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Abstract

Practical experience has shown that slope movements can be controlled by the placement of berms near the toe of the
moving mass. During construction of the Revelstoke project, excavation of a large highway rock cut triggered movement
of a 250,000 m?3 rock slide. A 15,000 m?® toe-berm was used as a temporary measure to control the displacements of the
slide and allow permanent remedial measures to be completed. The rock slide was extensively investigated and monitored.
Because there is no direct linkage between factor of safety and deformations, limit equilibrium methods have not proven
to be particularly effective when evaluating slope displacements. Therefore the three-dimensional distinct element program,
3DEC, which is well suited for modelling rock masses, was used to investigate the stabilizing effect of the toe-berm on the
slope deformations. In addition, 3DFEC was used to investigate the effect of internal discontinuities on slope displacements.

Keywords: Distinct element analysis, numerical modelling, slope stabilization, toe-berm.

1. Introduction

Limit equilibrium analyses, such as the method of slices,
are routinely used to design rock slopes. These methods as-
sess stability based on statics with no provision for directly
linking stability with displacements. However, provided the
factor of safety remains significantly above 1, displacements
within the slope are adequately controlled and the slope be-
haviour is approximately elastic. Hence when movement is
detected in a slope, limit equilibrium methods are not suit-
able for evaluating the impact of such movements on the
overall stability [1].  Practical experience has shown that
toe-berms can be effective in stabilizing moving slopes. The
notion behind the use of toe berms is to provide sufficient
dead weight or restraint near the toe of the unstable mass
to control slope movement [2]. For example Arnao et al. [3]
described the use of a 480,000 m® buttress to stabilized a
260 m high slide up to 50-m-thick in the abutment of the
Tablachaca Dam; ? | discussed the use of 0.7 M m? toe-
berm to stabilize the 4.3 million m? Jackson Creek landslide,
in New Zealand; and Fell et al. [4] describe the use of a toe-
berm to stabilized the Hue Hue Road landslide in New South
Whales, Australia.

During the construction of the Revelstoke project between
1977 and 1983, excavation of a large highway cut triggered
movement of a 250,000 m? rock mass. The sliding mass,
referred to as the 731 Block (Fig. 1), was extensively moni-
tored and a temporary 15,000 m? toe-berm of rock fill placed
against the northern half of the slope face stabilized the
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block until permanent remedial measures were successfully
completed. While the toe-berm proved to be an effective
slope stabilizer for the 731 Block, it is not clear why such a
small rock volume, in comparison to the slide volume, was
effective in controlling the slope movements. This paper de-
scribes a series of analyses that were carried out to investi-
gate the interaction of slope displacements and the stabiliz-
ing toe-berm. The analyses were conducted using both two
dimensional limit equilibrium and three dimensional distinct
element methods.

Fig. 1: Photo of the 731 Block shortly after remedial measures
were completed in 1980. Photo courtesy of B.C. Hydro.
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Fig. 2: Location plan and photograph of the December Slide, the 731 Block and the toe-berm used to control the 731 Block movements.
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2. Background

The Revelstoke Dam was completed in 1983 at a location
approximately 5 km upstream of the town of Revelstoke, in
the Selkirk mountains of British Columbia. The project con-
sisted of the construction of a 160 m high concrete gravity
dam and a 1.2 km long, 70 m high earthfill dam and rock
cuts for the relocation of a bypass highway. The geological
setting for the project is given by Lane [5] and can be sum-
marized as a sequence of metasediments that dipped from
West to East.

The rock excavations for the project presented ample en-
gineering challenges due to unfavorable geological conditions
[6]. One notable rock engineering challenge was excavation
of the Highway 23 bypass road cuts. The excavations for
this highway relocation paralleled the left (East) bank of
the river valley. On this side of the valley the foliation of
the metasediments generally strikes parallel to the river val-
ley and dips less than 15° towards the East, into the rock
cuts.

2.1.  December Slide

The rock excavations for the highway relocation proceeded
without incident until reaching an elevation about 10 to
15 m above final grade elevation. In early December 1978,
a production blast triggered movement of about 30,000 m3
of rock, known as the December Slide (Fig. 2). The uphill
extent of the slide was bounded by an infilled near vertical
fracture, the formation of which may be related to stress re-
lief during valley formation. The vertical extent of the slide
was bounded by a clearly identified shear zone referred to as
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Fig. 3: Section of the December Slide. The movement was trig-
gered by blasting near the toe of the slope and the slide base was
determined after excavating the slide rock mass. See Fig. 2a for
location.

52 (Fig. 3). No attempt was made to stabilize this slide and
eventually the slide mass was completely removed and the
geometry and condition of the slide base exposed. Gouge
samples taken from S2 contained approximately 55 percent
fines (silt and clay) and hydrometer analysis indicated ap-
proximately 40 percent of this fine material was clay sized.

