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Abstract This paper investigates the importance of

kinematic release mechanisms on planar translational

slope failure using three-dimensional distinct element

codes. The importance of the dip and dip direction of

the rear, basal and lateral release surfaces and their

influence on failure mechanism, dilation, and the

development of step-path failures is illustrated.

The three-dimensional block shape and volume of

the unstable rock masses simulated with the different

discontinuity set geometries are characterized. Two

assumed three-dimensional slope models are investi-

gated in order to assess the importance of varying

kinematic confinement/release mechanisms. These

two assumed boundary conditions are shown to be

critical in the development of asymmetrical rock mass

deformation patterns. Scale effects due to the block

size and discontinuity persistence are shown to control

the calculated displacement and failure mechanisms.

The numerical modelling results are also demon-

strated to be sensitive to the assumed normal and shear

stiffness of the discontinuities. The influence of the

factors investigated on the failure of a single rock

block versus a rock mass are compared and discussed.

Keywords Slope stability � Distinct element

modelling � Rock mechanics � Kinematics

1 Introduction

The first stage in assessing feasible failure mecha-

nisms in a rock slope is typically a kinematic analysis.

This method provides a rapid and easy preliminary

analysis and an appropriate and necessary starting

point. Limitations of this technique include a lack of

consideration of block size or shape and the presence

and influence of interactions between multiple dis-

continuity sets. Using a three-dimensional distinct

element code, this paper investigates the influence on

rock slope failure mechanism of the:

1. Dip direction and dip angle of the rear release

discontinuity set

2. Dip direction and dip angle of the lateral release

discontinuity set

3. Dip direction of the basal surface discontinuity set

4. Block size

5. Persistence of the discontinuity

6. Degree of kinematic confinement in three-

dimensions

Based on kinematic analysis alone, all the discon-

tinuity set geometries investigated in this paper would

indicate planar translational sliding. A similar inves-

tigation on the controls on block toppling using three-

dimensional distinct element code was performed by
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Brideau and Stead (2010) and Cheng et al. (2010).

Preliminary results from the current planar sliding

investigation were presented in Brideau and Stead

(2009).

Planar sliding was selected as the primary failure

mechanism investigated in this paper, since it is the

simplest rock slope failure mode and because ‘‘sliding

along an adversely orientated rock face or block edge

will invariably occur if the kinematic conditions for

such sliding are met’’ (Goodman and Kieffer 2000). A

sliding mechanism (on one- or two-planes) will be

favoured over rotational movement if the geometry

allows for a finite and removable block to form

(Goodman 2003; Goodman and Kieffer 2000).

The sensitivity of the failure mechanism to the

orientation of a pair of discontinuity sets has been

previously investigated by Kimber et al. (1998). In

their study they used a two-dimensional distinct

element code and varied the dip angle of the basal

discontinuity set while keeping the dip angle of the

rear release discontinuity constant. The failure mech-

anism was demonstrated to vary between sliding,

sliding/toppling and toppling for different combina-

tions of discontinuity orientation. They also varied the

aspect ratio of the blocks to show its influence on the

failure mechanism (Kimber et al. 1998). The present

study investigates blocks with a different aspect ratio

using a three-dimensional distinct element model.

2 Numerical Modelling

The three-dimensional distinct element code 3DEC

(Itasca 2008) is used in this paper due to its ability to

model large displacement and rotation along block

boundaries allowing failure mechanisms such as

sliding and toppling to be modeled efficiently. The

characteristics of a rigid, elastic, or deformable

material type can be defined by the user. The strength

along the block boundaries (discontinuities) can also

be specified. Additional information concerning the

theory behind 3DEC can be found in Cundall (1988),

Hart et al. (1988) and Hart (1993). In order to focus on

the kinematic controls on rock slope stability, two

simple conceptual slope topographies with rigid

blocks and the same shear strength parameters on all

discontinuities were assumed in the models presented

in this paper. Table 1 lists the assumed rock density

and the discontinuity properties used in the three-

dimensional distinct element models.

The reference discontinuity set geometry (all three

mutually perpendicular) assumed in the 3DEC models

consisted of a basal discontinuity with an orientation

of 30�/270� (dip/dip direction), a rear release discon-

tinuity of 60�/090�, and a lateral release discontinuity

of 90�/000�. Figure 1a and 1b present the two assumed

slope profiles investigated. The first model (model 1)

