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ABSTRACT

The final slope design of the West Wall has become the primary importance for
the economy of Chuquicamata Open Pit Mine. It determines the safety of the operation
and, consequently, the economic viability of the mine. Although considerable progress
has been made in the field of rock mechanics applied to rock slope stability, the estima-
tion of rock mass strength poses difficulties. Realistic estimation rock mass strength be-
comes even more critical when joint sets have a dominant influence on the behavior of
the rock mass.

A back analysis of slope failure cases using a statistical approach for estimating
strength parameters of discontinuities in the West Wall is described. The statistical tech-
nique known as maximum likelihood estimator method is used for the analyses. The main
advantage of this method is that it allows incorporation of both failed and unfailed cases
into a back-analysis, thus increasing the accuracy of parameter estimation. The approach
requires an assumed statistical distribution for the safety factor (FS) and it is assumed to
be lognormal distribution. The estimated values of cohesion and friction angle for plane
failure are 20.7 kN/m? and 35.3°, respectively. The estimated values of cohesion and fric-
tion angle for wedge failures are 15.22 kN/m? and 35.1°, respectively. The mean and
standard deviation for the factors of safety are 1.005 and 0.099 in plane failures, respec-
tively. The mean and standard deviation for the factors of safety are 1.016 and 0.179 in
wedge failures, respectively.

In order to estimate the rock mass strength and deformability, the approach sug-
gested by Hoek-Brown (1997) is used. The Hoek-Brown failure envelope is translated to
a linear Mohr-Coulomb envelope to provide input to the numerical models. Parameters m
and s (m and s are constants which depend upon the geological characteristics of the rock

mass) in the Hoek-Brown criterion were calculated assuming disturbed rock mass condi-



tions. Cohesion and friction angle values for the rock mass compare well with the ob-
served behavior on in-situ rock mass indicating that the method is satisfactory for
strength estimation.

The performance of the current and alternative slope geometries is evaluated us-
ing Finite Element Method and Discrete Element Method numerical models. The com-
puter input parameters are based on the geotechnical data obtained from field measure-
ments at the mine. To evaluate the factor of safety, the shear reduction technique is used.
Since the factor of safety is defined as a shear strength reduction factor, this is computed
with a numerical code reducing the rock mass shear strength until collapse occurs. The
resulting factor of safety is the ratio of the rock’s actual shear strength to the reduced
shear strength at failure. The factor of safety and probability failure for a variety slope
geometry options are calculated by SLOPE1 (Smith and Griffiths, 1998) and UDEC
(Itasca, 1999) computer codes.

A new slope geometry is proposed in order to improve the stability of the West
Wall after the final pushback. This new slope geometry is based on the concept of mini-
mizing the load acting over the shear zone. The study shows that 250-m wide platform
over the shear zone and increased the interramp angle to 44° allows an overall slope angle
of 33° in the West Wall with a factor of safety of 1.45. With these changes, it may be
possible to continue mining down to depths of 12000-m.
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CHAPTER |
INTRODUCTION

The primary objective of this work is to design the ultimate pushback on the west
wall of the Chuquicamata Open Pit Mine. To achieve this objective the following tasks
are set:

1. Rock mass strength parameters are estimated using back-analysis and statisti-
cal approaches.
2. Different pushback designs are evaluated using numerical modeling based on

estimated strength parameters.

The West Wall is the largest and flattest of all the walls in the pit, where each de-
gree of variation in the final pit-slope angle represents approximately 200 million tons of
waste rock. The relatively flat slope angle is required due to the large-scale instability
that is concentrated on the west wall. This instability became a serious problem for the
mining operation in 1979. Since that time, the West Wall has shown deformations reach-
ing several meters per year.

The failure mechanism involves a quasi-stable toppling within the upper 100-m of
the slope. It is believed that this failure mechanism is caused by the weak shear zone
present near the current bottom of the wall. This shear zone is compressed in response to
load applied from the upper part of the slope, and is repeatedly squeezed upwards into the
pit bottom. Two conspicuous joint sets in the west wall appear to be important in
controlling large-scale slope behavior. The first set dips approximately 70° west and

strikes in a north-south direction. This set of joints control a toppling mode of failure in



the wall. The second set dips 35° to 45° into the pit, also striking north-south direction.
This set of joints tends to affect the depth of the rock mass movement.

The failure mechanism described above has resulted from years of geotechnical
investigation at the mine. Using the large amount of field data collected by the
geotechnical department at the mine was able to identify important details that have
helped in the development of a conceptual model of the failure mechanism. The field data
have also been used for validating and calibrating the numerical models used for slope
stability analysis at the mine.

The geotechnical constraints become even more relevant as the pit expands and
deepens. The 1999 Life of Mine Plan presents a scenario in which the pit’s depth will
exceed 1000-m over 15 years. With this scenario, the major concern is the stability of the
West Wall, taking into account the present instability affecting this slope. Currently, the
west wall is 750-m deep and displacement measurements taken so far show that the wall
moves at rate of 4 to 5-m per year. During the 1980’s and early 1990’s, the recommended
design for the west wall was to reduce the slope angle while deepening the pit. However,
this classical judgment in slope design has not worked on the west wall. The slope angle
has been reduced a number of times, yet the movement remained persistent.

Therefore, significant demands are placed on geotechnical analysis. The primary
requirement is to establish an optimal slope design for the ultimate pushback on the West
Wall, in which safety and economic concerns are satisfactory. In order to have an optimal
slope, a good set of rock mass strength properties are needed. To accomplish these goals,
it was decided that using back analysis as a tool for verifying rock strength would provide
reliable information which could then be used in numerical analysis.

In this study, representative failure cases have been collected and have been used
for estimating the strength parameters of the discontinuities. This analysis was done by
means of back-analysis, combined with a statistical analysis which is discussed in
Chapter 4. The maximum likelihood statistical technique was used to estimate cohesion
and friction values of a dominant discontinuity set in the West Wall. Further, statistical



analysis was also carried out in recognition that the factors governing slope stability all
exhibit natural variation, especially the values of the rock mass strength.

As was mentioned before, the rock mass strength parameters of joint sets have
been estimated using back analysis based on previous failure cases. This information was
then used in numerical modeling studies to design the ultimate pushback of the West
Wall discussed in Chapter 5. Discrete Element Method (DEM) and Finite Element Meth-
od (FEM) have been applied to evaluate different slope design alternatives. The results of
these two numerical tools were compared to evaluate the suitability of these methods in
reproducing the failure mechanism of the West Wall.

Finally, in Chapter 5, presents the factor of safety was computed by reducing the
rock shear strength in stages until the slope fails. The resulting factor of safety is the ratio
of the actual shear strength of the rock mass to the reduced shear strength at failure. This
method is called the shear reduction technique, SRT. The SRT has a number of ad-
vantages over conventional slope stability analysis based on the method of slices. In this

study, the SRT is discussed and applied to the slope stability analyses of the West Wall.



CHAPTER I
CHUQUICAMATA OPEN PIT COPPER MINE

2.1 Introduction

The Chuquicamata complex is the largest mineral resource of the five divisions of
the National Copper Corporation of Chile (CODELCO-Chile). It is located in the
province of Loa, Il region in Antofagasta, Chile, approximately 1600 km (994 miles)
north of Santiago; the nation’s capital. It is also 240 km (149 miles) northeast of the port
of Antofagasta and 150 km (93 miles) east of the port of Tocopilla, between 2500 and
3000 m (8202 and 9843 ft) above sea level (Figure 2.1). The most important populated
zones in the area are Calama which has a population of 120,000 and Chuquicamata which
has a population of 12,000.

The climate in the region corresponds to marginal high altitude conditions, and is
extremely dry and arid. The exception is during the Bolivian winter, which occasionally
produces heavy rains between December and March. The average annual temperature is
23°C (50°F), subject to seasonal and daily variations.

The complex is based upon a porphyry copper deposit, 14 km (9 miles) long from
north to south, with average width of 1 km (0.6 miles) from east to west. In this complex
the areas known as Radomiro Tomic, and Chuquicamata are found, which are the
principal areas under exploitation. Immediately to the south Mina Sur is also being
exploited.

The exploitation of the Chuquicamata Mine is by the open pit method. The
present dimensions of the excavation are 4,500 m (14,764 ft) long, 2,500 m (8,202 ft)
wide, and 750 m (2,461 ft) deep. This copper mine currently produces around 140 Mton
of rock annually, of which around 56 Mton is ore. Future mining plans call for a pit depth

of 1,100 meters (3,609 ft) in the year 2022. Based on this scenario, without precedent in
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the world of open pit mines, extra efforts will have to be made in order to maintain the

safety and economics of the mine.

2.2  Geology
The Chuquicamata porphyry is a porphyritic body of granodiorite vein type 14 km

(8.7 miles) long with a mean width of 1 km (0.6 miles) mineralized, with a nuclei of
greater mineralization in Chuquicamata and Radomiro Tomic. The estimated age of the
porphyry is between 32 and 34 million years.

The deposit is formed by a magnetic porphyry that probably began to develop
during the lower Paleozoic period. During the latest stage of development in the middle
Tertiary, together with a process of potassic alteration, the first mineralizing phase took
place, with the addition of chalcopyrite, bornite, pyrite, and a slight amount of
molibdenite (Lindsay et. al., 1995). After the mineralization phase, the process of
hydrothermal alteration took place. One must distinguish hydrothermal alteration
between 1) the early hydrothermal phase, with limited sericited quartz alteration,
characterized by the addition of maximum of molybdenite, together with chalcopyrite and
pyrite, and 2) the main hydrothermal phase, with a new addition of pyrite, chalcopyrite,
and some enargite, and 3) the later hydrothermal phase that added pyrite, enargite,
sphalerite, galena, and thetrahedrite.

During the Pliocene, large amounts of rainwater formed enriched bodies in each
sector. In the west sector of Chuquicamata, the water was able to penetrate greater depths
(over 1000 m (3,280 ft)) through the principal faults, forming an upper leached zone.
Beneath the leached zone is an important zone rich in chalcocite. Below this zone there is
a zone rich in covelline.

To the east, the rock is less fractured and potassic alteration is present. The copper
in the solutions was neutralized near the surface in the form of mineral oxides and less

important zones rich in chalcocite and covellite were developed below.



2.2.1 Mine Geology
The following description of the geology of the immediate area of Chuquicamata

is largely based on the work done by Zentilla et al.,1994; Alvarez and Aracena, 1985:
Martin et al.,1993; Maskseav, 1990; Lowell and Guilbert, 1970. The Chuquicamata
deposit is located in the southern portion of the elongated N10E trending Chuquicamata
intrusive complex. The Eocene-Oligocene complex consists of three main lithological
units (1) the Porfido Este: a matrix-poor monzo-granitic porphyry with interstitial
groundmass; (2) the porfido Oeste: a monzogranitic porphyry with an aplitic groundmass;
and (3) the Profido Banco: a matrix-rich monzodioritic porphyry with an aphanitic
groundmass. Eastward, the complex has an obscure relationship with the Cretaceous,
Elena granodiorite, which has intrusive contacts with the Triassic through Cretaceous
metasedimentary and metavolcanic rocks. To the west, a regional and important
cataclastic/gouge fault zone, the West Fault, separates the porphyry complex and the
Chuquicamata deposit from the non-mineralized Fortuna intrusive complex.

The Chuquicamata deposit is concentrated in a zone of pervasive quartz-sericite
alteration immediately east of the West Fault (Figure 2.2 and 2.3). The northern part of
the deposit is controlled by NE trending fault zones and vein arrays. This zone is limited
to the east in the southern portion of the mine by NS trending gouge-bearing faults. These
alteration zones grade eastward into; and variably overprints, a potassium-feldspar-biotite
alteration zone. Potassic alteration gives way to a zone of chlorite-magnetite-specularite

(epidote) alteration in the easternmost part of the deposit.
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2.2.2 Structural Domains

Studies based on 1:100-scale mapping were focused on estimating the structural

system that controls the mineralization of the deposit. Work conducted by Lindsay et al.,

1995 contains a comprehensive explanation regarding the different fault and vein systems

present in the deposit. Within the deposit, at the current level of exposure, the following

structural domains can be defined:

(@)

(b)

(©)

(d)

(€)

(f)

(@)

Zaragoza, an early NNE-SSW hydrothermal vein system, possibly related to
a NE-trending shear system.

Estanques Blancos, a NE- shear system with related early and late
hydrothermal veins.

The Nor-Oeste fault system, a post-hydrothermal minaralization NW-SW
system.

Balmaceda, a composite domain consisting of a NE-SW fault system
(Estanques Blancos) related to late hydrothermal activity and the
superimposed components of NW-SE faults (Nor-Oeste).

A weakly defined post-mineralization E-W system (Banco H1).

Mesabi, an early pre-mineralization ductile shear zone, localized in
mesozoic rocks.

West Fault and Americana, a related pair of approximately N-S systems with

regionally important post-mineralization movements.

Additional work was done on the West Wall of the mine by Torres et al., 1997

and two new structural domains were added to the previous work Fortuna Sur and

Fortuna Norte. Figure 2.4 and Table 2.1 present the characteristics of each structural

domain.



Table 2.1: Characteristics of the Structural Domains of the Chuquicamata Mine.

