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ABSTRACT: In this paper we analyse different failure mechanisms typically associated to footwall slopes, in order
to evaluate its stability using the numeric code UDEC. These results will then be analysed and contrasted against the
“Limit Equilibrium Method” (LEM) to determine the use of UDEC as a valid tool in footwall slope analysis. Two
real cases, where the footwall slope failure took place through complex mechanisms, are finally analysed using
UDEC.
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RESUMEN: En éste articulo se analizan diferentes mecanismos de rotura tipicamente asociados a taludes de muro,
con el objetivo de poder evaluar su estabilidad, mediante el codigo numérico UDEC (Cdédigo de Elementos Distintos
Universal). Se analizan, también, mediante métodos de equilibrio limite (MEL), comparandose los resultados
obtenidos por ambos métodos, a fin de determinar la validez del codigo UDEC como herramienta de analisis de la
estabilidad de taludes de muro. Se incluye ademas, el analisis de dos casos reales, en los que la rotura del talud se

produjo por mecanismos complejos.

PALABRAS CLAVE: Mecanica de rocas, Analisis de estabilidad, Taludes de muro, UDEC.

1. INTRODUCTION

In mineral deposits associated with sedimentary
rock, the economic limit is commonly defined by
the footwall of the deeper seam to be mined.
Where open pit mines are developed in dipping
strata, a high footwall slope may result, which is
usually designed with an angle equal or less
steep than that of the bedding planes to avoid
planar failure (see Figure. 1).

This design is sometimes appropriate, but some
failure mechanisms -associated with bedding
planes or any other persistent discontinuity
parallel to the slope- may occur producing
undesirable instability effects, whose study is the
object of this paper.

These types of phenomena do not only take
place in sedimentary rock —where they are more
common (see for instance Coulthard et al. [1] or
Hawley et al. [2]) — but it has also been observed
in metamorphic rocks like slate —whenever a
slope is designed parallel to cleavage— and in
any type of opencast seam mining in which
behind the footwall slope any persistent
discontinuity or weak material is encountered.

This last case has been reported for instance, in
the case study of a quartz mine [3] and in the
case study of the Brenda Mine, where clay gouge
zones induced wall slope instabilities in a quartz
diorite host rock [4].
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Wall slope

Figure 1. Typical footwall slope where the
instabilities analyzed in this study may take place

These instability mechanisms are not very often
considered in classic civil or mining rock slope
design techniques. However, they have produced
some important accidents in mines. They are
mainly linked to the sliding of a mass of rock
through one of these pre-existing discontinuities,
but they also need either one or more smaller
discontinuities, or the yield of an area of intact
rock due to compressive, shear or tensile stress
to allow toe breakout.

In classic rock mechanics literature and in
practice, these types of phenomena were studied
by means of standard Limit Equilibrium
Methods (LEM). However, presently and due to
the advances in numerical modeling, distinct
element codes, such as UDEC [5], have shown
to be a useful tool to understand the mechanism
associated with these phenomena and to
calculate the safety factor of the designed
footwall slope, based on the shear strength
reduction technique [6]. The numerical approach
to study these problems was firstly introduced by
Stead and Eberhardt [7]

2. METHODOLOGY

We have analysed different problems with
different footwall slope failure mechanisms. A

factor of safety (FoS) can be estimated for these
mechanisms according to limit equilibrium
methods (LEM) [8]. This FoS can also be
calculated according to the shear strength
reduction technique (SSRT) and by means of
numerical models. For the failure modes where
discontinuities play a significant role, it is very
appropriate to use distinct element codes such as
UDEC [5].

A numerical model simulates reality as it is. In
this way, if one models a slope, either it is stable
or it falls. Therefore, in order to obtain a FoS
with numerical models, we need to use special
techniques, such as the SSRT. This technique
estimates the factors of safety (FoS) by
performing a series of models with different
tentative values of the FoS. These tentative
values are used to reduce the actual values of the
strength properties of the rock and joints
(cohesion, friction, tensile strength), until the
instability of the slope is observed. The final
value of the FoS according to the SSRT is that
corresponding to a limiting state (equilibrium-
instability).

In this paper, we present a series of simple cases
of possible footwall slope failures. We will
analyse them by means of LEM. Then they will
be studied by means of the UDEC-SSRT.

