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Abstract

The methods used to design the global angle of
ooen pit mines are not adapeed to design the benches.
This paper presents a methodology in order 0 siudy
the stability of the bencnes. This methodology is
based on geomemical modelling of the fraciured rock
mass wich provide an assemblage of blocks. The
block stability is analysed by method based oa limic
equilibrium. In order to take into account the
staustical aspect of the discoatinuides, an opumal
number of simulatioas is recommended. Thus, the
results can be interpreted statistically. This
methodology was applied for 22 benches in 3
different mines, the results obtained are coasistent
with the observed instabilides.

I. INTRODUCTION

The methods used to determine the overall
gradients of the slopes in open pit workings aim to
sufficiently eliminate all risk of failure oa a scale
comparable with the pit walls. For this the slopes
must be made shallow gradual and reinforcing
measures must generally be applied. Most often
these coasist of ensuring the drainage of the slopes
and in limiang the effects of blasting (reinforcement
is cencrally 100 cosdy in the case of very high siopes
and deep planes of failure).

When the slopes contain benches and berms it
is noc possible & priori to eliminate all risks of failure
of the same sczle as the benches. Indeed, this risk is
greater for vedcal or almost verticzl faces and it
would reguire too decailed a2 knowledge of ths
sguciure of the rock mass, which is no¢ pessible at
this stage feasability, for a forecast to be perfecdy
reliable. On the ocher hand some degres of risk of
failure on a sczle comparable with the beaches may
be accepted if the rock falls are halted by horizoaral
berms or can be prevenated by local reinforcement,
inszalled as soon as aay excessive sk is identified.
For these conditions o be realised, one must be able
to predict these failures and their effects and o have
methods, prevendng them, available.

This paper describes a mean of improving the
existing methods for the peediction and prevenaon of
bench fatiures.

2. TRADITIONAL METHODS OF
STUDYING THE STABILITY OF
BENCHES

2.1 The traditional method
In order to estimate the szability of benches one

generally uses the same methods as those used for
the pit walls or the slopes swdied in civil engineering



(Hoek and Bray, 1977, Hoek and Londe, 1976).
First these methods consist of all of ideatifying the
most unfavourable mechanisms of potential failure,
based on the smucture of the rock mass and which 1s
more or less known before the excavation (one is
normally aware of the general form of the strata and
the large tectonic irregularities, the smaller
discontinuities being often modelled in the form of
sets defined by their average orieatation). Safety
factors are then calculated for the mechanisms
identified, then the gradients of the slopes are
determined in such a way that the lower factors are
greater than a certain value selected by the
geotechnician (as a function, especially, of the
situation of the working, the mechanism of the
failure, the calculation model used and of the
uncertainty affecdng the data). The values selected in
the case of mining engineering are lower than those
selected in civil engineering. In effect, the life of
mines is shorter than that of civil engineering
structures and the latter are not open to the public,
are frequented daily by knowledgeable staff and are
regularly inspected.

Although the methods are well suited 10 the
case of the pit walls and intermediate high slopes in
the case whea one wishes to avoid any risk of failure
during the period of exploitation, we considered that
they are less well adapted for evaluating the risks
relating to failures at the benches scale.

2.2 Limitations of the traditional method

Experience shows on the one hand, that it is
practically impossible 1o avoid any risk of failure
with respect to the benches and, oa the other hand,
that a great number of failures are not dangerous,
because the fallen blocks are halted by the horizontal
berms separating the benches. Indeed an inquiry
(NGOT CONGOLO, 1999) relating to five mining
sites and over a curmulative beach length of 3775
meoes, made it possible to distinguish between four
saates of bench stability.

* The stable state is defined by the absence of
fallen blocks on the berm situated at the foot of the
bench. It represents 26 % of the cumulatdve length of
the benches. (state: very good)

* The second state corresponds to the case
where some isolated blocks have fallen on the berm.
It represents 33 % of the cumuladve length of the
benches. (swate: good)

* The third state, which represeats 19 % of the
cumulative length of the benches examined,

correspounds to the case where the berm is covered
by a large number of blocks. (state: medium)

* The totally unstable state, which represents
22 % of the length observed, is defined by the
crumbling of the benches. (stace;: bad)