consists of a two-dimensional cross-section that is

susceptible to sliding (i.e. daylighting basal disconti-

nuity and perpendicular rear release surface) extended

100 m in the third dimension and bounded by assumed

vertical and fixed lateral boundaries. The second

3DEC model (model 2), has the same longitudinal

cross-section but its lateral boundaries are assumed to

be sloping and free. These two 3DEC geometries were

investigated simulate the various levels of lateral

kinematic confinement found in rock slopes. In the

present conceptual study it was assumed that no

imposed stresses were present along the model

boundaries. Figure 2a presents a natural slope exam-

ple where kinematic confinement is present at both

sidescarps of the failure, while in Fig. 2b a gully

results in one of the lateral boundaries being kinemat-

ically free. The discontinuity spacing (block size) for

the two three-dimensional models was varied between

1, 2, 3 m; 6, 12, 18 m; and 6, 12, 18 m on the basal,

lateral release and rear release discontinuities, respec-

tively in order to investigate the effect of scale effects

on the calculated displacement values and failure

mechanisms. This led to a constant block aspect ratio

of (height: width: length) 1:6:6 and a tabular block

shape. The block aspect ratio was chosen to favour a

simple sliding failure mechanism according to the

block shape stability charts proposed by Ashby

(1971), Bray and Goodman (1981), Choquet and

Tanon (1985), and Sagaseta (1986).

Table 1 Rock density and joint properties used in the 3DEC

models

Material property

Density (kg/m3) 2,700

Joint properties

Shear stiffness (GPa/m) 1

Normal stiffness (GPa/m) 5

Friction angle (�) 29

Cohesion (MPa) 0

Tensile strength (MPa) 0
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3 Results

3.1 Effect of Confinement on the Three-

Dimensional Models

Figure 3 compares results from the two 3DEC lateral

boundary conditions (model 1 and 2) introduced in

Fig. 1 to assess the role of kinematic confinement in

three-dimensional translational failure. Figure 3 dem-

onstrates that model 2 sloping and free boundaries

(Fig. 3c, d) resulted in a maximum calculated dis-

placement one order of magnitude greater than model

1 with their assumed vertical and fixed lateral

boundaries (Fig. 3a, b). While the magnitude of the

displacement was different, the movement type in the

rock mass (2 9 12 9 12 m) (Fig. 3) for both lateral

boundary conditions (assumed vertical and fixed,

sloping and free) involved toe sliding with toppling

movement in the slope crest area.

3.2 Influence of the Orientation of the Rear

Release Surface

Similar failure mechanisms were obtained in equiva-

lent three-dimensional geometry models with assumed

vertical and fixed (Figs. 3a, b; 4a, c) and sloping and

free (Figs. 3c, d; 4b, d) lateral boundaries. The

observed failure mechanisms ranged from slide-topple

(Fig. 3), to simple planar sliding (Fig. 4a, b), and bi-

planar (Fig. 4c, d). As mentioned in Sect. 3.1 the

calculated displacement values for the model 1

geometries was one order of magnitude smaller than

model 2. Table 2 demonstrates that the calculated

maximum displacement and volume of the unstable

masses (arbitrarily defined as the volume of blocks

with displacement greater than 0.1 m after 10,000

numerical time steps) varies as a function of the dip

angle of the rear release surface. In both assumed

lateral boundary conditions, the greatest unstable

volume was obtained when the dip angle of the rear

release discontinuity set was 90� (vertical) (Fig. 4a, b).

The model 1 series were stable (Table 2; no blocks

with displacement greater than 0.1 m after 10,000

numerical steps) for dip angle values of 70� and 80� of

the rear release surface (with dip direction of 090�).

The minimum unstable volume in the sloping and free

models was obtained when the dip angle of the rear

release discontinuity sets was 70� (with dip direction

of 270�).

When the dip direction of the rear release discon-

tinuity set was varied in the models with assumed

vertical and fixed lateral boundaries, asymmetrical

slope failures were simulated (Fig. 5a). The higher

calculated block displacements were found in the

northern end of the slope crest (Fig. 5a). The cross-

section suggests the presence of a step-path displace-

ment contour pattern along which the blocks were

sliding (Fig. 5a). Variation in the dip direction of the

rear release discontinuity set also produced asymmet-

rical slope failures in the models with assumed sloping

and free lateral boundaries, but with higher calculated

block displacements in this case indicated at the

Fig. 1 a Geometry of the 3DEC models with assumed vertical

and fixed lateral boundaries, b geometry of the 3DEC models

with assumed sloping and free lateral boundary
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southern end of the slope crest (Fig. 5b).The maxi-

mum calculated displacement and unstable rock mass

volume (sum of block volume with displacement

[0.1 m after 10,000 numerical steps) decreased as the

dip direction of the rear release changed from 080�, to

070�, to 060� (Table 2). The failure mechanism in

the sloping and free models suggests that there is a

large region of toe sliding with a weakly toppling

column behind it, followed by a second sliding mass

(Fig. 5b).

