equals c0= tanu0 [1]; and q is the devia-

toric stress. Equation (9) leads to

dq

dp0
¼ K

p0 þ p0r
� �

q
þ H

q

p0 þ p0r
� � ð10Þ

where
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K ¼ kM2

2 j� kð Þ
and

H ¼ 2j� kð Þ
2 j� kð Þ :

As the stress state prior to the undrained shear is (r
0
3,

0), the differential Eq. (10) is solved to obtain

1

2 H � 1ð Þ ln H � 1ð Þ q

p0 þ p0r

� �2

þK














¼ ln p0 þ p0r
� �

þ 1

2 H � 1ð Þ ln Kj j � ln r
0

3 þ p0r

� �
:

ð11Þ

At the critical state, the stress ratio is

q

p0 þ p0r
� � ¼ M: ð12Þ

Substituting Eq. (12) into Eq. (11), the shear stress

at failure is expressed as

qf ¼ r1 � r3ð Þf

¼ M � exp 1

2 H � 1ð Þ ln H � 1ð ÞM2 þ K


 

�

� 1

2 H � 1ð Þ ln Kj j þ ln r
0

3 þ p0r

� �� ð13Þ

or

qf ¼ 2
j�k
k � 6 sinu0

3� sinu0 r
0

3 þ
c0

tanu0

� �
: ð14Þ

As pointed out by Ladd [6], the USA should attempt

to predict the available undrained shear strength on the

most realistic potential failure surface, i.e. the surface

inclined at h ¼ 45
� þ u0=2. Therefore, the undrained

shear strength was defined as cu ¼ qf cosu0=2. Based

on this definition, the undrained shear strength is

expressed as

cu ¼ 2
j�k
k � 3 sinu

0 cosu0

3� sinu0 r
0

3 þ
c0

tanu0

� �
: ð15Þ

The corresponding normal stress on the most real-

istic potential failure surface is determined as

rn ¼
r1 þ r3ð Þf

2
�

r1 � r3ð Þf
2

cosu0: ð16Þ

The obtained relationship between cu and rn is

therefore used in the stability analysis of the waste

dump during rapid landfilling. It should be noted that

the fill materials with a low initial saturation normally

keep unsaturated after undrained compression, and a

volume contraction will occur in the undrained shear

stage. Thus, the shear strength calculated by Eq. (15) is

believed to be underestimated for fill materials with

low initial saturation degree. Stability analysis using

the underestimated shear strength will yield conserva-

tive results.

4 Laboratory measurement of undrained
shear strength for the unsaturated fill

The shear strength for the fill material taken from the site

of the landslide was measured in the laboratory. The pro-

posed estimation method of undrained shear strength was

validated by comparing the estimated strengths with the

experimental results.

4.1 Material properties and experimental set-up

The main component of the fill materials is CDG soil.

Figure 6 presents the grain size distribution curves for the

CDG samples taken from different boreholes and different

elevations in the Guangming waste dump. The average

values for the material properties of the CDG samples are

listed in Table 2. The CDG soil was classified as a clayey

sand [30].

All the CDG samples taken from the site were mixed to

prepare the re-compacted specimens for the laboratory

tests, and the experimental set-up is described in Table 3.

As pointed out by OKA [12], the fully undrained test can

simulate the behaviour of unsaturated soil during rapid

loading. Unconsolidated and undrained (UU) triaxial tests

were therefore carried out to simulate landfilling with a fast

dumping rate and poor drainage. The escape of pore air and

pore water was not permitted in these tests. However, the

unsaturated specimens were partially consolidated due to

Fig. 6 Grain size distribution curves for the CDG soil samples taken

from different locations in the Guangming waste dump
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the compressibility of the pore air. However, to avoid

confusion, the term ‘UU’ is retained in this paper.