11

Structural Domain Dip Dip Direction
80° + 10° 2950+ 20°
Fortuna Sur 750 + 50 2250+ 20°
700 + 10° 2750+ 20°
750+ 50 360°+ 10°
Fortuna Norte
400+ 5° 2750+ 10°
80°+ 10° 2950+ 20°
Zaragoza
750+ 50 0450+ 20°
750+ 50 2250+ 2(°
Estanque Blancos
750+ 50 1500+ 10°
] 80°+ 10° 2950+ 20°
Mesabi
750+ 50 045°+ 20°
80°+ 10° 1800+ 10°
Balmaceda
400+ 5° 1850+ 20°
80°+ 10° 115%+ 20°
Noroeste
750+ 50 0450+ 20°
. 800+ 20° 2950+ 20°
Americana
750+ 50 2250+ 2Q°
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2.2.4 Geotechnical Characterization

An intensive field investigation was carried out from 1996 to 1997 by Torres at al,
1997. This work addressed identification and mapping of joint sets that may affect slope
stability, and engineering geotechnical classification of the rock mass in the pit. The
geotechnical characterization of Chuquicamata Mine is based on Rock Mass Rating
(RMR; Bieniawski, 1976). This description covers the entire mine as can be seen in
Figure 2.5. The Chuquicamata deposit is divided into two main sectors, West Wall and
East Wall, by the main geological fault called the West Fault. The West Wall presents a
RMR of 41-60 corresponding to moderate quality of the rock mass. However, within this
wall, there is a shear zone in which the rock mass was highly sheared and fractured. The
original matrix of the rock is totally destroyed. The clay content in this area is about 25%,
composed mainly of mortmorillonite. According to these conditions, the RMR
description for this rock is less than 25 points corresponding to bad quality rock mass. As
explained later, this shear zone plays a major role in understanding the failure
mechanisms on the West Wall. The RMR on the East Wall varies between 45-80 points,
which qualifies the rock mass as moderate to good quality. It is important to note that the
rock mass rating is largely controlled by porphyries alteration and the existence of

metasedimetary rocks.

2.3 Rock Mass Strength

Taking into account the RMR described above, and the results of laboratory tests

of the intact rock, the rock mass properties were estimated using the Hoek-Brown
methodology (Hoek and Brown, 1990; Hoek, 1997). These properties were then
“adjusted” using engineering judgment and the observed in-situ behavior. This
methodology is described in Chapter III. The “adjusted” properties are summarized in
Table 2.2. The properties of the joints and other structures used in stability analyses are

summarized in Table 2.3.
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Table 2.2: Properties of the Discontinuities (typical values)

15

Tvpe of discontinuit Cohesion Friction angle
yp y (kPa) (degress)
Major Faults with clay Gouge 0-50 18
Continuous major discontinuities 25-75 32-38
Continuous minor joint sets 25-100 30-40
Table 2.3: Properties of Geotechnical units (typical values)

' ' Y : G Ei c E
Geotechnical unit (KN/m?) m; (MPa)  (GPa) RMR ka) ) (GPa) V
Paleogravels 21.0 100 42 06 025
Fortung . 266 316 82 33 4060 675 43 9.0 0.26

granodiorite

Fortune

granodiorite Shear 23.0 203 15 7 1525 125 25 07 033
zone

Quartz-Sericiterock 249 179 65 18  70-100 825 34 45 0.5
Porfido Este

Quarts-Sericite 252 197 70 22 40-60 365 39 49 027
alteration

Porrfido Este 258 313 85 52 5565 770 45 166 0.24
Potasicc alteration

Porrf@p Este . 262 172 84 34 4560 560 45 105 0.26
Chloritic alteration

East granodiorite 262 261 62 40 50-60 565 47 105 0.25
Elena granodiorite 262 265 77 29 4560 575 48 101 0.26
Porrfido Oeste 252 191 59 30 4560 480 43 89 026
Metasediments 26.7 245 45 25-40 245 35 58 0.3
Y Unit weight.

m; Parameter m of the Hoek and Brown failure criterion for intact rock.

Oci Uniaxial compressive strength of the intact rock.



16

Ei Deformability modulus of the intact rock.
RMR Rock Mass Rating (Bieniwaski, 1976).
Cohesion of the rock mass

Friction angle of the rock mass.
Deformability modulus of the rock mass.
Poisson’s ratio of the rock mass.

< mMmS O

Shear strength properties were estimated mainly from direct shear tests. However,
one of the reasons for this research is that the strength parameters of the joints obtained
from lab test may not represent the true resistance of the joints on a large scale. This
conclusion comes from stability analyses already performed, in the past using the
properties given in table 2.2. The results showed a slope with a factor of safety 1.6. The
observed behavior of the West Wall, however, is that the slope should have a factor of
safety around 1.3, based on the deformations measured for this slope. The conclusion can
then be made that the direct shear test gives an upper bound of resistance for the joints
due to a potential size effect. This is one of the major problems that must be solved in

order to have a reliable slope design.

2.4  Slope Stability of the West Wall
Currently, the West Wall of Chuquicamata Open Pit Mine has an average overall

slope angle of 30° and a depth of 750 m. This slope is experiencing deformations of up to
5 meters a year on average (based on current monitoring in 1999). In an open pit as large
and deep as Chuquicamata, every single degree of the slope inclination has enormous
importance on the economy and safety of the pit operation in an inverse relation: a steep
slope which is favorable for economy can be unfavorable for stability. On the contrary, a
flatter slope is good for stability can be very uneconomical. The case of Chuquicamata,
the segment of each degree represents huge volumes even in mining terms. In
Chuquicamata it is complicated and fascinating to observe the behavior of the West Wall,

which controls the future of the entire open pit operation.
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The West Fault (north-south direction, see Figure 2.6) separates two different
worlds; the East Wall behaves as an intact or a stable slope, while the West Wall is in
continually, non-uniform movement. In addition to a specific structural configuration of
its rock masses, the displacement in the West Wall is enabled by a shear zone, which is a
soft and compressible zone connected with its surface. Both of these rock/soil formations
are in the area of the West Wall toe. The compression of this formation repeats again and
again, because it follows the same rhythm as the pushback of the west slope and
deepening of the pit.

The role and importance of the geotechnical structures in the stability of the West

Wall slope can be summarized as follows:

1. The most important aspect on the failure mechanism is the weak shear zone
present near the bottom of the wall, associated with the West Fault. This shear
zone presents a variable width between 80 to 200 m, in a north-south direction
along the wall (see Figure 2.6).

2. This shear zone has important clay content, especially near the West Fault and
is probably saturated with depth.

3. In addition, two conspicuous and continuous joint sets in the upper part of the
slope play an important role in affecting the large-scale slope behavior. The
first, joint set dips approximately 70° and strikes in a north-south direction
and they are causing a toppling failure mode. The second joint set dips 40°
into the pit, also striking in a north-south direction and this set is believed to
control the depth of the rock mass movement.

4. Due to the excavation process, the stress distribution has been overloading the
shear zone, which then squeezes this zone upward.

5. The deformations in the shear zone are observed to be greater near surface
than they are acting in depth.
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6. The upper part of the slope in the shear zone presents notorious displacements
near the surface which decrease with depth.

7. Large displacements allow the formation of an active zone (or block) of rock
in the upper part of the slope. This active zone provokes an active load on the
shear zone, which is quite similar to an active load on a retaining wall (Figure
2.7).

8. An important principal applies regarding inclination of a load behind a
retaining wall. The active load can be reduced proportionally to the angle B.
However, the reduction of the angle B will have a marginal effect on the
active load if it is reduced to less than or equal to 25°. Therefore, a continuous
reduction of the inclination of the West Wall will be less efficient. This
inefficiency will make it difficult to eliminate deformations in the shear zone.

9. The previously described mechanisms in the shear zone generate movement of
the entire block. The base of the block is defined by a joint system dipping 45°
into the pit center. The thickness of the block is roughly 80 to 100 m,

measured perpendicular to the shear zone.
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Figure 2.7: Example of Efficiency of Decreasing the Slope on a Retaining Wall.

The failure mechanism previously described allows concluding the following:

1. The displacements affecting the West Wall of the Chuquicamata pit are a
result of the deformation of the shear zone.

2. These deformations are due to weak materials within the shear zone which are
easily compressed by the upper part of the slope (Active Block).

3. Keeping the geometry of the slope the same, the deformation of the shear zone
will be continuous over time as mining progresses deeper. The magnitude of

deformation, however, may not remain constant as the pit becomes deeper.
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A reduction of the inclination of the West Wall can only marginally reduce
the deformations in the shear zone.

. An efficient solution to the problem begins with a good understanding of the
failure mechanism. This solution must allow for continuous mining without a
reduction in the overall slope angle.

A reduction in the active load on the shear zone may potentially allow for a
continuous deepening of the mine without reducing the overall slope angle.
The proposed solution is to break up the continuous slope into two or more
segments, using platforms located at strategic intervals on the slope. This
solution allows a reduction in the overall active load over the shear zone. This

should, in turn, reduce the movements in the shear zone (Figure 2.8).
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Figure 2.8: Example of Breaking a Continuous Slope into Two Slopes, and the
Improvement on the Factor of Safety for the Overall Slope.

2.5  Slope Analysis and Design of the West Wall

Due to the complexity of the failure mechanism on the West Wall, slope stability
analyses are performed using numerical methods. From 1994 to 1997 software used most
for slope stability was FLAC (Fast Lagrange Analysis of Continua) by Itasca, 1994.
However, in order to have a numerical model that could include explicit discontinuities,
with several intersections, a model developed in UDEC (Universal Distinct Element
Code) code was used (Itasca, 1993). This numerical tool allows an easier way to handle

geological structures in the model. Numerical models constitute the main tool for slope
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stability analysis on the West Wall because they do not only allow an estimation of the
factor of safety, but also give the information about the failure mechanism, the slope

displacement pattern; and the eventual zone of stress concentration.

The design of the West Wall is based on the following principles:

1. The bench-berm system is designed according the volumes of unstable sliding
blocks (e.g., wedges, shear planes, etc.). The inclination of the bench face
depends on the discontinuities and the quality of the blasting. On the West
Wall benches have an inclination between 58° to 65°. The minimum berm
width is determined from the width required to contain the material collapsed
with a size that has a 15% probability of exceedance.

2. Having the bench-berm system establish the initial geometrical values for
determining the interramp angle are calculated. The interramp and overall
slopes are checked against the criteria defined for slope design at the mine.

Overall slopes are determined in the same way.

Figures 2.9 and 2.10 show a plan view of the current and final dimensions of the
Chuquicamata Mine. The design of the pit walls is based on the following acceptability

criteria:

1. The factor of safety in an operational condition (with no earthquakes; with the
typical groundwater condition; and using controlled blasting pattern) must be
equal to or larger than 1.30.

2. The factor of safety in extreme conditions (with earthquakes; with a higher
phreatic surface; and with poor blasting pattern), must not reduce to a value
less than 1.10.
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3. For interramp slopes, the probability of failure in an operational condition
must be equal to or smaller than 10%; and for overall slopes the probability
must be equal to or smaller than 5%.

4. The displacements obtained from numerical models must not asymptote to
infinity, as this would indicate that the model does not converge, e.g. becomes

unstable.
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Table 2.4: Current Slope Design of the West Wall at the Chuquicamata Mine.

Bench-berm Interramp Overall

Design | hy olp Q b ol hy r or Ho
Sector | (m) () (M (M | O (M M| © (M)

Comments

Slope behavior is

West 26 63 0095 155 | 39 162 40 | 32 750 | Mohlyaffected
Wall by the presence
shear zone.
hyp Bench height Olp Bench face incination Q Back break
h, Interramp height o Interramp angle b Berm width
Ho Overall height o Overall angle r ramp width
2.6 Summary

Slope design for the West Wall has become a challenge due to the inevitable
geotechnical uncertainties and limitations of the current numerical models in modeling
the behavior of the rock mass. The size of the Chuguicamata Mine and the fact that the
current mine plan predicts reaching a depth of 1100-m, make it necessary to go beyond
the current state of design practice. Applied research needs to be developed to extend the
current concepts of rock mass strength estimation, slope stability analysis, and overall
slope design to designing slopes in rock masses with a poor to fair geotechnical quality.

In assembling the failure mechanism of the West Wall, doubts arose regarding the
properties of the two joint sets present in this wall. These joints are believed to have a
significant influence upon the deformation and failure mechanisms in the wall. Abroad
back-analysis of bench-scales or larger failures can provide improved estimates of
strength of these joints, yielding more realistic results than an adjusted laboratory tests
results.

By the year 2016 the Chuquicamata pit will have reached a depth of 1100 m. At
this scale, it is possible that the West Wall will behave as a continuous slope. Potential
failures could progress from interramp to overall slope. Decoupling the slope by inserting
wide platforms (e.g., 200 m) at strategic intervals down the wall may provide a means of

breaking the slope up into more manageable units.
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CHAPTER 11
LITERATURE REVIEW

3.1 Introduction

The purpose of this chapter is to review the concepts and assumptions that are
used in this thesis. The main topics considered being important for slope stability are
grouped into three categories: (1) rock mass strength, (2) slope failure mechanism, and

(3) slope design techniques.

3.2 Rock Mass Strength

The strength of a large-scale rock mass ultimately determines whether slope

failure occurs along a given slope face. It is therefore, of primary importance to be able to
quantify the rock mass strength for design purposes. In order to illustrate the problem,
Hoek (1998) showed that for homogeneous rock mass with a known friction, the required
cohesion for maintaining the stability of the slope is determined by the slope angle and
height. The calculated cohesion values for a rock mass with a friction of ¢ = 30° and a
density of 2700 kg/m* are shown in Figure 3.1, for slope heights of 100 to 1000 meters.
One finds that the cohesion required to maintain the slope stability increases with
increasing slope height and also vary considerably with slope angles. Small changes in
the strength parameters of cohesion and friction angle correspond to relatively large
geometrical changes to the slope geometry, which in turn may have a large impact on the
mines financial viability. Consequently, a great effort should be made in order to estimate

strength properties for the design of large-scale slopes.
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Figure 3.1: Cohesion Values Required for Stability of Two Different Slopes as
Function of Slope Height.

The strength of a rock mass is governed by the strength of intact rock and the
discontinuities that are present in the rock mass. This leads us to the following questions;
How should one estimate the strength of the rock mass? Is there any scale effect in the
determination of rock mass strength? Rock masses, both from the macroscopic and
microscopic point of view, and have been subjected to natural processes of tectonic
actions, chemical, thermic and hydrologic changes, and thus are essentially
inhomogeneous and discontinuous media. In Figure 3.2, a sketch of the scale effect

problem is illustrated (Pinto da Cunha, 1993). As seen, the rock mass pattern changes
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with increasing size. The decrease in rock mass strength with increasing size of the
specimen is attributed the increase in the number of pre-existing discontinuities in the
rock mass, Hoek and Brown (1990) and Pinto da Cunha (1993).

