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Abstract

Landslide is a major disaster resulting in considerable loss of human lives and property
damages in hilly terrain in Hong Kong, China and many other countries. The factor of
safety and the critical slip surface for slope stabilization are the main considerations
for slope stability analysis in the past, while the detailed post-failure conditions of the5

slopes have not been considered in sufficient details. There are however increasing
interest on the consequences after the initiation of failure which includes the develop-
ment and propagation of the failure surfaces, the amount of failed mass and runoff and
the affected region. To assess the development of slope failure in more details and
to consider the potential danger of slopes after failure has initiated, the slope stability10

problem under external surcharge is analyzed by the distinct element method (DEM)
and laboratory model test in the present research. A more refined study about the de-
velopment of failure, microcosmic failure mechanism and the post-failure mechanism of
slope will be carried out. The numerical modeling method and the various findings from
the present work can provide an alternate method of analysis of slope failure which can15

give additional information not available from the classical methods of analysis.

1 Introduction

Slope stability problem is always a main concern in geotechnical engineering. Natural
or cut slopes have greatly influenced human’s properties and life, especially in the
hilly terrain like Hong Kong and many other countries where slope failures can be20

fatal. Landslides have caused loss of life and significant amount of property damage
in Hong Kong, and for the 50 years after 1947, more than 470 people died as a result
of failures associated with man-made cut slopes, fill slopes and retaining walls. The
Government has put forward a Land Preventive Measure with an annual expenditure
of about HK$ 870 million to upgrade sub-standard slopes and HK$ 600 million for25

the maintenance of existing slopes. Even with the continuous upgrading works since
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1977, about 300 incidents affecting man-made slopes, walls and natural hillsides are
reported to the Government every year. Besides Hong Kong, many major cities in China
are facing similar situations and slope stabilization becomes a very important activity
with different types of materials and construction techniques being adopted for soil nail
slope stabilization.5

Many slope stability analysis methods and tools have also been developed over the
last fifty years. Each stability analysis method differs from the others in some of the
basic assumptions, but most of these methods will give similar factors of safety/slip
surfaces for normal cases which are sufficient for normal engineering uses (Cheng
and Lau, 2008). Besides the factor of safety, the failure mechanism and post-failure10

development are also important in some cases. For slope stability analysis, the limit
equilibrium method (LEM) is widely used by engineers and researchers, and this is
a traditional and well established method. The finite element method (in form of strength
reduction method SRM) has become popular recently for the analysis of slopes, but
there are also many practical problems to the SRM for some complicated problems15

which have been discussed by Cheng et al. (2007).
The distinct element method (DEM) which is initiated by Cundall and Strack (1979)

is now available as commercial program (Itasca, 2008), and it is an alternate numerical
method which is more suitable for large scale ground movement with separation so that
it will be more convenient to model the development and propagation of failure after the20

initiation of failure. The DEM starts from the level of a soil grain, and it can give better
understanding of the constitutive relation without the need for contractive/dilative as-
sumption, plastic potential function, flow rule or hardening rule which can be viewed as
curve fitting method. The advantages of DEM are not possible with the classical LEM or
SRM, but there are also various limitations associated with DEM which are discussed25

by Zhu et al. (2007), Cheng et al. (2009, 2010), O’Sullivan (2011a, b). At present, DEM
is still mainly limited to the fundamental study of the behavior of granular materials,
but there are also some limited applications of DEM to various types of problems by
Marroqu’in and Herrmann (2005), Horner et al. (2001), Gabrielia et al. (2009), Cheng
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et al. (2009, 2010), Jenck et al. (2009) and Lu and McDowell (2010). It should be noted
that there are very limited applications of the DEM for slope stability analysis, espe-
cially about the progressive failure mechanism of slope. Cheng and Lau (2008) have
considered some slope failure by DEM for simple slopes under gravity, but it appears
that there is a lack of detailed study about slope stability with DEM. DEM is also more5

suitable for qualitative instead of quantitative assessment of the stability of slope at
present, as there are difficulties in defining precisely the microscopic parameters and
the contact model, and most of the DEM models cannot reflect completely the grain
distribution, initial stress or drainage condition.