3. FAILURE MECHANISMS OBSERVED

High slopes with persistent discontinuities
parallel to the slope face are prone to fail
according to different mechanisms, reviewed by
Hawley et al. [2] and can be primarily divided
according to the full or partial discontinuity
control. If the failure mechanism is totally
controlled by pre-existing discontinuities, the
instability phenomena presented in the next
section may take place. If no secondary joints -
enabling instability- exist, then, the discontinuity
control is only partial and the failure phenomena
necessitating the crushing or shearing of the rock
mass. The instability mechanisms resulting in
this case are geometrically similar to the
previously mentioned ones, but they are
obviously less likely to occur.
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Figure 2. Totally discontinuity controlled failure
mechanisms observed on footwall slopes, including
A) Bilinear slab failure, B) Ploughing slab failure and
C) Three hinge buckling

3.1 Totally joint controlled failure

mechanisms

The most commonly encountered mechanisms,
presented in Figure 2 include:

a) Bilinear slab failure, which involves sliding
along a basal plane in combination with sliding
along a secondary shallow dipping joint, which
is undercut by the slope face (Fig. 2.A). In
reference [2] this type of failure is reported in a
mine.

b) Ploughing slab failure, which takes place
when slab sliding along a primary discontinuity
combines with sliding along a joint, which
strikes sub-parallel to the slope face, causing the
toe block to be lifted by sliding and eventually
rotated out of the slope (Fig. 2.B). Although this
mechanism is not very common Ramirez-
Oyanguren [9] reported various cases, where this
type of failure was observed.

¢) Three hinge buckling, described by Cavers
[10], is the third known mechanism of this type.
It assumes the presence of at least three joints
normal to bedding in the slope’s lower part.
Failure is initiated when enough water pressure
exists in the basal plane to induce rotation or
shearing along cross-joints causing the extrusion
of blocks. (Fig. 2.C).

There are other kinematically possible failure
modes but they have not been reported or
observed as far as the authors are concerned.

32 Partially joint controlled failure
mechanisms

The three basic mechanisms of this type
analogous to those fully controlled by
discontinuities and presented in Figure 3 are:

a) Bilinear slab failure with shearing and/or
crushing in the toe of the slope, similar to the
one all along discontinuities, but with the failure
of the rock mass penetrating through the slope
toe. Recently Fisher [10] has studied in detail
these mechanisms.

b) Ploughing slab failure, with shearing of the
rock mass in the slope face and shearing or
tensile separation in the toe of the slope.

c) Euler buckling of the first rock bed as
presented by Cavers [11].

Due to the higher strength of the rock mass
versus the rock joints, these mechanisms are
much less common than the previously presented
ones, but they should not be a priori discarded in
a design analysis.
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Eilinear slab failure
with shearing andfor
crushing in the toe of
the slope

B PFloughing slab failure,
with shearing of the
roclk mass in the slope
face and shearing or
ensile separation in the
toe of the slope.

C  Euler buckling

Figure 3. Partially discontinuity controlled failure
mechanisms observed on footwall slopes, including
A) Bilinear slab failure with shearing, B) Ploughing
slab failure with shearing and tensile failure and C)
Euler buckling

4. LIMIT EQUILIBRIUM METHODS

LEM’s are based on the force and moment
equilibrium in a rock mass or in different sliding
or toppling blocks in a mass. The method may
require some more or less realistic assumptions
be made. The degree of realism of these

hypotheses determines the reliability of the
results obtained. If, as in the case of fully
discontinuity controlled cases, failure is due to
movements of blocks fully limited by geological
discontinuities, the geometry and joint shear
strength are the key parameters in the analyses
and, when no untrue assumptions are taken,
LEM are accurate enough to obtain reliable
results.

4.1 Discontinuity controlled bilinear slab
failure

The stability analysis is done dividing the sliding
elements into an active block (1) or slab and a
passive block (2) in the toe (Figure 4). For the
sake of simplicity, the calculations that follow
assume null cohesion joints and no underground
water.

Figure 4. Bilinear slab failure analysis geometry

First, the normal external force needed by the
active block to be stable (N,) is calculated, and
then, this force is transferred to the resisting
block to calculate the safety factor. The analysis
needs an assumption concerning the state of the
interface between the active and the resisting
blocks. If we assume that this boundary is
frictionless, it can be found that:

NA:H{[sin(@)—cos(&)'tan(qﬁl)] (D

[ W cos(0,)+N,sin(60-0,)]tan(4,) 2)

Fos= H{sin(ﬁz)+NAcos(6—62)
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If we assume that there is friction acting on this
interface, and that the upper block is in limit
equilibrium, it can be found that:

B W[sin(@)— cos(6) tan(¢1)]
Na= 1—tan(¢A)tan(¢1) ®

[chos(ﬂz)JrNA[sin(H—H )+coq 9 9 tan }tan (4)
Wzsin(ﬂz)JrNA[cos(H 9) qm 9 9 tan ¢A)]

FoS=

The realism of these assumptions varies
according to the case, so no one can be
considered a priori better. However, the actual
value of the factor of safety has to be one in-
between the values obtained according to the
presented hypothesis. According to our
experience, we suggest for practice the use of the
average value safety factor (frictionless and
friction assumptions).

