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Abstract. Landslide is a major disaster resulting in consider-
able 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 the slopes
have not been considered in sufficient detail. There is how-
ever increasing interest in the consequences after the initi-
ation of failure that includes the development and propaga-
tion of the failure surfaces, the amount of failed mass and
runoff and the affected region. To assess the development
of slope failure in more detail and to consider the potential
danger of slopes after failure has initiated, the slope stabil-
ity problem under external surcharge is analyzed by the dis-
tinct element method (DEM) and a laboratory model test in
the present research. A more refined study about the devel-
opment of failure, microcosmic failure mechanisms and the
post-failure mechanisms of slopes 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 can give additional information not
available from the classical methods of analysis.

1 Introduction

Slope stability problem is always a main concern in geotech-
nical engineering. Natural or cut slopes have greatly influ-
enced humans’ properties and lives, especially in a hilly ter-
rain like Hong Kong and many other countries where slope
failures can be fatal. Landslides have caused loss of life and
a 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 Landslip Preventive Measure with an annual expenditure
of about HKD 870 million to upgrade sub-standard slopes
and HKD 600 million for the maintenance of existing slopes.
Even with the continuous upgrading works since 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.

Many slope stability analysis methods and tools have also
been developed over the last 50 years. Each stability analy-
sis method differs from the others in some of the basic as-
sumptions, but most of these methods will give similar fac-
tors of safety/slip surfaces for normal cases, which are suf-
ficient for normal engineering uses (Cheng and Lau, 2008).
Besides the factor of safety, the failure mechanism and post-
failure 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 the form of the 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 problems, which have been discussed by Cheng
et al. (2007).

The distinct element method (DEM) that is initiated by
Cundall and Strack (1979) is now available as a commer-
cial program (Itasca, 2008), and it is an alternate numerical
method that is more suitable for large-scale ground move-
ment with separation, so that it will be more convenient to
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Figure 1. Locations of transducers.

model the development and propagation of failure after the
initiation of failure. The DEM starts from the level of a soil
grain, and it can give a better understanding of the consti-
tutive relation without the need for contractive/dilative as-
sumption, a plastic potential function, a flow rule or a hard-
ening rule, which can be viewed as curve fitting methods.
The advantages of DEM are not possible with the classical
LEM or SRM, but there are also various limitations associ-
ated with DEM that are discussed by Zhu et al. (2007), Cheng
et al. (2009, 2010), and O’Sullivan (20114, b). At present,
DEM is still mainly limited to the fundamental study of the
behavior of granular materials, but there are also some lim-
ited applications of DEM to various types of problems by
Marroqu’in and Herrmann (2005), Horner et al. (2001), Cal-
vetti (2008) Gabrielia et al. (2009), Cheng 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, especially for the progressive fail-
ure mechanism of slopes. Cheng and Lau (2008) have con-
sidered 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 more suitable
for qualitative instead of quantitative assessment of the sta-
bility of slopes 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 20 years, and complex mechanical in-
teractions of a discontinuous system can now be analyzed in
three dimensions (though this is still very tedious and time-
consuming at present). There is only limited previous 3-D
particle flow modeling on real problems (most works are de-
voted to the fundamental study of soil behavior) due to the
various constraints in image capturing, model generation in
three dimensions and a large volume of data for manipula-
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Figure 2. Section view of soil slope model.

tion. In the present study, PFC3D is used for the analysis
of 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 compar-
ison, and the procedures to set up an appropriate 3-D dis-
tinct element model is discussed. In the present work, the
authors have managed to carry out a tedious and very time-
consuming 3-D 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 modeling and the labo-
ratory test can also agree reasonably well, both qualitatively
and quantitatively, which is not commonly found in the liter-
ature.

