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Summary

A pumber of centrifuge model tests of generic open pit mine configurations have been performed

for comparison with numerical modelling. The detailed failure mechanisms associated with a keyed-in wedge
and flexural toppling have been examined and compared with results from numerical stress analysis and limit

equilibrium calculations.

approach for examining complex slope stability problems.

1. INTRODUCTION

The use of conventional limit equilibrium analyses

for slope stability assessment in open pit mines may

be complicated by a number of factors including:

e how well the assumed failure mechanism
matches the actual mechanism; and

e the accuracy of the analytical method.

In a complex system, or one where simple limit
equilibrium analyses are suspected to be
inappropriate, numerical stress analyses can be very
useful for stability assessment. However, numerical
analysis should be used with some caution, and care
taken to understand the effects of the modelling
procedure on the results. It is usually difficult to
assess the accuracy of an analysis without some
observational data, although this may be difficult to
gather, particularly during the design at a
greenfields site.

In slope stability problems, testing of small scale
models can be useful to examine possible modes of
failure and patterns of deformation, and to assist in
understanding the controlling mechanisms of the
instability.  Physical modelling has significant
advantages over the use of field data alone, as there
are fewer unknowns regarding material properties
and geological features.

The model tests may also be considered as small
prototype events in their own right, and thus can be
used directly for establishment of empirical
relationships, and validation of numerical models or
analytical approaches. However, the applicability of
observed model behaviour should be confirmed by
reference to field observations or known behaviour,
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Combined use of physical and numerical modelling is shown to be a powerful

and caution should be exercised in recognising the
differences between the field conditions and model
testing procedure.

As part of a wider research project into slope
stability problems in Western Australian open pit
mines and a specific mine in China, a number of
centrifuge model tests were conducted to obtain data
for comparison with numerical stress analyses and
limit equilibrium calculations. = These studies
enabled the mechanism behind each failure to be
examined in detail, and allowed a critical
assessment of various methods of analysis. This
combined use of physical and numerical modelling
for slope stability assessment is a powerful approach
for examining complex problems, and also in
situations where inconsistent results are obtained
from simple calculation methods.

This paper describes several physical model tests
undertaken to study (i) a keyed-in wedge
instability and (ii) flexural toppling failures. The
results of these tests are compared with predictions
of stability from limit equilibrium and numerical
stress analyses, illustrating the applicability of the
techniques.

2. PHYSICAL MODELLING

Small scale models were tested to failure on a
geotechnical centrifuge. The centrifuge simulates
an increased gravitational acceleration field, leading
to an accurate representation of insitu self-weight
stresses in the model. It is possible to model a wide
range of slope failure mechanisms, provided that
failure is initiated by yielding of the rock mass or



shearing along discontinuities that are not purely
frictional or non-dilational. However, where
behaviour is purely related to geometry and is
unaffected by stress level (eg. planar failure along a
purely frictional joint), the centrifuge has no
advantage over a single gravity test in the
laboratory. The principles and relevant scaling laws
relating to centrifuge model testing have been
discussed in detail by Schofield (1980).

Although a number of studies of soil slope stability
have been conducted on the centrifuge (for example
Schofield, 1978; Malushitski, 1981; Goodings and
Schofield, 1985), very little work on rock slope
stability has been reported (Stewart et al., 1994).

21 UWA Geotechnical Centrifuge

Testing was performed on the geotechnical
centrifuge at The University of Western Australia.
The centrifuge is an Acutronic 661 model and
features a swinging platform upon which test
packages are mounted, enabling models to align
normal to the resultant gravity field as machine
speed increases. The swinging platform has a
radius of 1.8 m, with maximum headroom of
approximately 900 mm during rotation. The facility
is described in detail by Randolph et al. (1991).

2.2 Artificial Rock Material

For any type of model testing it is necessary that the
material properties in the model are approximately
matched to those in the prototype situation if the
results are to be used as a direct indicator of
prototype behaviour. It should be recognised that in
open pit slope design studies the in situ
deformability and strength of the rock mass will not
be known with any degree of certainty, since any
material property measurements will usually be
from laboratory tests on core size samples.
Extrapolation of these properties to those relevant to
arock mass may lead to significant uncertainty, and
thus rigid stipulation for the properties of model
materials may not be realistic. Thus, for some
model studies it may be sufficient to achieve an
approximate match between model and prototype
properties and then explore the effect of variations
through numerical analyses.

