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Figure 7.11: Photos of the thick talus located at the toe of the Bochat Ridge.
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Figure 7.12: Trenches in the upper part of the Bochat Ridge represented by the K1-K4
joint sets.
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7.4 Bochat ridge section (B-B’)

The B-B’ cross section has been built to reproduce the block toppling instability clearly
observed on the Bochat Ridge. The frontal portion of the main scarp is indeed character-
ised by block toppling failures. According to the geological model, blocks partially slide
along the schistosity planes dipping S-W (inclination 35-40°) and partially break in ten-
sion along the K3 planes dipping N-E (inclination 25-30°). The K4 joint set together with
K2 has an important role in the development of this type of failure, as they are vertical
joints which generate the blocks (Figure [7.13).

The main joint sets present in the Bochat Ridge area and their orientation are listed in
Table The rock outcrop of Figure shows the main discontinuity sets. The block
toppling model comprises a good rock mass quality and includes cross-joints (schistos-
ity). It is to be noted that no toppling would occur in this model without the cross-joints,
because of the high rock strength that inhibits the bending of columns.

Figure 7.13: Particular of the photo of the Bochat Ridge taken from the S-W margin of
the talus. The rock joints are representative of the main discontinuity sets at the site.
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Figure 7.14: The main discontinuity sets at the Bochat Ridge.

According to the geological interpretation and observation of block toppling, two
main joint sets have been chosen: the vertical joint set dipping 80° into the slope (trenches
orthogonal to the valley axis), with joints spaced 1 m apart, and the schistosity plane
dipping 30° out of the slope. Although a pervasive schistosity is present, a mean spacing
of 4 m is considered (K3, which also influences stability, has spacing ranging between 2
and 5 m), in order to simulate the blocky structure of the rock mass. To set the spacing,
the kinematic test of toppling instability has been also carried out.

If a block on an inclined rock surface is considered, the nature of the instability is
dependent on the block geometry and the angle of friction between the block and the
surface on which it is resting. Four options are shown in Figure as the various
regions in a graph of block aspect ratio versus friction angle. To establish the equilibrium
due to toppling, consider the location of the line of action of the force due to gravity. This
passes through the centre of gravity of the block and will coincide with the lower apex
of the block if b/h = tany, which is the limiting equilibrium condition. Thus, toppling
will not occur if b/h > tanyp, and will occur if b/h < tanip.
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Figure 7.15: Sliding and toppling instability of a block on an inclined plane (from |Hud-
son and Harrison), [1997).

7.4.1 FEM model setup and modelling results

The geometry of the slope was imported in Phase? and meshed with a nominal element
size of 0.5 m. The size of the model is 70 m wide and 60 m high, and the mesh adopted
consisted of 23047 elements and 14582 nodes (Figure[7.16). Initial in situ stress conditions
were based on a horizontal to vertical stress ratio (k) of 0.43. Plane-strain conditions were
assumed. The boundary conditions specified were: zero x-displacement at the sides
and zero x and y-displacement at the base. The rock mass deformability and strength
parameters are listed in Table

The parallel statistical joint network inserted in the FEM model was generated using
a different sampling of the random variables such as spacing, length, and persistence
(Table [7.8). The trend plane of the cross section was also set (section B-B’ has a trend
plane N29°E). The friction angle, dilation angle, cohesion, and tensile strength of the
main joint sets are summarised in Table[7.9] Joint normal stiffness and joint shear stiffness
were varied in proportion to the deformability modulus of the rock mass.

The high persistence of cross-joints is shown to have a dramatic effect on the slope be-
haviour. The FEM analysis was unstable and the convergence was not established within
the total number of iterations; a landslide from block toppling failure developed. Figure
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shows the FEM results of numerical simulation in term of total displacements. Also
the deformed mesh and the yielded joints are illustrated. The movement is concentrated
in the upper section of the slope.

Figure 7.16: Basic slope geometry used in the FEM analysis (section B-B’). The main joint
set dips at 80°; the sub-vertical joint mean spacing is 1m; the schistosity joint set dips at
30° and its mean spacing is 4 m.