The scale effect implied in Figure 3.2 is prominent in rock materials. However,
there is evidence that the strength approaches to a constant value as volume increases.
From studies on coal pillars, Bieniawski (1968) showed that the strength of the samples
with larger than one cubic meter, practically remain constant. He also showed that the
scatter in strength values decreases as the specimen sizes increases. It is, therefore, quite
likely that the same behavior could be expected for large-scale rock slopes.

The volume above which the scale-free properties can be obtained is commonly
referred as the Representative Elementary Volume (REV) (Pinto da Cunha, 1993). The
REV is the smallest volume for which there is equivalence between the real rock mass
and ideal continuum material. The REV could be distinct for different rock masses and
properties. Even though much has been written on REV, the focus has been toward
theoretical and laboratory studies of relatively small-scale samples and practical

application of this concept to the large-scale slopes are to be proven.
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Taken together, these findings have important practical significance for open pit
slopes. Caution has to be exercised when extrapolating the strength from laboratory tests

directly to the design of overall pit slope angles.

3.2.1 Strength of Discontinuities

The strength of a rock mass is obviously a function of the strength of both the
discontinuities and the rock bridges (i.e. intact rock) separating discontinuities. The
strength also depends on the stress state in the slope. Tensile strength for a large-scale
rock mass is small and in most cases is assumed to be zero. Pure uniaxial compressive
failure (no confining stress) is relatively uncommon and deserves less attention in slope
applications. The most important shear loading, where the shear resistance of the rock
mass is enhanced by the normal stresses acting within the rock mass. Most failure modes
are believed to involve some shear failure, in particular along discontinuities.

For a planar discontinuity, the shear strength is normally a linear function of the

normal stress acting on the discontinuity. The Coulomb shear strength criteria states that:

T=C+optan¢ (3.1)

where t is the peak shear strength, o, the effective normal stress, and ¢ and ¢ are the
cohesion and friction angle of the discontinuity, respectively.

The Coulomb criterion in equation 3.1 is a simplified representation of the
physical processes that take place during the shearing of a discontinuity. According to
Patton (1966) the cohesion only exists for discontinuities with in-fill material. The
frictional resistance is highly dependent on the normal stress. It was found that there is no
strong dependence of friction on rock type or lithology. Instead, the friction is mostly a
function of the surface geometry of the discontinuity.

The factors believed to contribute to the shear strength of a discontinuity are as
follows (Hencher, 1995):
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Adhesion bonding.
Interlocking of surface asperities and ploughing though asperities.

Overriding of surfaces asperities.

A 0 Do

Shearing of rock bridges and locked asperities.

Chemical bonding is significant for metals but in general less for rocks. Second,
interlocking of minor asperities and damage to these adds to the basic friction angle for
the discontinuity. The third factor, overriding of asperities, occurs on a larger scale along
the discontinuity surface. These asperities, termed first order projection by Patton (1966),
adds significant dilation to the shear behavior. Patton (1966) formulated a shear strength

criterion to account for this effect as:

t=C+optan(g +1i) (3.2)

where ¢ is the peak shear, i is the inclination of the surface asperities, and ¢ is the friction
angle for a flat surface. This simple extension of the Coulomb slip criterion can explain
several of the effects which have been observed in shear tests of natural rock
discontinuities. The resulting shear stress-normal curve from such tests is often non-
linear, reflecting changes in the failure mechanism as the normal stress increases. With
increasing normal stress, the asperities are sheared off and eventually failure of the intact
rock material occurs. For high normal stress, Patton (1966) suggests the use of the
Coulomb slip criterion with a residual angle of friction and an apparent cohesion. With
these suggestion the Patton criterion become bilinear.

In addition to Patton’s failure criterion several other shear strength criteria have
been formulated. Jeager (1971) proposed a power law criterion, which better agreed with
curved failure envelope observed from shear tests, but this did not explain the mechanism

of the shearing process. Ladanyi and Archambault (1970) proposed a criterion which
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accounted for the dilation rate and the ratio of the actual shear area to the complete
sample area. Barton (1976), Barton and Bandis (1990), and Bandis (1992) developed an
empirical shear failure criterion which included terms for the roughness (asperities) of the
discontinuity surface and the compressive strength of the wall rock. The Barton shear

strength criterion is as follows:

15 = op tan {¢p + JRC log(JCS/ o, [1)}
(3.3)

where JRC is the Joint Roughness Coefficient, JCS the Joint Wall Compressive Strength
and ¢y, the basic friction angle for the discontinuity. The basic friction angle corresponds
to the friction angle of a flat, unweathered rock surface.

Application of the Barton failure criterion is not always straight forward. In
particular, the determination of the JRC value is difficult. JRC can be back calculated
from a ftilt test of the actual discontinuity (Barton and Chouby, 1977). However, if
samples of the actual joints are not available, JRC must be determined by visual
comparison with typical joint profiles. It is notoriously difficut to judge how
representative the standard profiles are. Quantifying the roughness of a discontinuity
surface thus remains a major problem in estimating the shear strength (Lindfords, 1996).

An important aspect to consider of the Barton criterion is the scale effect. An
empirical formula, which adjusted the JRC and JCS values with increasing size, has been
developed (Bandis, 1992). Both JRC and JCS decrease as the physical dimensions
increase, which means that the effects of overriding and failure of the roughness decrease
with increasing scale. The basic friction angle is believed to remain unchanged as the

scale increases. Practical application and verification of these scaling laws is still absent.

3.2.2 Strength of Jointed Rock Masses
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For rock mass, not only the presence of discontinuities but also their orientation in
relation to the loading direction contributes to the overall strength. Depending on the
inclination of the discontinuity relative to the principal loading direction, the rock sample
may exhibit different strength values (Hoek and Brown, 1980). The shear strength of a
rock specimen is much lower for those cases when slip on an existing discontinuity is
possible. Also, as the number of discontinuities increase, the rock specimen tends to
behave more closely to an isotropic material, as preferential direction of weakness
disappear.

The difficulty associated with explicitly describing the rock mass strength based
on the actual mechanism of failure has led to development of strength criteria which treat
the rock mass as an equivalent continuum. A relatively simple empirical failure criterion

for jointed rock masses has been developed by Hoek-Brown (1990), defined as:

c1=o3+(Moco3+s 002)1/2 (3.4)

where o1 and o3 are the major and minor principal stresses at failure, respectively, o is
the uniaxial compressive strength of the intact rock, and m and s are parameters which
depend upon the type of rock and the shape and degree of interlocking within the rock
mass. Values for m and s can be determined from rock mass classification, using the
RMR-system (Bieniawski, 1976). The Hoek-Brown failure criterion is widely used in
practical rock mechanics, both for underground and slope applications. However, since
the Hoek-Brown failure criterion represents a curved failure envelope, a transition to the
linear Coulomb criterion (Equation 3.1) is often conducted. This is because a linear
failure envelope is easier to handle in both analytical and numerical design methods.
While using the linear failure envelope one has to be aware that the strength envelope in
reality is curved, which means that the equivalent cohesion and friction angle are

dependent on the normal stress.
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There are practical advantages in using the linear Coulomb failure criterion for
defining the rock mass strength, since only two strength parameters need to be
determined. Common for both Coulomb and the Hoek-Brown criterion is that they do not
provide a true description of the physical processes that occur in the failure of a large
scale rock mass. The cohesion term not only represents the true cohesion due to
fracturing of intact rock bridges but also the effects of crushing the asperities and rotation
and separation of rock blocks. An effective cohesion is thus used to account for several of
the mechanisms that take place during rock mass failure. Such an effective cohesion
could also include the effects of confinement and reinforcement on rock slope. Although
it seems to be advantageous, there are only a few examples available in the literature on
how to choose an “effective” strength parameter (see, e.g Jennings, 1970) based on
various rock mass and failure characteristics. The assumption of an equivalent continuous
shear failure surface incorporating both discontinuities, intact rock and corresponding
equivalent shear strength properties can also result in an overestimate of the strength
since rock bridges can fail in tension rather than shear (Franklin and Dusseault, 1991).

From the above discussion it follows that determination of the rock mass in
practice can be extremely difficult. There are in principle four different ways to estimate

the strength of a rock mass:

Mathematical modeling (described above).

Rock mass classification.

Large scale testing.

Back-analysis of failures (Hoek and Bray, 1981; Krauland, Sdder and
Agmalm, 1986).

M 0 Do

Rock mass classification is the most common method used to assess the rock
mass strength, in particular in combination with the Hoek and Brown criterion, as

discussed above. This approach has been used also in slope applications. As an example,
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the Chuquicamata Mine uses this methodology to estimate the rock mass strength. Larger
scale discontinuities may be tested in the field using hydraulic jacks. The problem with
this is the same as for a full scale tests of slope strength: high costs. Large scale testing is
therefore seldom feasible economically and practically, and is rarely used in slope
applications.

Remaining is the back-analysis of previous failures in a slope. This is an attractive
method to obtain relevant strength parameters. It requires that the failure mode is well
defined, and information must be collected on the failure geometry, groundwater
conditions and other factors which are believed to have contributed to the failure. Often,
limit equilibrium methods are used to back calculate the strength, assuming that driving
and resisting forces are equal (factor of safety = 1.0).

To summarize, the knowledge of the shear behavior of a single discontinuity in
laboratory scale is fairly well understood, but the transition from small-scale shear
failures along discontinuities, to failures involving the interaction of many discontinuities
and rock bridges in a large scale rock mass, is not well known. Furthermore, failure
criteria which consider some of the actual failure mechanisms, tend to became complex
and difficutt to apply in practice. Greatly simplified criteria may be useful when
calibrated against field conditions.

3.2.3 Back-Analysis of Rock Slope Failures
The reliability of any slope stability prediction depends on the accuracy of the

input parameters used in the analysis. In some cases, totally new approaches may have to
be derived to achieve the required accuracy for input data.

Sakurai (1981) defines back-analysis as a techniqgue of finding the governing
parameters of a system by analyzing the system output behavior, Figure 3.3. In back-
analysis of rock structures, strength parameters such us modulus of elasticity, cohesion,
and internal friction angle are determined from displacement, strain and failure measured

during or after construction. Back-analysis which is also referred as ‘“reverse” method
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(Sakurai, 1981), is a method where the force conditions and strength properties are the
input for determining displacement, stress and strain, and stability of a structure. The
opposite approach to back-analysis the “forward” or “ordinary” analysis.

In summary, there are three ways of determining the shear behavior parameters of

arock mass discontinuity:

a. Through laboratory tests accomplished on representative samples taken from
the field.

b. By means of in-situ shearing test usually located over the critical joints of the
rock mass.

c. Through back-analysis of previous rock slope failures.

In most cases back-analysis is the most realistic and representative way of
obtaining shear strength parameters, especially if the slope failure parameters are
identified reasonably realistically. These parameters are mechanism of failure, slope and
slide geometry, groundwater conditions, acting forces at slope failure, displacement, and
strains. A series of steps are suggested by Denis da Gama (1981) to perform a back-

analysis:

1. Input data
e Define slope and slide geometry
e Ground water conditions
e Acting forces at slope failure
2. Formulation of slope failure model, including its mechanism
3. Stability analysis (limit equilibrium methods, finite element, etc.)

4. Determination of shear strength parameters
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Appropriate geomechanics models can be used to estimate the values of shear

strength parameters on the basis of certain assumptions. These back calculated values
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may then be used for preventive and remedial work for redesigning failed slopes and for
new projects in similar type of rock mass.
Traditionally, the shear strength parameters of a failed slope are calculated

through the following procedures:

1. Assume a value for the internal friction angle, ¢, or cohesion, c, to calculate
the other (Figure 3.4a).

2. Utilizing two major slope failures, which have similar geological and
hydrological conditions, establish two equations and then evaluate the values
of cand ¢. This procedure is called a single solution (Figure 3.4b).

3. Utilizing more than two failed slopes, obtain as many as n(n-1)/2 points of
intersections (solutions) for n curves (Figure 3.4c).

4. The set of continuous curves represents the range of back calculation can be
obtained based on engineering judgment, experience and verified with shear

test results if these are available (Figure 3.4d).

The above procedures are normally based on the assumption that the failure is
defined by the linear Mohr-Coulomb failure criterion, which is characterized by ¢ and ¢

values.
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Basic Back-Analysis Approaches Applied for Slope Rock Masses Obeying
Linear Failure Envelop. (a) determination of ¢ from an assumed ¢; (b)
single solution for two failure cases with different geometries; (c) multiple
solution for four failures; (d) multiple solution with a comparison with
laboratory strength test results (after, Sonmez et al., 1998).
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3.3 Slope Failure Mechanism in Rock Slopes

Instability of rock slopes may occur by failure along pre-existing structural
discontinuities failure through intact rock, or failure along a surface formed partly along
discontinuities and partly through intact rock. The mechanism of failure of a particular
slope is governed by the geological conditions of the rock mass and is almost always
unique to a particular site. A clear understanding of the failure mechanism of a slope
requires knowledge of the mechanical and strength properties of the intact rock and
discontinuities that make up the rock mass. As it was discussed in the previous section,
the most important factors that contribute to these properties are the characteristics of
discontinuities and hydrogeological conditions within the slope. The interrelationship of
all the relevant engineering geological parameters, thus must be correctly evaluated in
order to determine the governing failure mechanism(s) in the slope.