Since it was desired to examine some problems of
general applicability to rock slope design, the model
rock materials were required to behave like ‘rock’
in general, without attempting to model any specific
rock type or weathering grade. The slope stability
mechanisms being examined were relevant to a
range of rock types and a range of degrees of
weathering. The material property requirements for
all of the models tested as part of this study were :
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relatively high elastic stiffness;

e relatively brittle  behaviour
compression;

e significant internal frictional strength when
tested in triaxial compression; and

e relatively low tensile strength in relation to
uniaxial compressive strength.

in  uniaxial

A number of alternative materials were tried for
producing model rock samples, although in general
fine garnet sand was mixed with gypsum cement to
produce a material having a bulk density of around
2500 kg/m’. The strength of the samples was
varied as required by using different proportions of
gypsum and sand.

2.3  Sample Preparation and Testing '

The sand and cementing agent were mixed with
water to a thick slurry consistency before pouring
into a mould. The slurry was able to set rapidly
without segregation. In some samples a set retarder
was included to delay setting until the sample had
been compressed under a surcharge pressure.

After casting a block large enough to form the
model, the block was cured and then dried to
remove all free water. The block was then cut to the
desired shape before mounting in a plane-strain
strongbox of 200 by 650 mm plan dimensions and
470 mm internal height. The displacement of
various points on the surface of the model was
measured during the test with displacement
transducers, and the model was viewed through a
window in the side wall of the strongbox.

The models were tested by increasing the gravity
level (thus effectively increasing the height of the
slope) until failure occurred. This is a simple
method of initiating failure in a centrifuge model,
although it does not accurately represent the
incremental excavation process used in the field.
However, the model test procedure can be followed
closely by a numerical analysis which can then be

used to examine the effect of incremental
excavation. For rock slope models containing
uniformly spaced discontinuities, the testing
procedure may have a disadvantage that

discontinuity spacing effectively increases (along
with the slope height) as the gravity level is raised,
since the ratio of slope height to discontinuity
spacing does not change. Thus while direct
extrapolation of the results of centrifuge model
testing to prototype behaviour is possible, it should
be performed with care and with due regard to the
differences in boundary conditions and test
procedure.



3. NUMERICAL MODELLING

Numerical modelling was performed using the
programs FLAC and UDEC (Itasca, 1993a and b).

FLAC is a 2D finite difference code which was
developed primarily for stress analysis of continua.
It provides a number of constitutive models for
representing the nonlinear stress-strain behaviour of
materials. In addition FLAC can also allow for
geometrical nonlinearities by including the effects
of large strains and large deformations, and can
model slip and separation on a few discontinuities,
such as major faults in a rock mass.

UDEC is a 2D distinct element stress analysis code
which may be used to model the behaviour of highly
jointed rock masses. Blocks of rock in a model can
slip, separate and rotate relative to each other in
response to mechanical loads applied to the system.
In addition, material within the rock blocks can
deform and yield in shear or tension. A mechanism
of failure in a UDEC model may therefore be
defined by slip and/or opening of key interfaces in
the rock mass, if joint continuity allows this to
produce a kinematically admissible mechanism.
Alternatively, slip and separation on discontinuous
joints may be combined with yield through rock
material within blocks to produce an overall failure
surface.

The Itasca stress analysis programs use an
“explicit” numerical solution technique, in which
Newton’s equations of motion and the constitutive
equations for the system are solved together to
calculate the evolution of the system with time. A
particular advantage of this technique is that no
assumption is made that the system being analysed
is in equilibrium, so the programs can treat equally
well systems which come to equilibrium and
situations in which a localised or global failure
develops. The numerical models can be loaded in
the same way as the physical models, with gravity
being increased steadily until failure develops.

4. KEYED-IN WEDGE

As a part of slope stability studies for the Daye open
pit mine in China, physical and numerical
modelling was undertaken to clarify various aspects
of slope behaviour. The Daye mine is now about
380 m deep, with a planned depth of about 430 m.