There have been many advances in the distinct element method over the last twenty10

years, and complex mechanical interactions of a discontinuous system can now be an-
alyzed in three dimensions (though still very tedious and time-consuming at present).
There are only limited previous three-dimensional particle flow modeling on real prob-
lems (most works are devoted to fundamental study of soil behavior) due to the various
constraints in image capturing, model generation in three dimension and large volume15

of data for manipulation. In the present study, PFC3D is used for the analysis of a slope
laboratory test results where the interaction of the particles is based on the DEM as
described by Cundall and Strack (1979). In this paper, the progressive failure mecha-
nism of the model slope under local surcharge is determined both from the model test
and numerical analysis for comparison, and the procedures to set up an appropriate20

three-dimensional distinct element model is discussed. In the present work, the authors
have managed to carry out a tedious and very time-consuming three-dimensional DEM
analysis together with the laboratory test, aiming at quantitative slope failure analysis
which is an important work in distinct element analysis of the complete failure process
of a slope. The present work has illustrated that the results from the numerical mod-25

eling and the laboratories test can also agree reasonably well both qualitatively and
quantitatively which is not commonly found in literature.
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2 Physical modeling of slope under external surcharge

Physical test was carried out in laboratory to investigate the failure process of slope
under external local loading. A physical soil tank was built with the layout as shown in
Fig. 1, and the tank was about 1.5 m depth × 1.84 m wide × 1.2 m high. The height
of the model slope was 0.7 m with a slope angle of 45◦. The sectional view of the5

soil slope model was illustrated in Fig. 2. Sandy soil with 5 % moisture content and
particle size distribution as shown in Fig. 3 was compacted to form a slope model
in 7 layers using an electric vibrator. The average bulk density of the soil model was
determined as 1672 kg m−3. Direct shear test was conducted to determine the shear
strength parameters of the river sand used in the laboratory test, and the shear-normal10

stresses relation was illustrated in Fig. 4 which gave a friction angle of 58.6◦ to the
compacted sand with a cohesion of 0.6 kPa. The parameters of the river sand used for
the physical model were given in Table 1.

In this test, the surcharge loading was applied from the hydraulic jack, and the load-
ing was transferred to the steel plate to simulate a local distributed load as shown in15

Fig. 1. The loading plate was placed at the center of the slope with 100 mm offset away
from the slope crest and the back of the frame to reduce the end effect. The loading
was applied slowly and the test lasted for about 4 h with a maximum applied load of
35 kN.

Five Linear Variable Differential Transducers (LVDT), shown in Figs. 1 and 5, were20

set up to measure the displacement of soil at different locations which included the
upper right (RHS), upper left (LHS), lower right (RHS) and lower left (LHS) on the
slope face and at the loading plate on top of the slope. The displacements at different
vertical loads are monitored up to failure as shown in Figs. 6 and 7. The 2 pairs of
transducers on the slope surface are placed symmetrically with a horizontal spacing of25

300 mm. The first and second pairs of transducers are placed at vertical distances of
150 mm and 450 mm from the top of the slope respectively.
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The intermediate and final failure states of the model slope were illustrated in Fig. 6,
and the results from the five transducers were given in Fig. 7. From Fig. 6a and e, we
could see that cracks developed firstly around the steel loading plate and extended to-
wards each corner side of the slope crest with an angle 45◦ which were basically in ac-
cordance with the classical theory. During the test, flags with different colors were used5

to locate the time of appearance and the location of cracks during loading which could
also be seen in Fig. 6. From Fig. 6d, it was noticed that the failure surface was approx-
imately a triangular zone at top plus a log-spiral zone similar to the Prandtl mechanism
for a bearing capacity problem with an inclined surface below the top triangular zone
(Cheng and Au, 2005). The inclination of the failure surface to the horizontal direction10

in Fig. 6d was also close to 74.3◦ (45◦ +φ/2) which was a good illustration of the gen-
eral shear failure for the present test. The soil mass actually failed gradually instead of
a sudden failure in the loading process. As the steel plate kept going down, the inclined
slope face was covered with vertical cracks and diagonal cracks which were directed
towards the steel plate (see Fig. 6e). The soil mass at the slope surface was drawn15