Monitoring of the slope was carried out using traditional
survey techniques. Monument 388 was located in the middle
of the slide while Monument 389 was located at the northern
limit of the slide and Monument 737 was located above the
slide, i.e., on the stable side of the infilled vertical fracture.
Total horizontal movement recorded by Monument 388 was
approximately 1000 mm, while only 130 mm was recorded
by Monument 389 and no movement was recorded by Mon-
ument 737 (Fig. 4). During the active movement period the
average velocity was approximately 28 mm/day and prior
to the triggering ‘blast’ (see Fig. 4) reached a maximum ve-
locity of 45 mm/day, based on Monument 388. The large
amount of horizontal displacement resulted in the formation
of a significant number of tension cracks in the sliding mass,
particularly above elevation 610 m (Fig. 3). In essence the
moving mass became a series of blocks sliding on an upper
surfce of approximately 44 degrees. Movement of the slide
eventually slowed after all construction activity near the toe
of the slide was stopped. The deformed slope with somewhat
flatter toe geometry, in conjunction with the work stoppage,
is thought to have contributed to the reduction in velocity
to approximately 1.2 mm/day. Drain holes were installed as
part of the excavation design and some of the drain holes
did initially produce water. However at the time of the slide
the slope was considered dry, and groundwater was not a
factor in the slope stability.

Intact hard rocks usually reach failure in laboratory test-
ing at strains of less then 1 percent. The horizontal strain
between Monuments 388 and 737 (differentiating the dis-
placement field over horizontal distance) reached a maxi-
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Fig. 4: Horizontal movement at Monuments 388 and 389 located
on the December Slide and Monument 737 located off the slide.
See Fig. 2a for monument locations.
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mum of approximately 3.5 percent by the time the move-
ments stopped. Approximately 300 mm of horizontal dis-
placement would produce a strain of 1 percent over the dis-
tance considered. Whether this amount of displacement was
sufficient to declare the slope had ‘failed’ can only be judi-
ciously speculated on. Certainly with this displacement the
upper part of the slide had started to break into blocks, as
indicated by the formation of tension cracks. Interestingly,
using an extensively instrumented highwall slope in Upper
Cretaceous soft sandstones and mudstones at Highvale mine,
Small and Morgenstern [7] concluded that failure of the slope
occurred when local horizontal strains reached a maximum
of 1 percent. For the slope in question at the Highvale mine,
movement rates ranged from 1-3 mm/day for a duration of
50-70 days.

2.2. 731 Block

After the December Slide, monitoring of the rock slopes
associated with the highway reallocation revealed that sig-
nificant movement was occurring in the rock mass located
immediately upstream of the December Slide. An oblique
photograph of this block, known as the 731 Block, and the
toe-berm used to stabilize the 731 Block is shown in Fig. 2.

The 731 Block is comprised mostly of quartzite gneiss
with lesser amounts of hornblende gneiss and mica gneiss.
Small quantities of pegmatite, marble and quartzite are also
present. Most of the rock within the 731 Block is consid-
ered to be of moderate quality with rock quality designation
(RQ@D) averaging between 35 and 55 percent [6]. The rock
is generally of lower quality towards the north and south
ends of the Block. The degree of weathering in drill core
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Fig. 5: Section through the 731 Block at Station 0+23 (m) North.
See Fig. 2a for location.

was described as mostly fresh stained to slightly weathered
with more intense weathering occurring near original ground
surface.

Four major shears were identified within the 731 Block
(Fig. 5). The most significant feature with regard to stability
of the 731 Block are the S1 and S2 shears. Shear S1, strikes
030 degrees and dips about 60 degrees east. Approximately
150 to 300 mm of soft gouge was observed along S1 in the
vicinity of the December Slide. In the 731 Block, this shear
is a subvertical discontinuity in the mid-block region. A
cross section through this rock mass is given in Fig. 5.

Shear S2 dips out of the slope at about 35 degrees and
forms the base of the December Slide and the interpreted
base/slide surface of the 731 Block. Where it is exposed at
the December Slide, Shear §2 is an undulating zone con-
taining 0.3 to 2 m of crushed rock with some clay gouge.
The actual location where the slide surface daylights in the
slope face was not well defined possibly because the slide
was stabilized before an easily identifiable rupture surface
was fully developed. Of less significance are shears S3 and
S4, both dipping about 45 degrees out of the slope. Shear
S5 forms the downstream face of the 731 Block (see Fig. 2).

The 731 Block was extensively instrumented and closely
monitored during the investigation and construction stages.
Eight boreholes were cored within the immediate vicinity of
the 731 Block and the December Slide with nested piezome-
ters installed in five of these holes for groundwater moni-
toring purposes. Additionally, a total of 6 surface survey
monuments, 12 inclinometers and 7 nests of extensometers
were installed for deformation monitoring. Although the
surface monuments provided the longest record of deforma-
tion, they were the least accurate method and were difficult
to correlate to specific movement zones within the rock mass
(Fig. 6).