Fig. 2 Example of lateral kinematic confinement in natural

rock slopes. a The Downie slide (British Columbia, Canada) is

kinematically confined along both of its sidescarps (2003

Imagery from Google Earth). b The presence of a gully at the

Chehalis Lake Landslide (British Columbia, Canada) provides

kinematic freedom along one of the sidescarps

994 Geotech Geol Eng (2012) 30:991–1011

123



3.3 Influence of the Dip Direction of the Basal

Surface Discontinuity Set

A series of models with assumed vertical and fixed

lateral boundary conditions and the dip direction of the

basal surface varying between 260� and 240� resulted

in stable slope conditions (maximum calculated dis-

placement of less than 0.1 m after 10,000 numerical

steps) (Fig. 6a, c; Table 2). In contrast the series of

models assuming sloping and free lateral boundary

conditions with dip direction of the basal surfaces

between 260 and 240� indicated slope failure (Fig. 6b,

d). The maximum calculated displacement and failure

volume decreased as the dip direction departed from

its orthogonal 270� value (Table 2). The cross-section

of the model with a 260� dip direction for the basal

discontinuity indicates a slide-topple failure mecha-

nism whereas for dip direction values of 250� and 240�
the failure mechanism appears to be planar sliding.

The displacement contours along the cross-section

have a stepped appearance along the basal disconti-

nuity. The overall shape of the unstable volume forms

a wedge-like sliding tetrahedron (Fig. 6b, d).

3.4 Influence of the Lateral Release Discontinuity

Set Orientation

As the dip direction of the lateral release discontinuity

set was varied in the models with assumed vertical and

fixed lateral boundary conditions from 010�, to 020�,

and 030�, an asymmetric slide-topple slope failure was

produced (Fig. 7a) and transitioned into a small

volume asymmetric planar sliding slope failure

(Table 2 and Fig. 7c). The higher calculated displace-

ment values were observed at the northern end of the

model. This was attributed to the dip direction of the

lateral release discontinuity being oriented north-

northeasterly (010�, 020�, 030�). Should the dip

direction of the lateral release discontinuity set have

been south-southeasterly (170�, 160�, 150�) the zone

Fig. 3 Calculated displacement contours in 3DEC (2 9 12 9

12 m block size) with basal discontinuity set 270�/30� (dip

direction/dip), and lateral 000�/90�. Rear release discontinuity

set of 090�/60� for the assumed a vertical and fixed lateral

boundary model, b longitudinal cross section of the assumed

vertical and fixed lateral boundary model, c sloping and free

lateral boundary model, d longitudinal cross-section of the

assumed sloping and free lateral boundary model

b
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of higher calculated displacement values would have

been found at the southern edge of the model.

As the dip angle of the lateral release discontinuity

set was varied for the models with assumed vertical

and fixed lateral boundary conditions from 80�, to 70�
and 60�, the volume of unstable mass (calculated

displacement greater than 0.1 m after 10,000 numer-

ical steps) increased. The failure mechanism for all

three geometries was planar sliding with the highest

calculated displacement concentrated at the northern

end of the model for reasons stated previously.

In the series of models with assumed sloping and

free lateral boundary conditions, all geometries where

the dip direction of the lateral release discontinuity set

was varied (010�, 020�, and 030�) led to slide-topple

slope failures (Table 2 and Fig. 7b, d). The maximum

calculated displacement and volume of the unstable

mass decreased progressively as the dip direction was

varied from 010�, to 020�, to 030� (Table 2). When the

dip angle of the lateral release discontinuity set was

varied to 80� and 70� in the models with assumed

sloping and free lateral boundaries, it led to slide-

topple slope failures with similar maximum calculated

displacement and unstable mass volume (Table 2).

For the dip angle value of 60�, the main failure

mechanism observed consisted of a slide-topple slope

failure in the main (eastern) slope face while in the

northern lateral boundary a smaller volume of unstable

rock mass had a failure mechanism dominated by

planar sliding and a secondary rotational component in

that plane of failure (Fig. 8). This transition between

the two directions of failure movement occurred

because the lateral release discontinuity with a dip

angle of 60� can act as a planar sliding surface on a

slope with a gradient of 66�.

3.5 Influence of the Assumed Block Size

Three-dimensional models where block size was

varied led to larger calculated displacements assuming

smaller block sizes in the models with assumed

sloping and free boundary conditions, but resulted in

the opposite behaviour in the models with vertical and

fixed boundaries (Table 3 and Fig. 9). For the medium

(2 9 12 9 12 m; Fig. 9b) and large blocks (3 9

18 9 18 m; Fig. 9a), the failure mechanism appears

to be the same for both lateral boundary conditions

(Table 3). The 3DEC models using small blocks

(1 9 6 9 6 m; Fig. 9c), predict different failure

modes for the different lateral boundary conditions

(sliding for the assumed vertical and fixed; toppling

for the sloping and free). Table 3 suggests that block

size has an influence on the failure mechanism in

three-dimensional numerical models.

