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Abstract This paper presents a numerical study of ideal-
ized bonded-granulate cut slope subject to sudden strength
reduction. A 2-D Distinct Element Method (DEM) has been
used to carry out a simulation of full-process slope failure
with focus on very-rapid and extremely-rapid landslide pro-
cess. The numerical results show that during the landslide
process: (1) the soil moves either in a rather random/chaotic
way (diffuse failure) or in different curved shear bands (local-
ized failure). The soil close to slope surface moves along
downward slope while the soil close to the slope toe moves
significantly in the horizontal direction. The landslide expe-
riences very rapid flow most of the time, with its maximum
velocity increaseing obviously with time at first to its peak
value, then decreasing gradually to zero. (2) The soil close
to slope undergo a repeated loading and unloading process,
and an evident rotation of principal stresses. Their stress state
may arrive slightly over the peak strength envelope as a result
of extremely rapid flow. (3) There is little grain-size effect
for the grains at low velocity, but an evident grain-size effect
for the grains at high velocity, with large-size grains tending
to move fast. (4) The post-failure inclination is much smaller
than the peak/residual internal friction angle of the material.
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1 Introduction

Although there are lots of causes leading to instability of
earth slopes and the characteristics of the consequent soil
movement are usually significantly different, landslide phe-
nomena can be described in three distinct phases: the ini-
tiation, the sliding process, and finally the impact of the
slide on natural or artificial obstacles [1]. They involve in
essence phase changes from solid to fluid at the trigger-
ing stage and from fluid to solid when the motion stops.
Landslides moving rapidly have a significantly higher pos-
sibility of resulting in loss of life and major damage to
property than those travelling slowly. As the urban fringe
around the world continues to encroach into the surround-
ing foothills and mountains, the potential loss from the fast
landslides will certainly escalate. If they travel into reser-
voirs, lakes or coastal bays and fords, landslides have the
capability of causing large destructive waves [2] or Tsu-
nami.

In addition to theoretical analyses including methods of
slices [3,4] and multiple wedges [5, 6], slope instability prob-
lems are mainly analyzed by two methods:

(a) Experiments on a granular avalanche in a convex and
concave curve chute [7] or on granular flows down a
rough inclined plane [8]; physical model tests such as
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centrifuge tests on soil slopes under different condi-
tions, such as rainfalls [9, 10] or shaking [11];

(b) Numerical analyses mainly by the finite element method
[12—14] or by the distinct element method.

Many geotechnical engineering or geo-hazards research-
ers have employed centrifuge tests to investigate soil slope-
slides. Zornberg et al. [ 15] used centrifuge modeling as a tool
for analyzing the behavior of reinforced soil slopes. Nova-
Roessig and Sitar [16] studied the dynamic behaviour of soil
slopes reinforced with geosynthetics and metal grids, with
focus on the failure mechanism and amount of deformations
under seismic loading. Katz and Aharonov [17] investigated
the type of slope failure and frequency magnitude relations of
landslides. They found that different acceleration direction
leads to different type of slope failure and heterogeneity
may be a major control on the size distribution of natural
landslide inventories. Malvick et al. [18,19] proposed a new
method for estimating the susceptibility of a layered, liquefi-
able, infinite slope to shear deformations associated with void
redistribution, in which shear localizations, and water films
have been observed in delayed slope failures at interfaces
between liquefied sand and lower permeability soil [11,20].
The loss of shear strength in slopes is potentially affected
by void redistribution, whereas a part of the liquefied soil
can locally loosen whereas another part densifies [21]. If the
loss of strength associated with loosening is able to reduce
the undrained strength below that required for stability of
the slope, the slope undergoes significant deformations. The
deformations may localize along a surface within the dilat-
ing zone where large deformations and discontinuities occur.
The mechanics can explain why large deformations delay
until after the end of shaking in many case histories [22,23].

The centrifuge tests as well as the other investigations
have enhanced the understanding of slope failure mechanism.
Concerned with the initiation, slope failures can be triggered
by different causes: (a) changes of effective stresses induced
by external load (earthquakes, human action), pore pressures
(rainfalls), or changes of geometry (excavation or construc-
tion), and (b) material degradation due to weathering and
chemical attack [12,13,24]. Deformation is sometimes con-
centrated in a narrow zone, i.e., the failure surface. Kine-
matics can be approximately described as the movement of
a rigid mass along the failure surface. This mechanism of
failure is associated with concepts such as material soften-
ing, strain localization and progressive failure. Concerned
with the sliding process, particularly fast slides, Fell et al.
[2,25], Hunter and Fell [26] and Picarelli et al. [27] stated
that there are several classes of soil slope within which a
landslide develops into a slide of rapid post-failure: (a) flow
slides in saturated (or highly saturated), essentially granu-
lar soils that are contractive on shearing under the effective
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stress conditions imposed by the slope geometry and pore-
pressure conditions; (b) slides in sensitive clays (or quick
clays) such as occur, for example, in parts of Scandinavia
and Canada; (c) slides in steep cut slopes in residual soil,
colluvium or completely weathered rock, either through the
soil or weathered rock mass controlled by defects; (d) slides
of debris in natural slopes with steep source area slope angles.
The pre-requisite of rapid landslide acceleration is always a
sudden loss of shear strength. According to the Coulomb
strength criterion expressed in Terzaghi effective stresses,
this can occur by three processes: (a) loss of cohesion, (b)
decreasing of internal friction angle and (c) increasing of
pore water pressure. This cohesion may be true cohesion,
due to electrostatic forces or chemical cementing, at particle
contacts, or apparent cohesion arising from suction forces
at particle contacts of unsaturated soils. Failure initiated by
cohesion loss will be rapid for steep slopes even if pore-
pressure remains unchanged. In comparison, a decreasing
of friction will result from particle realignment or asperity
breakage in passing from peak to residual friction angle. This
process is not very effective to lead to acceleration of slide
since the decline of friction usually requires long displace-
ment. In cases where liquefaction occurs, the mobilized stress
angle is smaller than that of Coulomb’s. When a loose and
saturated sand specimen is loaded under an undrained condi-
tion, it may become unstable leading to a static liquefaction
behavior. Static liquefaction or instability of loose sand under
undrained conditions is one of the most frequent causes of
flow failures in granular soil slopes. This type of instability
behavior is microscopically characterized by a sudden col-
lapse of a soil structure accompanied by a rapid increasing of
pore pressure well. Recent results also show that the debris
flows mobilized from initially dense soils during which the
arresting effect of negative pore pressures generated by dila-
tion is greatly reduced as the dilatant soils approach their
critical void ratios [28].