200+

el (2
3 I j £ Mon

180 3 < 8 gl =
. £lles S8 p 1 731
E 160 E|o2 58 ¢t
5 8 - g 3

N
= 1404 5l 2
) gl £
£ 1204 el
(0]
Q
® 1004
3
2 804
| Blasts at
60 Toe of
Slope
404"
Inclinometer 79-20
201 (42-46.3'm)
Extensometer 0+53 (6.4-11.9 m)

J FMAMUJIJ A SOND|JF MAMUI
1979 1980

Fig. 6: Movement record for the 731 Block. It should be noted
that Monument 731 was located at the crest of the block while
the inclinometer and extensometer record movement across the
shear zone at the base of the slide.
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Only minor creep movement, approximately 0.2 mm/day,
was recorded during the early stages of excavation. How-
ever, as a result of blasting and excavation at the toe of the
731 Block, movement accelerated rapidly to 3.6 mm/day
(Fig. 6). With construction of the 15,000 m*® temporary
toe-berm, movement slowed drastically to 0.2 mm/day un-
til installation of the permanent anchor system stopped
the movement. Various instruments recorded deformations
ranging from 10 to 180 mm. It should be noted that only the
surface survey monuments were in place prior to the large
slope movement, hence the extensometers and inclinometers
only record a portion of this movement. Consequently the
amount of total movement and the velocities recorded by
these instruments were considerably less than those recorded
for the December Slide.

Based on the piezometric records at the time of construc-
tion, the groundwater pressure acting on the base of the 731
Block was minor, usually less than one meter, even during
periods of rapid recharge.

Since the completion of the remedial measures in 1980,
which included the installation of a permanent anchor and
drainage system, no additional significant movements have
been recorded by the instruments that monitor the 731
Block (A.S. Imrie, B.C. Hydro, pers. comm.)

From the displacement monitoring that was carried out
for the 731 Block, there is little doubt that the 15,000 m?
temporary toe-berm played a significantly role in reducing
the velocity from 3.6 mm/day to 0.2 mm/day. However, it
is not intuitive, how a stabilizing mass, that is only 6% of
the moving mass, could have such a significant effect. In
the following sections the effect of the toe-berm is explored
using a limit equilibrium method and a three-dimensional
distinct element numerical method.

3. Toe-berm effect: Limit equilibrium analysis

As experienced during the Revelstoke Project, rock slides
often consist of relatively rigid blocks sliding along a basal
failure surfaces with internal adjustment taking place along
subvertical discontinuities (Fig. 7). Martin and Kaiser [§]
showed that the Sarma limit equilibrium method [9] had
clear advantages over the traditional method of slices when
evaluating the factor of safety of rock slopes that demon-
strate this mode of behaviour. The Sarma method is a rig-
orous method, satisfing both force and moment equations of
equilibrium [10]. Sarma utilizes a critical acceleration factor
K, so named because of the association with the horizon-
tal load used for solving earthquake related problems. The
factor K. gives the horizontal load as a fraction of the to-
tal weight of the free body. When applied to the free body,
the horizontal force brings the forces along the slip surface
into equilibrium with the available strength mobilized along
the slip surface. The factor of safety is then defined as the
factor by which the available shear strength should be re-
duced so as to bring the slide mass into equilibrium with the

7
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Fig. 7: Photo of the 731 Block looking south, showing the basal
sliding plane and an example of a steeply dipping subvertical
joint.

mobilized shear force.

The Sarma method is particularly usefull for rock slope
problems involving discrete discontinuities because it allows
the user to specify the blocks/slices within the slide mass
where movement may occur. In addition strength param-
eters differing from those of the basal slip surface my be
assigned along the internal discontinuities. A computer pro-
gram using Sarma’s method, as modified by Hoek [11], was
used to perform calculations discussed in this paper.

Because there was no laboratory testing performed on the
materials that comprise the various shear zones associated
with the Highway 23 rock cuts, the large-scale shear strength
parameters were estimated by back analysis. The material
comprising the December Slide was removed after failure,
exposing the failure plane for surveying and more careful ob-
servation. This information, along with the slide geometry
(Fig. 3), was used to back calculate the large-scale strength
parameters that characterize the S2 shear zone that formed
the basal sliding plane of both the December Slide and the
731 Block.

For the December Slide, it is assumed that the large
movements observed were sufficient to reduce the cohesion
strength component to zero. Based on the work of Martin
and Kaiser [8], the subvertical internal discontinuities used
in the Sarma analysis, were assigned a friction angle of 40
degrees. Given the relatively shallow thickness of the De-
cember Slide and the free draining nature of the fractured
rock mass, the piezometric pressures were considered to be
negligible for all analyses.

Based on the back analysis of the December Slide, the
large-scale mobilized angle of friction (¢) for the basal shear
zone S2 is estimated to be approximately 35 degrees with
zero cohesion. These strength parameters provided a lim-
iting equilibrium condition, i.e., factor of safety equal to
unity. The 731 Block in Fig. 5 was then analyzed using the
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Fig. 8: Simplified sections of the December slide and 731 Block
used in Sarma analyses.