3.6 Influence of the Discontinuity Persistence

In 3DEC the persistence of discontinuity sets is

defined as a probability ‘‘p’’ that any given block that

is in the plane of a discontinuity set will be split (e.g.

for p = 1 all blocks lying in the path of the discon-

tinuity will be split, for p = 0.25, 25 % of blocks are

split; Itasca 2008). In this project, the effect of

persistence was investigated in three stages for the

two lateral boundary conditions (Table 4). In the first

model only the rear release surface was limited to

p = 0.75, in the second model the rear and lateral

release surfaces were limited to p = 0.75, while in the

third model all three discontinuity sets were limited to

p = 0.75. In the models with the vertical and fixed

lateral boundary conditions, all three limited persis-

tence scenarios led to stable or marginally stable

conditions (0.1 m maximum displacement after

10,000 numerical steps) (Table 4). In the free and

sloping boundary condition models, the calculated

maximum displacement decreased as the number of

discontinuity sets with limited persistence increased

(Table 4, Fig. 10). The failure mechanism was also

observed to be transitional from a well defined slide-

topple for 1 and 2 discontinuity sets with limited

persistence (Fig. 10a, b) to sliding dominated when

the 3 discontinuity sets had limited persistence

(Fig. 10c).

3.7 Influence of the Normal and Shear Stiffness

Along Discontinuities

All models investigated in this study assumed a

normal and shear stiffness of 5 and 1 GPa/m, respec-

tively. While these values fall within the range of

experimental test results previously reported in the

Fig. 4 Calculated displacement contours in 3DEC (2 9 12 9

12 m block size) with basal discontinuity set 270�/30� (dip

direction/dip), and lateral 000�/90�. Rear release discontinuity

set of 090�/90� for the assumed a vertical and fixed, b sloping

and free lateral boundaries and for rear release discontinuity set

of 270�/70� for the assumed, c vertical and fixed, d sloping and

free lateral boundaries

b
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literature (Kulhawy 1975; Rosso 1976; Bandis et al.

1983) there is always a degree of uncertainty regarding

the appropriate values to be used when modelling a

natural slope. Several values and ratio of normal and

shear stiffness were investigated using the 3DEC

reference discontinuity set geometry presented in this

paper to assess their influence on the slope stability

conditions (Table 5). The results demonstrate that

even small changes in stiffness values can signifi-

cantly affect the values of calculated maximum total

displacement and unstable volume. As expected the

lower stiffness values (which would correspond to

more weathered discontinuity surfaces) resulted in

larger values of displacement and unstable volume

(Table 5).

4 Discussion

4.1 Failure Mechanisms

The block aspect ratio (height to length to width) 1:6:6

used in this paper was selected to facilitate a planar

sliding failure mechanism, however the results pre-

sented demonstrate that a slide-topple mechanism can

occur in three- dimensional numerical models of a

rock mass even where individual blocks have a tabular

shape. The development of the slide-topple mecha-

nism is attributed to the fully persistent nature of the

rear release (toppling) discontinuity set which can act

as a single column when the rock mass is confined and/

or the block size is small enough relative to the size of

Fig. 5 Calculated displacement contours in 3DEC (2 9 12 9 12 m block size) with rear release discontinuity 070�/60� (dip direction/

dip), basal 270�/30�, and lateral 000�/90�. a assumed vertical and fixed lateral boundaries, b assumed free and sloping lateral boundaries
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the slope. This phenomenon had previously been

described by Aydan et al. (1989) for base friction

physical models with fully persistent discontinuities.

These findings therefore suggest that classification

schemes such as proposed by Ashby (1971) and

toppling nomograms (Choquet and Tanon 1985)

should only be applied when investigating the stability

of an individual rock block, a rock mass with

discontinuities of limited persistence relative to the

size of the slope of interest or where the blocks in the

rock mass are relatively large compared to the slope of

interest.

In the numerical models where sliding and toppling

both occurred (e.g. Figs. 3b, d, 5, 7a, b, d, 8b, 10a, b),

the sliding occurred in the lower portion of the model

while toppling occurred in the upper portion of the

slope. These results are consistent with the limit

equilibrium solution proposed by Goodman and Bray

(1976) and could be classified as slide head toppling

according to the mass movement classification pro-

posed by Goodman and Kieffer (2000). This mode of

failure is regarded as a secondary toppling that occurs

due to the ‘‘new’’ space created by the sliding block. In

the models investigated in this paper, the over-

steepened toe needed for toppling to develop, as

discussed by Nichol et al. (2002), was created by the

sliding toe block. The bi-planar failures presented in

Fig. 4c, d have a backward rotational component to

them. This corresponds to a block slumping rock slope

failure mechanism as described by Kieffer (2003,

2006) and Kinakin (2004). The unstable rock mass in

the two-dimensional bi-planar failure models has a

smaller area and different shape (columnar) than the

sliding or slide-topple models. The slopes where a bi-

planar failure mechanism is present also exhibit the

Fig. 6 Calculated displacement contours in 3DEC (2 9 12 9

12 m block size) with lateral discontinuity set 000�/90� (dip

direction/dip) and rear release discontinuity set of 090�/60� and

a basal discontinuity of 250�/30� with assumed a vertical and

fixed, b sloping and free lateral boundaries and for basal

discontinuity set of 240�/30� with an assumed, c vertical and

fixed, d sloping and free lateral boundaries

b

Fig. 7 Calculated displacement contours in 3DEC (2 9

12 9 12 m block size) with basal discontinuity set 270�/30�
(dip direction/dip), rear release discontinuity set of 090�/60� and