Conventional triaxial apparatus designed for a saturated

soil was used for the UU tests. The confining pressure

increased at a rate of 25 kPa/min in the isotropic com-

pression stage until the target value was reached. Shearing

was exerted at a high rate of 0.625 mm/min. Data were

recorded at each 0.3% increment in vertical strain until the

total strain reaches 25%. The pore pressure was measured

by the pore-water pressure transducer connected to the

bottom of specimen. It is pity that the pressures in pore air

and pore water cannot be measured separately. So it is

believed that the recorded pore pressure is the greater one

between pore-air pressure and pore-water pressure. The

pore-water pressure is close to the pore-air pressure for the

specimens with high saturation degree, and therefore

regarded as pressure of the pore fluid mixture.

4.2 Experimental results and analyses

Figure 7 presents the volume changes in the undrained

isotropic compression stage. For the five S1 specimens

with a saturation degree of 48%, the e-log r3 curves from

the tests with different target values of confining pressure

are consistent. The void ratios show a slight decrease with

the increase in confining pressure less than 50 kPa and then

decrease significantly with the further increase in confining

pressure. The total volume changes for the S1, S2 and S3

specimens under a confining pressure of 800 kPa are

21.7%, 20% and 11.1%, respectively. A specimen with a

lower saturation degree has a higher compressibility under

undrained compression. Drained isotropic compression

tests were also carried out for the S1 and S3 specimens.

The compression curve was determined by fitting these

experimental results and presented in Fig. 7 as a black line.

It can be seen that all the e-log r3 curves from the

undrained compression are above the drained compression

curve. Therefore, the specimens were not completely

consolidated under the undrained condition, and excess

pore pressure generated and prevented further contraction

of the samples. Based on the measured pore pressures, the

values of pore pressure coefficient B were determined to

vary from 0.11 to 0.42 for S1, 0.15 to 0.63 for S2 and 0.25

to 0.90 for S3. The values of pore pressure coefficient B are

not constants due to the change in saturation degrees during

the compression processes. The samples with a higher

saturation degree initially have greater values of B.

The stress paths in terms of q versus p and q versus

p� uð Þ recorded in the shear stage are presented in Fig. 8.

As shown in Fig. 8, further increase in pore pressure was

observed at the shearing state since the difference between

the total stress p and the effective stress p� uð Þ increased
with the increasing q. For S2 and S3, a slight increase in

p� uð Þ just before failure (see Fig. 8b and c) indicates a

slight decrease in the pore pressure. The pore pressure

coefficient A, determined by A ¼ Du=Bq, varies from 0.3 to

1.54 for S1, 0.37 to 1.88 for S2 and 0.36 to 1.34 for S3 with

an increase in q. Du is the change in the pore pressure in the
undrained shear stage. It is found that the specimens with a

higher initial saturation degree show a much lower devia-

toric stress and a greater pore pressure at failure under the

same confining pressure.

With an interpretation of the experimental results in

accordance with the methodology of USA, the undrained

shear strength cu from each test was obtained and plotted

against the normal stress rn on the failure plane in Fig. 9.

The undrained shear strength increases nonlinearly, and the

Table 2 Material properties of the CDG soil

Gs xL (%) xP (%) xop (%) qdmax (g�cm-3)

2.68 39.7 20.5 12 1.89

Table 3 Scheme of the UU tests

Test

type

Test

group

no.

Initial dry

density (g/

cm3)

Water

content

Initial

saturation

degree

Confining

pressure

(kPa)

UU S1 1.3 19% 48% 50, 100,

200, 400,

800

S2 23% 58%

S3 26% 66%

Fig. 7 e-log r3 curves from the UU tests on the unsaturated

specimens and the isotropic compression curve of the specimens
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increasing rate decreases with increase in r3 (or rn). It is
found that the specimens with a higher saturation degree

present a much smaller increment of shear strength. Taking

S3 as an example, cu increases by only 20 kPa as the

confining pressure increases from 50 to 800 kPa. The

values of the effective strength parameters were deter-

mined based on the measured pore pressures and are listed

in Table 4.