If a value of spacing equal to 1 m and 2 m is set for the vertical joint set and the
schistosity, respectively, the instability mechanism observed in the FEM analysis is quite
different. The instability mode is now sliding along the schistosity planes (Figure|7.18).
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Joint set 1 (vertical joint K2)

Joint set 2 (schistosity)

Joint model Parallel statistical

Parallel statistical

Orientation
Trace plane dip 299 299
direction (°)
Dip (°) 80 30
Dip Direction (°) 25 195
Spacing
Mean (m) 1 4
Distribution Normal Normal
St. Dev. (m) 0.5 0.5
Rel. Min. (m) 0.5 1.5
Rel. Max. (m) 1.5 5
Length Infinite Infinite
Joint End Condition All Closed All Closed

Table 7.8: Section B-B’: joint network setting.

Joint set 1 (vertical joint K2)  Joint set 2 (schistosity)

Normal stiffness k,, (MPa/m) 100000 100000
Shear stiffness ks(MPa/m) 10000 10000
Slip Criterion Mohr-Coulomb Mohr-Coulomb
Tensile strength o¢(MPa) 0 (tension positive) 0.01 (tension positive)
Cohesion c (MPa) 0.04 0.03
Friction angle ¢ (°) 27 22

Table 7.9: Natural joints and schistosity strength properties used in the FEM numerical
analyses.
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Figure 7.17: Total displacements, yielded elements and joints at the end of the FEM ana-
lysis (section B-B’); deformed model is also shown.

Figure 7.18: FEM model of section B-B” with a lower value of spacing for the schistosity.
Total displacements, yielded elements and joints at the end of the simulation.
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7.4.2 FDEM model setup and modelling results

The FDEM model of section B-B” was built according to the FEM model. The mesh and
boundary conditions are consistent with those adopted with FEM (Figure [7.16), but the
pre-existing joints are introduced only in the upper part of the model, that is the area
subjected to maximum displacements in the FEM analysis.

The necessary condition to avoid numerical instability during fracturing simulation,
lead to a manual correction of the mesh adopted in order to eliminate bad triangular geo-
metry. Actually, the FDEM tool requires a regular mesh as much as possible. However,
the elements size could be different, but thin triangular elements are not allowed.

The rock mass behaves according to the Mohr-Coulomb criterion which requires the
following parameters: elastic modulus, Poisson’s ratio, internal friction angle, dilation
angle, internal cohesion, and tensile strength (Table . The Mohr-Coulomb model was
also adopted for the pre-existing joints (Table[7.7).

Figure 7.19: Total kinetic energy during Stage 1 in the FDEM simulation (section B-B’).
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Figure 7.20: Block deformation plots for a slope with rock mass tensile strength of 3 MPa.
FDEM simulation.



220 Realistic simulation of key instabilities of the Beauregard massive landslide

Figure 7.21: Block deformation plots for a slope with rock mass tensile strength of 7 MPa.
FDEM simulation.
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As usual, the numerical simulations were performed in two stages. The first stage
was run with the intent to reproduce the initial state of stress within the slope with no
fracturing being allowed between the finite elements. The fracture process was activated
during the second stage to assess the slope stability. During both stages computation was
led to equilibrium; Figure shows the total kinetic energy versus the simulation time
during the first stage. The total kinetic energy of the system has to be largely reduced
in order to obtain the computed vertical stresses close to the expected theoretical values.
Considering the limited size of the model, the first stage computation time was of 4 days;
complete equilibrium was reached, with the number of cycles equal to 4-10° with a time
step size of 1-10°. The second stage computation time was 5 days.