a lateral release discontinuity of 020�/90� with assumed

a vertical and fixed, b sloping and free lateral boundaries and

for a lateral release discontinuity set of 030�/90� with assumed,

c vertical and fixed, d sloping and free lateral boundaries

c
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smallest unstable volume in the three-dimensional

models with assumed sloping and free lateral bound-

aries. In the model where the dip direction of the basal

surface was varied for the free and sloping boundary

conditions (Fig. 6b, d) the sliding tetrahedron rock

mass corresponds to the type-two failure based on the

classification by Yoon et al. (2002) for sliding blocks

for a multi-faced slope.

Fig. 8 Calculated

displacement contours in

3DEC (2 9 12 9 12 m

block size) with basal

discontinuity set 270�/30�
(dip direction/dip), rear

release discontinuity set of

090�/60� and a lateral

release discontinuity of

000�/60�. Note that in a a

small volume of the rock

mass is failing by a planar

sliding failure mechanism.

b Cross-section highlighting

that the main volume of the

rock mass is failing via a

slide-topple mechanism

Table 3 Maximum

calculated displacement and

dominant failure

mechanism obtained in the

3DEC models as a function

of block size and degree of

kinematic confinement

Block size (HxLxW m) Lateral boundaries Displacement (m) Failure mode

1 9 6 9 6 Vertical and fixed 0.11 Sliding

2 9 12 9 12 Vertical and fixed 0.36 Slide-topple

3 9 18 9 18 Vertical and fixed 0.42 Sliding

1 9 6 9 6 Sloping and free 6.05 Topple

2 9 12 9 12 Sloping and free 3.53 Slide-topple

3 9 18 9 18 Sloping and free 0.84 Sliding
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4.2 Block Size

Using the two-dimensional distinct element code

UDEC, Hencher et al. (1996) investigated the influ-

ence of block size on slope rock mass behaviour. They

reported higher maximum displacement values for

larger blocks. A study by Corkum and Martin (2004)

using 3DEC obtained higher displacement and volu-

metric dilation values as the number of blocks in their

models was increased (i.e. smaller blocks). In the

results presented in Table 3, a similar finding (smaller

blocks leading to larger displacement) was obtained

for the models with an assumed sloping and free lateral

boundary. The different influence of the scale effects

on the maximum calculated displacement values

between the two- and three-dimensional numerical

models is emphasized. This is due to the differences in

slope and block geometries assumed in this paper and

the models of Hencher et al. (1996) and Corkum and

Martin (2004) and to the role of kinematic confine-

ment in three-dimensional distinct element models.

Further work on this aspect is required to confirm these

observations.

Hencher et al. (1996) also demonstrated that the

two-dimensional rock slope failure mechanism was

influenced by the block size. They found that for

blocks with an aspect ratio of 1:1 (square), a planar

sliding failure mechanism was simulated in models

with smaller blocks while toppling occurred in models

with larger blocks. The results presented herein

indicate that sliding failure occurs (along a basal

plane with a dip of 30� and a friction angle of 29�)

when larger block geometries are assumed and that

slide-topple dominates in smaller block size models

(Table 2). This difference in results is attributed to the

tabular block shape (1:6 aspect ratio) used in the

models presented in this paper which facilitated the

sliding mechanism for larger blocks.

Recently work by Hammah et al. (2009) showed

that scale effects in rock slope analysis could also be

modelled in a finite element code with explicit

representation of joint sets and shear strength

Table 4 Maximum

calculated displacement and

dominant failure

mechanism obtained in the

3DEC models as a function

of the discontinuity set

persistence

RR rear release, LR lateral

release, BS basal surface

Assumed persistence in 3DEC Lateral boundaries Displacement (m) Failure mode

p = 0.75 on RR

p = 1 on LR and BS

Vertical and fixed 0.01 Stable

p = 0.75 on RR and LR

p = 1 on BS

Vertical and fixed 0.10 Minor sliding

p = 0.75 on RR, LR, and BS Vertical and fixed 0.04 Stable

p = 0.75 on RR

p = 1 on LR and BS

Sloping and free 1.81 Slide-topple

p = 0.75 on RR and LR

p = 1 on BS

Sloping and free 1.54 Slide-topple

p = 0.75 on RR, LR, and BS Sloping and free 0.60 Sliding

Table 5 Maximum

calculated displacement and

volume of unstable mass

obtained after 10,000

numerical time steps for

different values of normal

and shear stiffness along the

discontinuities

Lateral boundaries Kn (GPa/m) Ks (GPa/m) Displacement (m) Failed volume (m3)