2 Physical modeling of slopes under external surcharge

A physical test was carried out in the laboratory to investigate
the failure process of slopes under external local loading. A
physical soil tank was built with the layout as shown in Fig. 1,
and the tank was about 1.5m deep x 1.84m wide x 1.2m
high. The height of the model slope was 0.7 m, with a slope
angle of 45°. The sectional view of the 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 seven layers using an electric vibrator.
The average bulk density of the soil model was determined
as 1672 kgm—2. A direct shear test was conducted to deter-
mine the shear strength parameters of the river sand used in
the laboratory test, and the shear—normal stress 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 parame-
ters 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 loading was transferred to the steel
plate to simulate a local distributed load as shown in Fig. 1.
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Table 1. Shear strength parameters of the river sand.

Cohesion  Friction  Moisture Average
value angle content  dry density
(kPa) (degree) (%) (kgm~3)
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Figure 3. Particle size distribution.

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 ap-
plied load of 35kN.

Five linear variable differential transducers (LVDT),
shown in Figs. 1 and 5, were set up to measure the displace-
ment of soil at different locations that 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 two
pairs of transducers on the slope surface are placed symmet-
rically with a horizontal spacing of 300 mm. The first and
second pairs of transducers are placed at vertical distances of
150 and 450 mm from the top of the slope, respectively.

The intermediate and final failure states of the model slope
were illustrated in Fig. 6, and the results from the five trans-
ducers were given in Fig. 7. From Fig. 6a and e, we could see
that cracks developed firstly around the steel loading plate
and extended towards each corner side of the slope crest with
an angle of 45°, which was basically in accordance with the
classical theory. During the test, flags with different colors
were used to locate the time of appearance and the loca-
tion of cracks during loading, which could also be seen in
Fig. 6. From Fig. 6d, it was noticed that the failure surface
was approximately a triangular zone at the top plus a log-
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Figure 4. Shear—-normal stress relation for sand.

Figure 5. LVDT at the top and sloping face of the model test.

spiral zone similar to the Prandtl mechanism for a bearing
capacity problem with an inclined surface below the top tri-
angular zone (Cheng and Au, 2005). The inclination of the
failure surface to the horizontal direction in Fig. 6d was also
close to 74.3° (45° + ¢/2), which was a good illustration of
the general shear failure for the present test. The soil mass
actually failed gradually instead of having 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 that were directed towards the steel plate (see
Fig. 6e). The soil mass at the slope surface was drawn 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 4h of loading, the sand at the
middle top of the slope was highly compressed, and a cav-
ity 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
the 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 displace-
ment of about 6 mm as shown in Fig. 7. For the slope sur-
face, the corresponding displacement at the maximum pres-
sure was about 2 and 1 mm at the top and bottom of the slope,
respectively, as shown in Fig. 7, which was much lower than
the corresponding displacement at the loading plate. Beyond
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(c) Finalfailure state after failure mass (d) global failure surface after failure mass is removed

(e) Cracks developed at slope surface and crest originated from the loading plate

Figure 6. Failure process of the soil slope under increasing loading.

the peak load, the applied load decreased with increasing
jack displacement. From the displacements for the left and
right LDTV at the upper and lower levels, it was clear that
the displacements of the slope were basically symmetrical.
In Fig. 7, after the maximum load had 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 devel-
oped, while the failure zones at the two ends 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 to-
wards the slope surface until the failure surface as shown in
Fig. 6¢c and d is obtained, which is the typical global failure as
considered in classical stability analysis. Finally, 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 typ-
ical bearing capacity failure with a triangular failure zone.
This could also be observed from the upper part of the fail-
ure profile as shown in Fig. 6¢ and d. As the load increased,
the failure zone extended and propagated towards the toe of
the slope and the final failure surface was shown in Fig. 6d.

Nat. Hazards Earth Syst. Sci., 15, 35-43, 2015

40

w
vy

W

4.2.3.5.

Location of transducer«

w
S

=)
G

(=
=1

—
u-

Loading force (kN)

/

Top plate-

Lower LHS-

0 2 10 15 20 29 30

Displacement of loading plate (mm) (+ve moving downward)

Figure 7. Loading force against the displacement of the slope sur-
face.