Two models were setup. They are different in the tensile strength assumed for the
rock mass. The block toppling slope instability when the rock mass has a tensile strength
of 3 MPa is shown in Figure /.20, whereas the block deformation for a tensile stregth of
7 MPa is illustrated in Figurel]j_ﬂ

The destressing of the slope is related to the foliation and schistosity which dip to-
wards S-W; other joints occurring sub parallel to the slope surface (K3) are related to the
destressing taking place in the slope. The occurrence of toppling movement is evidenced
by the presence of a number of tension cracks (Figure and assemblies of rotated
blocks, roughly ordered according to the fabric of the toppled mass. They cover part of
the wide trench perpendicular to the valley axis as shown in Figure

In the FDEM numerical simulation, cross-joints (schistosity) were added with con-
tinuity equal to 100%; as shown by the numerical results, the deformation of the slope
is controlled by the cross-joints; in the first case most of the movement takes place in
the upper portion of the slope where rock columns undergo bending and overload the
lower blocks. In the lower part of the slope, the columns are progressively sliding. Some
fractures start inside the slope and as the columns rotate, the cross-joints no longer form
continuous planes in the upper portion of the slope, so they are no more free to slide
and the movement progressively is reduced. Due to the persistence of the cross-joints,
the FDEM simulation shows a catastrophic block toppling taking place. Similar cata-
strophic failure mechanisms were observed in the second FDEM model including a fully
persistent cross-joint set with an higher rock mass strength.
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Figure 7.22: View of block toppling toward S-W from the top of the Bochat Ridge. A
wide trench perpendicular to the valley and belonging to K2 joint set is shown.
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7.5 Arp Vieille section (C-C’)

A numerical modelling study of section C-C” has been carried out following the proced-
ure illustrated for section A-A’. The potential driving mechanism of the instability has
been evaluated. Combinations of discontinuity orientation were examined to determine
if specific failure modes are possible. The range of dip and dip direction for each joint
set is shown in Table

Generally, the stability is influeced by the trenches which belong to K1 or K4 joint sys-
tem, the schistosity and the subhorizontal K3 joint set. The joints network was generated
as illustrated in the previous analyses.

Joint Set Dip Direction Range of variation Dip Range of variation
K1 110° +20° 80° +15°
K2 190° +20° 90° =10°
K3 000° +15° 30° +15°
K4 150° +10° 85° +15°
K5 55° +10° 80° +10°
Ke6* 55° +5° 35° +10°
Schistosity 235° +5° 45° +15°

* K6 joint set has a dip direction and dip angle very similar to those measured for the
schistosity.

Table 7.10: Range of dip and dip direction of main joint sets which characterise the Arp
Vieille area.

7.5.1 FEM model setup and modelling results

The model set up for the Arp Vieille area comprises the K1 joint set and the schistosity.
The geometry of the model with the mesh and the boundary conditions adopted, is illus-
trated in Figure The nominal element size of the finite element mesh was 3 m and
the mesh adopted consisted of 33161 elements and 22266 nodes. The boundary condi-
tions specified were: zero x-displacement on the sides and zero x and y-displacement at
the base. The size of the model is 573 m wide and 302 m high. Initial in situ stress condi-
tions were set with a horizontal to vertical stress ratio (k) of 0.43. Plane-strain conditions
were assumed.

Rock mass strength and mechanical parameters of joint sets were chosen according
to the geotechnical model (refer to Table[7.2]and[7.3).
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Figure 7.23: Basic slope geometry and mesh used in the FEM analyses (K1-schistosity
model).

Based on FEM computation, the joints affecting the rock slope stability are mainly the
trenches, i.e. the sub-vertical sets K1 and K4, when dipping into the slope; the schistosity
and the K3 sub-horizontal planes do not influence stability, as generally they are dipping
into the slope. For the mean planes of joints, FEM analysis were stable. However, with
K1 and K4 having the orientation indicated in Table[7.11} the FEM analyses were unstable
with no convergence being reached within the total number of iterations. It has been
chosen to illustrate the numerical results obtained by introducing K1 and schistosity
joint sets.

Figure shows the FEM results when the rock mass is subdivided by the K1 and
schistosity joint sets. The analysis were unstable. The results are shown in terms of
total displacements and yielded elements. Also the deformed mesh is illustrated; dis-
placements involve the entire slope so that stability is compromised. Yielded elements
concentrate on the main scarp and inside the slope where a potential shear surface could
form.
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Joint set 1 (vertical Joint set 1 (vertical Joint set 2
joint K1) joint K4) (schistosity)