down layer by layer to the slope toe by the action of the loading steel plate, and this
was the typical face failure phenomenon for cohesionless soil. After four-hours of load-
ing, the sand at the middle top of the slope was highly compressed and a cavity was
formed underneath the steel plate which could be noticed after the removal of the steel
plate, while the largest cracks were generated at the critical failure surface within the20

slope body for the global failure (Fig. 6d). The global soil mass was pushed down to the
toe of the slope gradually, and the complete physical slope model collapsed eventually
which was shown in Fig. 6.

An ultimate load of 35 kN had been attained at a displacement of about 6 mm as
shown in Fig. 7. For the slope surface, the corresponding displacement at the maxi-25

mum pressure was about 2 mm and 1 mm at top and bottom of the slope respectively
as shown in Fig. 7, which were much lower than the corresponding displacement at
the loading plate. Beyond the peak load, the applied load decreased with increasing
jack displacement. From the displacements for the left and right LDTV at upper and
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lower level, it was clear that the displacements of the slope were basically symmetri-
cal. In Fig. 7, after the maximum load has been achieved, the loading force decreased
with increasing displacement until a displacement of about 13 mm for which the load
maintained constant for about 9 mm. At the beginning of this constant load stage, the
local triangular failure zone was fully developed while the failure zones at the two ends5

of the plate were still not clearly formed. At the end of this constant load stage, the
failure zones at the two ends became visually apparent. When the displacements were
further increased, the applied load decreased further and the failure zone propagated
towards the slope surface until the failure surface as shown in Fig. 6c and d is obtained,
which is the typical global failure as considered in classical stability analysis. At last,10

the residual load of the test was around 5 kN.
For this test, there were several interesting phenomena worth discussing. The failure

profile and cracks first initiated beneath the footing as shown in Fig. 6e, which was
a typical bearing capacity failure with a triangular failure zone. This could also be ob-
served from the upper part of the failure profile as shown in Fig. 6c and d. As the load15

increased, the failure zone extended and propagated towards the toe of the slope and
the final failure surface was shown in Fig. 6d. It was observed that the failure mecha-
nism of the physical model test is a local triangular failure beneath the bearing plate,
and the failure surface propagates towards the slope surface with a curved surface
similar to a logspiral curve until a failure mechanism is formed. This type of problem20

could be considered as a bearing capacity problem as well as a slope stability problem,
which was demonstrated to be equivalent by Cheng et al. (2013).

3 Three-dimensional numerical modeling of slope under local surcharge

To further assess the laboratory test results, the authors have adopted the DEM in the
numerical analysis because the development of cracks, face failure and the final col-25

lapse are difficult to be assessed by finite element analysis. In DEM, there are several
methods of model generation. For the present problem which is relatively simple in
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geometry and layout, the desired porosity is obtained by the radius expansion method.
By using numerical biaxial tests, the micro-mechanical properties of the assembled
material in the numerical models are calibrated in order to match with the macroscopic
response of the real material in the physical test. Numerical simulations to reproduce
the stress–strain and the normal/shear stress relations (Fig. 4) similar to that by Cheng5

et al. (2009) and Cheng et al. (2010) are carried out under the same conditions as the
physical experiments such as porosity, boundary conditions and loading. The micro-
properties of the river sand as shown in Table 2 are determined by varying the micro-
properties until the macro-properties obtained numerically match with the experimental
results (angle of repose and stress–strain relation). The diameters of the particles in10

the DEM model is kept to be the same as those as given in Fig. 3. The frictional coef-
ficient of sands is set to 1.638 (corresponding to a friction angle of 58.61◦ in Table 1).
The bond strength is fixed at a value of 6 N as referred to Cheng et al. (2003). The
particle density of the sandy soil is 2650 kg m−3, while the bulk density for the sand soil
is 1650 kg m−3.15

For the three-dimensional DEM numerical simulation as shown in Fig. 8, the dimen-
sions of the numerical model in the particle flow simulation are exactly the same as the
physical model. A full scale distinct element analysis is seldom carried out in literature
due to the great computer resources requirement, and significant amount of computer
time has been used for the analysis in the present work. In this study, two different20

loading patterns are modeled in order to assess the results of analysis using PFC3D:
(1) applying the force on the raft footing, (2) adding velocity on the loading wall, which
are illustrated in Fig. 8. In general, the results from the two methods of simulations are
similar, so only the results for simulation 1 are given in the present paper.