Sarma Method and the strength parameters from the De-
cember Slide. This analysis also provided a Factor of Safety
of approximately one. The simplified sections from these
analyses are shown in Fig. 8.

The orientation of the base (52) of the 731 Block in the
vicinity of the toe-berm is unknown. Visual observations of
the slide area and vicinity suggested it probably occurred in
a similar orientation to that shown for the December slide
(see Fig. 8). Factor of safety sensitivity analyses were car-
ried out using the Sarma Method to evaluate the effect of
a change in the slope angle near the toe of the slide on the
stabilizing effects from the toe-berm. Fig. 9 presents the re-
sults from these analyses and shows that as the slope of S2
decreases from 35° to 21° the factor of safety improves from
less than 1% to 15%.

From these analyses, the effect of the toe-berm is esti-
mated to improve the stability of the 731 Block between
1% and 15% for the various slide plane geometries. If the
change in the 52 slope angle is similar to that observed
for the December Slide, it is likely that the improvement
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Fig. 9: Effect of the slope of failure surface S2 in the vicinity of
the toe-berm on the factor of safety.

is closer to 15% than 1%. An improvement of 10 to 15%
would intuitively be consistent with the observed reduction
in movement rate of the 731 Block following placement of
the toe-berm shown in Fig. 6. This difficulty with linking
measured displacements with the calculated limit equilib-
rium factor of safety exemplifies one of the shortcomings of
this approach and highlights that the absolute value of the
factor of safety, in such situations, has little meaning. As
demonstrated here, the long-term displacement monitoring
is the the only practical means of evaluating the effective-
ness of remedial measures, such as the toe-berm. In the next
section a numerical method of analysis is used to assess the
effect of the toe-berm on displacements.

4. Toe-berm effect: Distinct element analysis

Distinct element formulations are considered better suited
for analyzing the post-failure behavior of a jointed rock mass
than other methods such as finite element [1]. In this case,
the distinct element code 8DEC' was selected because of
the need to observe movement of the 731 Block well into
post-peak behavior. 3DEC is a three-dimensional numerical
code that utilizes a Lagrangian calculation scheme to model
large movements and deformations of a blocky system. This
allows for modelling of large movements and rotations, in-
cluding complete detachment, of rigid or deformable discrete
blocks [12]. The reaction of the model is calculated using
the laws of motion advancing along a time marching scheme.

Although the 731 Block is relatively “data rich”, as with
most geotechnical problems it is considered “data limited”
in terms of numerical modelling [13]. 8DEC requires knowl-
edge of the location of discontinuities within the rock mass.
The simplified model geometry given in Fig. 10 was devel-
oped based on the geological model for the 731 Block and

L Available from Itasca Consulting Group, Inc. Minneapolis, USA

Point D

Joint Material 2

Materials 2 and 3

Point A Joint Material 3
Material 1

Fig. 10: Location of the various material models used in the
3DEC model and the key observation points.
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Table 1: Rock mass material properties used in the $DEC model.

Material  Density K G 10} Constit.
No. (kg/m®) (MPa) (MPa) (deg.) Model

1 2800 19000 17000 - Elastic
Isotropic

2 2800 75 75 - Elastic
Isotropic

3 2600 75 75 40 Mohr-
Coulomb
Plasticity

the results from the limit equilibrium analysis. A bilinear
shear surface along Shear S2, and daylighting in the vicinity
of the toe of the excavation, was selected as the most likely
failure surface geometry. The other critical geometrical sim-
plifications/assumptions involve the frequency, location, and
characteristics of internal block discontinuities.

4.1.  Material properties and constitutive models

Because stress levels in the 731 Block are relatively low in
comparison to the strength of intact rock, elastic deforma-
tion of intact rock was considered to be negligible in compar-
ison to deformation along joints suggesting that a rigid block
model would be appropriate. However, in order to accommo-
date excavation of the bench and placement of the toe-berm
in 83DEC, a more complex deformable block model was re-
quired. Therefore, an elastic, isotropic constitutive model
was selected for the intact blocks of the slope while a Mohr-
Coulomb plasticity model was used for the toe-berm mate-
rial. This resulted in the three material models in Fig. 10:
Material 1 represented the rock mass, Material 2 was the
bench material at the toe of the slope prior to blasting and
removal, and Material 3 represented the rock fill compris-
ing the temporary toe-berm. The properties of these three
materials is given in Table 1.

No testing had been carried out to determine the stiffness
properties of the joints found in the 731 Block. The stiffness
values reported by Infanti and Kanji [14] for joints at shal-
low depths were considered comparable for the 731 Block.
Infanti and Kanji [14] reported that ks values ranged from
0.02 GPa/m to 2 GPa/m over the normal stress range of 0.1
to 10 MPa. The 731 Block stresses are within the lower end

Table 2: Dependence of stiffness on clay-filling thickness, after
Infanti and Kanji [14].