Joint model Parallel statistical Parallel statistical Parallel statistical
Orientation
Trace plane dip 42 42 42
direction (°)
Dip (°) 85 80 45
Dip Direction (°) 290 330 235
Spacing
Mean (m) 7 7 10
Distribution Normal Normal Normal
St. Dev. (m) 2 2 2
Rel. Min. (m) 5 5 6
Rel. Max. (m) 8 8 12
Length Infinite Infinite Infinite
Joint End Condition All Closed All Closed All Closed

Table 7.11: Joint network setting for section C-C’.
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Figure 7.24: Total displacements and yielded elements at the end of the FEM analysis
(K1-schistosity model). Deformed mesh is also shown. K1 orientation is unfavourable to
stability.
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7.5.2 FDEM model setup and modelling results

The FDEM model of Section C-C’ was built according to the FEM model. The mesh and
boundary conditions were consistent with those adopted with FEM, except for some ad-
justment of the joint network to avoid to numerical instability. The mechanical properties
listed in Table|7.6|are given to the rock mass. Table|7.7|shows the mechanical properties
of the cross-joints and trenches.

As usual, two stages of computation were performed, the first one to set the initial
stress conditions, and the second to simulate the instability of the slope. The fracture
process was allowed only in the second stage with the intent to assess the slope instabil-
ity. As shown in Figure where the total kinetic energy versus computation time is
plotted, in the first stage the complete equilibrium is reached in 20-10° steps with a time
step size of 1-10°. Considering that the Y2D code is computer demanding the elastic
analysis required a significant computation time in terms of 20 days on a 2.33 GHz, 8 GB
RAM pc. The Stage 2 required 11 days of computation.

FDEM simulation results are shown in Figure and for different values of
the rock mass tensile strength. With a tensile strength of 7 MPa, the failure mechanism
is a flexural toppling. First some new fracture develops inside the slope, then allowing
the model to run, the columns undergo bending, much more upslope than at the base
of the scarp. The deformation of the slope is mainly controlled by the sub-vertical joints
(trenches). At the end of computation, a potential failure surface develops 120 m deep.

This portion of the Bochat Ridge shows a similar morphology with the N-E portion,
due to the presence of the same trenches NE-SW trending. The main scarp is mainly
vertical and in the outcrop in the forefront it is possible to recognise the main discon-
tinuity sets and the apparent orientation of the foliation. A detail of the main vertical
cliff and the vegetated talus is shown in Figure evidence of rockfalls activity have
been found limited to blocks which are falling freely from the cliff face. In the upper part
of the slope, ridge-top trenches occur (Figure belonging to K1 and K4 joint sets. In
such an area, the rock mass weakened by flexural toppling could lead to a large-scale
landslide as indicated by the numerical results shown in Figure
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Figure 7.25: Total kinetic energy during Stage 1 in the FDEM simulation (KI-schistosity
model)
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Figure 7.26: Subsequent screenshots of the instability simulated with Y2D code (K1-
schistosity model) for 6 yock mass=3 MPa.
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Figure 7.27: Subsequent screenshots of the instability simulated with Y2D code (K1-
schistosity model) for 6 yock mass=7 MPa.
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Figure 7.28: Details of the main scarp: vertical cliff where blocks are defined by the main
joint sets.

Figure 7.29: View of the wide trenches (K1 and K4 joint sets) located above the crest.
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7.6 Bochat section (D-D’)

Numerical modelling studies of the Bochat section (D-D’) have been carried out with
the two dimensional FEM code Phase? v.7 and the FDEM code Y2D. As discussed in
the previous chapter, a good level of understanding of the geological and geotechnical
factors which influence the stability of the Bochat area has been available.

The aim of the numerical analyses was to evaluate the potential driving mechanism
of instability and simulate the interaction between the upper and lower portion of the
slope. The present study was conducted taking into consideration the previous model-
ling studies of section (E-E’) which represent the landslide sector which impinges on the
arch dam. Actually, the observed failure mechanism for the Bonne are and Bochat areas
is similar, because in both sectors sliding occurs along a basal shear zone comprising
cataclastic rock.

7.6.1 FEM model setup and modelling results

The geometry of the FEM model was based on the Bochat geological section illustrated
in the previous chapter. The model included the rock mass in accordance with its quality
condition, the sub-vertical trenches and the shear zone forming the basal failure surface.
The geotechnical parameters of the different features included in the model are shown
in Figure The rock type in the zone of interest is gneiss and micaschist.