4.3 Comparison between measured
and estimated shear strengths

The proposed estimation method of undrained shear

strength was validated by comparing the estimated results

with the measurements from the UU triaxial tests. The

parameters for the estimation are listed in Tables 5 and 6. k
is determined as the slope of the segment of the isotropic

compression curve with a confining pressure greater than

50 kPa. The e � ln r
0
3 curve is converted from the

e � log r
0
3 curve shown in Fig. 7. j is assumed equal to

Fig. 8 Stress paths in the shearing stage of the UU tests for the test

groups of (a) S1, (b) S2 and (c) S3

Fig. 9 Undrained shear strengths for the specimens with different

initial saturation degrees

Table 4 Values of the effective strength parameters determined by

the UU tests

Test group no Water content (%) Effective strength parameters

u
0

1(�) c
0

1(kPa)

S1 19 28.7 21.6

S2 23 24.8 19.1

S3 26 27.7 10.0

Table 5 Parameters for the estimation of undrained shear strength

n0 0.51 c0 17 kPa

k 0.02 wr 15%

k 0.14 a 0.05

u0 28� b 1.48
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(1=10� 1=5) of the value of k [21]. The average values of

the strength parameters listed in Table 4 were employed for

u0 and c0. The residual water content wr and the fitting

parameters a and b were determined by the SWCC of the

CDG. The void ratio under different confining pressures

was also determined by the compression curve presented in

Fig. 7. The values of Cs under different total confining

pressures are determined by iterative calculations. For a

given total confining pressure, r3, the pore pressure is

assumed to be 0 in the beginning of the iterative calcula-

tion, and therefore, the effective confining pressure r
0
3 is

equal to r3. The initial value of Cs is determined by the

initial value of r
0
3 and the e- r

0
3 curve converted from the e-

log r
0
3 curve. The value of Cs is employed in Eq. (4) to

calculate the increment of pore pressure. The r
0
3 will be

calculated based on the updated pore pressure and will lead

to a new value of Cs. The operations will be repeated till

the obtained pore pressure has a difference less than 0.1

with the value determined in the former step. The value of

Cs determined in the last step is listed in Table 6, together

with the total stress r3 given in the beginning.

Figure 10 presents the estimated and measured pore

pressures in the undrained isotropic compressions. The

estimated values for the S3 specimens with an initial sat-

uration degree of 66% fit well with the measurements,

while the pore pressures for S1 and S2 are overestimated

under a high confining pressure. In the case that the surface

tension is disregarded, the compressibility of a water/air

mixture is underestimated based on the general expression

derived by Schuurman [14]. In other words, the pore

pressure coefficient B is overestimated by Eq. (1). The

overestimation is greater for a specimen with a lower sat-

uration degree.

A comparison between the measured and estimated

undrained shear strengths is shown in Fig. 11. The solid

lines represent the estimated shear strengths without con-

sidering the contribution from suction, while the dashed

lines take the suction into account. The suction-induced

stress rs was assumed equal to Se ua � uwð Þ, being a part of

the effective consolidation stress. The estimated strength

for the S3 specimen with an initial saturation degree of

66% fits well with the measurement when the contribution

of suction is not taken into account. The result considering

the contribution of suction is slightly greater than the

experimental data, especially under a low confining pres-

sure. Therefore, the contribution of suction for S3 is

overestimated. The shear strengths of S1 and S2 are

underestimated due to the overestimation of the pore

pressure in the compression stage and the assumption that

no volume change occurs in the shear stage. The estimation

considering the contribution of suction for S1 and S2

agrees more closely with the measurements under low

confining pressures. The effect of suction diminishes

gradually with increase in confining pressure. This com-

parison between the estimated and measured shear

strengths indicates that the proposed estimation method is

applicable for the CDG fill with a saturation degree greater

than 0.6.