Numerical analysis using the finite element method (FEM)
is a powerful tool in predicting slope failure in geotechnics
and is able to model non-linear problems [29], in which
a failure criterion [30,31] or a material instability [1] was
used based on elasto-plasticity. It can also be used to model
diffuse failure mechanisms of catastrophe landslides of an
embankment on a collapsible soil (one of bonded materials)
under earthquake loading [24]. However, from a mathemati-
cal point of view, the inception of a shear band is character-
ized by a discontinuity in the strain field, which can evolve
towards a discontinuity in the displacements at a later stage.
Much effort has been devoted during the past years to better
understand this phenomenon, but the problem is ill-posed for
elasto-plastic materials and the results obtained in numerical
models depend on the mesh size and alignment. In addition,
concerned with mathematical modeling of landslides, there
is still much work to be done to describe coupling between
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different phases, and phenomena such as segregation and
combination.

A tool that appears to be promising for investigations
on landslide process of granular material, particularly that
of very rapid or extremely rapid landslide, is the distinct
element method (DEM), which is a numerical simulation
technique originally developed by Cundall and Strack [32].
Unlike FEM, this technique treats soils as an assembly of
discrete elements, starts with basic constitutive laws at inter-
particle contacts and can provide macroscopic and micro-
scopic responses of the particle assembly under different
loading conditions. DEM has been employed to examine
several aspects of soil behavior, such as granular mechan-
ics [33-35], creep theory [36] and anisotropy [37] of soils,
mechanics of crushable soils [38,39], constitutive models
for granular material [40,41], the effective stress and shear
strength functions of unsaturated granulates [42], yield-
ing of micro-structured soils under 1-D compression and
biaxial tests [43—47]. It has also been employed to inves-
tigate boundary value condition problems such as pene-
tration mechanism of cone-penetration tests [48,49]. It is
used to simulate the flow regimes to investigate the inter-
action between rapid granular flow and an obstacle [50],
snow avalanches [51,52], and slope instability [53-55]. Few
works have been found on landslide mechanism, particu-
larly during the whole very rapid or extremely rapid land-
slide process from microscopic and macroscopic point of
view, of idealized bonded-granulate cut slope by DEM anal-
yses. This constitutes one of strong motivations in this
study.

The main objective of this paper is to numerically study
idealized bonded-granulate cut slope subject to sudden
reduction of bond strength by DEM analyses. For this pur-
pose, a two-dimensional (2-D) DEM code, namely NS2D
developed by one of the authors [43,44,46,48], is used.
Deformation, velocity and stress fields as well as displace-
ment and stress paths are analyzed via painted grids, veloc-
ity/stress vector distributions etc. during the whole landslide
process. The main limitation of the DEM is its inability to
simulate an actual model of millions of particles with the cur-
rent PC. Note that landslide mechanism of idealized slope
obtained here would be helpful for understanding natural
landslide and there is no intention here to directly relate
the all numerical results to field prototype quantitatively.
Although many other simulations were carried out, only one
full and typical simulation of landslide is presented in this
paper which is enough to clarify the very rapid landslide
mechanism. Grain crushing, which will lead to the low aver-
age apparent-friction angle in rapid landslides [56], is not
taken into account. In addition, a full comparison with exper-
iments, FEM code or a theoretical model is not included,
because there is few data on very rapid or extremely rapid
landslide.

2 Landslide test simulated by DEM
2.1 The DEM code

The 2-D DEM code used herein is NS2D, which is in essence
similar to that proposed by Cundall and Strack [32] and which
is developed for natural soils, unsaturated soils and rough
sands [42—44,46]. In the code, each rigid disk is identified
separately, with its own mass, moment of inertia and contact
properties for different kinds of soils. For bonded granulates
in this study, we chose the simple bond contact model shown
in Fig. 1, which consists of a normal (tangential) compo-
nent to resist traction (shear) force, but neglects bond rolling
resistance [46]. As shown in Fig. 1, the normal and tangential
components of the model are similar in their principle. They
both include a spring reflecting an elastic behavior of the
bond before failure and a dashpot that allows energy dissipa-
tion and quasi-static deformations in DEM analyses. Unlike
the standard contact model [32], both the normal and tan-
gential contact models include a rigid bond element which
is set to represent the main action of bonding materials. The
normal model includes a divider to simulate the fact that no
traction force is transmitted through the contact when the
bond is broken and the particles are separated. The tangen-
tial model includes a slider that provides the contact a shear
resistance controlled by the Mohr—Coulomb criterion. Note
that the physical model for bonds in Fig. 1 will reduce to
the standard contact model [32], when the bond elements are
broken or of zero bond strength.