Clay-Filling ks kn Ratio
Thickness (GPa/m) (GPa/m) k,/ks
(mm)

50 - 100 0.01-01 01-0.5 6
10 - 20 0.1-0.6 0.5-2.0 3.6
<1 > 1.0 > 0.5 5

of this range with the normal stress along the S2 ranging
from 0.1 to 3 MPa. Table 2 shows the dependence of joint
stiffness parameters in relation to clay in-filling thickness.
Although the discontinuities in the 731 Block contained vari-
able amounts of clay gouge, the overall thickness of S2 was
substantially greater than those listed in Table 2. Therefore
a range in stiffness values was evaluated.

The properties for the joints used to describe the 731
Block geometry given in Fig. 10 are given in Table 3. Joint
Material 1 represents the basal Shear S2 where the majority
of deformation occurs while Joint Material 2 represents the
near vertical internal discontinuities within the 731 Block.
Joint Material 3 represents the contact surface between the
toe-berm and the rock surface at the base of the slope.

The joint constitutive model provided in $DEC and used
for all the joints in the 731 Block is referred to as the “joint
area contact-Coulomb slip model”. This model provides a
linear representation of joint stiffness and yield limit and
is based on: elastic stiffness, frictional, cohesive and tensile
strength properties, and dilation characteristics common to
rock joints. The model simulates displacement-weakening of
the joint by loss of cohesive and tensile strength at the onset
of shear or tensile failure.

4.2.  Analysis procedure

The model geometry used to simulate the 731 Block is shown
in Fig. 10. Tetrahedral zones were generated by 3DEC for
each block, and material and constitutive properties were as-
signed to the appropriate regions of the model (see Fig. 10).
A zero displacement boundary condition was applied to the
base and far-field sides of the model and gravity was acti-
vated. The model was then run for a sufficient number of
time steps to reach equilibrium under gravity loading condi-
tions. To prevent any slip or separation from occurring dur-
ing initial gravity loading, high cohesion and tensile strength
were temporarily applied to the joints while stepping to the
initial state of force-equilibrium.

The rock slope in 3DEC was excavated following the con-
struction sequence used for the 731 Block. This resulted in
a small bench at the toe of the slope, prior to the initiation
of movement. At this point the model was again marched
to equilibrium. This is the stage at which the model time
was correlated to historical time just prior to blasting and
removing the final bench initiating down slope movement of
the 731 Block as shown in Fig. 6. Placement of the toe-berm

Table 3: Joint properties used in the $DEC model.

Joint kn ks ¢ Constitutive
(GPa/m) (GPa/m) (deg.) Model
1 0.12 0.01 33 Coulomb Slip
2 0.12 0.01 40 Coulomb Slip
3 2.0 0.2 40 Coulomb Slip
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in model time was based on comparison of model deforma-
tions with actual measured deformations. Finally the model
was run for a sufficient number of time steps to observe the
movement trend and effect of the toe-berm.

An important interpretive aid of $DEC modelling is the
use of the History command. This command allows track-
ing of certain selected variables (e.g., displacements, stresses,
strains) throughout the model during time stepping. This
data was plotted as a means of evaluating model perfor-
mance. A key variable that was tracked throughout is the
unbalanced force within the model. This was a useful vari-
able for interpreting a state of equilibrium. An unbalanced
force decreasing to 1 or 0.1 percent of the maximum occur-
ring in the model is considered a reasonable interpretation
that equilibrium has been achieved [12].

4.8.  Toe-berm Results

For soil slopes, Bishop [15] defined the factor of safety as the
ratio of the actual soil shear strength to the minimum shear
strength required to prevent failure. Because the factor of
safety can be defined as a shear strength reduction factor,
Dawson et al. [16] suggested that for numerical programs,
such as 3DEC, the factor of safety (F;) could be defined by:

Fom it o
an (bf

where ¢ represents the actual friction angle of the mate-
rial and ¢y is the friction angle that causes failure of the
slope. By applying this strength-reduction approach to the
strength parameters along the basal Shear S2 the results
from the limit equilibrium analysis can be compared to the
factor of safety from the 3DEC analysis.

The results of the strength reduction technique are shown
in Fig. 11 and shows that ¢ is approximately 33 for a
strength reduction factor of safety of unity. This is in rea-
sonable agreement with the Limit equilibrium results which

Factor of Safety
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Fig. 11: Strength reduction method in 3DEC to determine the
strength along shear S2.

gave a factor of safety of unity for ¢ = 35°. It should be
noted that the shear surface in the 3DEC model is planar,
with no strength component due to roughness.

Since the shear stiffness of S2 directly influences the slope
deformations, a sensitivity analysis was carried out to as-
sess the likely value of ks. For these analyses k,, was held
constant and ¢ was initially set at 35°. The resulting dis-
placements for various values of k, are given in Fig. 12. It
is apparent from Fig. 12 that deformation increases rapidly
for ks < 0.005 GPa/m. It can also be seen in Fig 12 that
k, values in the range reported by Infanti and Kanji [14] re-
sulted in deformations similar to those recorded from actual
field measurements. For comparison, the model was also
run with ¢ = 80° in order to evaluate the component of to-
tal deformation due to plastic yielding. The results indicate
that a significant portion of displacement is due to elastic
deformation.