Table 6 Void ratio and compressibility of the soil skeleton under

different confining pressures

Confining pressure

(kPa)

0 50 100 200 400 800

Void ratio 1.06 0.718 0.655 0.595 0.528 0.464

Cs/10
–4 kPa-1 – 17.5 13.9 6.14 2.70 1.50

Fig. 10 Comparison between the measured and predicted pore

pressures under undrained isotropic compression

Fig. 11 Comparison between the measured and estimated undrained

shear strengths
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5 Total stress based stability analysis

Based on the interpretation of stress paths during landfill-

ing and the shear strength estimation method, the values of

undrained shear strength for the fill materials in different

zones can be determined and correlated with the total

normal stress on the potential failure surface. The total

stress-based stability analysis is thus implementable for the

landslide in the Guangming waste dump.

5.1 Limit equilibrium analysis of the waste
dump

5.1.1 Stability analysis using the measured shear strength
curves

The measured shear strength curves from the UU tests were

employed in the limit equilibrium analysis of the waste

dump via the software GEO-SLOPE. The cu versus rn
curves of S1, S2 and S3 presented in Fig. 9 were applied to

define the strength property of fill materials in the low

water content zone, the transition zone and the high water

content zone, respectively. GEO-SLOPE provides a shear/

normal strength function to implement a nonlinear rela-

tionship between cu and rn. The total normal stress on the

potential failure surface, rn, is determined by the software

based on the topography of the slope and the density of the

fill. Thus, the shear strength cu can be specified by the cu
versus rn curves and the value of rn. Morgenstern-Price

method was used to calculate the FOS for the potential

failure surfaces. As shown in Fig. 12, the FOS was cal-

culated to be 0.741 for the most critical slip surface, which

was optimized by the software based on the specified slip

surface according to the one identified in the field inves-

tigation (see Fig. 1). The optimized critical slip surface is

deep-seated and passes through the lower zone with a high

water content.

5.1.2 Stability analysis using the estimated shear strengths

The procedure of stability analysis using the estimated

undrained shear strength is indicated in Fig. 13. The filling

process of the waste dump was analysed to determine the

loading history and the initial saturation degree for differ-

ent parts. The evolution of groundwater level was deter-

mined by seepage analysis. The waste dump was then

discreted based on the initial saturation degree and the

groundwater levels computed at different stages. Each of

the discrete zones had a unique stress path and hence a

unique shear strength evolution during landfilling. The

timing of wetting was reflected by the value of vertical

total stress rvc for a given zone just before wetting. The

average value of rvc for a given zone was determined as the

Fig. 12 Result of the stability analysis of the Guangming waste dump using the measured shear strength curves

Fig. 13 Flow chart of the stability analysis based on the estimation

method of undrained shear strength
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self-weight of the soil column above the slip surface. The

equivalent confining pressure was then calculated by

r3 ¼ rvc 1þ 2K0ð Þ=3. K0 was estimated by 1� sinu0. The
average value of internal friction angle u0 in Table 5 was

used. The saturation degree of each zone after wetting was

determined from the suction computed from the seepage

analysis by referring to the SWCC of CDG. The cu versus

rn curves for different zones were determined by the

estimation method and employed to calculate the FOS.

As discussed previously, the Guangming waste dump

was discreted into fourteen zones as shown in Fig. 3. The

values of rvc and r3 for the fourteen zones were estimated

by analysing the filling process and listed in Table 7.

Figure 14 presents the shear strengths estimated for three

representative zones. The dashed lines represent the shear

strengths of the fill without considering the wetting pro-

cess. The solid lines are the shear strengths of the fill

subjected to wetting. The dot-dashed lines are the esti-

mated strengths without considering the contribution of

suction. It is noticeable that the solid lines are consistent

with the dashed lines before wetting and show a sudden

drop after wetting. For the fill in zone 2 located in the lower

and wet layer of the waste dump, the increase in shear

strength with surcharge loading is limited before wetting.