2.2 Bonded granular ground

The material used in the bonded granular cut slope ground
is composed of twenty types of disks with maximum and
minimum diameter being 3.525 and 2.25 mm respectively,
as shown in Fig. 2. It has an average grain diameter

Dashpot

/v l:j Spring

Normal
contact model .
Bond Divider
e
Bond %
Tangential
contact mo{ Spring Bond
Dashpot

Fig. 1 Contact models of bonded granulates used in the DEM analyses
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Fig. 2 Distribution of grain size used in the DEM landslide analyses

dso =2.888 mm and uniformity coefficient deo/d19 =1.23.
The cut slope is generated by excavating a target ground,
which consists of 20,000 particles with planar void ratio of
about 0.26, and has a depth and width as 94dsy and 201dsg
respectively. The multi-layer under-compaction method pro-
posed by one of the authors [57] was employed to generate
the ground at first:

The ground is generated by compacting four layers of par-
ticles. For each layer, 5,000 particles are randomly distributed
in an area corresponding to a width of 201ds¢ and a planar
void ratio of about 0.65, and then statically compacted. In
the compaction, the side and bottom rigid walls are fixed
and the top wall moves downward at a constant speed till
the void ratio is equal to 0.26. The wall-particle is friction-
less in order to improve the homogeneity, while inter-particle
frictional coefficient (tan ¢,,) is chosen to be 1.0 in order to
produce a medium assemblage of particles.

In order to produce the identical void ratio in all the layers
to the final average planar void ratio e, s, compact the bottom
layer, 1, at a void ratio e (1) larger than e, ; the second layer,
2, in such a way that the layers 1 and 2 have an average void
ratio ej(142) larger than e, ¢, etc...until the final layer, which
is directly compacted at ep(142+...4n) = €ps. The distribu-
tion of €p(1)s €p(142)5 + -+ 5 €p(142+--4n) = épf was selected
by following an equation suggested in [57], i.e., ep(1) =
0.28, ep(1+2) = 0.27, ep(1+2+3) = 0.265, ep(1+2+3+4) =
0.26.

After the sample was generated, reduce tan ¢, to a value
of 0.5, atypical value used in DEM analyses. Then the sample
was allowed to settle in an amplified gravity field of 1,000 g in
a way similar to centrifuge modeling to simulate a moderate
slope later. Finally, the top wall was removed away to simu-
late a free top boundary of the ground, while the remaining
side and bottom walls were all kept as frictionless.

After the unbonded ground was prepared at the required
density, all particle contacts were bonded with a set of bond
model parameters for further testing. For simplicity, we shall
investigate the landslide mechanism of the cut slope in which
the bond strength reduces abruptly to zero at all contacts
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between particles. Hence, it has been considered in the pres-
ent study that Rnb = Rtb = R, with a value of 30 MN/m.
The normal and tangential spring stiffnesses are taken to be
1.5 x 10° and 1.0 x 10°N/m respectively. It is expected that
the slope failure initiated by such a loss will be rapid. Fig-
ure 3a presents the DEM bonded granular ground, which
was painted into rectangular grids with different colors for
the analyses of deformation.

Note that with 2 viscous local damping in the normal and
tangential directions, there should be some viscous effects
in the numerical macroscopic responses, and the numerical
time will not coincide with the physical time if inappropri-
ate damping value is used. In our study, the damping value
was determined by simulating a repose angle test on the same
unbonded granular material under the same amplified gravity
as those used in the paper. In the simulation, an assembly of
unbounded grains drops freely down under 1,000 g to ground,
which is simulated by a rigid wall that has the same contact
behavior as inter-particle contacts. Different damping values
were used in trial simulations, from the small to the large,
and the simulated results were compared with experimental
observation. It was found that if the damping value was very
small, lots of grains would rebound into space over the ground
after they contacted with it, and the repose angle test could
not be simulated well. With the damping value gradually
increased in the test, fewer and fewer grains would rebound
into space. Once no grains rebound into space and the repose
angle test can be simulated well, the damping value will be
used later in the slope-slide analyses in which the numerical
time will coincide mostly with the physical time.

2.3 Boundaries in bonded-granular cut slope

After the bonded granular ground is generated, a block of
particles, defined by ABCD in Fig. 3a, is excavated from
the ground. After the excavation, a cut slope is formed with
the slope height and slope inclination being 42dsy and 45°
respectively as shown in Fig. 3b. The choice of the slope
inclination is based on the understanding that if the slope
is sufficieently steep, the post-failure velocity is likely to
be rapid regadless of the soil properties [2] and change
of pore water pressure. In addition, the distance between
slope toe B and side boundary wall, i.e., AB in Fig. 3b,
is 75dsp, and the slope bottom is 52ds( distant to the bot-
tom boundary wall. The DEM simulation in this study is
in essence similar to granular slopes in centrifuge model-
ing. Hence, several factors have been taken into account in
choosing slope and ground sizes here in a similar way to
centrifuge modeling, such as boundary effects, scale effects,
grain size effects (e.g., [58,59]). In addition, current PC
capacity has also been considered to make the simulations
practical.
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Fig. 3 Boundary conditions and observance positions in the DEM landslide analyses: a before excavation; b after excavation

After excavation, the cut slope is assumed to experience
sudden reduction in its bond strength in order to trigger a
very rapid or extremely rapid landslide. Such reduction may
come from different reasons, such as heavy rains, weathering
or the change of underground water level etc. in natural con-
dition, and the soil at different locations usually undergoes
different degree of strength reduction. Such sudden reduc-
tion may conceal the effect of cohesion on the kinematics of
the avalanche, but as demonstrated later will lead to a very
rapid landslide. A reasonable reduction of bond strength at
each bond contact will be our future task. Nevertheless, the
analyses in this paper will be of importance in Geotechnical
Engineering. For example, natural submarine slope may be
composed of granular material bonded together by methane
hydrate. Once the methane hydrate is explored by chang-
ing the solid into gas and removed from the soil, the bond

strength at all contacts will be reduced suddenly to zero,
leading to possible landslides disaster [60]. In the analyses,
the cut slope is further assumed to consist solely of gran-
ular material, i.e., interactions between pore pressure and
granular medium is not taken into account. In practice, an
important case is that of dry soils where the time scale of
air pore pressure dissipation is similar to that of propagation
of the landslide. In this case, pore pressures of the inter-
stitial air can play a paramount role, and in the limit it is
possible to arrive at ‘dry liquefaction’ [12,13]. Nevertheless,
this assumption is still reasonable in the following two cases
where the soil can be approximated as a single-phase mate-
rial:

(a) Flow of granular materials with high permeability. If the
permeability is high enough so that the consolidation
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time is much smaller than the time of propagation, the
material behaves as ‘drained’.