It was observed that the failure mechanism 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 log-spiral curve un-
til a failure mechanism is formed. This type of problem could
be considered a bearing capacity problem as well as a slope
stability problem, which were demonstrated to be equivalent
by Cheng et al. (2013).

3 Three-dimensional numerical modeling of slopes
under local surcharge

To assess the laboratory test results further, the authors have
adopted the DEM in the numerical analysis, because the de-
velopment of cracks, face failure and the final collapse are
difficult to assess by finite element analysis. In DEM, there
are several methods of model generation. For the present
problem, which is relatively simple in geometry and lay-
out, the desired porosity is obtained by the radius expan-
sion method. By using numerical biaxial tests, the micro-
mechanical properties of the assembled material in the nu-
merical 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 normal—-shear stress relations (Fig. 4) similar to that by
Cheng et al. (2009, 2010) are carried out under the same con-
ditions as the physical experiments such as porosity, bound-
ary 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 numer-
ically match with the experimental results (angle of repose
and stress—strain relation). The diameters of the particles
in the DEM model are kept the same as those as given in
Fig. 3. The frictional coefficient of sands is set to 1.638 (cor-
responding to a friction angle of 58.61° in Table 1). The
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(@ (b)

Figure 8. Two loading patterns of simulation models: (a) applying
the force on the raft footing; (b) adding velocity on the loading wall.

bond strength is fixed at the value of 6 N as referred to by
Cheng et al. (2003). The particle density of the sandy soil
is 2650 kgm~2, while the bulk density for the sandy soil is
1650 kgm~3.

For the 3-D DEM numerical simulation as shown in Fig. 8,
the dimensions 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
the literature due to the great computer resource requirement,
and a significant amount of computer time has been used for
the analysis in the present work. In this study, two different
loading patterns are modeled in order to assess the results
of analysis using PFC3D: (1) applying the force to the raft
footing, and (2) adding velocity to 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 pattern

In this loading pattern, the footing raft of balls is created by
bonding the particle with larger contact bonds, fixing veloc-
ity constraints on the balls and modifying their stiffness and
friction properties. The raft footing is added to the top of the
model, and the footing load is applied in the vertical direc-
tion (x direction) with a magnitude of 3.5 x 10* N, as shown
in Fig. 8a. The parameters of the sands are the same as those
in Table 2, where both the normal and shear contact bond
strengths (n_bond, s_bond) of the particles are 6 N. The nu-
merical failure process development under loading is illus-
trated in Figs. 9 and 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 parti-
cles are triggered to move down the slope, dragging more and
more sands downward. The depression zone develops larger
and deeper, accompanied by considerable settlement at the
top of the slope, and the inclined slope face moves forward,
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(a) 300 step

(b) 1000 step

(e) Penetration of base plate into the soil

Figure 9. Failure process of the numerical slope model under the
loading raft.

with an upheaval at the slope toe as shown from the xy di-
rection view in Fig. 10d.

A slope with soil particles under higher bond strength is
also simulated, where the normal and shear contact bond
strengths of particle values are increased to 60 N, which is ten
times larger than that in the former case. The results of the
comparison are shown in Fig. 11. It is observed that notice-
able collapse has taken place in case 1, with forward move-
ment of the slope body and an extruding slope toe. On the
contrary, the slope remains stable if the bond strength is 60 N
under the loading of 500 N, as shown in Fig. 11b. For applied
load equal to 2000 N, both cases of slopes experience failure,
as the bond strength is completely destroyed by the applied
load. It is demonstrated that larger bond strength between
soils followed by slower and smaller failure can withstand
relatively larger loads, so that the soil is more stable under
such an external load.

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 the z direction (vertical direction), re-
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Table 2. Microscopic parameters of the sands for particle flow analysis.