The subsequent wetting makes the fill saturated. The shear

strength of the saturated fill then remains constant with

further surcharge loading. For the fill in zone 12, which has

a lower initial saturation degree than those of other zones,

the fill keeps unsaturated after the wetting process. The

solid line then deviates from the dashed line, and their

difference becomes significant with further surcharge

loading. The shear strength of the lower and wet zones is

significantly limited by a build-up of excess pore pressure

due to the high initial saturation degree and rapid filling.

The wetting of the fill material with a low initial saturation

degree results in a significant decrease in the rate of

increase in the shear strength with further surcharge

loading.

The fourteen curves of cu versus rn obtained from the

estimation method were applied to determine the strengths

of fill in the fourteen zones. For a given zone, the total

normal stress rn on the slip surface was computed and used

to determine cu by the software GEO-SLOPE automati-

cally. The unit weight after wetting was used to compute

rn. The results of the stability analyses performed using the

estimated strengths with and without considering the con-

tribution of suction are indicated in Fig. 15a and b. The

corresponding FOSs calculated for the slip surface identi-

fied by the field investigation are 0.896 and 0.775,

respectively. Suction has a notable impact on the stability

of the initially unsaturated waste dump fill. Although the

estimated shear strength for the low-water-content zone is

less than the measured value, the FOS using the estimated

strength and considering the contribution of suction is

slightly greater than the result using the measured strength.

This result implies that the slope stability is more sensitive

to the shear strength in a zone with a higher water content.

It is believed that the FOS with considering the suction will

be more close to 1 when the three-dimensional effect of the

real slope is taken into account.

The stability analyses based on the undrained shear

strengths clarified the failure mechanism of the Guangming

landslide: The gain of shear strength with the surcharge

loading in the lower and wet layer of the waste dump was

limited by a build-up of excess pore-water pressure. The

gain of shear strength for the upper and relatively dry fill

material was attenuated with the rise of groundwater level.

When the shear strength was not enough to resist the

increasing slip force with the surcharge loading, a deep-

seated translational failure took place in the lower and wet

layer of the waste dump. The stability analyses also

Table 7 The average value of vertical stress and equivalent confining pressure for the fourteen zones just before wetting

Zone 1 2 3 4 5 6 7 8 9 10 11 12 13 14

rvc(kPa) 867 446 199 212 783 484 310 232 527 301 265 170 345 232

r3(kPa) 596 306 136 146 538 333 213 159 362 207 182 116 237 159

Fig. 14 Undrained shear strengths of the three representative zones
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demonstrated that the proposed estimation method for

undrained shear strength is required for the landfilling with

a complex stress path involving both surcharge loading and

wetting. However, for the case with only surcharge load-

ing, it is more rational to perform UU triaxial tests to

determine the undrained shear strength.

5.2 Effect of water content on the landfill height
and capacity

As indicated before, the gain of undrained shear strength is

dependent on the initial water content of fill materials. The

effect of the water content on the height and capacity of a

landfill was studied via total stress-based stability analyses.

Two scenarios of landfilling were analysed. In the first

scenario, the fill material has a uniform water content. In

the second scenario, the high-water-content fill and low-

water-content fill are dumped in the back and front zones,

respectively (see Fig. 18). The simplified calculation

model for the landfill capacity is shown in Fig. 16. For the

longitudinal length L�Hn, the expression for calculating

capacity is V ¼ 2L� Hnð ÞHW=2. The critical height of

landfill H was determined when the FOS was equal to 1.15

in the stability analysis. The undrained shear strengths

obtained from the UU tests were used in the stability

analyses.

5.2.1 Scenario 1: rapid filling of uniform CDG soil

In this scenario, the fill is CDG with a uniform water

content. As shown in Fig. 17a, the limit of fill height

decreases with increase in slope inclination. For a given

slope inclination, the fill with an initial water content of

19% presents a much greater height limit than the fills with

higher water contents. Figure 17b shows the landfill

capacity results estimated for a waste dump with a length

of 400 m. The low-water-content fill has a higher height

limit and thus a greater landfill capacity. For a water

content of 19%, the calculated landfill capacity is maxi-

mized at a slope inclination of 1:3. The landfill capacity for

Fig. 15 Results of stability analyses using predicted undrained shear strengths (a) with or (b) without considering the contribution of suction

Fig. 16 Calculation model of landfill capacity
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the fill with a higher water content monotonically decreases

with an increase in slope inclination.