(b) Flow of slurries with a high water content, where the
time of dissipation is much higher than that of propaga-
tion. The behaviour can be assumed to be of undrained
type. Material behaviour can be approximated using
rheological models [12,13].

2.4 Observation methods

In addition to four biaxial compression tests on the unbond-
ed ground material to measure its mechanical properties, one
full landslide analysis has been carried out on the cut slope
with its strength reduced abruptly to zero at all inter-particle
contacts. In the slope slide simulation, landslide mechanism
is continually investigated by deformation patterns, displace-
ment paths, maximum velocities, total kinetic energy, veloc-
ity vector distributions, stress fields and stress paths defined
as below.

2.4.1 Coordinates

Several aspects are to be investigated at different time in
the process of landside in this study. The common point O
between the left-hand side wall and the bottom boundary
wall is selected as the origin. The positive X-axis is chosen
to be along the bottom boundary wall towards the right-hand
side wall in Fig. 3, while the positive Y-axis is chosen to be
along the left-hand wall towards the ground surface. For con-
venience in the analysis, the position is further normalized
by the average grain diameter dsy and expressed in the unit
(ds0) in the following sections.

2.4.2 Painted grids

In order to describe landslide process clearly, we painted the
initial ground into grids with seven different colors before the
excavation starts. The painted grids are observed and output
to reflect the deformation pattern of the cut slope in analo-
gous to the finite element analysis (FEA), at different time.
Each grid of particles is painted with a specific color and this
color is then maintained unchanged. As shown in Fig. 3a,
the ground is painted into 544 quadrilateral grids of four
‘nodes’ before excavation, which are similar to quadrilateral
elements commonly used in FEA. Each grid has an initial
width and height close to 6d5¢, and is composed of about 37
particles. The grid size is chosen by considering that:

(a) It should be small enough to capture the high gradients
of variables in the landslide;

(b) Itshould be large enough to represent a ‘continuum ele-
ment’ from the viewpoint of micro- and macro-mechan-
ics [40].
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2.4.3 Displacement paths

In this study, displacement paths are traced at the particles
which are located at ‘grid nodes’ and distributed horizontally
on lines 1-4 in Fig. 3b. These lines are located at different
depths. Line 1 is one grid below the slope top, line 2 through
the middle of the slope, line 3 through the slope toe and line
4 one grid below the slope bottom. The particles at these
nodes are traced continuously in order to reflect the variation
of displacement path in the cut slope during landslide, see
Fig. 9 below.

2.4.4 Velocity-vector distributions

In order to understand the landslide mechanism well, we shall
output visually velocity vectors of all particles in different
colors as velocity distributions, see Fig. 12 below. The quasi-
static velocity of each particle is computed by its position
change of particle centre between the current time and pre-
vious time. Based on the maximum velocity vmax measured,
each velocity vector is painted with different colour which is
based on its value and defined in Fig. 4. vyax is divided by
seven in this study. Hence any velocity will lie into one of
the seven groups, and is painted with a corresponding color
shown in Fig. 4.

2.4.5 Stress fields

In addition to the variables concerned with the motion of
particles, the landslide mechanism is also investigated via
stress fields and stress paths. The average stress tensor o;; is
calculated over a volume V [32].

max

© 1)1/
7

N
'I

|4
|‘

Fig. 4 Representation of colors for velocity vectors in the DEM
landslide analyses
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where F/ and lZ are the contact force vector and contact ori-
entation vector respectively at contact ¢ of particle k. rg is
the radius of particle k. N is the number of particles in V
and p is the number of contacts on particle k.

The stress tensor is calculated by Eq. (1) over a constant
volume V about 1,000mm? centered at grid nodes shown
in Fig. 3b, which includes about 100 particles. In the light
of extremely large deformation of the soil in landslide, two
aspects have been considered in choosing the centre of V in
order to obtain accurate stress fields and stress paths: (a) it is
located at a grid node, and moves with the node; and (b) the
grid nodes on the initial ground boundaries or the slope sur-
face are excluded. The first aspect indicates that the average
stress tensor is calculated on current configuration and hence
corresponds to the Cauchy stress tensor used in continuum
mechanics. The second aspect is to avoid such a fact that only
about half of V is filled with particles and hence Eq. (1) will
give rise to inaccurate value if its centre locates at the bound-
aries. In order to reflect the main features of the stress fields
and stress paths, the stress tensor calculated is further used to
obtain the major (minor) principal stress, o1 (03), where com-
pression stress is taken as positive, as well as the inclination
6 of major principal stress to Y-axis, by

o1 o11 + 022 011 — 022 2
oy (M52 o
o3 2 2

1 ( 2012 )
f = —arctan | ———
2 o11 — 022

We shall output visually the distributions of major (minor)
principal stress vectors in the slope at different time, see
Fig. 13 below. In addition, the stress paths at positions 1-5
shown in Fig. 3b are traced continuously during landslide,
which are initially located along slope surface or slope bot-
tom. We shall describe the stress paths at these positions
by (a) mean stress o, = (01 + 02)/2; (b) deviatoric stress
oy = (01 — 02)/2;and (c) the change off, see Figs. 14 and 15
below.