The state of stability thus defined is directly
related to the danger of rock collapse which could
threaten the personnel moving about at the foot of the
pit walls. Note that other parameters recorded, such
as the difference between the angle provided for and
the observed angle of the benches, or the percentage
of pre-cut relief holes that are still visible, seem to be
less representative of the danger. As a matter of fact
the failures related 1o these could have occurred
during blasting or during the loading of the mined
materials and in this case could never have
constituted a danger. They correspond to very low
safety factors. :

The traditdonal method does not allow one to
distinguish in a satisfactory way, between dangerous
and safe situadoas by taking the example of wedge
failures - it gives the largest unstable volume that
may exist in the case of a single failure (fig 1a) but it
does not disunguish between the case in which a
large number of failures of such volume will actually
occur (fig 1b) and the case in which several failures
of smaller volume will cccur. To evaluarte this danger
it 1s necessary to predict the spatial frequency of the
failures and the probable volumes coancemed. For
that it is necessary to take into consideration the
distaibution in space of the discoatinuities and their
persistence, '

3. PROBABILISTIC APPROACH TO
BENCH STABILITY

3.1 Necessity of a probabilistic approach

In order to dimension the pit sides one mies to
avoid any possibility of failure by choosing a mean
safety coefficient sufficiently high to have a
probability of failure negligible or acceptable. One
can then explain (or justify) the fact that the
probabilistc aspect of the safety coefficient is rarely
allowed for in these studies. Another explanation is
provided by (Hoek & Londe 1976): “ The evaluation
of the stability in terms of failure probability in itself
presents a problem, most customers refuse to accept
that their consulting engineer or their design office
recognises that there exists a probability, evea a
small probability of failure”. A certain value of the
safety factor (for example 1.3) may be considered
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a : Classical method - The greatest wedge

b : Real bench with small 2nd big wedges

Fig.l : Classical merhod results and possible
aspecr of a real bench.

as sufficient, for one is accustomed to that, and
experience indicates that stability will be assured,
wiereas a failure probability of 1 in 1000 or 1 in 100
which undoubtedly means exactly the same thing,
will be regarded with misoust

If one no longer tries to avoid any possibility
of failure, and this is the case when one is
demensioning the benches, it becomes necessary to
predict the spatial frequency of the failures and the
volumes concerned. A deterministic method (using
the mean values of the input paramaters) would
provide unstable average volumes. Rather than
applying a safety factor to these volumes, it seems to
us more realistic to make the probabilistic approach
and thus to reason in terms of volume having a low
probability (chosen in advance) of being exceeded.
Furthermore this type of approach should be more
easily accepted by the miners in the context of the
mine benches for it does not exciude the possibility
that certain failures will occur.

3.2 Methodology proposed
Serucrural study and stavistical trearment of
discontinuiries.

The structural study should lead to the
identification of the major dicondnuides at the bench
scale, for example, the faults and the swatigraphy as
well as the different joints set. For the joints set, the
orientation, the extension and the spacing must be
defined statistically. A large number of studies
(HUDSON and al, 1983) (KABBAJ,1989) have
shown that in the majority of jointed rock masses the
orientation is in accordance with a LANGEVIN-
FISHER statistical law, the extension and the
spacing obey exponential and log-normal laws. The
quality and the number of data guarantee a good
statistcal definition. '

Geomerrical modelling of the bench.

Once the discontinuities are determined and
before studying the stability of the bench, a
geometric model of the bench is prepared with
RESOBLOK (HELLIOT, 1988) a block generator
software,

The RESOBLOK software requires, first of
all, the definition of a “zone of interest” in which the
discontnuites of the rock mass will be simulated.
This zone is defined by the height, the length and the
width of the bench studied. The discontinuities can
then be placed in a deterministic way, in the zone of
interest or created by simulaton on the basis of
stadsucal laws defining the dismibution of orientation
and spacing of each set. The extension of the
discoatinuities is inwoduced by defining the blocks
cut out by the latter. For example, the diaclases of a
certain set can affect only the blocks situated berween
two given stratigraphic joints; in other words “they
will stop” on these joints: it is a question of a
hierarchic approach in order to simulate the
discoatinuous rock masses.

Generally it is difficult to estimate the
discoatinuities extension oa the field. Simulation in
the geometric model, by a smict method and taking
into account the hierarchy between sets of fractures
is not easy. Thus, as a first approximadon, and in the
absence of any clear hierarchy between fractures, the
extension may be considered oa the scale of the
bench.