The effect of elastic-plastic behaviour of S2 can be seen
by tracking the shear force versus shear displacement at
Point B, in Fig. 10. For this analysis the following prop-
erties for the basal shear S2 were used, based on the find-
ings from the sensitivity analyses above: ks = 0.01 GPa/m,
ks = 0.12 GPa/m, and ¢ = 33 degrees. The results are
given in Fig. 13 and show that the basal shear undergoes
elastic deformation at a rate of about 0.4 MN/mm until
16 mm of deformation is reached. The beginning of plastic
deformation is clearly defined in Fig. 13 and indicates, for
these S2 properties, the majority of slope movement can be
attributed to plastic deformation.

As mentioned previously, $DEC time stepping occurs in
an independent time frame. Therefore, movement in the
3DEC model was matched to the actual recorded events
of bench removal and construction of the toe-berm. This
approximately synchronizes the 3DEC model time to real
increments of time. Using the base case properties for S2,

10000

kn =0.12 (GPa/m)

1000

Range of ks reported in literature

100

Range of actual
movment

Movement (mm)

©
$=35°

$=80°

1 1 1 1
0 0.02 0.04 0.06 0.08 0.1

ks (GPa/m)

Fig. 12: Movement versus shear stiffness (ks) with constant nor-
mal stiffness (kn).



International Journal of Rock Mechanics and Mining Sciences 9

7 »_-—16 mm——=

0.4 MN/mm

Shear Force (MN)

O % TSN WS N TN Y SO TN Y SO TN T T Y SN TN T SO [T SO U WO [T WO S S |
0 10 20 30 40 50 60
Displacemement (mm)

Fig. 13: Shear force versus shear displacement along shear S2
(mid-block region), demonstrating the onset of plasticity along
the failure surface.

the movement of the two key monitoring points were tracked
in the 3DEC model (Point D corresponding to the 731 Mon-
ument and Point A corresponding to Extensometer 0+23S,
see Fig. 10). Fig. 14 shows the 3DEC movement record for
the two monitoring points compared to the actual move-
ment. Cleary the deformation pattern generated by the
model is not consistent with the measured deformations. In
particular, the movement at the top of the slope (Point D)
is less than that at the toe of the slope (Point A). This
is in contrast to the measured displacement trends. It is
perhaps unrealistic to expect the model displacements to
match the measured displacements as the amount of model
displacement is significantly dependent on the geometry and
number of discrete blocks used to build the model and the
dilation that occurs as the blocks displace. These issues will
be explored further in the following section.

Remove
Bench Construct Berm
731 Mon
£ 100
£
c
0]
£ PtA
[0)
(>3 PtD
=
A —
0+23S Ext
1 2 3 4

Model Time (sec)

Fig. 14: Movement with time: Comparison of 3DEC model re-
sults with actual field measurements.

When the 8DEC model was allowed to run without plac-
ing the toe-berm, the 731 Block appears to eventually reach
a state of ‘natural’. Fig. 15 shows that placement of the toe-
berm reduced the total movement by approximately 20 mm
at the toe, compared to not placing a berm. The results
are similar for all locations tracked in the model. The equi-
librium of the model being reached without the toe-berm is
a consequence of the failure plane geometry at the toe of
the slope. It implies that the geometry in the model does
not permit the kinematic freedom necessary for the blocks
to continue sliding. Whether the toe-berm provided that
restraint in conjunction or independently of the slide toe
geometry is unknown. Nonetheless Fig. 15 does show that
even this small toe-berm was effective in reducing the total
movements.

5. Inter-block joints and displacement patterns

As a rock slide mass moves down slope along an undulating,
i.e., wavy, basal plane, it tends to ‘break-up’ as a result of
localized stress concentrations and internal yielding, as ob-
served in the December Slide. This results in an increased
number of discontinuities or blocks, where internal shear
displacement can occur. It is apparent that the simplified
geometry and kinematic restrictions may have played a role
in dominating the behavior of the 3DEC model used to sim-
ulate the 731 Block. Therefore, additional $DEC modelling,
based on the 731 Block slide, was used to explore the effects
of internal kinematic restrictions on the overall deformation
of the slide mass. This model is referred to as the “multi-
block” model.
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o N
o O

Berm

Berm Placed

Movement (mm)
- N w H (@]
o o o o o
N\,

o

0 0.5 1 15 2
Model Time (sec)

Fig. 15: Movement with time: with and without the berm.
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5.1.  Multi-block model

The general concept for the multi-block model was to ob-
serve the effect of increasing the number of inter-block dis-
continuities on the stability of a rock slope with a rough
failure surface. The stability was evaluated in terms of de-
formations and a comparison was made with a planar failure
surface. Both the undulating and planar failure surfaces are
shown, as well as the toe-berm, in Fig. 16.