Density Normal & shear  Normal & shear Friction
Diameter  of sphere Friction stiffness bond strength coefficient of
Sand (mm) (km=3)  coefficient (Nm~2) (N) the wall
Tested sand  0.2~0.5 2650 1.638 1e6 6 0

(a) Initial state (b) 1000 step

(c) 1x 10° step (d) 12 x 10 step

Figure 10. Failure process of the numerical model under the loading
raft in the xy direction.

(a) Case 1: bond strength = 6N

(b) Case 2: bond strength = 60N

Figure 11. Eventual failure of two modeling cases under the loading
raft in xy direction (with external load 500 N).

spectively, which are illustrated in Figs. 12-13. 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 x 10° time
steps. Such a high initial velocity is normal even for the lab-
oratory 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 in the vertical
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Figure 12. Vertical position history for balls at the right corner of
the crest.

displacement became smooth afterwards with several fluctu-
ation points (a typical phenomenon from DEM calculation).
For the left corner of the slope crest, the sand experiences the
same trend as that for the right-hand side. In theory, the prob-
lem is symmetric, as the loading plate is located at the center.
In the microscopic view, there will be minor deviation from
symmetry, as it is virtually impossible to keep all the soil par-
ticles truly symmetrical in the generation of the model or for
the actual physical model. Such minor deviation from sym-
metry will however become negligible as the movement of
the plate increases.

For the slope crest corner as shown in Fig. 12, it can be no-
ticed that the particle moved down firstly at the corner of the
crest where a crack is generated at the very beginning of the
slope failure process. With further increase in the displace-
ment of the 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 moder-
ate trend can be noticed. The displacement reaches to more
than 0.2m at the middle of the crest compared with a dis-
placement of almost 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 in-
crease in the settlement in Fig. 12. Figure 13 shows that the
loading at the middle of the slope top has pushed the sands
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Figure 13. Vertical position history for the balls at the crest middle.

at the middle of the slope crest downward and accumulated
at the toe of the slope.

The front and side views for the final failure of the labo-
ratory 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.
The failure mechanisms are marked by the equivalent slip
surface, similar to that by LEM and SRM. The slip surface
is determined from the velocity/displacement for all the par-
ticles. It is noticed that there is a narrow band of particles
where the movement is significantly more than the adjoin-
ing particles, and the locus of this band is drawn as the slip
surface. The failure profile of the physical test matched rea-
sonably well with that as predicted from the present simula-
tion as shown in Figs. 14 and 15a. At the beginning of the
laboratory test, cracks first 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 x 10~° m per step. Besides
the triangular failure zone underneath the loading plate, there
is 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 of the complete failure
process, which was not possible with the strength reduction
method (SRM) or the limit equilibrium method (LEM).

The relations between the applied load and the displace-
ment curves of the slope at different measuring points from
laboratory and numerical results are illustrated in Fig. 16. For
the right-hand side, three groups of curves of DEM results
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
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is a rapid increase in the loading applied before the displace-
ment 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 first drops to around 25 kN, followed by the second
drop down to around 10 kN till eventual failure. For the soil
at the upper position of the slope surface, the trend is similar
to that of lower surface points, but the settlement largely de-
velops to approximately 14 mm under maximum loading. For
the soil at the middle of the slope crest, the maximum load
is achieved at a larger displacement of 26 mm as compared
with the slope surface measuring points, and soil particles
experience longer-time settlement with significant displace-
ment values in the whole failure process.

In conclusion, the whole slope undergoes two major fail-
ures/stress redistributions in the test and numerical modeling
when the bearing loading is 25 kN at three-quarters of the
displacement, as well as 10 kN at the end of the test. Under
these two conditions, the loading force remains unchanged,
while displacement increases, and the reason is that the slope
reaches a critical point and the failure surface is generated,
with major stress redistribution taking place within the soil
mass. The settlement at the lower parts of the slope sur-
face appears earlier than that at the crest; however, the maxi-
mum final settlement of 40 mm is located at the slope’s mid-
dle crest, which is underneath the loading plate and devel-
ops larger than the lower positions at the slope surface. In
comparison with the laboratory test results in three groups of
curves from the left-hand side of Fig. 16, also as shown in
Fig. 7, the trends of the three curves are qualitatively similar,
and the final failure loading of 35 kN from the laboratory test
was also close to the value of 37 kN from the DEM analy-
sis. DEM can hence give a relatively good qualitative assess-
ment of the slope failure process up to the initiation of the
failures.