Fig 2 shows an example of a geometric
representation of a beach in an uranium mine. The
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detailed data for this example are given in
(BAROUDI and al, 1990).

Bench front

Fig. 2 : Visualisation of the discontinuities
nerwork of the bench - simulation n®.1

Geomechanical dara and studies of stabilicy.

The geomemic modelling of the bench provides
a group of blocks for which the stability has to be
studied. The BSA software has been written
following RESOBLOK, it enables us to analyse the
stability of single bioks . The fundamental algorithm
is that of WARBURTON (WARBURTON, 1981)
and 1t comprises two stages :

- geometric analysis in order to identify
whether the block is displaceable.

- mechanical analysis based on the limitung
equitibrium of the block using the Mohr-Coulomb
criterion. '

In the case of instability, three types of failure
can be determined; free fall, plane failure, or wedge
failure. The rotation is then analysed in accordance
with the algorithm of (LIN and al, 1988).

The properties of the discontinuities necessary
for the analysis of stability are the cohesion (c) and
the angle of friction (@). These are generally
determined in the laboratory by empirical (BARTON
and al, 1990) or experimental methods. If one has
local failures oa the scale of a given bench one can

determine ¢ and @ by back-analysis. This approach
was used by (BAROUDI and al, 1990) and (RODE
and al, 1990); the values measured in the laboratory
and those calculated by back-analysis were of the
same order of magnitude. In order to simplify the
back-analysis the cohesion of the discontinuities may
be assumed to be nil, for the latter are close to the
working faces and have thus been subject to the
effects of blasting.

Distribution of unstable blocks.

For statistical data on discontinuities it is
necessary to apply several simulation processes to
the same bench. Each simulation provides a set of
blocks for which the stability has to be investgated
in accordance with the method previously explained.
For each simulation (i), the towal volume (v;) of the

unstable blocks is Qhe of the characteristic
papameters of the state of stability of the bench. For
a number (n) of simulations, the (v;) constitutes a

random variable {(v) of mean (m) and standard
deviation (G).

In a large number of cases (HANTZ, 1990)
and for a considerable number of simulations
(discussed below), (v) follows an exponential law,
For example, in the case of the beach shown in fig
2, the distmbution of (v) for 50 simulations is
represented by fig 3. The validity of the exponendal
adjustment may be verified by comparing the mean
(m) and the standard deviation (o) which are equal in
the case of the exponential law.

mo= 4,54 m3
o =45({m3

[ I T
17,5 2.8 3 ke
Totat Volume (m3)

Fig. 3 : Distribution of the total volume of
unstable blocks for 50 simulations.
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It is demonstrated (ASOF, 1991) - see
APPENDIX A - that the error relative to the
estimation of (m) ona the basis of (n) simuladoas is 2
/ {(n + 1), thus for 40 simulations the error is less
than 5 %.

Influence of scale.

In reality the length of a bench can exceed
50 m or even 100 m. This raises the question of
what representative length of bench should be
modelled. This length must be determined by
coasidering two criteria.

* The fracturation must be homogeneous over
the length considered. A relatively long bench must
be cut into homogeneous sections.

* In the case of a homogeneous section the
length (L) to be modelled must be greater than the
minimum length (Lmin). The latter is defined such
that the mean of the total volumes of the unstable
blocks (m) is independent of L.

For example in the case of the bench
previously referred to, (Lmin) is estimated to be 3m.
Fig 4 shows that above that limit one can put
m=04L.

Average of total volurmes of unstable blocks (m3)
Length of the bench (m)

0,6

0,5
0.4
0,3 1

/\/

—

0.2 1

0,1 <
/

0,0

Lemin = 8 10 12
Lengch of the bench (m)

Fig.4 : Influence of the bench length .

Note that if the actual length of the bench is
less than (Lmin) the statistical simulaton of the
fractures is not valid. That would indicate that the
distributions of the sets of fractures are not
representative of such a bench dimension. In this
case cne must introduce all the fractures in a
determinisdc manner in order to model the geomeuy

of the bench.

4. ANALYSIS OF THE STABILITY OF 22
' BENCHES '

~ On five different sites 22 sectons of benches
were studied in accordance with the preceding
method (INGOT, 1990). In order to campare the
observations in situ with the results obtained by
modelling, two global variables were selected.

~ * The qualitative variable “State of bench”
introduced in chapter 2.2, which characterises the
observed state of stability of the bench.