(2a,b)

3 Basic features of tested material
3.1 Mechanical behavior of unbonded material

Since this paper is to study landslide mechanism of ideal-
ized bonded-granular slope after sudden reduction of bond
strength, it is important to measure the mechanical behavior
of unbonded material at first. Figure 5 presents the relation-
ships of deviatoric stress versus axial strain, and volumet-
ric strain versus axial strain of the ground material which

bond strength has reduced to zero. These relationships were
obtained from four biaxial tests with compression strain rate
= 1.0%/min on a 5,000 particle specimen. The consolida-
tion stress is 50, 100, 200, 400 kPa respectively, by following
China Code on Geotechnical Tests, which covers the initial
stress state of the ground (to be introduced in the next sub-
section). Figure 5 shows that the material has a strain-soften-
ing behaviour accompanied by dilatancy in this conventional
stress path, a typical feature demonstrated by medium-dense
sands. The peak (residual) strength envelope of the material
deduced from these biaxial compression tests are provided
in Fig. 6, indicating that the material is of a peak (residual)
internal friction angle 22.2°(18.8°). The friction angles are
thus small in comparison with the coefficient of interparticle
friction of 0.5 (¢, = 26.5°). Such a small value is nor-
mal since the models ignore the possibility of particle rolling
resistance at contacts [46].

3.2 Initial stress field in the ground before excavation

To understand idealized bonded-granular cut slope, Fig. 7
provides the variations of horizontal and vertical stresses in
the ground before the excavation starts. The horizontal and
vertical stresses in Fig. 7 are the average of all values mea-
sured at each depth. Figure 7 shows that the initial vertical
stress increases linearly with depth from 0 Pa to about 500 Pa.
The initial horizontal stress increases linearly with the dis-
tance to the ground surface at first with the ratio of horizontal
stress oy to vertical stress o, being about 0.62, then deviates
from this linearity slightly. This non-linearity near the bottom
wall is slightly beyond the expectation of the K condition in
a semi-infinite half-space (Ko = oy /0y = 1—sin¢ = 0.62),
but has been reported in physical experiments on retaining
walls for a finite media. Note that the initial stress state falls
into the consolidation stress range introduced in the previous
subsection as designed.

4 Observations in DEM landslide simulation

Landslide phenomena can be described in three distinct
phases: the initiation, the sliding process, and finally the
impact of the slide on natural or artificial obstacles [1]. Fast
landslides and debris flows are geophysical, gravity driven
flows causing extensive loss of human live and economic
damage in the world every year. Debris avalanches start as
localized failures of perhaps a few cubic meters of soil, grow
in width as they propagate down slope, increasing in volume
many times beyond the magnitude of the initial slide. One
of the best documented examples of such a slope failure is
the largest known natural rapid landslide in Hong Kong, the
Tsing Shan debris flow of 1990 [61]. However, the infor-
mation is not enough to clarify the full landslide process
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as a result of technological difficulty. In this section, we
shall investigate the full very-rapid landslide process from the
viewpoints of the deformation pattern, displacement paths,
velocity fields, stress fields and stress paths.

@ Springer

4.1 Deformation patterns
4.1.1 Painted grids

Figure 8 presents the painted grids of the DEM cut slope
at different time after its bond strength reduced to zero. Fig-
ure 8 shows that 6 s after excavation, deformation of the grids
about slope, particularly those about slope toe and slope top,
is large enough to be told by the naked-eyes. These deformed
grids can be properly described by the ‘elements’ in the con-
ventional finite element analysis (FEA). Fourteen seconds
after excavation, deformation of the grids about slope is so
large, with the grids about slope toe peculiarly extended and
twisted (which means the soil here moves forward from the
initial position), that the shapes of grids appear to be very
difficut to be decribed properly with the ‘elements’ used in
conventional FEA. Then, deformation of soil about slope is
so large that it cannot be described with the grids in con-
tinuum mechanics. Instead, an unstable slope is formed and
changes continuously, with the soil about the new slope con-
sisting of different colors of particles in mixture. A new
stable and gentle slope is formed 50s after excavation with
the distance between the new slope toe and the side bound-
ary wall being 23ds0, which is far less than the initial value
75ds0.

4.1.2 Displacement paths

Figure 9 plots the displacement paths of grid nodes on lines
1-4 in the DEM landslide analyses, which are located one
grid below slope top, through the middle of the slope, through
slope toe (i.e., slope bottom) and one grid below slope toe
respectively. Figure 9a shows that final positions of the nodes
on line 1 are all below their initial positions. The nodes of
X/dso > 160 move downward slightly. In contrast, those
grid nodes of X/ds5p < 160 moves downward and sideward
(along downward slope), in a manner that the closer to the
slope surface, the larger the displacement. Similar phenom-
enon is also found on line 2. In contrast to Fig. 9a, b shows
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Fig. 8 Painted grids of the DEM cut slope measured at different time after its bond strength reduced to zero. at = 6s, bt = 10s,ct = 14s,
dt=20s,et=30s,ft =50s

that the grid nodes on line 3 move in different manners at
different positions. The grid nodes of X /dso > 100 on line 3
(i.e., those inside the initial slope but far from the slope toe)
undergo slight upward and sideward motions. The nodes of
75 < X/dso < 100 on line 3 (i.e., those inside the initial
slope but close to the slope toe) move significantly in horizon-
tal direction. However, the nodes of 20 < X /dsgp < 75 online
3 (i.e., those outside the initial slope but inside the new slope)
move upward at first and then downward while experienc-
ing significant horizontal motion. In addition, Fig. 9b shows
that the grid nodes on line 4 undergo slight motions. This
is in agreement with the previous study using the dynamic
flow model DAN [62] that significant initial acceleration will
propel the toe of the landslide mass forward, overriding the
ground surface down slope. Note that DANs appear inaccu-
rate when the flow is 3D, particularly when hitting an obsta-
cle, and it is beyond the capacity of current PCs to simulate
3D flow with DEMs. Hence, there is no intention in this paper
to analyze 3D flow.