For the post-failure results, the matching between the
DEM model and the laboratory test is less satisfactory quan-
titatively. 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 suit-
able material parameters. In theory, better matching may be
achieved by choosing other types of contact rules or other
micro-parameters, and the micro-parameters may even be
changed after the maximum load has been reached. The au-
thors have not carried out such numerical calibration for this
study, and such post-failure parameters/contact rules are dif-
ficult to assess unless the corresponding laboratory tests are
carried out, which are practically not possible for normal en-
gineering problems. Even though the matching is not good
quantitatively, the load displacement relation from DEM
analysis and the model test results are similar qualitatively.
Based on the comparison as mentioned above, the results of
numerical modeling are considered effective and acceptable
for engineering application.
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(a) Lab test -slope without soil-nail (b) DEM Casel - bond strength = 6N (c) DEM displacement

Figure 14. Front view of final failure from the laboratory test and DEM modeling.
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Figure 15. Side view for the final failure from the laboratory test
and DEM modeling.

5 Conclusion and discussion

In this paper, a laboratory slope model test is carried out
with the corresponding 3-D numerical simulation using the
discrete element method. The complete progressive failure
mechanism of a slope under a local surcharge is determined
both from the model test and numerical analysis for compar-
ison. Furthermore, both qualitative and quantitative studies
for full-scale 3-D numerical modeling have been carried out
in the present study, for which it is virtually not found in the
literature.

For the physical modeling of soil slope under locally exter-
nal surcharge, the main observations from the failure process
are as follows. The first crack was found in the surroundings
of the loading plate, and it extended towards each bound-
ary with an angle of approximately 45°. After 4 h hydraulic
loading, the sands at the middle top of the slope is pressed
to form a big hollow zone, while the largest cracks are gen-
erated at the critical failure surface within the slope body.
The soil mass contained within the critical failure surface is
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Figure 16. Loading force against displacement curves of the slope
at different measuring points.

then pushed down with a complete failure, but the failure pro-
cess is a gradual process with major stress redistribution and
crack propagation. 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 3-D 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 physical model in most re-
spects. 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 accumu-
lates at the slope toe. Many surface cracks directed towards
the loading plate are found during the loading process. Fi-
nally, 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 sim-
ulation, deformation at the center of loading plate develops
more than the lower parts of the slope surface in laboratory
tests, while the settlement underneath happens earlier than
that in the middle, both in the laboratory test and the nu-
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merical simulation. The relations between the force against
displacement curves are basically similar between the physi-
cal model test and the numerical model, and the final failure
loadings are also very close, which is not accomplished in
other previous studies. Although there are some discrepancy
between the 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 en-
gineers. These results have useful contributions to the better
understanding of the complete slope failure mechanism and
the effect and spread of the slope failure, which is not possi-
ble for other classical methods.

Through the present work, the method to define a 3-D
slope problem, the selection of the micro-parameters, the var-
ious precautions required for a good 3-D numerical quantita-
tive modeling and the suitability of DEM in the assessment
of the complete failure mechanism of slope have been as-
sessed. If the numerical modeling is continued (under a dif-
ferent lengthy article), the analysis will cover the spread of
the debris flow, and the effect of the slope failure can be as-
sessed in greater detail. Currently, the post-failure analysis
is not carried out in Hong Kong, except for some critical lo-
cations where there is a high risk to human life, but all the
post-failure analyses carried out in Hong Kong are limited to
2-D analyses only (nearly the same situation in other coun-
tries). 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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