Failure mechanisms are easiest to assess if they can be represented in two
dimensions. In these cases, the failure surface is assumed to be subparallel to the dip
direction of the slope so that, the analysis can be performed for a unit width of the slope
(Hoek and Bray, 1981). Failures, which are assessed in this manner generally, require the
presence of upper boundary release surfaces or lateral surfaces of separation which do not
provide any resistance to failure. Two-dimensional failures, which involve a single
discontinuity or a single set of discontinuities, are shear plane, toppling and buckling
failures (Coates 1977). In some cases, a second set of discontinuities in the slope could
result in the tension cracks, or stepped failure surfaces which accordingly modify both the
geometry of the failure surface and failure mechanism.

Wedge failures develop when two intersecting sets of discontinuities form a
tetrahedral failure block which could slide out of the slope along either one of the
discontinuities or along both discontinuities. Solution of these types of failures generally
requires a three-dimensional analysis technique or some method of correctly resolving
forces from the three-dimensional model to a two-dimensional model for analysis

purposes. Analytical solutions for wedge are widely reported. One of the most commonly
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used methods is that reported by Hoek and Bray (1981). Presence of additional
discontinuities can considerably alter the wedge geometry, resulting in a complex shape
for a possible failure surface. Key-block theory published by Goodman and Shi (1981), is
often used for assessing these complex block geometries.

A more complex failure mechanism can be seen in large slopes where numerous
types of geological and hydrological characteristics are present. Analyses of failure
mechanism, in these cases involve one or more discontinuities and, are based more on the
strength of the discontinuities and less on the strength of the intact rock itself. However,
if the intact rock is sufficiently weak and the rock mass is highly jointed, failure could
occur through intact material, or the rock mass itself. In such cases, assessment of
stability must be approached differently since the failure surfaces could develop through
intact material. Unfortunately, this is the most common case in deep open pit mines. In
such situation the failure mechanism is difficult to determine in advance. Numerical tools
need to used to understand the failure mechanism and the parameters that govern the
slope behavior.

In summary, analyses of slope failure problems are generally conducted using
simple limit equilibrium techniques to evaluate sensitivity of possible failure conditions
to slope geometry and rock mass parameters. More detailed limit equilibrium techniques,
numerical modeling, statistical techniques and/or related probability assessment are also
conducted for those cases where failure mechanism, as well as operating parameters, are

sensitive to slope stability.

3.4  Slope Design Techniques

The design of any slope involves some form of analysis in which the disturbing
forces, due to gravity and water pressure, are compared to the available strength of the
rock mass. Traditionally these analyses have been carried out by means of limit

equilibrium models. Recently, numerical models are also used for this purpose.
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Limit equilibrium models fall into two main categories: the models that deal with
structurally controlled planar or wedge slides and the models that deal with circular or
near circular failure surfaces in “homogeneous” materials. Many of these models have
been available for more than 35 years can be considered as reliable slope design tools
(Hoek, 1998). The mathematical expressions required for appropriate calculations are
well known, and can be found in several publications (Bishop and Morgenstern, 1963;
Attewell and Farmer, 1976; Hoek and Bray, 1981).

Numerical modeling of slope deformation behavior is now a routine activity on
many slope stability analyses. Codes such as Finite Element Methods (FEM), Finite
Difference Methods (FDM), and Discrete Element Methods (DEM) are frequently used.
Finite element and finite difference methods are referred to as “domain” methods, in
which the entire problem domain must be discretized into elements. While FEM and
FDM are continuum codes, DEM is a discontinuum code in which discontinuities present
in the rock mass are modeled explicitly.

In continuum models, the displacement field is continuous. The location of the
failure surface can only be judged by the concentration of shear strain in the model. No
actual failure surface discontinuity is formed. The location of the failure surface, judged
from the onset of displacement or shear strain, is in general very similar to that predicted
by limit equilibrium methods.

A common limitation of continuum models of numerical analysis is that they do
not account for pre-existing fractures in the material or combinations of failure through
intact material and along discontinuities. In a discontinuum model, discontinuities are
included into the basic model geometry from the beginning calculation. Among the
discontinuum codes, one can distinguish the distinct element programs UDEC and 3DEC
(Cundall, 1971; Itasca, 1999), and the discontinuous deformation analysis program, DDA
(Goodman and Ke, 1995; Pei and Shi, 1995). Both types of programs require that the
locations of pre-existing discontinuities are known before an analysis has begun. This

often, but not always, requires a rough idea of the governing failure mechanisms. By
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including a large number of discontinuities it is also possible, to some extent, to simulate
the path which failure will take, under the assumption that failure only occurs along
discontinuities. Failure through the intact rock material can be judged in the same manner
as for continuum models, but in these programs, it is not possible to simulate the
formation of a fracture through intact rock.

In this thesis, both continuum and discontinuum model are used for slope
stability. Specifically, SLOPE1 (Griffiths, 1996) and UDEC codes (Itasca, 1999) are the
principal tools for carrying out slope design for the Chuquicamata Open Pit Mine.

In summarizing the advantages and disadvantages of these two main techniques

of slope stability analysis, the following can be concluded:

1. Limit equilibrium methods are simple to use and well adapted for making
rapid first-estimates of slope stability. A number of analytical and graphical
methods are available and have been used successfully for rock slope design
in the past.

2. The main disadvantage of the limit equilibrium method is the assumption that
the failure of rigid body,; that is deformations within the sliding body are
completely ignored. Judging from observed failure modes in large-scale
slopes, this is an over-simplification. Furthermore, the failure surface must to
some extent be known previously. Also, block flow failures and crushing
failures at the slope toe cannot be analyzed using limit equilibrium methods.

3. Despite their relative simplicity, the necessary assumption of failure mode and
rigid body movements somewhat restricts the applicability of limit
equilibrium methods. However, if the shape of the failure surface is known
and the strength properties can be assessed, experience has shown that

equilibrium methods are sufficiently accurate for practical slope design.
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4. Numerical analysis can be used to calculate both stress and deformation in a
slope, and different materials and constitutive laws can be relatively easily
incorporated. Numerical models can, with the correct input data, be used also
for making predictions of slope behavior.

5. To simulate the current failure mechanism using numerical methods, an
assumption of the failure surface is generally not necessary. Existing
continuum codes can simulate the location and shape of the failure surface
developing in a slope. Discontinuum codes can simulate failure along existing
discontinuities.

6. More development is necessary before general method is available which can
simulate both fracturing through intact rock, slip, and separation of pre-

existing discontinuities.

3.4.1 Slope Stability Analysis by Incorporating Uncertainty in Critical Parameters

The objective of this section is to review and compare the deterministic and
probabilistic methods of slope stability analysis. It is only possible to use deterministic
approach by means of a sensitivity analysis. A sensitivity analysis can produce a good
qualitative understanding of the factors that are most important for a specific rock slope,
but cannot quantify the actual chance of failure. The basis for probabilistic design
methods is the recognition that the factors that govern slope stability all exhibit some
natural variation (Harr, 1987; Pentz, 1981; Call, 1983, Hoek, 1995). In a probabilistic
method, the stochastic nature of the input parameters is included and the resulting chance,
or probability, of failure is estimated. In the following, a short description of the

deterministic and probabilistic design methods is given.

3.4.2 Deterministic Methods

The most common methods of slope analysis are deterministic. For any slope

failure mechanism, slope geometry, failure surface, groundwater pressure distribution,
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material unit weight and shear strength, a factor of safety against the assumed mode of
failure is calculated using a chosen method of analysis. This calculated factor of safety is
then compared with an “allowable” value, often taken as around 1.3 for temporary slopes
and 1.5 for permanent slopes. On the basis this comparison, the trial slope design is either
accepted or rejected.

When using this approach, however, there exists the danger of attaching undue
importance to the single calculated value of factor of safety. The uncertainty involved in
the sampling and testing of the rock mass, the method of analysis and the selection of the
admissible values of the factor of safety should be taken into consideration.

It is clear that the deterministic approach ignores the variability of the rock
properties. The rock strength and weight parameters that enter the factor of safety
expression are treated as single-valued quantities. However, rock and soil are natural
materials with acknowledge spatial variability; they are seldom homogenous and
isotropic, and samples obtained from the ground are always disturbed to some degree.
Rock samples are often not truly representative of the rock mass especially if the rock is
jointed or damaged by drilling.

In a conventional deterministic analysis, it is difficutt to allow for the
uncertainties with regard to material parameters. A more logical approach is to use
statistical characteristics, such as the mean, standard deviation, coefficient of variation,
and concepts from the theory of probabilty to draw broader conclusion from the

available data.

3.4.3 Probabilistic Methods

Probabilistic methods have long been used in engineering disciplines with

significant success. Examples of this can be found in civil engineering where
probabilistic design methods are used almost routinely in building structures.
To illustrate the methodology, assume that the load and the strength of a structure

element, for example, a slope, can be described by two probability density functions,
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respectively, as shown in Figure 3.5a. The strength, or resistance, of the element is
termed R and the load is denoted S. The respective mean and standard deviations of each
distribution are denoted m; and s; for the resistance, and ms and ss for the load. From
Figure 3.5a one can see that the two curves overlap, meaning that there exist values of
resistance which are lower than the load, thus implying that failure is possible. In a purely
deterministic approach when using only the mean strength and load, the resulting factor
of safety would be significantly larger than unity, implying stable conditions.

In estimating the probability that the load exceeds the strength of the construction

element it is common to define a safety margin, SM (Figure 5b):

SM=R-S (3.5)

The safety margin is one type of performance function which is used to determine
the probability of failure. The performance function is often denoted G(x), Harr (1987),

consequently:

G(X) = R(X) — S(X) (3.6)
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where X is the collection of random input parameters, which make up the resistance and
the load distribution. An alternative formulation of the performance function, which is
often used in rock mechanics, involves the factor of safety, FS. Failure occurs when FS is

less than unity; thus the performance function is defined as:

G(X) =FS-1 3.7)

The probability density function for the safety margin is illustrated in Figure 3.4b.
In this case, failure occurs when the safety margin is less that zero. The probability of
failure, P(failure), is the area under the density function curve for values less than zero, as
shown in Figure 3.5b. On the other hand, the reliability of a structure is defined as the
probability that the construction will not fail.

Assuming that the performance function can be expressed according to -either
Equation 3.6 or 3.7, and that the resistance and load distribution can be defined, how can
the failure probability be calculated? For this, three levels of analysis can be identified. A
level 1 analysis is basically a deterministic analysis, i.e., only one parameter value is used
for every variable. In a level 2 analysis, each stochastic variable is characterized by two
parameters, namely the mean and the standard deviation. A level 3 analysis is the most
complete method of estimating the probability since exact statistical characteristics of all
variables are taken into account and the joint probability density functions are calculated.
However, level 3 analysis is fairly uncommon, in particular in rock mechanics
applications, because it is very difficult to describe and quantify the joint probability
function (Mostyn and Li, 1993).

For practical design, level 2 analysis is used. In this approach, the probability of

failure is evaluated using a reliability index, (3, defined as:

B =(urs—1.0) / ors (3.8)
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In this equation, FS, is the estimated value of the factor of safety (usually the value
calculated from the best estimates of the parameters), and o: is the standard deviation of
the factor of safety. As the name implies, reliability theory describes analytically the
reliability of a facility or structure (Christian et al., 1997). Based on the best estimates of
the geometry and soil properties, Christian et al. (1997) calculated the factors of safety
against failure for two different cases as shown in Figure 3.6. For one slope, the factor of
safety is 1.2 and the other it is 1.5. However, the standard deviation of the factor of safety
for the first slope is 0.1. In the other case the best estimate of the standard deviation is
estimated to be 0.5. Figure 3.6 shows the probability density functions for a reasonable
assumption that the factors of safety are normally distributed. The probability of failure in
each case is the area under the probability density function to the left on the vertical line
at FS = 1.0. It is clear that the area for the second case is much larger. In other words, the
probability of failure is greater than for the case with the larger factor of safety. Here, it
can be seen that the factor of safety by itself does not provide enough information to
evaluate the safety factor of a slope (see e.g. Duncan, 2000). The criteria for a
satisfactory value depend on the degree of confidence that the engineer has in the
information that went into the calculation. Hence, the reliability index provides a measure
of how much confidence one can have in the computed value of the factor of safety and
leads to an estimate of the probability of failure. Now, the question is how to compute the

reliability index.
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Figure 3.6: Probability Density Functions for Two Cases. The case with FS=1.2 and o
= 0.1 has a lower total probability of failure than the case with FS=1.5 and

o = 0.5.

There are several methods of calculating the value of the standard deviation of the
factor of safety, of, or, equivalently, its variance VAR:, which is simply the square of of.

They include:

1. Direct calculation - In some cases the equation for the factor of safety or for
the margin of safety can be solved analytically to give the variance of the
factor of safety. In particular, if the margin or factor of safety can be
expressed as the sum of the random variables, the variance is simply the sum
of the variances of each contributing variable. Unfortunately, when the

performance function of the factor of safety contains several variables
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describing load and resistance, it is often non-linear. This condition prohibits

exact or direct calculation.

First Order Second Moment (FOSM) methods - These techniques are based
on using the first terms of a Taylor series approximation for the variance.
They give a direct approximation for o and at the same time provide direct
insight into the relative contributions of various parameters. The basic method
is easy to use. Its major disadvantage is that it gives an approximate solution

that may be quite inaccurate if the variance is hieght.

. The Hasofer-Lind method - Hasofer and Lind (1974) developed an
improvement to the FOSM method to account for the fact that the derivatives
used in the FOSM should be evaluated at a point on the failure surface, that is,
when FS = 1.0. When the underlying assumptions of the FOSM method are
satisfied, this technique improves the accuracy of the results. However, it does
require an iterative procedure that is not intuitively obvious, and, when the
FOSM assumptions are not reasonable, the technique can actually give results
that are less accurate than other techniques. Ang and Tang (1990) give a very

clear description of the computational procedures.

. The Point Estimate method (PEM) — Rosenblueth (1975) has described this
approximate technique, which has been widely adopted in geotechnical
engineering. It involves computing the factor of safety using values of each
variable that are one standard deviation above or below the expected value
and combining the results to estimate the expected value and standard
deviation of the factor of safety. For n variables this requires 2" computations.