4.2 Velocity fields

It is important to consider the post-failure velocity because
there is a much greater chance of loss of life for rapid
than for slow-moving slides. Figure 10 provides the varia-
tions of the maximum velocity of grain against time mea-
sured in the DEM landslide analyses. Figure 10 shows
that the velocity increases obviously with time at first to
its peak value 0.055H/s at time t = 28s, where H is the
slope height of the model. Then it decreases gradually with
time. Almost none of grains move when t = 90s. This is
in agreement with the mechanical insight of landslide phe-
nomena [1] that landslides involve in essence phase changes
from solid to fluid at the triggering stage and from fluid to
solid when the motion stops. Moreover, according to the
suggestion given by the International Union of Geologi-
cal Sciences [63], the terms ‘very rapid’ and ‘extremely
rapid’ are used for the velocity ranging from 3m/min to
5m/s and the velocity higher than 5 m/s respectively, which
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Fig. 10 Maximum velocities of grains measured in the DEM landslide
analyses

corresponds to that from 0.00041H/s to 0.041 H/s and that
over 0.041 H/s in this paper, where H is scaled up by 1,000
since 1,000g was used in the simulation. Hence, Fig. 10
shows that the landslide experiences very rapid flow two
third of the time, and extremely rapid flow one third of the
time.

@ Springer

Figure 11 presents the distributions of velocity vectors
measured at different time after excavation in the DEM land-
slide analyses. Figure 11 shows that the distribution differs
evidently at different time, which is mostly characterized
with shear bands and translation-rotation of the body above
the shear bands. Att=4s, i.e., 4 s after excavation, the mate-
rial slides either in a rather random/chaotic way (diffuse fail-
ure) [53] orindifferent curved shear bands (localized failure).
The closer to the slope surface, the faster the material moves
in diffuse failure, while the farther to the slope, the more
curved is the band which appears to share the same symmet-
ric line. In addition, the slope top moves downward slightly.
The material continues to slide in the simular manner till
t = 105, while the slope top stops moving downward. From
t = 10s to t =40s, the material still slides in either in diffuse
failure [53] or in different curved bands which symmetric
lines are not the same, and the particles in the low postion
move fast. Att=50s, the material that slides in fewer and dif-
ferent curved bands shares the same symmetric line. Finally,
at t = 60s, only a few of particles on the new slope surface
move down slope in a rather random/chaotic way. Note that
the observation in Fig. 11 is obviously different from that
obtained from finite element analysis in which a slope was
subjected either to a traction or to a small perturbation [1].
However, a chaotic field has already found by Darve et al.
as a kind of failure in granular material [53]. Moreover, the
observation on the curved shear bands in Fig. 11 is in a good
agreement with the experimental investigation on granular
surface flows in a narrow channel, in which a uniform flow
is localized in the free surface with the exponential evolution
of the velocity profile in the flowing layer [64]. This expo-
nential evolution is the main feature of the gravity-induced
shear flow with free surface which can be interpreted by a
continuum model [65].

In the next sub-section, we shall investigate the very-rapid
landslide process from the viewpoint of stress fields and stress
paths.

4.3 Stress fields and stress paths

Figure 12 provides the distributions of principal stress vec-
tors measured at different time in the DEM landslide anal-
yses. Note that in the figure, the maximum major stresses
are plotted by a vector of a constant length in order to illus-
trate the distributions clearly. Figure 12 shows that although
distribution of principal stress vectors is different at differ-
ent time, depending on the shape of slope, there are several
common features: (a) the major principal stress is in the hor-
izontal direction in the area close to the left boundary wall,
but in the vertical direction in the domain close to the right
boundary wall. Its inclination lies between 0° and 90° in
other area, about 45° in the area close to the slope surface.
(b) The maximum stresses occur in the area close to the
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Fig. 11 Distributions of velocity vectors in the DEM landslide analysesat = 4s,bt = 6s,ct = 10s,dt = 20s,et = 30s,ft = 40s,gt = 50s,

ht=060s

bottom boundary wall, and the minimum stresses occur in
the area close to the free surface.

Itis believed that the knowledge of the stress path is neces-
sary to accurately predict the potential for flow failure of soils
[66]. Figure 13 provides stress paths observed at Positions
1-5 shown in Fig. 3b in the DEM landslide analyses, which
are expressed in the mean stress-deviatoric stress space. In

addition, the peak strength envelope of the material obtained
from the biaxial compression tests is presented in the fig-
ure. Figure 13 shows that during the landslide process all
the five points undergo a repeated loading and unloading
process, i.e., fluctuations. The fluctuations are due to local
avalanches, whose local movements are neither continuous
nor regular, but sudden and with velocity discontinuities.
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Fig. 13 Stress paths observed at Positions 1-5 in the DEM landslide
analyses

Such fluctuations may lead to dynamic pore-pressure fluc-
tuations in rapidly shearing water-saturated granular mate-
rials in practicle, which has already been observed in the
rapidly shearing tests and in the artificial landslides [67].
Moreover, it is interesting to note that the stress state of the
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soils located at Positions 1, 2, 5 arrive slightly over or at the
peak strength envelope. This appears to be reasonable, since
granular materials also show some rate-dependent behavior
(e.g., [41]) which indeed has been reflected by a viscous term
in the contact laws in the DEMs. The strength envelopes are
obtained from the biaxial compression tests with compres-
sion strain rate at 1 %/min. It is probable that soil located
at Position 1 undergoes large deformation accompanied by
the strain rate larger than 1%/min during extremely rapid
landslide. Moreover, there are inertial effects during land-
slide process, which will lead to the stress states over the
peak strength envelope as well. In contrast, the stress state
of the soils located at Positions 3-4 is still below the peak
strength envelope.