4.1 Physical Test Results

A centrifuge model test was conducted to assess the
influence of a discontinuity forming a keyed-in
wedge, based upon a simplified cross-section of the
north wall of the Daye open pit. The geometry of
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the model shown in Figure 1 requires failure to
occur by a combination of sliding along the
discontinuity and shearing across intact material.

slope angle = 42 deg.

470
slope angle = 52 deg. discontinuity

dip = 43 deg.

650

Figure 1. Geometry of keyed-in wedge model.

The model failed under increased gravitational
loading, with a zone of intense shearing extending
up from the toe of the slope towards the
discontinuity as expected. The majority of the
sliding body was still intact after the failure,
although large movements had occurred. A post-
test tracing of the model is shown in Figure 2.

Figure 2. Post-test tracing of keyed-in wedge
model.

During the test, some problems were experienced
with friction along the side walls of the strongbox.
This would have had a stabilising influence, and led
to the model failing at a higher gravity level than
expected. This problem was rectified in later tests.

4.2  Analytical Results

Analysis of the above test was performed using both
limit equilibrium and numerical stress analysis
techniques. While the failure levels cannot be
compared directly with the result of the centrifuge
model, because of the side friction problems, they



can be compared with each other. Additionally, the
failure mechanism generated by the numerical
stress analysis (using FLAC) can be compared with
the physical model.

The failure mechanism in the FLAC analysis
(Figure 3) was similar to that observed in the
centrifuge model. This mechanism appears to

comprise an active-passive wedge, with the upper
intact block driving a wedge of material at the toe
outward. Two bands of plasticity are evident, one
extending from the toe of the slope across to the
discontinuity, and the other extending upwards
from the discontinuity to the slope face.

Figure 3. Failure mechanism developed in FLAC
analysis of keyed-in wedge model.

Non-circular limit equilibrium analyses were
performed using the Sarma and Spencer methods
(program GALENA - BHP Engineering, 1994), and
the methods embodied in the programs EMU and
GWEDGEM (Giam and Donald, 1991). The critical
failure surfaces generated by search routines
incorporated in EMU and GWEDGEM were very
similar and matched the observed mode of failure in
the centrifuge model.

The results of all the analyses are presented in
Figure 4 as the calculated factor of safety versus
gravity level. There is considerable variability
between the four methods, with the Sarma and
Spencer methods forming the upper and lower
bounds to collapse, at 95 and 55 g respectively. The
results from GWEDGEM and EMU are more
consistent, giving failure at about 65 to 75 g, and
comparing favourably with the FLAC result of 77 g.

The Sarma method has been found to be relatively
sensitive to changes in the orientation of the
interslice boundaries, and in the number of slices
used in the analysis. An increase in the number of
slices led to a significant increase in the factor of
safety, which was a disturbing trend, as a more
accurate and presumably more critical solution
would be expected with more slices. Part of the
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reason for this trend appears to be due to the way
shear forces acting along the slice boundaries are
included in the Sarma method. The direction of the
shear force acting on each slice boundary is
assumed to be independent of the boundary
inclination, which has been shown to lead to
unacceptable results (Zhang, 1992).

1.3
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0.8 : : . .
20 40 60 80 100
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Figure 4. Results of limit equilibrium and
numerical stress analyses.
5. FLEXURAL TOPPLING

Flexural toppling failure can occur where a set of
discontinuities dips steeply into the slope face, with
very few cross cutting joints. Failure occurs due to
flexure of the columns formed by the steep joint set,
and no pre-existing basal failure surface exists.

5.1 Physical Test Results

A centrifuge model was designed to simulate a slope
excavated in weathered rock overlying fresher and
stronger rock, as shown in Figure 5. Both regions
contained steeply dipping discontinuities, but the
strong material was approximately seven times
stronger than the overlying weak material.

solid
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60 deg. slope

solid \
block \
\

i strong material
=7 = 6.8 mm joint spacing
650

joint dip = 80 deg.