The 3DEC multi-block model is about 200 m along the
base, 150 m high and 100 m wide across the slope. A maxi-
mum of 8 inter-block discontinuities, with an average dip of
about 55 degrees into the slope, subdivided the slide mass.
Two cross-joints, dipping at an average of 40 degrees out of
the slope, further divided the slide mass. To limit any 3-
dimensional effects, the slope was divided through the mid-
dle with a vertical joint perpendicular to the slope face. In
total the model consisted of 50 blocks, or 25 blocks in section
(Fig. 16).

The 8DEC multi-block model utilized two failure plane
geometries for comparison purposes: (1) a planar failure
surface dipping 30 degrees, and (2) a wavy failure surface
consisting of two ‘humps’ and two ‘troughs’ that deviated
from the average 30 degree plane by about 12 degrees. In
order to prevent the slide mass from simply stopping at the
bench below the slide mass, a 1 m drop off was provided
between the bench below the slope and the location where
the failure surface daylights. A rigid block model was used
for the rock mass material with a density of 2500 kg/m?.
The 3DEC Coulomb-slip constitutive model was used for
all joints and the joint properties are given in Table 4.

The 3DEC history functions were used to track the dis-
placements along the basal failure surface at Points A, B and
C (see Fig. 16. An additional function was created to calcu-
late the dilation, or change in volume of the slide mass as it
moved down slope. A total of 9 equally spaced points along

Cross Joints
(~40 degrees) 25 Blocks

(in Section)

Subvertical Joints
(~55 degrees)

Toe-berm

~150 m

Planar Failure Surface
(30 degrees)

Undulating Failure Surface
(~120 variation from 300 base)

A
Y

~200 m

Fig. 16: The 3DEC multi-block model geometry.

Table 4: Joint properties used in the $DEC multi-block model.

Joint kn ks ¢ c’
Type (GPa/m) (GPa/m) (deg.) (MPa)
Subvertical 0.12 0.01 28 0
Cross 0.12 0.01 45 1
Failure surface 0.12 0.01 30 0

the slope face were used to divide the slide mass into slices
of average dimensions. This calculation did not include the
backscarp development, only the change in volume within
the slide mass itself. Tracking both the displacements along
the failure surface and the overall volume change of the rock
mass should provide further insights into the mechanisms of
slope deformation.

5.2.  Multi-block modelling results

In order to investigate the effect of internal discontinuities
on slope behaviour, a series of 3DEC models were carried
out for 9 inter-block geometrical configurations with 2 cross-
joints approximately parallel to the slide base and between
0 to 8 subvertical joints, corresponding to between 3 and
25 total blocks in section. All 9 of these models were per-
formed for both ‘wavy’ and ‘planar’ failure surfaces, with
and without the presence of a toe-berm, for a total of 36
model simulations. Fig. 17 shows the averaged displacement
at points A, B and C for various multi-block models (number
of blocks) on the undulating failure surface. From Fig. 17
it is clear that increasing the number of blocks resulted in
larger displacements along the failure surface. In most cases
the slide mass reached a point of stability/equilibrium prior
to 15 seconds of model time (see Fig. 17). It should be noted
that time is independent and cannot be used for direct com-
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I = (No Berm)
LS /— - 25 Blocks
4 Eo , (No Berm)
’g FS _ 25 Blocks
< [ a ~-— (Berm)
= [ @
S 3_— 00y 1 2 3 2 5
g r Model Time (sec)
8 2L
s I
QL r
=) r 17 Blocks
1F — — — — (NoBerm)
[ 3 Blocks
oL —p—-MNoBerm) =, |
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Fig. 17: Average slope displacement recorded at points A, B and
C for various multi-block models using the undulating basal fail-
ure surface.
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parison. The effect of the toe-berm is also shown in Fig. 17
for the 25 Block Model and clearly shows that the toe-berm
decreased the total movement in the 25 Block Model.

Fig. 18 shows both the basal displacements and the vol-
umetric dilation as a function of the number of blocks for
both the planar and undulating failure surface without the
toe-berm. For the planar failure surface the displacements
were relatively constant and increased only slightly as the
number of blocks increased. It was expected, for this case,
that the number of internal blocks would have essentially no
effect on basal plane displacements. However, the slightly
sloping relation is likely due to the changes in kinematic
freedom as the slide mass reached the bench located 1 m
below the failure surface.

With the undulating failure surface, significant displace-
ments (sliding) do not occur until the number of blocks is
greater than 8. As the number of blocks increase from 10 to
25, the displacements and the volumetric dilation linearly in-
crease. With only a few blocks on a wavy surface, kinematic
freedom is not available to permit down-slope movement.
The inset in Fig. 18 shows the displacement with increased
number of blocks for the undulating failure surface with the
presence of a toe-berm. In all cases analyzed, the toe-berm
was very effective in reducing the amount of displacements,
particularly for those cases where the number of blocks was
greater than 8.