Figure 14 presents the rotation of principal stresses
observed at the same 5 positions as shown in Fig. 13. Fig-
ure 14 shows that the soils at all positions undergo an evident
rotation of principal stresses, all of which finally approaches a
value about —40°, where counterclockwise rotation is taken
as positive. Such rotations may be another reason leading
to dynamic pore-pressure fluctuations in rapidly shearing
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Fig. 14 Rotation of principal stresses observed at Positions 1-5 in the
DEM landslide analyses

water-saturated granular materials observed by Iverson and
LaHusen [67] as a result of their noncoaxiality. Moreover,
before principal stresses rotate to this final value at t = 30s,
the soil at different positions rotates in a different cyclic
way.

5 Discussion

In this section, we shall discuss the very-rapid landslide pro-
cess from the viewpoints of the kinetic energy, velocity range,
grain-size effect and post-failure configuration.

5.1 Kinetic energy

Total kinetic energy of grains can be possibly used to evaluate
the safety of natural or artificial obstacles. Figure 15 provides
the total kinetic energy of grains measured at different time
in the DEM landslide analyses, which is computed by taking
into account the translational kinetic energy and the rotational
one of all grains and which has also been used recently by
Nicot et al. in [68] as follows.

0.10 ——

2’ E-0.096440.000167(t'24)2
—e— DEM data i

0.08

0.06

0.04

Total dynamic energy

30 40 50 60 70 80 90
Time (s)

Fig. 15 Total kinetic energy of grains measured in the DEM landslide
analyses

M
E=Y" %(miv? + Lo} 3)
i=1
where m;, I, v; and w; are mass, inertia, translational and
rotational (angular) velocities of grain i respectively. Mis
the number of particles in the whole slope.

Figure 15 shows that the kinetic energy increases obvi-
ously with time at first until t = 24 s. Then it decreases gradu-
ally with time. The kinetic energy is nearly zero whent=60s.
In comparison with Figs. 10 and 15 show that the kinetic
energy of grains and the maximum velocity share a similar
pattern, but the former arrives at its peak and zero values
earlier than the latter. In addition, the total kinetic energy of
grains can be expressed against time by the following empe-
rical equation.

E = 0.0964 — 0.000367(t — 24)> “)

The prediction by Eq. (4) is also presented in Fig. 15,
which demonstrates that Eq. (4) can describe the change of
total kinetic energy of grains in the landslide relatively well.

Figure 16 present the kinetic energy of grains of different
velocities, which are either larger or smaller than the mean
velocity Vm, measured in the DEM landslide analyses. Fig-
ure 16 shows that the kinetic energy of grains of velocities
larger than Vm is different from that smaller than Vm. There
is one peak value in the former but two values in the latter.
The kinetic energy of large velocities increases with time
at first until t = 18s. Then it decreases gradually with time,
approaching nearly zero at t = 60s. In addition, the former
accounts for main part of the total kinetic energy between
t = 8 and t = 40, while at other time it is the latter that
constitutes the main part of the kinetic energy.

5.2 Velocity range

Figure 17 provides the number of grains of different velocity,
which falls into one of the seven groups evenly ranging from

Dynamic energy in different grains

1 1
0 10 20 30 40 50 60 70 80 90
Time (s)

Fig. 16 Kinetic energy of grains of different velocities measured in
the DEM landslide analyses, in which Vm represents the mean velocity
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Fig. 17 Number of grains measured at different velocities in the DEM
landslide analyses

0 and vmaxand which is illustrated on the log scale, measured
at different time in the DEM landslide analyses. Figure 17
shows that the number of grains at velocity of (0 — 1/7) vmax
increases obviously with time until t = 6s. Then, it increases
slightly with time. In contrast, the number of grains demon-
strates a similar pattern against time for those at five ranges
of velocity between 1/7vmax and 6/7vmax, decreasing evi-
dently at first, then slightly, and obviously again with time.
However, the number of grains at velocity of (6/7 — 1)vmax
generally decreases obviously with time, but in a fluctuation
way.

5.3 Grain-size effects

Figure 18 presents the number of different-size grains, which
diameter d is either larger or smaller than mean diameter ds,
at velocity of (0 — 1/7)vmax measured in the DEM landslide
analyses. Figure 18 shows that the number of grains at veloc-
ity of (0—1/7)vmax increases obviously with time at first until
t = 6, and then increases slightly to its final value, regard-
less of their sizes. However, the final number for the grains
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Fig. 18 Number of different-size grains at velocity of (0 — 1/7)vmax
measured in the DEM landslide analyses
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Fig. 19 Percentage of different-size grains at velocity of (0—1/7)vmax
measured in the DEM landslide analyses

of d > ds is larger than that for those of d < dso. We shall
investigate the reason next.

Figure 19 provides the percentage of different-size grains,
either d > dso or d < dsq at velocity of (0 — 1/7)vpmax to
the respective total number of grains, measured in the DEM
landslide analyses. Figure 19 shows that whether the diame-
ter is larger or smaller than ds, there is a unique relationship
between the percentage and time. It increases obviously with
time at first until t = 65, and then increases slightly to its
final value, about 80 % at t = 80s. It can be deduced from
Fig. 19 that it is the difference on the respective total number
that leads to the difference on the final number of grains at
velocity of (0 — 1/7)vmax in Fig. 18. Hence, there is little
grain-size effect for the grains at velocity of (0 — 1/7)vmax.-

Table 1 presents the grain-size effect for particles at veloc-
ity of (0 — 1/7)vmax or (6/7 — 1)vpax observed in the DEM
analyses. Since the number of the particles at the velocity
changes with time or step, the number of particles summed
over 45 steps is used to investigate the effect. Hence, the
percentage in Table 1 is the averaged percentage of particles
to the generated particles. Table 1 shows that there is little
grain-size effect for the grains at velocity of (0—1/7)vmax. In
contrast, there is an evident grain-size effect for the grains at