* The variable (m): mean total volume
previously discussed. To ensure that (m) was
homogeneous throughout the different benches it
was reduced to a length of 5 merres.

Fig 5 represents (m) as a function of the “State
of the bench”. For 22 benches, as a whole there is a
good degree of correlation. The deviations from this
tendency that were observed could be explained by:

- The subjecdve character of the variable “State of the
beach”. Ouly the extreme states are clearly
discrirminated (“very good” and “bad”); intermediate
states are generally not clearly assessed.

- The geomechanical properties of the fractures could
not be determined for all the beaches so certain
analyses are approximare.

In"the case of benches in very good condition
HOEK's waditional method often gave “pessimisuc’”
results; greater instabilities than were actually
present. By the méthod proposed the results are
more realistc; this could be explained by the fact that
one is taking into account the dispersion around the
average orientation and the average spacing.

5. CONTRIBUTION OF THE
METHODOLOGY PROPOSED FOR THE
DIMENSIONING OF THE BENCHES

The methodology proposed may be of help in
dimensioning the benches of open-pit mines. The
parameters that may be studied are: angle,
orientation, height, width of the berm and
reinforcement.

\_\~l



Average of total valumes
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Fig.5 : Stabiliry analysis of 22 benches.

The angle and the orientadon of the bench may
be optimised by minimising the volume of the
unstable blocks. Fig 6 shows, for the previous
bench, that the most unstable state corresponds to an
angle of 80°; this result is in effect foreseable without
special modelling. The most favourable orientaton is
60°, the volume of unstable blocks being smallest for
the different angles.

As for the case of the orientation and the
angles, different heights may be compared in
accordance with the creterion of minimisation of the
volume of unstable blocks.

As to the width of the berm, (HANTZ, 1990)
proposes a method - too long to be explained in this
paper - based on the distibution of the length of
heap of fallen blocks and inspired by the method of
(MARTIN and al, 1978). This width is determined
from - the results obtained with RESOBLOK-BSA.

In the case of unstable blocks BSA provides
the plan for reinforcement (number and orientadon of
bolts) in accordance with a method adapted from
(SHI and al, 1983). Developments are in progress to
make it possible to evaluate a given system of

Average of total volumes
af unstable blocks (m3)

5

- T Benrch dimansions
1 o 50;} or. = 407
4 : leogh = 11m
J H width =7m
or, = 80" A
a / e high =5m

or. : adentaton

X /7

80 30
Bench angles {°)

Fig.6 : Optimisation of orientation and bench
angles.

reinforcement. In this case it is a question of
determining the disuibution of the total volume of
unstable blocks in the case of the reinforced bench
and thus comparing different systems.

To make the method operational for
dimensioning in a given site a stage of validation is
necessary. In the absence of quantitative data a
comparaison of the condition of the bench and the
results of simulations helps us to determine the
validity of the approach.

6. CONCLUSION

In this paper a methodology has been
propoded for studying the stability of the benches in
open-pit mines in fractured rock masses. This
methodology is based on geometric modelling of the
bench, based on characterisation of the sets of
discontinuities. The stability is then considered by
analysis at the limniting equilibrium of single blocks.
Several simulations are carried out providing a
statistical distribution of the volumes of unstable
blocks.

This methodology has proved to be better
adapted than the tradidonal methods used at the slope
scale. After validatioa, even a summary validaton,
the method can help in the dimensioaing of the bench
and in evaluaton of the reinforcement patterns.

BSA may also be adapted to improve the
analysis of single blocks, for example to make it
possible to amalgamate a limited number of blocks
and study the stability of the resulting block. Never-




theless it is essential that the principle of the method
should remain simple (few parameters to be
introduced) and easy to use.

APPENDIX A

Letm, the average volume of instable blocks
for n simulations:

m, = <_V1 + oVt v /n ¢))

v; is the total volume of instable blocks for
simulation number i. v; constitutes a random variable
V.

For the (n+1)Lh sirnulation, one can write:

my,q = (nmy + v, )/(a+1) (2)

For an exponential law of v,':'-.with S5%
probability, we have : '

O"< Vi < 31

(3)

Where A is the parameter of the law estimated

by m_ :
A=m, (4

From (2), (3) and (4) :

-U(a+1) < (o, - mplm, <2/+l) (5)
From (5) :

lm .y -my | /my < 2/(a1) 6)-
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