The rock mass belonging to Sector I (see Figure is a good quality rock mass, un-
disturbed and blocky, and was introduced in the model to represent the deep rock mass.
The moving mass was represented by rock belonging to Sector IlI, that is a poor qual-
ity rock mass, weak and crushed reduced to soil like material. The rock mass behaves
according to the Hoek-Brown constitutive model with parameters listed in Table

The shear zone was introduced in the model as a 12 m thick layer of material as
shown in borehole 52/04 drilled in the Menthieu area. Such level of material was char-
acterised by using Mohr-Coulomb failure criterion. The mechanical properties of the
trenches and faults were similar to those of the shear zone. A Mohr-Coulomb failure
criterion was used, with friction and cohesion values corresponding to the lower values
obtained in the interpretation of laboratory tests (triaxial tests and direct shear tests) on
the soil like material (cataclastic and shear zone material).

Two types of models were set up which are different in the geometry of the shear
zone:

1. the rigid-block model is characterised by a rigid block failure mechanism;

2. the circular surface model is characterised by a sliding on a circular surface.
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Rock mass (gneiss - micaschist) Sector I Sector 111
UCS, Uniaxial Compressive Strength (MPa) 65 65
GSI, Geologic Strength Index 54 45
Density (kg/m?) 2500 2400
Young’s modulus (MPa) 10000 6000
Poisson’s ratio (-) 0.3 0.3
Failure criterion Hoek-Brown Hoek-Brown
™y, parameter 1.1 0.8
s parameter 0.006 0.002
Residual my, parameter 0.8 0.8
Residual s parameter 0.002 0.002
Mohr Coulomb parameters
Friction angle ¢ (°) 27 25
Dilation angle ¢ (°) 0 0
Cohesion c (MPa) 2.75 2.21

Table 7.12: Rock mass deformability and strength properties.

Initial in situ stress conditions were based on a horizontal to vertical stress ratio (k) of
0.43. Plane-strain conditions were assumed, whereas the boundary conditions were:
zero Xx-displacement at the sides and zero y-displacement at the bottom. The size of the
model is 995 m wide and 710 m high.

The geometry and mesh of the two models are shown in Figure[7.30} In the rigid-block
model model, the mesh adopted consisted of 32814 finite elements and 16987 nodes with
a nominal element size of the finite element mesh of 4 m. The overall mesh of the circular
surface model model consisted of 32915 finite elements and 17020 nodes with an average
size of elements equal to 5 m.

A number of parametric FEM analyses has been carried out in order to calibrate the
numerical model and assess the stability condition. The Strength Reduction Factor was
calculated for different values of the friction angle of the shear zone. The results for both
the models are shown in Table The values of friction angle adopted for the shear
zone are based on the characterisation of shear material and previous numerical studies
of the Beauregard landslide in the area close to the dam. At this point, it is worth to point
out those studies (Barla et al.|(2006), |Barlal (2009, 2010), [Kalenchuk et al.| (2010),Martinotti
(2010) andMiller et al.|(2008)).
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Figure 7.30: Basic slope geometry and mesh used in the FEM analyses of Bochat section
(D-D’). On the left the rigid-block model model is shown, whereas, on the right the circular
surface model is illustrated.

Shear zone Rigid-block model Circular surface
strength parameters model
Friction angle ¢ (°)  Cohesion ¢ (MPa) SRF SRF
27 0 1.3 1.19
23 0 1.1 1.01
22 0 1.06 0.97
21 0 1.01 -
19 0 0.91 -

Table 7.13: Computed Strength Reduction Factor in the FEM analyses.
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Two dimensional modelling with Flac (FDM) and Phase? (FEM) codes was carried out
to evaluate the stability of the slope. In the FDM and FEM modelling studies, with the
basal sliding zone represented with parameters shown in Figure the computations
performed would lead to a safety factor ranging between 1.16 and 1.18. With a friction
angle of 22° assumed for the sliding zone, the limit equilibrium condition would be
reached with a computed safety factor equal to 1.07 (Barla} 2010). All these studies were
performed by introducing the ground water table as monitored in the summer months
(May/June to September/October).