470

—
2

r

weak material
10.2 mm joint spacing

Figure 5. Geometry of flexural toppling model.
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The model failed by toppling, with a basal failure
plane progressing upward from the strong/weak
interface at the slope surface, as shown in Figure 6.
Post-failure motion of the slope was limited by a
transducer mounting, and thus the final geometry of
the model is not representative of the post-failure
geometries evident in field toppling failures. Little
disturbance of the strong material near the toe was
noted after the test.
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Figure 6. Post-test tracing of flexural toppling
model.

5.2 Analytical Results

A UDEC numerical model was developed based on
the centrifuge model geometry and with a strain-
softening constitutive model describing the sheet
materials. Properties used for materials and joints
were chosen to match available laboratory test data
and it was assumed that the rock peak strength
parameters reduced to residual values at 1.5%
plastic shear strain.

A flexural toppling mechanism involves tensile
yield of sheets of rock as they slip and flex. A fine
zoning within the sheets of rock is needed if these
tensile stresses are to be reflected in the numerical
model. The zoning used had two sets of triangular
zones across each sheet in the weaker region but, in
most cases, only one set across each sheet near the
toe. Loadings of 20g, 40g then 50g were applied
successively to the model and sufficient comput-
ational steps were performed to see whether the
system would come to equilibrium. If there was
extensive yield and deformations were continuing to
increase, further steps were performed until visible
movement developed and the form of the
mechanism of failure was apparent. Analyses were
performed for a number of different joint elastic
stiffnesses.

Some results are shown in Figures 7 and 8 which
show the UDEC blocks as well as zones within
them which have undergone or are experiencing
shear or tensile yield. The calculated mechanism of
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failure was consistent with the observed behaviour
only when higher values of joint stiffness were used
(Figure 7). In each of the other analyses (e.g.
Figure 8), some yield occurred initially in the
weaker material at the top of the stronger region,
but the failure mechanism when it developed
involved yield through the stronger region at the
toe, and the extensive yield zone in the weaker
material was located lower in the slope than was
observed. The magnitudes of the joint stiffnesses
therefore appear to affect both the failure load and
details of the failure mechanism. This behaviour is
markedly different from other UDEC models
studied by the authors, and suggests that parametric
studies on joint stiffnesses should be carried out
with all models.

For the model shown in Figure 7, the crest horiz-
ontal displacement at the onset of failure (about 3
mm) was also comparable with what was measured
in the centrifuge. However, with the relatively large
increments in load used in most of these analyses
(because of the very large computer execution times
involved), it is not possible to draw anything more
than qualitative conclusions at present.

Figure 7. Results from UDEC analysis of flexural
toppling model using high joint normal stiffness.

Figure 8. Results from UDEC analysis of flexural
toppling model using low joint normal stiffness.



Modelling of flexural toppling failures with a
discontinuum analysis method such as UDEC is
computationally very intensive. An alternative
technique has been developed recently where the
discontinuum is represented by an equivalent
continuum (Adhikary, 1995). This method has
been found to provide reliable results, and requires
far less computation time.

6. CONCLUSIONS

Combined use of physical and numerical modelling
may be warranted in critical situations. Physical
modelling can provide insights into slope behaviour
under complex conditions. However numerical
analysis generally appears to work well provided
that the model is able to allow for the appropriate
mechanism of failure and the results are examined
carefully.

The major conclusions from this study were:

e The FLAC model of the slope with a keyed-in
wedge matched well the mechanism observed in
the physical model.

e Limit equilibrium analyses of a keyed-in wedge
gave quite wide ranging results, although the
programs GWEDGEM and EMU were most
consistent and compared well with the failure
load obtained using FLAC. Care should be
taken in use of the Sarma method of analysis.

e Analysis of a model flexural toppling failure
with UDEC was found to be sensitive to the
magnitude of joint stiffnesses used. Somewhat
different mechanisms were generated in analyses
with different values of stiffness, and the
computed failure loads also varied. One analysis
matched closely both the mechanism of failure
and failure load observed in the physical model.

e Modelling of toppling failures with UDEC is
very intensive computationally. An alternative
approach where the discontinuum is represented
by an equivalent continuum may prove to be
more practical, although the present formulation
does not allow for large deformations and so
cannot model the full development of failure in
the way that UDEC can.
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