Vertical and fixed 10 2 0.06 Stable

Vertical and fixed 10 1 0.07 Stable

Vertical and fixed 5 5 0.14 2.19E?03

Vertical and fixed 5 1 0.36 7.34E?04

Vertical and fixed 1 0.2 1.56 9.60E?04

Sloping and free 10 2 2.99 8.99E?04

Sloping and free 10 1 3.08 9.19E?04

Sloping and free 5 5 6.05 9.14E?04

Sloping and free 5 1 3.53 9.54E?04

Sloping and free 1 0.2 32.62 9.65E?04
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reduction (SSR) analysis techniques. Their results

demonstrated that for large blocks relative to the slope

height, simple structurally controlled failure occurred

while semi-circular failures developed in numerical

models with small block size relative to the slope

height. They also reported that the factor of safety

(FOS) calculated by the SSR analysis technique

decreased with reduction in block size (relative to

Fig. 9 Calculated displacement contours in 3DEC models with basal discontinuity set 270�/30� (dip direction/dip), rear release

discontinuity set of 090�/60� and a lateral release discontinuity of 000�/90�. a 3 9 3 9 18 m, b 2 9 12 9 12 m, c 1 9 1 9 6 m blocks
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Fig. 10 Calculated displacement contours in 3DEC (2 9

12 9 12 m block size) with basal discontinuity set 270�/30�
(dip direction/dip), rear release discontinuity set of 090�/60� and

a lateral release discontinuity of 000�/90�. Discontinuity

persistence of a p = 0.75 on RR, p = 1 on BS and LR,

b p = 0.75 on RR, and LR; p = 1 on BS, c p = 0.75 on RR, LR,

and BS, where RR rear release, LR lateral release, BS basal

surface
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the slope height) (Hammah et al. 2009). Similarly,

work from Sitar et al. (2005) using the Discontinuous

Deformation Analysis (DDA) code to model the

Vajont landslide found higher block velocities in

models with greater number of blocks. Assuming that

the calculated maximum displacement can be used as

a proxy for the factor of safety (since the SSR

techniques are applied only to deformable material),

the results in Table 3 suggest that the lower FOS

would be associated with the smaller blocks in the

three-dimensional 3DEC models.

4.3 Slope Confinement

Recent work by Galic et al. (2008) has investigated the

role of confinement in physical models of sliding

blocks on a multi-faceted sliding surface. They

confirmed that increased lateral constraint in physical

models led to higher effective friction angles. The

results presented in Fig. 3 demonstrate that the

expected displacement values from a slope with

sloping and free lateral conditions can be an order of

magnitude greater than for a slope with vertical and

fixed lateral condition. Just as in the experiments by

Galic et al. (2008) these results are attributed to the

dilation that can occur in the slopes (or blocks) with

lesser degrees of kinematic confinement. In the models

investigated in this paper, a change of ±20� in the dip

direction of the basal surface led to increased stability

in the models with assumed vertical and fixed lateral

boundaries. This corresponds to the value quoted in

textbook for the difference between the dip direction

of the sliding surface and the orientation of the slope

(e.g. Wyllie and Mah 2004). The conditions of

assumed vertical and fixed lateral boundaries are

thought to represent the geometry present along an

open-pit bench, while the assumed sloping and free

lateral boundaries would be more representative of a

road cut through an isolated topographic high. Both of

these situations are therefore feasible and the potential

for rock mass dilation (such as in the sloping and free

lateral boundaries) should be noted during site inves-

tigation and included in the slope stability analysis.

Similar results were also obtained by Palassi and

Ashitiani (2008) who compared two- and three-

dimensional distinct element models (UDEC and

3DEC). They found that the UDEC models had a

higher factor of safety than the equivalent three-

dimensional convex slope profile.

4.4 Block Shape

The three-dimensional shape of the blocks created by

the discontinuity set geometries (basal, rear, and

lateral release surfaces) investigated in this paper

was characterized using the methodology proposed by

Fig. 11 Block shapes

modeled in this paper

represented in the

classification and block

shape diagram proposed by

Kalenchuk et al. 2006
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Kalenchuk et al. (2006). The alpha (a) parameter is a

measure of the shortening of the short axis of the block

while the beta (b) parameter is a measure of the

elongation of the long axis of the block; both of which

were reported in Table 2. The alpha and beta param-

eters obtained were also summarized in a block shape

diagram (Fig. 11). Two blocks fell in the cubic/

elongated category and the block created by the

geometry (rear, basal, and lateral release) 60�/270�
(dip/dip direction), 30�/270�, and 90�/000� fell in the

elongated/platy category. The two discontinuity set

orientation combinations that resulted in slope failures

through a bi-planar mechanism fell within these three

outliers. The elongated character of the blocks facil-

itated the nature of this failure mechanism. The block

shape was not found to control the transition between

the sliding and slide-topple failure mechanisms. Block

size (Sect. 4.2) and the persistence of the discontinuity

sets (Sect. 4.6) appear to be more important in the

transition between the sliding and slide-topple failure

mechanisms.