42 Discontinuity controlled ploughing
slab failure

The method of analysis is similar to the bilinear
slab failure (see Figure 5). But in this case two
further topics should be considered in greater
detail.

BLOCK 1

Figure 5. Ploughing slab failure analysis geometry

First, the only kinematically available possibility
for the resisting block to move involves that the
interface in-between blocks should be in limit
equilibrium, so the second assumption proposed
for the previous case should not only be used,
but it is also a highly realistic one.

Second, the passive block may move out of the
slope by either sliding through the upper and
lower limiting discontinuities or rotating freely
out of the toe of the slope. It turns out then, that
a different factor of safety should be computed
for both types of mechanisms, finally selecting
the smaller FoS, which will also mark the type of
behaviour to be expected.

Assuming friction acting on the interface, we
find:

N - W[sin(@)—cos(@)tan((él)}

* sin(E‘A—E‘)[l—tan(g)ﬁA)tan(g)ﬁl)}rcos(E‘A—E‘)[tan(q)ﬁl)+tan(¢A)}

©)

The FoS for the sliding mode is calculated by:
[NA [sin(04—0)+cos(t9/‘—t9)tan(¢/‘)]+ugsin(0)}tan(¢2)

FoS=

N, [cos(@—ﬁ)—sin(@—ﬂ) tan(¢/‘)]— W, cos(6)

(6)

Figure 6. Detail of block 2 for the toppling analysis

For the limit equilibrium of the toppling case,
some geometric values are needed, which are
defined in Figure 6. Finally, the FoS for the
toppling mode is:

N, tan(g,)h+ W{[%HHJcos(9)+5’si11(9)]+ %M%Jcos(e)+5’sill(9)]

Ny tan(y)
(7

FoS=
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Where:
ylz{arctan(l‘:ﬂ—(@—e) 5 ]S:(\/];-s-tz)coS(l//)
t
& = tan(6,-0) ®)

S. THEORETICAL EXAMPLES

To deepen the understanding on these
mechanisms some theoretical examples are
analysed according to LEM and numerical
model (UDEC) and the SSRT. Another goal is to
contrast these techniques and highlight their
advantages and draw-backs. The examples
concern totally joint controlled mechanisms —for
which only rigid blocks are needed—.

5.1 Example 1. Bilinear slab failure

The analysis focuses on a 50 m slope, dipping
50° (6=50°), formed by 3 m strata (t=3 m), and
with a joint striking parallel to the slope in its toe
and dipping 6,=30°. The example includes
another joint normal to bedding and located as
shown in Figure 4. The friction angle of bedding
is ¢ ;= 30° and that of the other joints is ¢g4= @,=
40°. The specific weight for examples 1 to 5 is
7= 25 kKN/m’. Under these circumstances and
applying LEM and UDEC & SSRT, the results
are shown in Table 1.

It can be checked that in the interface there is not
only normal force —frictionless model—, but also
shear one which is smaller than that needed to
produce the movement of blocks along this
interface —friction LEM—. Then it seems, that
even if a shear force appears, it is smaller than
that needed for limit equilibrium, so the FoS will
be smaller than that obtained for that case, but
larger than the frictionless one. The factors of
safety obtained by means of UDEC-SRRT are
usually not far from the average (friction-
frictionless) LEM value.

Table 1. Factors of safety for the proposed examples

1,2&3
Example & UDEC -
. LEM .
mechanism. ( ) (eq) SSRT
Example 1. 0.40 (frictionless) (1&2)
Bilinear slab ~ 1.45 (friction) 3 &4) 1.03
with sliding 0.92 (average )
Example 2. L
. 1.76 (sliding) 5 &6)
Ploughing slab ) 1.21
(sliding) 2.59 (toppling) (5,7 &8)
Example 3. .
Ploughing slab 12060 gts(l)ldlilii) ) g 8; 16&) 8) 1.78
(toppling) =7 TOPPRE :

5.2 Example 2. Ploughing slab failure (sliding)

The analysis studies a 25 m slope, dipping 50°
(6=50°), formed by 1.5 m strata (t=1.5m), and
with a joint striking parallel to the slope in its toe

and dipping towards the slope with @ ,=95°,

according to Figure 5. There is also a joint
normal to bedding passing through the slope toe.