Limit equilibrium stability analyses have also been performed with the method of
slices and a stochastic approach (Miller et al., 2008). Results of slope stability analysis
assuming a residual non linear shear-strength envelope and summer ground-water level,
would lead to a factor of safety of 0.997. The residual shear-strength envelopes have
friction angles of about 20° to 22°.

The FEM computations of the Bochat area basically validate the above results. It is
worth mentioning that such analyses have been carried out under drained conditions. In
the rigid-block model, the limit equilibrium condition was reached when the shear zone
has a friction angle equal to 21° (Figure [7.31). A similar value of friction angle (p=23°)
determined the limit equilibrium condition in the circular surface model. As shown in
Figure one cannot see any difference in the type of failure between the two FEM
models.
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Figure 7.31: Phase? model (FEM) with near limit equilibrium parameters along the basal
shear zone for rigid-block model (left) and circular surface model (right).
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7.6.2 FDEM model setup and modelling results

Two dimensional modelling was also carried out with FDEM to study the evolution of
the instability and the interaction between the moving mass forming the lower portion of
the slope and its upper portion. The models were set up with the same geometry, mesh
and boundary conditions as the FEM ones. The mechanical properties of the rock mass,
shear zone and trenches were not varied respect to the FEM model. Such properties are
shown in Table[7.14] and Table together with the numerical parameters introduced
in the FDEM modelling.

Intact material properties Sector I ~ Sector I ~ Shear zone
Elastic modulus, E (GPa) 10 6 6
Poisson’s Ratio, v 0.3 0.3 0.3
Density, p (kg/m?) 2500 2400 2400
Internal cohesion, ¢; (MPa) 2.75 2.21 0
Internal friction angle, ¢; (°) 27 25 1927
Dilation angle, ¢ (°) 0 0 0
Tensile strength, o¢(MPa) 7 3 0.1
Fracture energy release rate, G (J/ m?) 150 50 10
Numerical parameters

Viscous damping (kg/ms) 5.00E+07 3.79E+07  3.79E+07
Normal contact penalty (GPa) 10 6 6
Tangential contact penalty (GPa) 1 6.1071 6.10°1
Fracture penalty (GPa) 10 6 6

Table 7.14: Rock mass and shear zone mechanical properties used in the FDEM study.

Trenches - Faults

Tensile strength o; (MPa) 0
Cohesion c (MPa) 0
Friction angle ¢ (°) 27

Table 7.15: Trenches and faults strength properties for FDEM models.

The numerical simulations were performed in two stages: 1) set the initial stress con-
ditions, 2) simulate the instability of the slope. During both stages computation was led
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to equilibrium. Figure shows, for example, the decrease of the total kinetic energy
during Stage 1 for the circular surface model; complete equilibrium is reached, with the
number of cycles equal to 10-10° with a time step size of 1-10~°, which correspond to a
computation time of 17 days on a 2.33 GHz, 8 GB RAM pc. On the same computer, the
Stage 2 required 12 days of computation.

Figure 7.32: Total kinetic energy during Stage 1 of the FDEM simulation (circular surface
model).

Figure and illustrate the FDEM simulation of instability. The mechanism
driving instability is different in the two models. In the rigid-block model the shear zone
attains failure, then the mass above starts sliding. As the movement increases, some
tensile fractures develop inside the lower sliding body allowing the kinematic release.
Further movement of the sliding mass causes the development of a heavily damaged
portion of the slope between the upper stable zone and the sliding one, but the rup-
ture does not develop in the upper part of the slope, and all the movement is confined
downslope.
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The kinematics observed in the circular surface model is quite different. The basal por-
tion of the slope starts to slide above a circular surface composed by the one of the main
scarp and the base shear zone. As the mass moves, several fractures develop inside such
a portion of the slope. The movement of the lower portion causes the brittle fracture of
the upper zone, where a new sliding surface develops. Such a model well represents the
interaction between the lower portion of the Beauregard landslide, which it is observed
to move above a shear surface completely developed (creep behaviour) and the upper
portion of the slope which moves above an incipient sliding surface (brittle behaviour).
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Figure 7.33: Subsequent screenshots of the instability simulated with Y2D code (rigid-
block model) when the shear base has a friction angle of 19°.
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Figure 7.34: Subsequent screenshots of the instability simulated with Y2D code (circular
surface model) when the shear base has a friction angle of 22°.
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7.7 Summary