4.5 Step-Path and Rock Mass Dilation

The development of step-path failure surfaces is

generally associated with non-fully persistent discon-

tinuity sets (Jennings 1970; Einstein et al. 1983;

Goodman 2003) and it has been observed in laboratory

experiments (Bobet and Einstein 1998), numerical

models (Eberhardt et al. 2004; Yan et al. 2007a, b;

Franz and Cai 2008) and in field studies (Yan 2008;

Brideau et al. 2009; Sturzenegge and Stead 2012). The

notion of step-path failure surface geometry is also

implicit in the analytical solution to block toppling by

Goodman and Bray (1976). The results presented in

this paper demonstrate that stepped-failure surfaces

can also develop in models with fully persistent

discontinuity sets. Figures 3b and 10a show the

development of a step failure surface along the fully

persistent basal discontinuity set. While the step-path

failure in non-persistent discontinuities in a rock mass

results from stress concentrations and induced intact

rock fractures; the step-paths in the models presented

Fig. 12 Dilation observed

in the rock masses

investigated in this chapter.

Dilation associated with

a planar sliding, b bi-planar,

c toppling (i—along basal

surface; ii—along rear

release; iii—due to

boundary conditions)
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in this paper are due to rock mass dilation and

discontinuous displacement along the fully persistent

discontinuity sets. In these models, dilation was

observed at different locations and associated with

different failure mechanisms. Figure 12a demon-

strates dilation in the rock mass associated with planar

sliding, Fig. 12b demonstrates the A-void associated

with the bi-planar failure, while Fig. 12c illustrates the

dilation occurring at the base and rear of a toppling

column. Dilation associated with boundary conditions

is outlined in Fig. 12c iii. Models with extended

dimensions were investigated to confirm that the

boundary conditions highlighted in Fig. 12c did not

affect the depth of the failure surface or the failure

mechanism.

4.6 Discontinuity Set Persistence and Shear

Strength

The role of limited persistence discontinuities was

investigated in base friction physical models by Aydan

et al. (1989) who found that limited persistence

increased the stability field. The role of the disconti-

nuity set persistence was also investigated by Franz

(2009) using 3DEC to model the importance of the

lateral and rear release discontinuity sets at the Cadia

Hill Open Pit in Australia. He found that the extent of

the unstable rock mass was influenced by discontinuity

persistence (Franz 2009). In the results presented in

this paper, the increased stability field was observed in

the 3DEC models with vertical and fixed boundary

conditions. A limited persistence of 75 % for even one

discontinuity set led to a stable rock mass (Table 4).

The limited persistence in the 3DEC model with free

and sloping lateral boundaries (Fig. 10) also demon-

strated that the failure mechanism can be influenced by

the persistence of the discontinuity sets. The focus on

the variation in persistence in the models presented in

this paper was to demonstrate the important role this

factor plays in rock slope stability. A systematic and

exhaustive study would investigate the sensitivity of

the rock slope stability to the degree of discontinuity

persistence (i.e. ‘‘p’’ factor in 3DEC), and the permu-

tations of the discontinuity sets of limited persistence

(i.e. the order in which the persistence of the

discontinuity sets is limited). Finally, a factor not

considered in this paper that could also influence the

failure mechanisms and volumes of an unstable rock

mass is the varied strength (shear and/or tensile) along

the different discontinuity sets in a given model. Work

by MacLaughlin and Sitar (1996) and Sitar et al.

(2005) has demonstrated using a DDA code that a

toppling or sliding failure mechanism could be

favoured in models with the same geometry but with

different friction angles on the discontinuity sets.

4.7 Influence of Mechanical Time Step

on Numerical Modelling Results

The mechanical time step is a crucial parameter for

obtaining a stable and valid solution in a distinct

element code. In 3DEC, it is a function of the

deformation of the material (not relevant in this study

because the blocks are assumed to be rigid) and the

movement along the discontinuities. The limiting time

step associated with displacement along the disconti-

nuity is controlled by the discontinuity normal and

shear stiffness and the smallest block in the model.