5.2.2 Scenario 2: rapid filling of CDG with two different
values of water content

In the case of two zones with different water contents, the

low-water-content fill is dumped in the front area as a

retaining dam. The high-water-content fill is then dumped

at the back. This operation is repeated in layered landfilling

to form a two-zone structure, as shown in Fig. 18. It was

assumed that the initial water contents for the two zones are

19% and 26%, respectively.

Figure 19 shows the dependency of landfill height and

capacity on the width of the low-water-content zone. As

shown in Fig. 19a, for the inclination of 1:3, the limit of fill

height increases as the low-water-content zone widens. The

limit of fill height ultimately reaches a constant value that

is equal to the limit of height for landfilling with only low-

water-content fill. In Fig. 19b, the landfill capacity shows a

positive correlation with the width of the low-water-con-

tent zone. For a given inclination, the waste dump with a

greater length has a higher capacity due to its larger size.

6 Conclusions and suggestions

This paper presents a quantitative analysis of the failure

mechanism of the catastrophic landslide in Shenzhen.

Seepage analyses in the waste dump were conducted to

compute the rise of groundwater level during the filling

Fig. 17 Landfill heights and capacities for uniform CDG with different initial water contents: (a) limit of fill height and (b) landfill capacity

Fig. 18 Model for stability analysis of slopes with two zones with

different water contents

Fig. 19 Landfill heights and capacities for fills with two zones with different water contents: (a) limit of fill height and (b) landfill capacity
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process, and the complex stress paths involving both rapid

filling and wetting were investigated. The undrained shear

strength of unsaturated fill under the complex stress paths

was estimated by using the simplified method proposed,

and the estimation was validated by the UU triaxial tests.

Total stress-based stability analysis was carried out to

calculate the factor of safety of this waste dump at failure.

The following conclusions and suggestions are drawn from

this study.

a. The gain of the undrained shear strength for the fill

materials in the waste dump depends on both the

surcharge loading resulting from the dumping opera-

tion and the wetting caused by the rise of the

groundwater level. Based on the methodology of

undrained strength analysis, a simplified method was

proposed for the estimation of undrained shear strength

for the case with a complex stress path involving both

surcharge loading and wetting. The estimation method

is proven to be more accurate for the CDG fill with a

higher initial saturation degree.

b. The undrained shear strength increases nonlinearly

with an increase in confining pressure for the unsatu-

rated fill. The gain of shear strength of the fill material

with a high initial saturation degree is much less than

that of the fill with a low initial saturation degree. The

subsequent wetting on the fill material with a low

initial saturation degree results in a significant decrease

in the rate of increase in shear strength with surcharge

loading.

c. The total stress-based stability analysis based on the

predicted cu versus rn curves is proven to be applicable
to waste-dumping operations with rapid filling and a

rising groundwater level. The stability analyses indi-

cated the failure mechanism: the gain of shear strength

with the surcharge loading in the lower and wet layer

of the waste dump was limited by a build-up of excess

pore-water pressure. The gain of shear strength for the

upper and relatively dry fill material was attenuated

with the rise of groundwater level. When the shear

strength was not enough to resist the increasing slip

force with the surcharge loading, a deep-seated trans-

lational failure took place in the lower and wet layer of

the waste dump.

d. In the rapid filling of uniform fill material, the limit of

fill height has a negative correlation with the initial

water content. The landfill capacity tends to maximize

at a slope inclination of 1:3. For the input materials

with two water contents, a two-zone waste dump

structure is suggested, and the landfill capacity shows a

positive correlation with the width of the front zone

with a low water content.
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