The results presented in this chapter analyse the characteristic modes of failure observed
in the S-W portion of the Beauregard Landslide. Flexural toppling and local block top-
pling is highly dependent on discontinuity characteristics. Two main discontinuity sets
which characterise the landslide influence the stability: the first one strikes parallel to
the valley, the second one is perpendicular to it. Also the schistosity influences the de-
velopment of instability.

In this study, discontinuity parameters including orientation and spacing were ex-
amined to evaluate the overall stability of the slope. Comparisons between FEM and
FDEM analyses showed that the combined finite-discrete method allows to gain more
information about triggering, subsequent evolution and deposition of the rock being
mobilised in the failure process.

The characteristic failure mode of the Bochat area has been obsesrved to be a sliding
on a complex surface. The FDEM modelling study of such an area is able to describe
this type of instability and the interaction between the lower portion of the slope and the
upper part.

The combined finite-discrete element method is shown to account for the transition
from continua to discontinua and represents a potential alternative to conventional ana-
lysis methods for slope stability analyses. A step forward in the application of such a
technique to slope stability problems has been taken by showing its valuable help in
the understanding of the modes of instability which characterise deep seated landslides
from massive rock failure.
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Chapter 8

Summary and Conclusions

8.1 Summary

The following main tasks have been accomplished in the present thesis:

* a comprehensive review of the state-of-the-art on catastrophic massive landslides
has been performed; each type of landslide from massive rock slope failure has
been described: catastrophic rockslides; catastrophic spreads; rock avalanches;
rockfalls; catastrophic debris flows; landslide from volcanoes; slow mountain slope
deformations. Attention has been focused on deep-seated landslides; their origins
and structural evolutions, together with morphological, geomechanical and struc-
tural features, have been pointed out. The occurrence of secondary types of move-
ment in deep-seated gravitational slope deformations has been described;

* a review of numerical techniques used in rock slope stability analysis has been
done, with emphasis on the use of combined continuum-discontinuum numer-
ical modelling FDEM codes like a powerful tool to study the total slope failure
of massive rock slopes;

¢ a description of the numerical formulation of continuum and discontinuum meth-
ods has been given; attention has been focused on the general formulation of the
combined finite-discrete element method. The main algorithms which characterise
this method have been discussed,;

¢ a description of the Y2D code based on FDEM has been given; the Y-GUI and the
Y2D input file data structure has been described. A series of numerical tests carried

245



246 Summary and Conclusions

out to provide a validation of the Y2D code has been presented. For each example,
a description of the model set up and the relevant aspects which allow for reliable
simulations have been given;

¢ a description of the geological and geomechanical conditions of the Beauregard
Landslide, together with the interpretation of monitoring data has been reported;
the main emphasis has been posed on the instability modes which characterise the
landslide;

¢ the results obtained with FDEM numerical modelling of the main instability modes
observed in the landslide have been described and discussed in detail.

8.2 Conclusions

Based on the research studies presented in this thesis, conclusions are drawn by covering
the following main aspects:

¢ landslides from massive rock slope failure;

¢ numerical modelling of landslides from massive rock slope failure;

e combined Finite-Discrete Element Method,;

¢ validation of the Y2D code by simulation of simple slope failure mechanisms;

¢ numerical modelling of key instabilities of the Beauregard massive landslide.

8.2.1 Landslides from massive rock slope failure

Hazard assessment of massive rock slope failure is made difficult by a variety of complex
failure processes and unpredictable post-failure behaviour.