The method is simple but approximate. When the variables are not normally
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or log-normally distributed, it may not be intuitively obvious how to choose

the pairs of values to be used.

5. Random field modeling in combination with Finite Elements. This method
includes the full statistical distribution of shear strength properties and

accounts for spatial correlation effects (Griffiths and Fenton, 2000).

All of the above methods are analytical means of determining the reliability index
from a number of stochastic variables, which make up the performance function. In cases
where the performance function is complex and contains a large number of variables, a
simulation technique can be used. The most common simulation technique is the Monte
Carlo method. In this method, the distribution function of each stochastic variable must
be known. For each distribution, a parameter value is allowed to vary randomly
according to its prescribed probability solution. This technique is simple and can be
applied to almost any problem (see Griffiths and Fenton, 2000) and there is practically no
restriction to the type of distribution for the input variables. The drawback is that it can
require running a very large number of cases to get robust results. To overcome this,
more efficient sampling techniques have been developed, among them the Latin
Hypercube sampling technique. In this method, stratified sampling is used to ensure that
the samples are obtained from the entire distribution of each input variable. This results
in fewer samples to produce the distribution of the performance function.

It is clear that a probabilistic approach is very attractive since it remedies some of
the limitations of a purely deterministic approach. The limitations for working with
probabilities in geotechnical engineering are mainly the assumption of a distribution

function for stochastic variables.
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3.4.4 Slope Stability Applications

In civil engineering, probabilistic design has advanced to the stage that virtually
all building regulations are based on a probabilistic approach. An example of this is the
use of partial safety factors, which have been calibrated using more sophisticated
methods of analysis. Probabilistic design has not yet reached this point in the field of
geomechanics. One of the reasons for this is the difficulty associated with describing a
rock mass quantitatively and defining a model which describes both the load and the
strength acting on a specific construction element. In the previous section the assumption
was made that both the load and strength could be described explicitly. This requires,
similarly to deterministic design methods, knowledge of the failure mechanism and a
model which describes how failure occurs. In slope design, probabilistic methods have
therefore primarily been based on the same failure models as those employed in limit
equilibrium methods but with statistical distributions assigned to all input parameters
(Franklin and Dusseault, 1991). Using this approach one must trust completely in the
failure mechanism, but several other uncertainties, such as the distribution of
discontinuity parameters can be taken into account.

The well-known works in this area are those by McMahon (1971, 1975), Call
(1985), Call, Savely and Nicholas (1977), Call et al. (1977), and Call and Savely (1990).
These works emphasize the importance of geological structure on slope behavior. The
commonly assumed failure modes are plane shear, step path, and wedge failures. The
failure mechanism is, in most of the cases, determined by the distributions of the
discontinuity parameters such as dip, dip direction, length and spacing. Once the
kinematically possible failure mode is determined, random samples are taken from the
distributions of joint strength, and the factor of safety is calculated. The probability of
failure is then calculated as the ratio between the number of iterations, which yielded a

safety factor less than unity, and the total number of Monte Carlo simulations.
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At this point, one must discuss what failure probabilities are acceptable for a
slope. This was brought up by Priest and Brown (1983) and Pine (1992), who defined
acceptance criteria according to Table 3.1.

Table 3.1: Acceptance Criteria for Rock Slopes (after Priest and Brown, 1983; Pine,

1992)
Category and . .
consequence of Example Reliability index, B Faﬂu;e(gglbla)blllty
failure
1. Not serious Non-critical 1.4 0.1
benches
2. Moderately Semi-permanent 23 0.01-0.02
serious slopes
. High/permanent
3. Very serious slopes 3.2 0.003

There are several potential merits for adopting a probabilistic approach to slope
design but also significant drawbacks and limitations. These may be summarized as

follows:

1. Probabilistic methods have the ability to include the inherent variation
exhibited by almost all parameters that influence slope stability. Also, a
probabilistic approach emphasizes the fact that a slope collapse cannot be
completely neglected for any choice of slope angle, although the likelihood
for failure can be very small.

2. A probabilistic approach to design is more easily integrated with mine design
than a deterministic approach, as it can serve as input to risk analysis for an
open pit. Cost-benefit analyses of failures are very attractive but suffer from
difficulty associated with estimating all costs involved.

3. These methods can be applied to almost any type of problem but a major

drawback is the assumption of failure model, commonly based on existing
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deterministic  limit equilibrium methods. Probabilistic methods share this
problem with almost all other design methods.

4. Probabilistic methods require extensive input data. Statistical uncertainty,
sampling bias and spatial variation must be accounted for, which is not easily
done. Specifically, probabilistic methods are less suited to deal with variations
in the load acting on the slope.

5. It can be concluded that application of probabilistic design methods appear to
be the best way to include the uncertainties of the parameters controlling the
slope stability. These methods seem workable when one has enough input data
and the mechanism of failure is known. This is especially true when one is
trying to design a large-scale slope. In these cases, the failure mechanism is
sometimes too complex that it cannot be represented in a formulation that can
be analyzed by probabilistic approaches.

3.5 Summa
The following conclusion can be made from this review of rock mass strength,

slope failure mechanism, and slope design technigques:

1. The knowledge of the shear behavior of single discontinuities is fairly good but
the transfer from small scale shear failures along discontinuities to failures
involving complex interaction of many discontinuities and rock bridges in a large
scale rock mass, is not well known. Furthermore, failure criteria which consider
some of the actual failure mechanisms tend to become complex and difficult to
apply in practice. More simplified criteria greatly oversimplified the actual
behavior but can be useful when calibrated against field conditions. Back-analysis
of similar cases can provide valuable knowledge on some aspects of the large-
scale strength, but requires a very precise description of the prevailing conditions

at failure.



59

2. Slope failure mechanism along one or two discontinuities is well understood. As
well as when a rock mass behaves as a homogenous media. However, large-scale
slope behavior is more complex and less understood due to interaction of
discontinuities, intact rock and different types of geological conditions. To
overcome this problem, numerical analysis can be wused to increase the
understanding of the fundamental failure mechanisms.

3. Limit equilibrium methods are simple to use and thus are very popular. However,
the problem with this method is the assumption that the rock behaves as a rigid
material, and the shear strength being mobilized at the same time along the entire
failure surface. On the other hand, numerical modeling appears to be more
versatile and can simulate progressive failure behavior and deforming materials.
The current numerical codes do not allow fracture propagation through intact
material, and new development in this area has not yet reached required maturity
for practical applications in slope stability.

4. Probabilistic methods can be used to assess the risk for failures in a better
quantitative way than the use of the factor of safety, and account for inherent
uncertainties of rock mass parameters. They require a minimum amount of input
data and assumptions regarding the distributions function. In addition, cost
integration into design can, to some extent, be accomplished using probabilistic
methods. However, the vast amount of input data required has rendered these

cost-benefit-methods difficult to use in practical applications.
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CHAPTER IV
SHEAR STRENGTH OF DISCONTINUITIES FROM BACK-CALCULATION

4.1 Introduction

The primary objective of this section is to establish a methodology of back-
analysis in order to estimate the shear strength of the discontinuities present in
Chuquicamata Open Pit Mine. This can then be used with reasonable confidence for
slope design.

As was mentioned in Chapter 2, the West Wall presents two conspicuous joint
sets that may be controlling the amount of deformation in the wall. For this reason, it is
important to know, with a high level of confidence, the strength properties of these joint
sets. As previously concluded in Chapter 3, due to scale effect, it is difficult to have
reliable strength values from laboratory tests. One alternative that can be used to
overcome this problem is to estimate the strength using back-analysis of past failures.
This technique has been used in the past in rock engineering for verifying rock mass
strength estimates and provided valuable information.

In this chapter, the statistical technique known as maximum likelihood is
described and used to estimate the shear strength properties of the two major joint sets in
the West Wall of the Chuquicamata Mine. The approach is based on the back-analysis

method used by Salamon and Munro (1967) in calculating strength of coal pillars.

4.2 Field Data

For the back-analysis studies, data from failure cases were collected from
Chuquicamata Open Pit Mine. The first field survey was carried out during November
1999, for the purpose of this research. The development of a statistical analysis depends
on the availability of an adequately large and tolerably reliable database of examples of
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failed and unfailed cases. This task was completed in Chuquicamata Mine after a second
field reconnaissance performed during August 2000.

The first task was to identify the most common failure mechanism of sliding
present on pit walls that involved the two joint sets present in the West Wall. The field
reconnaissance was thus concentrated in three structural domains, which featured these
two joint systems. The structural domains mapped were Fortuna Norte, Fortuna Sur, and
Noroeste. In each structural domain, several slope failures were observed. Geometric,
geomechanic and hydrologic conditions were obtained and processed to further analyses.
Addition data on unfailed cases were also gathered.

The attention focused solely on plane and wedge failure cases. This was done
since these are the most common failure mechanism controlled by the two discontinuity
sets. In addition, these failure mechanisms allow the computation of the load, which is a
fundamental prerequisite to the determination of discontinuity strengths.

A number of criteria that had to be specified before a particular case are included

in the database:

1. The failure mechanism can be determined by means of field observation (e.g.,
wedge and shear plane failure).

2. The plane or planes upon which sliding has occurred are clearly defined and
exposed.

3. The dip and dip directions of these planes can be measured with a high degree
of accuracy.

4. The discontinuities involving the wedge failure must have the same geologic
and geotechnical characteristics (e.g., the same infill material, which means
one can assume that they have the same resistance).

5. The geometry involved in the failure must be kinematically admissible. This

point is especially important for the unfailed cases.
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6. If the failure occur immediately after blasting it cannot be included in the

database.

The justification of these requirements is mainly done for two reasons. First, there
must be no doubt of the failure mechanism in order to apply the limit equilibrium
solutions to estimate the factor of safety. It is not uncommon to observe plane or wedge
failure where the discontinuity planes do not daylight on the slope surface. These failures
occur if blasting breaks the bottom part of the block. Second, the method proposed for
back-calculation assumes that the discontinuities for wedge failure have the same
strength characteristic as the plane failure cases. This situation is not a limitation of the
method because the definition of the structural same domain requires that the structures
belonging to the domain have the same geological characteristics.

The database contains a total of 178 cases, of which 94 cases correspond to shear
plane failures. Among them, there are 48 failed cases and 46 unfailed cases. In addition to
these data, there are 84 wedge failure cases, where 43 failed cases and 41 unfailed cases
were identified. This collection is subdivided into three separate sets of data as shown in
Table 4.1 and 4.2.

Table 4.1: The Range of Variables for Plane Failures.

Variable Failed Unfailed
Dip of slip plane 1 (°) 37-66 32-69
Dip-direction of the slip plane (°) 075-342 092-322
Height of the sliding block (m) 10.8-32.0 7.54-25.60
Dip of the slope face (°) 57-85 58-77

Weight of the sliding block (tonnes) 39.0-1100.3 11.5-376.4
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Table 4.2: Range of Variables for Wedge Failures.

Variable Failed Unfailed
Dip of slip plane 1 (°) 45-85 42-80
Dip-direction of slip plane 1 (°) 052-312 010-325
Dip of slip plane 2 (°) 52-85 42-85
Dip-direction of slip plane 2 (°) 004-360 005-360
Dip of slope face (°) 63-85 58-86
Dip-direction of slope face (°) 045-360 085-340
Height of sliding block (m) 11.5-52.0 13.0-30.6
Weight of sliding block (tonnes) 2.54-121.5 2.31-28.23

4.3 Methods of Back-Analysis

Prior to back-calculation, it is necessary to define basic principles. They are:

1. In carrying out a back-analysis of sliding on a plane or planes failure surface,
the equations defining the condition of limiting equilibrium is solved by
assuming that the shear strength, t, of the failure surface or surfaces is

represented by a simple Mohr-Coulomb criterion, given as:

tT=Cc+optan ¢ (4.1)

where, ¢, is cohesion strength, on, the normal stress and, ¢, internal friction

angle.

2. The normal stress ¢ acting across on a potential sliding surface is given by
(Figure 4.1):
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on=(Wcosyp) /A (4.2)

where A is the base area of the block, W weight resting on a plane surface
which is inclined at an angle y, to the horizontal The shear force R which

resists sliding down the plane is defined by:

R=cA+W cos yptan ¢ (4.3)

Figure 4.1: Sliding Block in an Inclined Surface with Angle yp.

3 The driving forces acting down the plane is defined by:

D=Wsiny, (4.4)
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4 The block is on the verge of sliding, i.e., in a condition of limiting
equilibrium, when the driving forces acting down are equal to the resisting

force:

Wsiny, = cA+Wcosy,tan ¢
(0000ooo4.5)

5 In order to compare the stability of slopes under conditions other than those of
limiting equilibrium, some form of index is required. The most commonly
used index is the Factor of Safety. This can be defined as the ratio of the total
force available to resist sliding R to the total force tending to induce sliding D.

The factor of safety, then, can be expressed as:

FS=R/D (4.6)

The same concept of limiting equilibrium analysis has been applied for back
analyzing wedge failures. The procedure to estimate the factor of safety for a wedge
proposed by Hoek and Bray, 1981 has been used in this analysis. The two models used in
this analysis are defined in Figure 4.2 and Figure 4.3. A complete solution for a wedge

failure is given in Appendix B.
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4.3.1 Back-Analysis at Chuquicamata Mine

Chuquicamata staff follows a traditional methodology of estimating the strength
of discontinuities by means of laboratory tests and back-analyses. This procedure
involves carrying out laboratory tests in a shear box to estimate the friction angle of the
discontinuities. Back stability analyses are then performed to estimate cohesion values for

discontinuities. The following steps are completed to estimate the strength parameters:

1. Samples with rough natural joints are taken out from the benches on the pit.
These samples are tested in a in-house shear box that can accommodate
samples with maximum size of 20 cm x 20 cm.

2. Failures are identified in the pit and complete configurations of the failed
slopes are recorded (e.g., geometry of the slope, joint or fault geometry).