The joint normal and shear stiffness are the same in all

models with the exception of the series of models

where the sensitivity to stiffness was specifically

considered (Sect. 3.7 and Table 5). The models where

the orientation of the discontinuity sets were varied

(Sects. 3.2–3.4 and Table 2) all have very similar

smallest block size values. The series of models where

the block size (Sect. 3.5 and Table 3) and persistence

(Sect. 3.6 and Table 4) were varied resulted in a range

of values for the smallest block. Overall the time step

for the great majority of models investigated in this

study should be the same or very close in value. This is

important if the block movements/overall rock slope

deformation modes are to be compared between

models after a given number of mechanical time

steps. Within the limits mentioned above the authors

suggest the trend/general behavior of the rock mass

deformation has been appropriately captured by the

numerical modelling results presented. The absolute

values of the displacement and unstable volume are

not considered as rigorous estimates but are intended

to provide a semi-quantitative means of expressing the

difference between the models. Comparison between

models with different block sizes and discontinuity

stiffness is not a trivial procedure and the results of

such comparisons must be treated appropriately.

(Section 4.2).
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4.8 The Importance of Kinematic Boundary

Conditions in Natural Rock Slopes

The rock mass deformation behaviour described in the

conceptual slope models investigated in this paper can

also be observed in natural rock slopes. The Downie

Slide is a 150 Mm3 slow moving gneissic rock mass

on the shore of the Revelstoke hydro-electrical

reservoir in British Columbia, Canada. It can be

categorised as kinematically confined on both sides

(Fig. 2a). 3DEC models by Kalenchuk et al. (2009a)

suggest that the dip direction of the rear release surface

is not parallel to that of the slope. The difference

between the dip direction of the slope and rear release

surface has led to the development of the stepped

appearance of the sidescarp (as observed in the field by

Kalenchuk et al. 2009b). Kalenchuk et al. (2009b)

reported on the complex measured displacement

pattern and noted that there is a rotational component

in plan to the movement. These field conditions are

analogous to the conceptual models investigated in

this paper where the lateral boundary conditions were

assumed to be vertical and fixed and led to asymmet-

rical displacement patterns when the dip direction of

the rear release were varied (Fig. 5).

The Chehalis Lake Landslide is a 3 Mm3 rock slope

failure in granodioritic rocks that occurred in Decem-

ber 2007 along the northwestern shore of Chehalis

Lake, in southern British Columbia (Brideau et al.

2011). The slope failure has one kinematically free

and one confined lateral boundary (Fig. 2b). The

presence of the kinematically free boundary allowed

for the development of an unstable rock mass with a

basal discontinuity dipping into the gully. This created

a sliding tetrahedron similar to the ones presented in

Fig. 6b, d. Additional examples of the importance of

kinematic boundary conditions and orientation of

basal/lateral/rear release discontinuities in natural

slopes can be found in Brideau and Stead (2011)

5 Conclusions

The orientation of the rear, basal and lateral release

surfaces along with kinematic confinement, block

size, and discontinuity set persistence were all shown

to influence the calculated displacement, volume,

displacement direction, and failure mechanism of an

unstable rock mass in three-dimensional distinct

element models. The following observations can be

made;

• Changes in the orientation of the rear release

discontinuity set from 30�/090 (dip/dip direction)

to 60�/270 led to transition of the failure mecha-

nism from a slide-topple, to sliding, and to bi-

planar in models assuming either vertical/fixed or

sloping/free lateral boundaries.

• Changes of ±20� in the dip direction of the rear

release discontinuity set led to the development of

an asymmetrical unstable rock mass in the models

with assumed vertical and fixed lateral boundaries.

• Changes of ±20� in the dip direction of the basal

surface led to increased stability in the models with

assumed vertical and fixed lateral boundaries.

• Changes of ±20� in the dip direction of the lateral

release led to small volumes of unstable rock mass

in the models with vertical and fixed lateral

boundaries.

• Changes of ±20� in the dip angle of the lateral

release discontinuity set led to the development of

an asymmetrical rock mass in the models with

vertical and fixed lateral boundaries.

The values and direction of the calculated maxi-

mum total displacement in the models with sloping

and free lateral boundaries were also influenced by

variation of the orientation of the rear, basal and lateral

release surfaces although their influence on the slope

stability and failure mechanism were not as pro-

nounced as in the vertical and free models.

The block size was shown to influence the failure

mechanism in the three-dimensional numerical mod-

els. Kinematic confinement was found to have a

marked influence on the calculated maximum dis-

placement. The persistence of the discontinuity sets in

the numerical models was also demonstrated to have

an important role on the calculated displacement and

dominant failure mechanism. The numerical model-

ling results using the three-dimensional distinct

element code were demonstrated to be sensitive to

the assumed values for the normal and shear stiffness

along the discontinuity surfaces.

In summary the results presented suggest that the

identification of a discontinuity set in a kinematic

analysis which leads to a potential planar failure

mechanism for a finite and removable block might on

its own not be sufficient to assume that planar sliding

will be the dominant failure mechanism. A through-
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going basal joint set has been shown to result in planar

sliding, slide-topple, or bi-planar failures depending

on the orientation of the rear release surface, block

size, and discontinuity persistence.
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