4 Raft footing loading pattern25

In this loading pattern, the footing raft of balls is created by bonding the particle with
larger contact bonds, fixing velocity constraints on the balls and modifying their stiffness
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and friction properties. The raft footing is added to the top of the model, and the footing
load is applied in the vertical direction (x direction) with a magnitude of 3.5×104 N as
shown in Fig. 8a. The parameters of the sands are the same as that in Table 2, where
both normal and shear contact bond strength (n_bond, s_bond) of the particles are 6N.
The numerical failure process development under loading is illustrated in Figs. 9 and5

10. It is noticed that on top of the slope crest, the region below the loaded surface has
deformed to form a depression zone from the DEM modeling which is also observed
from the test as shown in Fig. 9e. Sand particles are triggered to move down the slope,
dragging more and more sands downward. The depression zone develops larger and
deeper, accompanying with considerable settlement at the top of the slope, and the10

inclined slope face moves forward with an upheaval at the slope toe as shown from the
XY direction view in Fig. 10d.

Slope with soil particles under higher bond strength is also simulated, where the
normal and shear contact bond strength of particles value are increased to 60N, which
is ten times larger than that in the former case. The results of the comparison are15

shown in Fig. 11. It is observed that noticeable collapse has taken place in Case 1
with forward movement of slope body and extruding slope toe. On the contrary, the soil
movement in Case 2 is not major and the slope is actually stable under the loading as
shown in Fig. 11b. It is demonstrated that larger bond strength between soils is followed
by slower and smaller failure, or the soil is more stable under the external load.20

Soil particles at the left corner, right corner and middle part of the slope crest are
selected to monitor the position and velocity change in z direction (vertical direction)
respectively, which are illustrated in Figs. 12 and 13. For the right corner of the slope
crest as shown in Fig. 12, the sand at the crest moved down with a high velocity at
the beginning, so the displacement increased at a rapid rate within 2×105 time steps.25

Such a high initial velocity is normal even for laboratory test as the plate is not fully in
contact with the soil at the beginning of the test. A small amount of plate movement
is required so that the plate is in full contact with all the soil particles at the top of
the slope. The increase of the vertical displacement became smooth afterwards with
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several fluctuations points (typical phenomenon from DEM calculation). For the left
corner of the slope crest, the sand experience the same trend as that for the right
hand side. In theory, the problem is symmetric as the loading plate is located at the
center. In microscopic view, there will be minor deviation from symmetry as it is virtually
impossible to keep all the soil particles to be truly symmetrical in the generation of5

the model or for the actual physical model. Such minor deviation from symmetry will
however become negligible as the movement of the plate increases.

For the slope crest corner as shown in Fig. 12, it can be noticed that the particle
moved down firstly at the corner of the crest where crack is generated at the very
beginning of the slope failure process. With further increase in the displacement of the10

loading plate and when a critical failure surface is generated, an instant collapse is
observed from the great fluctuation of these history records.

At the middle of the crest of the slope as shown in Fig. 13, the situation is different in
that a more rapid and less moderate trend can be noticed. The displacement reaches
to more than 0.2 m at the middle of the crest compared with a displacement of almost15

0.17 m at the crest corner. However, the particles at the corners move faster than those
in the middle in the beginning, which are demonstrated by the sharp increase of the
settlement in Fig. 12. Figure 13 shows that the loading at the middle of the slope top
has pushed the sands at the middle of the slope crest downward and accumulated at
the toe of the slope.20