3. Limiting equilibrium equations are set up and solved for a cohesion at FS = 1.

4. From a plot of cohesion against friction angle, the cohesion and friction angle

are determined for using in design.

An estimation of cohesion and friction angle is performed the in-situ data
collected for this research. Twenty “undisturbed” samples are considered. This examples
were taken from the West Wall. Table 4.4 shows the results obtained from the laboratory
test. A linear regression analysis estimated the curve shown in Figure 4.4. An estimation
of confidence intervals is also incorporated, assuming that the strength parameters are
normally distributed. The mean and standard deviation of the variables are listed in Table
4.3.
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Figure 4.4: Linear Regression of Laboratory Shear Tests.

Table 4.3: Summary of Statistical Analysis of the Laboratory Tests.

Statistical parameters c(:mfrl]g)n Frictic(;(?) angle
Lower limit (95%) 65.7 33.06
Mean values 181.5 36.20
Upper limit (95%) 297.1 39.10
Standard deviation 55.0 1.42

From the friction angle estimated in the laboratory tests, it is possible to back-
calculate the cohesion mobilized during the failure. This is done by solving equation 4.6
for cohesion after setting FS = 1. For each failed case, there is an estimated value of
cohesion taking the central value of the friction angle, and thus, 48 different cohesion
values are obtained.

The results of this analysis are plotted in Figure 4.5. The mean value of cohesion
from back-calculation is 19.2 kN/m? against 181.5 kN/m? obtained from laboratory tests,

which clearly shows the effect of scale. It is clear that using values obtained from the
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laboratory tests for stability analysis can be dangerous. This situation is especially critical

when the rock mass is known for its poor geomechanical qualities.

Range of strength
parameters

.............................

Cohesion (tonnes/mz2)

30 35 40

Friction angle (degress)

Figure 4.5: Values of Cohesion Back-Calculated from Failed Cases versus Friction
Angle Estimated from Laboratory Tests.

The statistical analysis performed from the values of cohesion from back-analysis
is presented in Table 4.4.

Table 4.4: Summary of Statistical Analysis of Cohesion and Friction Angle Values.

. Cohesion Friction angle
Statistical parameters (kN/m?) )
Mean 19.2 36.2
Standard deviation 6.5 1.47

This method of calculating strength of discontinuities provided a good set of
values to perform slope stability analysis. However, it is necessary to spend a tremendous
effort for obtaining samples from the field. A more practical and effective way for

calculating cohesion and friction angle a statistical back-calculation method is proposed
in the next section.
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4.3.2 Maximum Likelihood Method

The method of maximum likelihood was first introduced by R. A. Fisher in the

1920s. The method finds the estimate of a parameter, which maximizes the probability of
observing the data for a specific model for that data. The likelihood function is defined

as.
L(0) = H f(x,;0) (4.7)

The likelihood function is simply the joint probability of observing the data. The
large IT means “product”, X; is the random variable and 6 is the parameter to be estimated.
The likelihood function is obtained by multiplying the probability function for each
outcome. It is a function of the unknown parameters 6 and the estimation proceeds under
the assumption that the data observed were the most likely data to occur. For
computational convenience the log likelihood is generally used instead of (4.7):

log L(€;x) = anlog f(x;;0) (4.8)

i=1

Taking the first derivative of (4.8) with respect to 6 and set it equal to zero, the
value of 6 can be solved from the resulting equations. This is frequently difficult
analytically, and an iterative numerical method may be required. Alternatively, it may be
convenient to numerically maximize the likelihood function directly.

This technique is well known as a procedure of parameter estimation and is well
adapted to solve the present problem. The main advantage of this approach is that it

permits the use of the data referring to both failed and unfailed cases.
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The approach taken here is similar to that used by Salamon and Munro (1967). It
is assumed that a frequency distribution of factors of safety results if the calculation is
repeated for all failed cases. As seen in Figure 4.6, the central value and the spread of this
distribution are measures of the precision that can be achieved with the prediction ability
of the statistical method. The closer the central value is to unity and less it is scattered,
the better is the prediction method.

A practical solution procedure takes advantages of the knowledge that the safety
factors form a frequency distribution. The form of this distribution depends mainly on the
values of the strength parameters used in the safety factor formula. In this research, a

distribution is adequate if the estimated values are centered around unity and closely
grouped.

Safety factor, FS

Frequency distribution

Figure 4.6 Efficiency of the Statistical Approach of Estimating Factors of Safety for
Different Standard Deviation, c = 0.1(—); 6 = 0.2 (...); o = 0.3 (---) (after
Salamon and Munro, 1967).

An important factor to consider in this analysis is to include data concerning
unfailed cases. This information contributes to improving the reliability of strength
parameters obtained from the analysis. The “full” maximum likelihood method is also

used to incorporate the unfailed cases into the analysis.
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To develop this method for this specific application, it is necessary to assume a
particular statistical distribution for the “critical safety factor” (FS) values. In this study,
it is assumed that a natural logarithm of the critical safety factor is normally distributed
with zero mean and a standard deviation o. The frequency distribution of the logarithms

of the critical safety factors then becomes:

! -1 »] (InFS
1=(|n|:s)_\/ﬂ0exp[2(72 (InFS)}—Z( = j (4.9)

where the function Z(.) is the standard Gaussian normal distribution. This distribution is
symmetric in the logarithmic scale and mean is at FS = 1 (which is to say InFS = 0).
The frequency distribution of FS on the logarithm scale is then defined by the

following function:

f(FS) = —\/27:10123 e2le) (4.10)

The mean, u, and standard deviation, s, of the distribution of FS values are given

by the following expressions (Devore, 1995):

0_2

u=e? s=p(e” —1)¥? (4.11)

Having expressed the required concepts of this statistical method, let us
concentrate on the problem of estimating of the unknown strength parameters. First,
consider the failed cases. As mentioned above, the objective is to concentrate the failed
cases to as closely as to FS =1. The condition that the failed cases should concentrate

around the median value is conveniently expressed in terms of the frequency distribution
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in the logarithmic scale (Salamon and Munro, 1967). This distribution is the greatest
when the factor of safety is one and decreases as the factor moves away in either
direction. Therefore, having all factor of safety values concentrated around one, is
achieved by the multiplication of the frequency distribution corresponding to each failed

case collected. The function to be maximized is presented by:
M, =] flInFs(c.¢)] (4.12)
i=1

where FS(.) represents the factor of safety for m failed cases in the database. This
function by itself can be used to perform the back-analysis and estimate the strength
parameters. The solution is obtained by maximizing the function M; with respect to
cohesion and friction angle (unknown parameters), and the standard deviation, s. This
technique is called the limited maximum likelihood method.

The unfailed cases make contributions to the likelihood of the unknown
parameters, in others word, the estimation is more precise concentrating more values
around the unity. This concept can be introduced by having the cumulative frequency
distribution of the unfailed cases close to the unity. This also can be expressed as the

probability function between zero and FS, defined by:

FFS)=[f(0= [Z(p)dp= P('”GFS] (4.13)

the function F(.) is the standard cumulative normal distribution. The same distribution
was applied in equation (4.9) to the standard frequency distribution of the In(FS).

The objective is no failure occurs. To achieve this, the probability of failure not to
occur should be as high as possible. This is done by maximizing the cumulative

distribution of the factor of safety for the unfailed cases, such that:
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M, = [[F(Fs) (4.14)

i=m+1

the total number of cases in the database is n, therefore, the number of unfailed cases is n-
m.

The most effective estimation is achieved by including both groups of cases into
the estimation process. The optimum solution is obtained by maximizing function M,

where:
M =MM, (4.15)

with respect to standard deviation and the strength parameters. It is necessary to point out
that the function M is known as the likelihood function and the process of parameter
estimation for the maximum likelihood method. The function M can be solved easier by

maximizing the natural logarithm, as follows:

INM =-mIny2z -mio - InFs, -212 S (nFs)?+ Y In{P[In Fsiﬂ (4.16)
O ia

i=1 (o3

i=m+1

The maximum of this function can be found when the first derivatives are taken with
respect to o and the unknown parameters (cohesion and friction angle of the
discontinuities) are set to zero. A numerical solution was performed to evaluate this

function using the computational software Mathcad 8 (Mathsoft, 1998).
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4.3.2.1 Plane Failure Analysis

Back-analysis was performed using the technique detailed above. First, the
limited maximum likelihood was used to study the failed cases of plane failures. Figure
4.7 shows the results obtained from 46 of plane failures. The values of safety factors are
concentrated around the unity with a median of 1.005. Additionally, a plot of shear stress
acting on the plane against the plane’s shear strength is presented in Figure 4.8. The
straight line in this plot shows the location of the point where shear stress and shear
strength are equal (FS=1). Most of the values of factor of safety lies on this line, so that it
can be concluded that the method produce results that fit the observation reasonably well.

Second, utilizing the full maximum likelihood method derived from equation
(4.10) and applying equation (4.16) has been tested in order to evaluate its efficacy in
evaluating the unknown parameters including both failed and unfailed cases. The
histogram in Figure 4.9 shows that the safety factors are fairly close to unity with a
median of 1.02. Also was plotted the shear stress acting on the plane against the plane’s
shear strength. In this case, it is expected that the all crosses (failed cases) scatter around
the FS = 1 line and all circles (unfailed cases) are located above this line, Figure 4.10.
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Figure 4.7: Results Obtained Using Plane Failures and Limited Maximum Likelihood.
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Figure 4.8: Shear Strength and Shear Stress Acting on the Plane Relationship for Plane

Failure Cases.
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Plane failed (+) and Unfailed (0) Cases.

4.3.2.2 Wedge Failure Analysis

Data from the wedge failure cases are analyzed in the same way as in plane

failure case: first, filed cases alone were considered by using limited maximum
likelihood. The results are shown in Figures 4.11 and 4.12, second, the failed and
unfailed cases combined to estimate the strength parameters using the full maximum
likelihood method. The results of this estimation are presented in Figures 4.13 and 4.14.
An important point to note is that the values of cohesion and friction angle from the
wedge failures are similar to those estimated from plane failures, indicating that the

discontinuities considered in both cases belong to the same family.
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Figure 4.14:

Failures and Utilizing Full Maximum Likelihood.
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Summary of Results

The relevance of the results obtained from the maximum likelihood back-

calculation to the design of slopes at the Chuquicamata Mine is as follows:

1.

In order to perform the conventional back-calculation method, numerous samples
from the field must be gathered and tested for various parameters. From
laboratory tests, the mean value for friction angle and cohesion are 36.2° and
181.5 kN/m?, respectively. According to research by Barton, 1981, the friction
angle for coarse-grained granite was 31° to 35°. It can be assumed that the results
of the laboratory test were reasonable for this parameter based on Barton’s results.
Hoek and Bray, 1981, concluded that cohesion value for coarse-grained granite
was estimated to be 242 kN/m?. It can be assumed that results of the laboratory
tests were reasonable with respect to the result from Hoek and Bray research.
Based on research conducted by Barton, 1981; McMahon, 1975, the basic friction
angle remains relatively constant for the rock joint characteristics over the length
of the discontinuity. The cohesion, however, must be scaled with respect to the
length of the discontinuity. In order to have a reasonable value for cohesion, back-
analysis was performed using the friction angle from the laboratory tests to derive
the in-situ cohesion. Based on Barton’s results for a 30-m discontinuity, it is
suggested that a reduction factor of 3 may be appropriate for estimating the in-situ
cohesion, which in this case is 56 kN/m?. The mean value from back-calculation
for the in-situ cohesion is 19 kN/m?, for an average discontinuity length of 30-m.
It can be assumed that the results from conventional back-analysis were
reasonable with respect to Barton’s suggestions.

The conventional back-calculation used currently at Chuquicamata Mine yields
reasonable results for strength parameters of the discontinuities present in the

West Wall. However, the results of the strength parameters are based on an
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iterative process using friction angle as an initial known variable. If this value
were inaccurate, the entire back-calculation (estimation) would be inaccurate.

4. In the maximum likelihood method the data needed are the geometry of the
failure, such as bench height, bench orientation, discontinuity angle, etc, and the
specific gravity of the rock mass. The results from this method are not based on a
single, initial value. Furthermore, no values for strength need to be assumed for
the analysis, as the data is gathered from a variety of failed geometries.

5. The values of cohesion and friction angle as estimated from the maximum
likelihood method of the discontinuities in the West Wall at Chuquicamata Mine

are the given in Tables 4.6 and 4.7:

Table 4.6: Estimated Values of Strength Parameters from Plane Failures.

Plane failures Cohesion Friction angle
(kN/m?) ©)
Limited maximum
likelihood 19.91 35.40
Full maximum
likelihood 20.67 35.27

Table 4.7: Estimated Values of Strength Parameters from Wedge Failures.

. Cohesion Friction angle
Wedge failures (kN/m?) ©)
Limited maximum
likelihood 13.62 35.33
Full maximum
likelihood 15.22 85.12

These values are comparable with the values obtained from conventional back-
calculation analysis. The friction angles between limited and full maximum
likelihood are consistent with one another for plane and wedge failures. The
cohesion values, however, are slightly different between plane and wedge failure.
This may be attributed to the normal stress component of the load acting on the
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sliding block. In the case of plane failure, the normal stress is distributed over the
plane, yielding a certain value for the strength of the discontinuity. In the case of
wedge geometry the load is distributed over two planes, thus, reducing overall
strength for the discontinuities.

6. The maximum likelihood statistical method yielded consistent results when
compared to the results from conventional back-calculation and previous research
completed by Barton, 1981; McMahon, 1985; Hoek and Bray, 1981.

7. The statistical parameters obtained from limited maximum likelihood of the factor
of safety are clustered around the unity, with a median of 1.005. For the full
maximum likelihood, the distribution of the factor of safety values is clustered
around the unity, with a median value of 1.016, which shows that the model is in
concordance with the observations. This statement is valid for plane and wedge
failures.