In a natural rock slope with a wavy failure plane, local
yielding and breaking-up of the slide mass often occurs as
down slope movement progresses (see the discussion on the
December Slide). An attempt was made to simulate the ef-
fects of down slope movement combined with the rock slide
breaking up into a larger number of blocks. Starting initially
as a single block with the 2 cross joints in place, subvertical
discontinuities were added as deformation increased. The
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I ~0-04FUndulating failure Surface e E
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7 | zo0sf 37
o °E’0 02 @ Average Dilation P
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Fig. 18: Trends in the displacement and dilation patterns for
slopes with different number of blocks without a toe-berm. The
insert figure shows the effect of the toe-berm on the undulating
failure surface.

subvertical joints were added starting near the toe and al-
ternating between the toe and top of the slide mass, moving
towards the middle. In this simulation, the subvertical joints
were added at specified time intervals chosen to allow a con-
tribution of each stage to the overall movement.

Fig. 19 shows the trend of rapidly increasing displace-
ment and volumetric dilation with down slope movement.
Once the model contains more than 19 blocks, displacements
rapidly accelerate. During the initial stages of sliding, the
volumetric dilation tracks the failure surface displacements.
This is not surprising because in this model all inter-block
joints are planar, i.e, non-dilatant. However, with extremely
large failure surface displacements, the rate of volumetric
dilation accelerates suggesting large separation among the
blocks. In a natural rock slope the roughness of the inter-
block joints would likely cause this phenomena to occur at
much smaller displacements along the basal failure-surface.
In addition all the joints were modelled with a constant
Coulomb-slip model, a strain-weakening slip model could
also produce accelerating displacements at much smaller
strains.

Because 3DEC models a non-linear system as it evolves
in time, the interpretation of results can be more subjective
than with a conventional numerical program that produces
a ‘solution’ at the end of its calculation phase. Nonetheless,
for the results presented herein, every effort was made to
interpret the results in a consistent and reproducible man-
ner. In all the inter-block models, 8DEC was cycled until
trends were clearly defined. After about 8 blocks, deforma-
tions were dominated by plastic yielding. The final mag-
nitudes of displacements were limited by the kinematics of
the block-slope interaction. The trend of rapidly increasing
deformations signifies the onset of collapse failure without
a loss in strength along the sliding surface, as is commonly
modelled. As indicated in Table 4 the stiffness properties
assigned to all the joints were identical and represents very
‘soft’ joints. As a result the displacements reported here

Number of blocks
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Fig. 19: Basal failure plane displacements and volumetric dilation
as the sliding rock mass breaks-up into blocks.
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for the inter-block models are much larger than might be
anticipated in actual rock slopes.

In all the 3DEC models with the undulating failure sur-
face the effect of the toe-berm was to significantly reduce the
displacements. By limiting the displacements, the ability of
the rock mass to break-up into individual blocks reduces the
risk of uncontrolled displacements leading to collapse failure.
These findings are similar to those described by Martin and
Kaiser [8] where rock bolt reinforcement was used to reduce
the number of internal blocks and improve the overall sta-
bility of a large jointed rock slope.

6. Conclusions

A numerical model is intended to be an aid to thought rather
than a substitute for thought (Starfield and Cundall 1988).
The focus of this study was to use this approach to evaluate
a field observation: a relatively small end-dumped rock-fill
toe-berm was effective in controlling the displacements of a
large moving rock mass. While this case study can be consid-
ered data-rich, considerable simplifications had to be made
to apply the three-dimensional numerical model. Using rea-
sonable parameters, based on geological interpretations, the
numerical model responded in a manner that is logical and
in general agreement with field observations.

Based on the Sarma limit equilibrium method, the toe-
berm could have increased the stability of the slope by ap-
proximately 10 to 15% percent. Practical experience suggest
that this magnitude of change in the factor of safety is of-
ten considered adequate for judging effectiveness of remedial
measures. Field monitoring confirmed that the toe-berm did
significantly reduce the measured rate of the 731 Block dis-
placements.

A 38DEC model was used to simulate the excavation of
the 731 Block and the placement of the toe-berm. The dis-
placements recorded in the 3DEC model for the 731 Block
exhibited similar trends to that observed in the field and
suggests that the toe-berm would be effective in reducing
the displacement. The most significant discrepancy with the
3DEC results is that in the model the largest movements oc-
curred at the toe while in the field the largest movement was
recorded at the crest of the slope. This is unresolved and
may be due to the lack of undulation/roughness in both the
base shear surface and the orientation of the internal dis-
continuities in the 3DEC model.

The field records and observations during the failure of the
December Slide showed the rock mass exhibited large dis-
placements (approximately 1 m) without catastrophic fail-
ure. However, at the end of the movements the rock mass
had broken into smaller blocks. This form of progressive
failure was simulated by a ‘multi-block” model. This model
showed that if a slope, such as the 731 Block, was allowed to
break into smaller blocks, the ensuing displacements would
accelerate and can be large. In addition to the increased re-
sisting force, the placement of the toe-berm after the 731

Block had moved only approximately 100 mm may have
been key to the success of the toe-berm in arresting the
731 Block displacements.
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