For bedding planes ¢ =30° and for the rest of

the joints ¢ 4= ¢ ,=20°. The distance so called
1, in Figure 6 is /, =2.293m.

The results are shown in Table 1. A lower value
of the FoS is obtained for the sliding case than
for the toppling case. This can be read in terms
of the mechanism of instability, which should be
sliding. Also the in the analysis with UDEC and
the SSRT a sliding mechanism is observed.
However the accurateness of the obtained figures
is not very good.

5.3 Example 3.
(toppling)

Ploughing slab failure

The study focuses a 25 m slope, dipping 60°
(0=60°), formed by 1.5 m beds (t=1.5 m), and
with a joint striking parallel to the slope in its toe
and dipping towards it, with & 4=95°. There is
also a joint normal to bedding in the slope toe

and /,=3 m. The friction of bedding planes is
¢,= 30° and for the rest of the joints ¢ ,=¢,=
40°.



The results are shown in Table 1. In this case
LEM and UDEC-SRRT compare well, for they
both indicate toppling failure, and the FoS values
are similar in both cases. Figure 7 shows the

UDEC mechanisms of examples 1 to 3.

JOBTITLE - PROBLEMA 1 ROTURA TIPD 8.1

UDEC (Versian 4.00)

LEGEND
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due to the following: every factor of safety
compares two figures, one related to the forces
or moments tending to stability and the other
related to those tending to instability. Since the

approaches are different, they must only coincide
for the case of limit equilibrium (FoS =1,00) and
they can diverge as long as the FoS is far from 1.

We

JOB TTLE - PROSLEWA 3 ROTURA TIPD & 2 (dackzamiznt)

UDEC {Version 4.00) |
LEGEND. SN

6 Feb-08 17.08
yoe 120000

~, h! -,
ok plot. [, ™, ™
N R

Lishwsitfad de Wigs i
Aviea e Geoicoi -

analyse

two

examples, 4
representative of the failure mechanisms of
ploughing slab failure, with sliding and toppling
of the resisting block respectively. In both of
them, the LEM FoS obtained is 1.00, -that is to
say- they are in limit equilibrium. The results of
the analysis are shown in Table 2.

FoS is not an actual variable, but it is an
indicative value of the risk engineers are ready to
assume. This is studied in the next examples.

5.4 Examples 4 and 5. Ploughing slab failure

and 35,

Table 2. Factors of safety for the proposed examples

J0A TITLE © PROBLEMA 4 ROTURA TIPO 2.2 faakca)

UDEE (Version 4.00)
LEGEHD
16-Fah-09 2045
55000

cyeke  SEO0
Binek: pict

Unesrsidad i Vign
Anes e G

Roundness= 0.0005

4&5
Example & UDEC -
P (LEM) (eq.)
mechanism (SSRT)
Example 4. .
Ploughing slab igg goi ts(l)ldlilii) ) g 8;2 8) 1.00
failure (sliding) -2 lortopping ’
Plﬁﬁag‘;ilge S L7A(orslidng  (5&6) 0.90
failure (toppling) 1.00 (for toppling) (5,7 & 8)
Example 5.
Ploughing slab 1,74 (for sliding) 5 &6) 0.9994
failure (toppling) 1.00 (for toppling) (5,7&38) :

Figure 7. UDEC response of examples 1 to 3, where
the different mechanisms can be observed

One can be surprised at the differences in FoS
obtained by both methods. In the case of
example 1, this is due to the fact that neither the
frictionless nor the friction assumptions are
strictly correct. In examples 2 and 3, this can be

For the case of sliding (example 4) the safety
factor obtained by UDEC and the SSRT is
exactly 1.00, demonstrating the accurateness of
both methods to detect limit equilibrium.

However, for the case of toppling (example 5),

even if the FoS is close to one, it differs in 0.1

unities. This inaccurate result was surprising, so

we investigated the possible reasons. We finally
found out that this was due to the roundness of
the corners of the UDEC blocks. The program

selects a

small value

of this
automatically. When changing this value to a
very small one (r= 0.0005 m), the FoS for
toppling in example 5 became 0,9994, and then,
practically 1.00. So it can now be stated that,

roundness
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when performing very detailed geometrical
models and close to limit equilibrium, both
techniques (LEM & UDEC-SRRT), yield the
same response.

6. PRACTICAL CASE STUDIES

Two real cases studies are briefly presented. In
both cases the LEM approach is not easy, since
not only one but various strata were involved in
the failure processes. Therefore, an approach
based on numerical models (UDEC) is preferred
in order to understand the evolution of the
instability mechanisms, which took place.