8. The mean and standard deviation of the factor of safety values, corresponding to
the failed cases are given in Table 4.7 below. Note that the standard deviation, o,
is a direct output of the estimation and S is obtained from o with the help of the
definition in equation (4.11). The mean p and the standard deviation Se are
statistical properties of the factor of safety obtained from the strength parameters

estimated from maximum likelihood technique.

Table 4.7: Summary of Statistical Results of Back-Analysis Using Maximum Likelihood.

Range of
FS

1.005 0.101 0.102 0.097  0.74-1.22

Method of Estimation u c S Se

Limited Max. Likelihood
for plane failures

Full Max. Likelihood for
plane failures

Limited Max. Likelihood
for wedge failures

Full Max. Likelihood for
wedge failures

1.007 0.099 0.099 0.099 0.75-1.23

1.017 0.181 0.186 0.241  0.73-1.53

1.016 0.179 0.184 0.254  0.75-1.66
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In summary, the conventional back-analysis and the maximum likelihood method
are both accurate ways to analyze the discontinuities along the West Wall at
Chuquicamata Mine. The conventional back-calculation, however, has some drawbacks.
Since it is an iterative process, one of the strength must be known and If it is inaccurate,
the results for the controlling parameters may be incorrect. The maximum likelihood
method maximizes the equation for the factor of safety with respect to cohesion and
friction angle. These values are the most likely to occur in the discontinuities when the
factor of safety is close to 1. In this technique, no previous assumptions need to be made

regarding the strengths of the discontinuities.
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CHAPTER V
NUMERICAL MODELING AND SLOPE DESIGN

5.1 Introduction

The main purpose of the numerical modeling studies is to examine the effects of
changes in the slope geometry on the magnitude and distribution of stresses on the slope.
The stress distribution is especially important in the shear zone, as this is the area of
weakness. The complex failure mechanism governing the stability of the West Wall
requires evaluating different alternatives for designing the final push back of the wall. In
this section three alternative designs are evaluated using two different numerical
approaches. These alternatives are current continuous slope, 200-m wide platform and
250-m wide platform over the shear zone. A Finite Element Method (FEM) model and a
Discrete Element Method (DEM) model were used for evaluating three proposed slope
designs. The probabilistic analysis is also carried out to further analyses of the safety

factors obtained from numerical simulations.

5.2  Shear Strength Reduction Technigue

The factor of safety, FS, for slopes, is often defined as the ratio of the actual shear
strength to the minimum shear strength required preventing failure. Therefore, a logical
way to compute the factor of safety with a finite element or finite difference program is to
reduce the shear strength until failure occurs (e.g., Griffiths and Lane, 1999; Cundall and
Dawson, 1996). Similarly, the factor of safety is the ratio of the soil or rock’s actual
strength versus the reduced shear strength at failure. This shear strength reduction
technique was first used with finite element models by Zienkiewicz et al (1975) to

compute the safety factor of a slope composed of multiple materials.
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To perform a slope stability analysis with the shear strength reduction technique,
simulations are run for a series of increasing trial factors of safety, FS™. Actual shear
strength properties such as cohesion, c, and friction angle, ¢, are reduced for each trial

according to the equations:

ria 1
Ct I = ( FS trial jc (51)

P = arctan{( |:31ma| jtan ¢} (5.2)

If multiple materials and/or discontinuities are present, the reduction is made

simultaneously for all materials. The trial factor of safety is gradually increased until the
slope fails. The safety factor at failure is the trial safety factor. Zienkiewicz et al (1975)
has shown that the shear strength reduction factors of safety are generally within a few
percent of limited equilibrium solutions.

The shear strength reduction technique has two advantages over the slope stability
analyses with limited equilibrium. First, the critical failure surface is found automatically
making it unnecessary to specify the shape of the failure in advance (Griffiths and Lane,
1999). In general the failure mode of rock slopes is more complex than simple circles or
segmented surfaces. Second, numerical methods automatically satisfy transitional and
rotational equilibrium.

This technique has been used in this study to estimate the factor of safety for
different geometries of the final pit slope of the Chuquicamata Mine. Program SLOPE1,
finite element method, has an in-built subroutine to estimate the safety factor (Griffiths,
1996). Program UDEC is a discrete element method (Itasca, 1999) that utilizes a

subroutine called P3_FS.FIS to perform the safety factor calculations.
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5.3 Rock Mass Properties

The most important factors to consider in the numerical analysis reported in this
section are the rock mass and discontinuities strengths and stiffness. The Figure 5.1
shows a cross-section along the coordinate 4200 N, located roughly at the center of the
West Wall. In this cross-section the current slope geometry is shown together with
geotechnical units, and major and minor discontinuities.

The numerical models, Slopel and UDEC, were run with a perfectly plastic,
constitutive model. To estimate the rock mass strength and stiffness, the approach
suggested by Hoek and Brown (1990) was used, with a few important adjustments. Most
importantly, parameters m and s in the Hoek-Brown criterion were calculated assuming
disturbed rock mass conditions, since recent work, at the Chuquicamata Mine had shown
that this category is more appropriate for large-scale slopes. For each geotechnical unit, a
RMR (Rock Mass Rating) and estimated values of the uniaxial compressive strengths of
the intact rock, o, were used.

Other minor modifications were also made to make the Hoek-Brown technique to
make it more applicable to this case. The curved Hoek-Brown failure envelope was
“translated” to a linear Mohr-Coulomb envelope, for use as input into the numerical
models. Cohesion and friction angle for the Mohr-Coulomb model were determined using
linear regression over a representative stress range of the Hoek-Brown envelope.
Furthermore, the intercept with the vertical axis, o1, was fixed at the value of the uniaxial
compressive strength of the rock mass, ocm, as calculated from the Hoek-Brown criterion.
The regression stress range was determined from elastic stress analysis. Young’s modulus
of the rock mass, En, was calculated from the RMR using the empirical relation of
Serafin and Pereira (1983).



87

"N-00Z¢ 81euIpioo) ayl buoy uonaass-ssol) TG ainbi4

(220Z ¥4vI A)SLINIT
lid 3LvWiLin _g~

TVOILINOTHO AMAHdYOd LSVA[ ]
3LI0IQONVYED INNLHOA[ | 3LIMOIAONVYHO LSVI[[T] WNISSVYLOd A AHJYOd 1sv3 [l
a3uvaHs ATHOH| aLiyoldoNvye AAERE] | OILI01Y3S AYAHdYOd ._.m<m_.

. SL1NVd AYYANNOIS
0002-03d _/~ / Q3¥VIHS 3LVHIAOW I |1 NIWIA3SYLIN D1LSv1D [T %004 DILIDIYIS ZLYVNO [ ]
SLINVH VdIONINd
X31dWOD FAISNYULNI YNNLYOH X31dW 0D VIVINYIINDNHO
1id (NEREN S1INN TVOINHO31039
3 0057 3 0007 3 00s¢€ 3 000 3 0052 3 0002

13 0007 |

7

lneq 1SaMm

13 00S¢




88

Previous stress measurements have been used to estimate the horizontal-to-
vertical stress ratio K. Based on the results of these measurements, an estimation of K =
1.2 was used for numerical modeling. Table 5.1 shows the values of rock mass properties

for each geotechnical unit used for the analysis.

Table 5.1: Strength and Deformability Parameters for the Rock Mass Used in Numerical

Modeling
Quartz-
Parameter Fortu_na_ Shear Zone Sericitic East
Granodiorite rock Porphyry

Cohesion ¢ (kN/m°) 675 125 2,254 365
Friction angle ¢ (°) 43 25 46 43
Dilation angle y (°) 0 0 0 0
Young’s modulus E 9,000,000 700,000 4,900,000 9,000,000
(KN/m?)
Poisson’ ratio v 0.25 0.35 0.25 0.25
Unit weight y (kN/m?) 26 25 26 26

The cohesion and friction angle values for the discontinuities modeled explicitly

in the UDEC model are 20 kN/m? and 35° respectively.

5.4 Design of the West Wall
In order to evaluate the stability of the final geometry of the West Wall, two steps
have to be accomplished. First step is there-designing the interramp geometry using the

new strength parameters estimated from back-analysis. The second step includes re-

designing the overall slope geometry for the West Wall with the new interramp geometry.
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5.4.1 Interramp Slope Design

Analysis of structural data of the West Wall indicates that major shear plane
failure is a major concern and has to be considered in designing the interramp angle. To
evaluate the maximum slope angle that can be achieved, therefore, the potential shear
plane failure mechanism needs to be analyzed.The following assumptions were made in

establishing the theoretical relationship between slope height and interramp angle:

1. The geological information has revealed that the two discontinuities will
control the stability of the interramp in question. It assumed that failure, if it

occurred, would be on a composite planar surface as shown in Figure 5.2

\
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AN Inclination Of
'\ ritical Slip Surface
(P °
Surface Joint
hi" ' ‘ System (1)
’ ‘ \ Critical Slip
Surface

Joint System

™ 2)

g

Figure 5.2: Failure Mechanism Controlling the Interramp Slope Design of the

West Wall.
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2. Shear strength obtained from back-calculation in a previous chapter are
applicable.

3. According to safety criteria at the Chuquicamata Mine, the maximum height
for an interramp must be equal to or less than 160-m. Also, the minimum
factor of safety for the interramp must be equal to or greater than 1.3.

4. Factor of safety for a dry slope with no tension cracks is defined in Equation
(4.8) and has been used for this analysis. This equation can be rearranged in
the following form:

2ccosecy
- y(coty, —cosy , tang)(siny FS —cosy , tang)

(5.3)

Solving this equation for a range of slope angles, assuming » = 26 kN/m?, ¢ = 20
kN/m?, ¢ = 35°, wp = 44°, and ys = 30° to 44° gives the results shown in Figure 5.3.

According to these results, the slope height of 160 m, the maximum interramp
slope angle is 44°. The final design proposed for the interramp in the West Wall is
presented in Figure 5.4. It is important to note that this analysis deals with the stability of
the interramp slope and not with the possible failures of individual benches. In a large pit
such as the Chuquicamata pit, it would be uneconomic to attempt to analyze the stability
of each bench. Normally the bench design is been based in operational consideration as
described in Section 2.5.
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Figure 5.3: Relationship between Slope Angles and Slope Heights for the Interramp

Design of the West Wall for a Factor of Safety of 1.3.

Single Bench Geometry

20m 13 m

63°

L {

40m

Figure 5.4: Proposed Interramp Slope Design for the West Wall.
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5.4.2 Overall Slope Design

According to the description of the failure mechanism of the West Wall discussed
in Chapter Il, the final slope design should be modified if the mining is to progress
dipper. The new slope design for this slope need to be planned in such a way that the
probability of failure, based on the mechanism described in Chapter I, is minimized.
This requirement can be accomplished by reducing the active load on the shear zone. A
potential solution is to break up the continuous slope into two or more segments, using
wide platforms located at strategic intervals in the slope. However, for economical
reasons, a new solution should at least maintain the current overall slope angle. This is
critical for keeping the actual stripping ratio considered in the mine plan.

Taking into account these considerations, three alternatives of slope geometry are
proposed. Both proposals involve an increasing the interramp slope angle from 39°
(current design) to 44°, based on the findings given in Section 5.4.1. A wide platform
located on top of the shear zone will allow the slope to be broke up into two sections, thus
reducing the active load on the shear zone. The current design and the two alternative
geometries are presented in Figures 5.5, 5.6, and 5.7

Due to the complexity of failure mechanism of the West Wall, the analyses had to
be carried out using numerical models. Two numerical codes were tested for their
applicability to the problem. A Finite Element Method (FEM) and Discrete Element
Method (DEM) were chosen to evaluate the stability of the final design of the West Wall.
In the next section, an explanation how these methods were applied and the results

obtained are given.
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5.5 Numerical Modeling

The numerical methods can provide information regarding the internal conditions
of the rock mass slope in term of stress and displacement distribution, such that the stable
zones can be differentiated from unstable zones. This is especially important for this
study due to the complex nature of the geology of the West Wall. Since numerical
methods allow development of the failure surface naturally as function of the
combination of material properties and geometry, no previous assumption of the failure
mechanism surface needs to be made.

Pit slope design using numerical methods requires the following information:

1. Final pit wall geometry, including height and pit slope angles.

2. General geology, location of the lithologic units, major and minor
discontinuities, and alteration variations within the rock types.

3. Rock mass properties and shear strength of the discontinuities and elastic
properties of the rock mass.

4. Pore water pressure in the pit walls.

5.5.1 Finite Element Model
The code used for this analysis is a modified version of the Finite Element

program, SLOPE1 (Smith and Griffiths, 1998). The program is a two-dimensional plane
strain code and incorporates the Mohr-Coulomb failure criterion. Each quadrilateral
element has eight-nodes with four Gauss points per element. The model assumes that the
material is initially elastic and calculates normal and shear stresses at all Gauss points
within the mesh. After that, the stresses are compared to the Mohr-Coulomb strength. If
the stresses at specific Gauss point rest within the Mohr-Coulomb failure envelope, then
that Gauss point is assumed to remain elastic. On the contrary, if the stresses rest on or

outside the failure envelope, then that Gauss point is considered yielding. The yielding
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stresses are redistributed through the mesh utilizing the visco-plastic algorithm. Overall
failure occurs when a sufficient number of Gauss points have yielded to allow a failure
mechanism to progress.

The program defines the failure to occur when the algorithm cannot converge
within a user-specified maximum number of iterations. The meaning of this is that no
stress distribution can be found that is simultaneously able to satisfy both the Mohr-
Coulomb criterion and the global equilibrium (Griffiths, 1999). When the algorithm is
unable to satisfy these criteria, the slope failure has occurred.

The model allows the introduction of six parameters to define the mechanical and
elastic characteristics of the rock mass. The properties used in this model were presented
in Table 5.1 and the slope geometry in Figures 5.5 through 5.7.