Table 1 Grain-size effect for particles at different velocity observed in
DEM analyses

Particle Particle Number of  Averaged Relative
velocities sizes particles percentage  difference
summed of particles (%)
over 45 to the
steps generated
(%)
O —1/T)vmax  >dso 269,348 72.22 0.47
<dso 382,561 72.56
(6/7 — Dvmax  >dso 225 0.06033 12
<dso 284 0.05387

The number of generated particles is 11,716 and 8,288 for d < dsp and
d > dso respectively
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velocity of (6/7 — 1)vmax. Although there are fewer particles
of d > ds5( than those of d < d5o moving at (6/7 — 1)vmax,
the percentage of d > ds( particles is 12 % larger than those
of d < dsp. Hence, it can be deduced from Table 1 that large-
size grains tend to move fast during very rapid landslide. This
observation is similar to the recent findings on size segrega-
tion of spherical pellets in the surface flow, in which the
smaller pellets were found to be concentrated near the core
of the granular assembly, and the larger pellets segregate to
the outer wall [69].

5.4 Post-failure configuration

Post-failure configuration may serve as a basis for remedial
measure designs. Figure 20 provides initial and post-fail-
ure slopes observed in the DEM analyses. Figure 20 shows
that the inclination of the post-failure slope is 13.5°, which
is smaller than 45°, the inclination of the initial slope. In
addition, this post-failure inclination is much smaller than
the peak/residual internal friction angle, i.e., 22.2° and 18.8°
respectively shown in Fig. 6. This inclination of the post-
failure slope is quite close to the mean value of slope angles
(i.e., 14°) in landslide masses investigated in Higashikubiki
area, Japan [70]. This observation highlights the difference
between the internal friction angle, angles of repose (static
and dynamical), and the angle of post-failure slope. Since the
angles of repose come from loose material, the static repose
angle should be equal or close to the residual internal friction
angle, smaller than the peak internal friction angle but signif-
icantly larger than the angle of post-failure slope, while the
dynamical repose angle should be equal to the angle of post-
failure slope. The angle with its tangent defined by the ratio
between height and travelled distance is about 37.5°, which
is larger than these four angles. Moreover, Fig. 20 shows that
the surface of the post-failure slope does not pass through
the toe of the initial slope, but through the surface centre
of the initial slope. This observation is different from that
introduced in any textbook on Soil Mechanics, in which the

Initial slope,
O/ =45 degrees

Post-failure slope,
o= 13.5 degrees

Fig. 20 Initial and post-failure slopes observed in the DEM analyses

failure surface of a granular slope is assumed to be straight
line passing through the slope toe in 2-D analyses.

6 Concluding remarks

This study presented a distinct element modeling of one full
very-rapid landslide of a bonded granular cut slope which
was triggered by an abrupt reduction of bond strength to
zero at all inter-particle contacts. This is particularly impor-
tant for understanding the landslide process, establishing its
practical macro-constitutive models, theoretical and numer-
ical analysis methods, and subsequently improving design
theories on disaster mitigation. The main feature of the study
is that a DEM code NS2D, developed by the first author, was
used to carry out the numerical test and the results were ana-
lyzed from the viewpoint of macroscopic and microscopic
geomechanics.
The main conclusions from this study are:

(1) During the landslide process, the soil moves either in
a rather random/chaotic way (diffuse failure) or in dif-
ferent curved shear bands (localized failure). The soil
close to slope surface moves along downward slope in a
manner that the closer to the slope surface, the larger the
displacement, while the soil close to the slope toe moves
significantly in the horizontal direction. The closer to
the slope surface, the faster the soil moves. In addition,
the landslide experiences rapid flow most of the time,
with its maximum velocity increaseing obviously with
time at first to its peak value, then decreasing gradu-
ally with time to zero. The kinetic energy of grains and
the maximum velocity share a similar pattern, with the
former arriving at its peak and final values earlier than
the latter.

(2) During the landslide process, the soil close to slope
undergo a repeated loading and unloading process,
i.e., fluctuations, and an evident rotation of principal
stresses. In addition, their stress state may arrive slightly
over or at the peak strength envelope of the material as
a result of large deformation rates experienced.

(3) The number of grains at velocity of (0 — 1/7)vmax
increases obviously at first and then slightly with time.
In contrast, the number of grains demonstrates a sim-
ilar pattern against time for those at other five ranges
of velocity between 1/7vmax and 6/7vmax, decreasing
evidently at first, slightly then, and obviously again
with time. However, the number of grains at velocity
of (6/7 — 1)vmax generally decreases obviously with
time, but in a fluctuation way.

(4) Regardless of particle sizes, there is a unique relation-
ship between the percentage of different-size grains at
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velocity of (0 — 1/7)vmax and time. It increases obvi-
ously with time at first, and then increases slightly to its
final value. Hence, there is little grain-size effect for the
grains at velocity of (0 — 1/7)vmax. In contrast, there is
an evident grain-size effect for the grains at velocity of
(6/7 — 1)vmax, with large-size grains tending to move
fast during landslide process.

(5) The post-failure inclination is much smaller than the
peak/residual internal friction angle but quite close to
the mean value of slope angles in landslide masses
investigated in Higashikubiki area, Japan [70]. More-
over, the post-failure slope surface does not pass through
the initial slope toe, but through the centre of the initial
slope surface.

One of our future works is to employ DEM to investigate
the impact of very-rapid granular flow on a barrier [71], its
dynamic behavior in mountainous terrain [72], its run-out
distances [73], and the effects of the physical parameters on
the initiation and/or the propagation of the avalanche, with
a reasonable reduction of bond strength at each bond con-
tact and/or with more advanced post-failure contact models
[46,74-76].
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