The front and side view for the final failure of the laboratory model test and DEM
modeling are shown in Figs. 14 and 15. A steeply inclined failure surface (triangular
failure zone underneath the loading plate) which is followed by a curved failure surface
can be observed from Fig. 15b and c, and the failure profile of the physical test matched
reasonably well with that as predicted from the present simulation as shown in Figs. 1425

and 15a. At the beginning of the laboratory test, cracks firstly appear along each crest
corner in the laboratory test which is the effect due to the side plate of the model.
In the particle flow simulation, the loading plate is applied with a small velocity of 5×
10−5 m step−1. Besides the triangular failure zone underneath the loading plate, there is
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an obvious failure zone at the middle of the slope top and the soil moved downward and
accumulated at the bottom of the slope which was also observed from the physical test
as well as the DEM modeling. Based on the observation and comparison above, it can
be concluded that DEM can give a very good qualitative description about the complete
failure process which was not possible with Strength Reduction Method (SRM) or Limit5

Equilibrium Method (LEM).
The relation between the applied load and the displacement of the loading plate

from DEM is illustrated in Fig. 16. Three groups of curves were generated from the
measuring points of lower position, upper position of slope surface and middle crest
respectively. For the soils at the lower position of the slope surface, there is a rapid10

increase in the loading applied before the displacement has reached 10 mm, which
can be noticed in green and light blue curves in the figure. The applied load reaches
the peak value of 37 kN at about 10 mm settlement, and then the loading firstly drops
to around 25 kN, followed by the second drop down to around 10 kN till eventual fail-
ure. For the soil at the upper position of the slope surface, the trend is similar to that15

of lower surface points, but the settlement largely develops to approximately 14 mm
under maximum loading. For the soil at the middle of the slope crest, the maximum
load is achieved at larger displacement of 26 mm as compared with the slope surface
measuring points, and soil particles experience longer-time settlement with significant
displacement value in the whole failure process.20

In conclusion, the whole slope undergoes two major failures/stress redistribution in
the test and numerical modeling when the bearing loading is 25 kN at three-quarter of
the displacement as well as 10 kN at the end of the test. In these two conditions, load-
ing force remains unchanged while displacement increases, and the reason is that the
slope reaches critical point and the failure surface is generated with major stress redis-25

tribution taken place within the soil mass. The settlement at the lower parts of the slope
surface appears earlier than that at the crest, however, the maximum final settlement
of 40 mm is located at the slope middle crest which is underneath the loading plate and
develops larger than the lower positions at the slope surface. In comparison with the
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laboratory test results as shown in Fig. 7, the trend of three curves are basically simi-
lar, and the final failure loading of 35 kN from the laboratory test was also close to the
value 37 kN from the DEM analysis. DEM can hence give a relative good quantitative
assessment about the slope failure process up to the initiation of the failures.

For the post-failure results, the matching between the DEM model and the laboratory5

test is less satisfactory quantitatively. Gardiner and Tordesillas (2005) have given some
discussion about the treatment for the loss of contact which is not considered in the
present study due to the lack of suitable material parameters. In theory, better matching
may be achieved by choosing other types of contact rule or other micro-parameters,
and the micro-parameters may even be changed after the maximum load has been10

reached. The authors have not carried out such numerical calibration for this study,
and such post-failure parameters/contact rules are difficult to be assessed unless the
corresponding laboratory tests are carried out which are practically not possible for
normal engineering problems. Even though the matching is not good quantitatively, the
load displacement relation from DEM analysis and the model test results are similar15

qualitatively. Based on the comparison as mentioned above, the results of numerical
modeling are considered as effective and acceptable for engineering application.

5 Conclusion and discussion

In this paper, a laboratory slope model test is carried out with the corresponding three-
dimensional numerical simulation using discrete element method. The complete pro-20

gressive failure mechanism of slope under a local surcharge is determined both from
the model test and numerical analysis for comparison. Furthermore, both qualitative
and quantitative studies for a full scale 3-D numerical modeling have been carried out
in the present study for which it is virtually not found in literature.