Deep-seated landslides are classified as a type of landslide from massive rock slope
failure. Generally, there is yet some discussion on the understanding and description of
such phenomena. Although these landslides have long been identified, their study has
been restricted to the identification of morphological aspects and description of move-
ment rates. Other types of slope instabilities are often linked with deep-seated gravita-
tional slope deformations and have been recognised to have catastrophic consequences.
There is agreement on the fact that the understanding of massive landslides and of the
hazards connected with them requires a multidisciplinary approach using geological,
geomorphological, geophysical and geotechnical studies, including monitoring meth-
ods for hazard management.
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8.2.2 Numerical modelling of landslides from massive rock slope fail-
ure

The analysis of rock slope stability has changed significantly during recent years with
a transition from limit equilibrium analyses to numerical modelling. These techniques
have evolved to allow routine analysis treating the slope as either a continuum (e.g.
finite-element method) or a discontinuum (e.g. discrete-element method). Furthermore,
the complexity which characterizes most landslides from massive rock slope failure in-
volves elements of both deformation of the continuum, interactions along existing dis-
continuities and the creation of new discontinuity features. To treat these problems, new
developments in combined finite-discrete element codes have been proposed. These
codes have demonstrated the significant potential in the analysis of “total slope failure
processes”, from initiation through evolution and deposition.

8.2.3 The Combined Finite-Discrete Element Method

In the last decade of the 20th century, the Discrete Element Method has been coupled
with the Finite Element Method. The new method is termed as “Combined Finite-
Discrete Element Method” (FDEM) and was proposed by A. Munjiza. In the FDEM
each body is represented by a single discrete element that interacts with the discrete ele-
ments close to it. Transition from continua to discontinua is done through fracture and
fragmentation processes. The fractures modes considered are:

* Mode I - crack opening mode (a tensile stress normal to the plane of the crack is
applied);

* Mode II - crack sliding mode (a shear stress acts parallel to the plane of the crack
and perpendicular to it).

The fractures propagate at the boundaries of the discrete elements (i.e. the crack does
not propagate inside the discrete element), once the fracture conditions in the material
are reached. The FDEM has been implemented in a code named “Y code”. This code has
been validated and used in this thesis in slope stability studies.

8.2.4 Validation of the Y2D code by simulating simple slope failure
mechanisms

The use of the combined finite-discrete element method with fracture propagation cap-
ability enables the simulation of failure initiation and progressive development includ-
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ing the fragmentation of the rock mass. In this thesis a number of complex slope instabil-
ity mechanisms have been studied with the Y2D code.

The first series of models presented includes slopes characterised by the presence
of pre-existing discrete discontinuity features; the purpose has been to simulate simple
mechanisms of failure with the main purpose to gain in the understanding of the Y2D
code when applied to the solution of slope stability problems. The generation of a fail-
ure surface was then analysed in a model which includes pre-existing sub-horizontal
tectonic fractures with intact rock bridges. These fractures help to constrain the stepped
development of the failure surface. The process of rock slope sliding along a stepped
failure surface has been analysed in detail. Block toppling instabilities have been in-
vestigated to highlight the advantages of using FDEM when compared to analytical or
DEM solutions. The assessment of the stability conditions for slope failure along a circu-
lar sliding surface through safety factors computation with FDEM is attempted and the
results are compared with limit equilibrium and finite element method evaluations.

8.2.5 Numerical modelling of key instabilities of the Beauregard Land-
slide

The characteristic modes of failure observed in the S-W portion of the Beauregard Land-
slide have been analysed. Observed flexural toppling and local block toppling failures
which are highly dependent on discontinuity characteristics have been simulated in de-
tail with both FEM and FDEM models.

8.3 Recommendations and further developments

Further developments of the research work undertaken are needed. Future modelling
work is envisaged toward the development of the code.

¢ To improve the applicability of the code to model large-scale landslides significant
steps forward are needed toward the increase of computation speed. Actually the
computation effort required by FDEM limits its applicability as tens of thousands
of finite elements are essential for appropriate modelling.

e The presence of groundwater certainly affects the stability of a slope and appro-
priate numerical tools are yet to be developed and implemented in the FDEM
code. New algorithms for hydro-mechanical coupling and fluid propagation in-
side newly created fractures is necessary.
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¢ In order to improve the understanding of landslide mechanics 3D geometry has to
be adopted in numerical modelling. The development of a 3D version of the code
would allow for a more realistic representation of the landslide.
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