6.1 Casestudy 1

We study the instability of slope occurred during
the excavation of a highway in northern Spain.
This case was presented in detail by some
authors [12]. The geometric description of the
slope is shown in Figure 8.

Crack and downslope
displacement in the slope head

Cpen j

discontinuity
in-between
blocks

Step in the slope face

Ceformation on
the slope toe \

Figure 8. Geometry and identified features of a wall
slope failure in road according to [12]

The instability was finally caused by the water
pressure after a very rainy period. A detail of the
upper part of the slope is illustrated in Figure 9.

The UDEC analysis determined that the dry
slope was stable, whereas the inclusion of water
induced the instability. The failure mechanisms
as derived from our UDEC approach is
illustrated in Figure 10.

Figure 9. Picture of the tension crack in the upper
part of the slope

JOB TITLE - ROTURA GASO 1

UDEC (Version 4.00)

LEGEND.

24.Feb-00 558
cycle 2500000
block plot

Universidad de Vigo
Area de Geotecnia

Figure 10. UDEC mechanism of the failure of a wall
slope failure as developed by the authors

6.2 Case study 2

An outstanding footwall slope failure took place
in Leigh Creek open pit coal mine in Australia.
The original study of the topic was developed by
Coulthard et al. [1], which can be consulted for
further details on the case study.

The LEM analyses determined that the slope was
a stable one. Nevertheless, when the slope
attained a depth of 100 meters as shown in
Figure 11 the slope failed. Ten very weak 1 m
thick strata slided through a very weak bedding
plane located 10 m below the slope face.

The UDEC model is able to determine the
instability of this slope only partially controlled
by discontinuities. The failure mechanism is
shown in Figure 12, where it is observed how the
toe breakout needs shearing of the rock mass.
This topic of the analysis of biplanar dip slope
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failures to limit model and parameter uncertainty
in the determination of setback distances has
been addresses in detail by Fisher [10].

Figure 11. Picture of the footwall slope failure in
Leigh Creek mine

JOBTITLE | ROTURA CASO 2

10
L o500

UDEC (Version 4.00)

LEGEND

28-Feb-09 21:52
cycle 2377901
block plat
no.zones :tetal 6504
atyield suface () 92
yielded in past (X) 98
tensile feilure (0) €

Universidad de Vigo
Area de Geotecnia

T T T T
0sh [ 075 [T [
)

Figure 12. Detail of the UDEC model showing the

shearing of the rock in the base of the slope failure in

Leigh Creek mine. Remark that shearing of the rock
mass is required for toe breakout

According to this case it is clear that very
complex mechanisms are difficult to analyse by
means of LEM, and a tool such as UDEC can be
very helpful for understanding and identifying
wall slope failure mechanisms in actual case
studies, as well as to study its possible evolution.

7. CONCLUSIONS

Footwall slope failure mechanisms have been
reviewed and different techniques -LEM and the
SSRT with code UDEC- to obtain factors of
safety in these cases have been presented and
applied to various examples and two case
studies. As a consequence of all this, the
following considerations have been drawn.

LEM are a good choice to obtain FoS in those
footwall slopes where the failure mechanism
grants limit equilibrium in all blocks —ploughing
slab failure with sliding or toppling of the
resisting block—. For the case of full
discontinuity controlled bilinear slab failure
results are not sufficiently good and more
realistic assumptions are needed. The role of
friction could be further investigated by
analysing practical cases or by means of physical
modelling. This topic is a present research line of
the authors.

The partially discontinuity controlled bilinear
failure mechanism requires shearing through the
rock mass or along a discontinuity above the toe.
Therefore, the frictionless model proposed by
Hawley et al. [2] is really not appropriate for
theses cases. This is illustrated in Figure 12.
These failure mechanisms are complex and
needs shear failure through the rock mass.
Fischer [10] provides an interesting discussion
on the topic, which falls out of the scope of this
study.

LEM, if results are reliable, are preferred than
SSRT in that it is easier to perform further —but
commonly needed— analysis like parametric
studies, back-analysis, statistical analysis like
Monte Carlo and so on.

The combination of the SSRT with UDEC is a
very strong technique to estimate FoS for every
mechanism of footwall slope instability, having
the advantages of finding automatic and
naturally the failure mechanism and the critical
slip or separation surfaces. It should be used
within the frame of more wide design
methodology as proposed by Starfield & Cundall
[13], that is to say as a tool for thinking and
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understanding mechanisms, more than a
calculating machine.

Nevertheless, this technique is more complex to
use; making more difficult the carrying out of
further studies.
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