For the physical modeling of soil slope under locally external surcharge, the main25

observations from the failure process are as follows. The first crack was found at the
surrounding of the loading plate, and it extended towards each boundary with an angle
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of approximately 45◦. After four-hour hydraulic loading, the sands at the middle top of
the slope is pressed to form a big hollow zone, while the largest cracks are generated
at the critical failure surface within the slope body. Then the soil mass contained within
the critical failure surface is then pushed down with a complete failure, but the failure
process is a gradual process with major stress redistribution and crack propagation.5

The failure surface after removal of the failed mass as well as the numerical modeling
are found to fit nicely with the classical general shear failure mechanism as discussed
by Cheng and Au (2005).

For the three-dimensional analysis of the particle flow model under local loading, the
failure process of the particle flow slope model is generally similar to that of the physical10

model in most respects. It is observed that an obvious collapse is noticed at the middle
of slope crest where the loading plate falls down gradually forming a depression zone
at the top. At the same time, sands at the two crest corners fall with a high velocity
at the beginning and slow down to achieve equilibrium at the later stage. The failed
soil mass moves down and accumulate at the slope toe. Many surface cracks directing15

towards the loading plate are found during the loading process. Finally, a critical failure
surface basically conforming to the classical theory has formed followed by a major
collapse of the soil mass.

In comparing the physical modeling and numerical simulation, deformation at the
center of loading plate develops greater than the lower parts of the slope surface in20

laboratory test, while the underneath settlement happens earlier than the middle both
in the laboratory test and numerical simulation. The relations between the force against
displacement curves are basically similar between the physical model test and the nu-
merical model, and the final failure loadings are also very close which is not accom-
plished in other previous studies. Although there are some discrepancy between the25

load displacement results for the DEM analysis and laboratory test after the initiation of
failure, DEM can still produce a reasonable qualitative assessment of the post-failure
response of the slope for the considerations of the engineers. These results have useful
contributions to the better understanding about the complete slope failure mechanism
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and the effect and spread of the slope failure which is not possible for other classical
methods.

Through the present work, the method to define a 3-D slope problem, the selection
of the micro-parameters, the various precautions required for a good 3-D numerical
quantitative modeling and the suitability of DEM in the assessment of the complete5

failure mechanism of slope have been assessed. If the numerical modeling is continued
(under a different lengthy article), the analysis will cover the spread of the debris flow,
and the effect of the slope failure can be assessed in greater details. Currently, the post-
failure analysis is not carried out in Hong Kong except for some critical locations where
there is a high risk to human life, but all the post-failure analyses carried out in Hong10

Kong are limited to two-dimensional analyses only (nearly the same situation in other
countries). The present laboratory and 3-D numerical modeling can also complement
the inadequacies for the typical slope hazard assessment which will be useful for critical
slopes.
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Table 1. Shear strength parameters of the river sand.

Cohesion Friction Moisture Average dry
Value (kPa) angle (degree) content (%) density (kg m−3)

0.6255 58.61 5.2 1877
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Table 2. Microscopic parameters of the sands for particle flow analysis.

Sand Diameter Density Friction Normal and Normal and Friction
(mm) of sphere coefficient Shear stiffness Shear bond coefficient

(kg m−3) (N m−2) strength (N) of the wall

Tested 0.2 ∼ 0.5 2650 1.638 1e6 4 0
sand
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Figure 5. LVDT at top and sloping face of the model test.
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Figure 6. Failure process of soil slope under increasing loading.
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Figure 7. Loading force against the displacement of slope surface.
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Figure 8. Two loading patterns of simulation models: (a) applying the force on the raft footing;
(b) adding velocity on the loading wall.
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Figure 9. Failure process of numerical slope model under Loading Raft.
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Figure 10. Failure process of numerical model under loading raft in XY direction.
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Figure 11. Eventual failure of two modeling cases under loading raft in XY direction.
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Figure 12. Vertical position history for balls at the right corner of crest.
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Figure 13. Vertical position history for the balls at the crest middle.
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Figure 14. Front view of final failure from laboratory test and DEM modeling.
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Figure 15. Side view for the final failure from laboratory test and DEM modelling.
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Figure 16. Loading force against displacement curves of the slope at different measuring
points.
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