The results obtained for three of the slope geometries analyzed as part of the study
are shown in Figures 5.8, 5.9 and 5.10. The factors of safety for the three options
analyzed are 1.30, 1.6 and 1.6 respectively. The results clearly show that a geometry with
a continuous slope in the West Wall lead to less stability in this slope. The model,
however, does not show any significant difference in platform lengths of 200 m and 250
m. However, indicating that the improvement in stability after adding 50 m to the

platform width is small.
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Figure 5.8: Deformed Mesh Plot and Factor of Safety Corresponding to the Option 1
Solution with a FS 1.30: (a) deformed mesh; (b) FS versus displacement.
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(b)
1.60: (a) deformed mesh; (b) FS versus displacement.
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Figure 5.10: Deformed Mesh Plot and Factor of Safety Corresponding to the Option 3
Solution with FS = 1.60: (a) deformed mesh; (b) FS versus displacement.

The FEM results confirm that including a platform on top of the shear zone helps
to increase the stability of the West Wall. The factors of safety obtained with FEM are

relatively high (see Section 5.5.2) due to the continuous nature of the model. To have
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realistic values of factor of safety, it is necessary to include the two discontinuity sets
present in the West Wall.

Although, the FEM model is not completely appropriate to be used for this study,
it provided a good understanding of the failure mechanism of the West Wall. The FEM
model can estimate the location of the critical failure surface with no a priori assumption
of its position. As such the model can be used for sensitivity analyses for testing different

slope geometries in relatively short run time.

5.5.2 Discrete Element Method

In the Discrete Element Method, the rock mass is represented as an assemblage of

discrete blocks. Joints are viewed as interfaces between distinct bodies. The discontinuity
IS treated as a boundary condition rather than a special element in the model. The contact
forces and displacement at the interfaces of a stressed assembly of blocks are found
through a series of calculations which trace the movements of the blocks. Movements
result from the propagation through the block system of a disturbance applied at the
boundary (Cundall, 1971). This is a dynamic process in which the speed of propagation is
a function of the physical properties of the discrete system. The dynamic behavior is
described numerically by using a timestepping algorithm, in which the size of the
timestep is selected such that velocities and accelerations can be assumed constant within
the timestep. The Distinct Element Method is based on the concept that the timesteps are
sufficiently small such that, during a single step, disturbances cannot propagate between
one discrete element to its immediate neighbors. This solution scheme is identical to the
one used by the explicit finite difference method for continuum numerical analysis (Hart,
1988). The calculation performed in the Distinct Element Method alternates between
applications of a force-displacement law at the contacts and Newton’s second law of
motion at the blocks. This numerical formulation satisfies momentum and energy

conservation laws by satisfying Newton’s laws of motion.
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A rock joint is represented numerically as a contact surface formed between two
block edges. The joint is assumed to extend between two contacts and divided in half,
with each half-length supporting its own contact stress. Incremental normal and shear
displacements are calculated for each point contact and associated length.

The basic model used in the code captures several features of the physical
response of joints. In the joint-normal direction, the stress-displacement relation is
assumed to be linear and governed by the stiffness, k,. Similarly, in shear, the response is
controlled by a constant shear stiffness, ks. The shear stress is limited by a combination of
cohesive strength and friction angle. This model is known as the Coulomb Slip Model.
The Coulomb model can appropriate a displacement-weakening response, which is often
observed in physical joints. This is accomplished by setting both, the tensile strength and

cohesion to zero.

5.5.2.1 UDEC Modeling
In UDEC, each block is automatically discretized into triangular constant strain

elements. These elements may follow an arbitrary, nonlinear constitutive law (e.g., Mohr-
Coulomb criterion). Other nonlinear, plasticity models included in UDEC are ubiquitous
joint and strain softening models. The complexity of deformation of the blocks depends
on the number of elements used to discretize the blocks (ltasca, 1994).

The UDEC code was used to examine the effect of discontinuities found in the
west wall. Since UDEC represents joints explicitly, it is possible to study the relative
shear and opening behavior of the joints. The UDEC model for this study was
constructed directly from coordinates taken from geotechnical units including both the
joint set of 65° with 20 m spacing and the joint set 44° with 10 m spacing in the Fortuna
Granodiorite. The blocks in the model were subdivided into finite difference zones to
ensure accurate that plasticity solutions could be obtained.

The results of simulations led to the following conclusions:
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1. The factor of safety for the continuous slope (current final slope design) is
1.20. This value was reached after modeling 7 trial factor of safety. Figure
5.10b shows the plot indicating that when FS=1.20, there is a sudden increase
in the velocity, which in turn shows that the model is unable to reach
equilibrium. The Figures 5.11a and 5.11b gives the horizontal displacement
and deformed block-mesh corresponding to the “no convergence” situation at
FS=1.20. As seen in these, figures the failure propagates through the shear
zone and causes the entire slope to move downward. Also seen is the toppling
mechanism, induced by the shear displacements on the joint sets. This is
consistent with the observed behavior of the West Wall.

2. The factor of safety for the final slope design with a 200-m platform on top of
the shear zone is 1.40. Figures 5.12a and 5.12b shows a plot of factor of safety
against velocity and horizontal displacements and deformed block-mesh
respectively. It can be noticed that displacements in the shear zone are less
than those in continuous slope simulations. This condition can be attributed to
shear zone being less exposed and thus more confined in the flat slope case.

3. The factor of safety for the final slope design with a 250-m platform on top of
the shear zone is 1.45. Figures 5.13a and 5.13b show the plot of factor of
safety against velocity, horizontal displacements and deformed block-mesh
respectively. Here, it can be seen that the displacements in the shear zone are
only slightly less than the case of 200-m platform. This option may be more
favorable than the 200-m platform, due to uncertainties regarding boundaries
of the shear zone.

As a conclusion the change in the geometry of the final pushback of the West

Wall by including a platform over the shear zone improves the stability of the slope. The
factors of safety for the two platform options analyzed are significantly greater than that
for the current design, however, the difference between thems is small. The minimum

requirement of factor of safety has to be equal to or greater than 1.3 is satisfied only for
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the two proposed alternatives. To find out the probability of failure of the two platform

options, further statistical studies were carried out, and this is discussed in the section.
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Figure 5.11: Deformed Block-Mesh plot and Factor of Safety Corresponding to the
Option 1 Solution with FS = 1.20: (a) deformed block-mesh and
horizontal displacement; (b) FS versus velocity.
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Figure 5.12: Deformed Block-Mesh Plot and Factor of Safety Corresponding to the
Option 2 Solution with FS = 1.40: (a) deformed block-mesh and
horizontal displacement; (b) FS versus velocity.
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Figure 5.13: Deformed Block-Mesh Plot and Factor of Safety Corresponding to the
Option 3 Solution with FS = 1.45: (a) deformed block-mesh and
horizontal displacement, (b) FS versus velocity.



107

5.6 Probabilistic Analysis of the Resulting Factor of Safety

Conventional slope stability methods compute the factor of safety of a rock mass
slope normally for a fixed set of conditions or a given data set which includes shear
strength parameters, pore-water pressure and slope geometry. Uncertainties of the input
parameters are not taken into consideration. Rock mass properties of the West Wall
estimated using RMR (Section 5.3), exhibit a distribution about a mean value under ideal
conditions. This variability can have a significant impact upon the design calculations.

The values of cohesion c, friction angle ¢, the uniaxial compressive strength of
the rock mass o, and the deformation modulus E of the continuum rock mass were
calculated by the procedure described by Hoek and Brown (1990). In order to assess the
impact of the variation on output parameters, a calculation of the factor of safety for each
alternative was carried out. The distribution of the factor of safety values were
determined by Rosenbleuth’s Point Estimate Method (1981) in which two values are
chosen at one standard deviation on either side of the mean for each variable. The factor
of safety is then calculated for every possible combination of point estimates, producing
2" solutions, where n is the number of variables considered. The mean and standard
deviation of the factor of safety are then calculated from these 2" solutions. The two
variables that have the largest influence in the slope stability are cohesion and friction
angle.

The mean and standard deviation of cohesion and friction angle of the rock mass
were estimated using the approach suggested by Hoek, 1997. The analyses were carried
out for each geotechnical units that are present in the West Wall. The mean and standard
deviation obtained for all the geotechnical units are presented in Table 5.2.
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Table 5.2: Mean and Standard Deviation of Cohesion and Friction Angle of each

Geotechnical Unit.

: : Cohesion Friction angle

Geotechnical unit (KN/m?) ©)

. mean= 615 mean= 43

Fortune Granodiorite stdev = 246 stdev = 7

Shear Zone mean= 125 mean= 2>

stdev = 44 stdev = 2

. mean= 2450 mean= 46

Quartz-Sericitic Rock stdev = 980 stdev =5

East porphyr mean= 365 mean= 43

porphyry stdev = 146 stdev =4

For this study, it was necessary to run each UDEC model four times, one for each

combination of cohesion and friction angle. Based on the assumption that the variables c,

¢ are normally distributed and considering the form of the equations used to calculate the

factor of safety, it was assumed that the factor of safety is adequately represented by a

normal distribution. The results from the analysis are presented in Table 5.3, in term of

the cumulative probability distribution, the mean values, and the standard deviations of

factor of safety, FS. For each slope geometry, four trials were carried out using the

Rosenbleuth’s Point Estimate Method, as outlined before. The detailed analysis and

figures for this analysis are presented in Appendix G.

Table 5.3: Factor of Safety Obtained from Four Combinations of Cohesion and Friction

Angle.
Factor of safety
c Option 1: Option 2: 200-m  Option 3: 250-m
ase .
Continuous slope platform platform
Cs, O+ 1.470 1.620 1.680
Cs+, 0. 1.230 1.470 1.480
C., O+ 1.130 1.300 1.320
c., ¢ 1.050 1.230 1.280
Mean Safety Factor 1.220 1.405 1.440
Standard Deviation 0.158 0.152 0.157
P(FS<1) 8.2% 0.38% 0.25%
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In deciding the acceptability of the level of risk associated with a given slope, use
is made of the quantity P(FS<1.0), which is a value between 0 and 1.0, giving the
probability that the factor of safety of a given slope will be less than 1.0 (McMahon,
1975). The value P(FS<1.0) is assumed be equal to the proportion of factor of safety
values less than 1.0, and this can be read from the cumulative distribution of safety
factors. The minimum acceptable values of the mean FS and the maximum acceptable
values of P(FS<1.0) adopted in the present analysis are described in Chapter 2.

The acceptable values of mean and P(FS<1) for acceptable design of the West
Wall are FS equal to or greater than 1.3 and P(FS<1) <= 5%. According to these criteria
and guidelines, both option 2 and 3 are stable and acceptable as designed. These slope
geometries involve a small risk of failure. On the other hand, the current design for the
West Wall does not satisfy both criteria and is considered to be unstable and represents

an unsatisfactory design.

5.7 Summary of Results

According to results obtained above the following main conclusion can be

mentioned:

1. For increasing the interramp angle in the West Wall, it is necessary to take
measures for reducing loading on the shear zone, which can be accomplished
allowing a platform as discusses in Section 5.4. Having a continuous slope in
the West Wall will increase loading on the shear zone thus increasing the
possibility of slope failure, Calderon at al. (1997).

2. The rock mass strength data required for the input for numerical analysis was
obtained using Hoek-Brown empirical strength criterion. This methodology
offers an alternative means of estimating rock mass strength from examination

of borehole core and surface exposures, coupled with simple laboratory
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testing (Hoek and Brown, 1997). The data obtained from this procedure are
reasonable for representing the strength of the rock mass in the West Wall.

. The factors of safety obtained from Finite Element Method were consistently
greater than those obtained by Discrete Element Method. This situation may
be attributed to the fact that the Finite Element Method used does not take into
account the two set of discontinuities present in the slope. This condition is
especially important in representing the failure mechanism of the slope as
these discontinuities represent a plane of weakness (anisotropy) in the rock
mass.

. As mentioned above, one of the potential limitations of Finite Element
Method for this analysis is that the method does not account for directional
weakness in the rock mass. The Discrete Element Method allows explicit
modeling of the discontinuities and thus provides more realistic results.

. According to the factor of safety values obtained using UDEC, both options,
with platforms on the shear zone, are feasible to develop for the final push
back of the West Wall.

. Analyzing the probability of failure of each case, it is clear that the current
final design for the slope does not satisfy maximum probability of failure of
5%, established for this particular open pit mine. Therefore, a continuous
slope design for the West Wall is not feasible for the depth studied.

It is clear that the alternative geometries proposed for the slope give an
improvement both in the safety of the slope and with a small probability of
failure. Even though the differences in factor of safety and probability of
failures of these options are small, it was decided that the safest option for
design the final push back of the West Wall is 250-m wide platform which
gives the maximum factor of safety 1.45 with a minimum probability of

failure among the three options studied.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The main conclusions emerged from this study are as follows:

. The study achieved its main objective in proposing a justified slope design for the

large pushback at the Chuquicamata Copper Mine. The proposed design is to
leave 250 m platform over the shear zone and increase the interramp angle from
39° to 44°, It is important point out that this increment can be implemented only if
the overall slope design may decrease the deformation of the shear zone. It is
shown that this prerequisite can be achieved by placing a platform over the shear

Zone.

. The Maximum Likelihood statistical technique has proven successful in back

calculating strength parameters of the discontinuities. This technique can be used
routinely at the open pit mines for discontinuity strength estimation.

. A statistical method of back-analysis eliminates two major disadvantages of

laboratory or even in-situ testing. Size effect is not a problem since the strength
values are derived from information of real cases. Similarly, shape effect is not a
problem because the data represent real cases where no assumption of the
geometry is made. In addition to this, coupling both failed and unfailed cases in

the analysis helps to improve the accuracy of the estimation.

. An associated limitation with the statistical technique used is the choice of the

distribution function for the factor of safety. In this study a lognormal distribution

was tested. It is necessary to check the method with other distribution functions.
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It is important to emphasize that, the data used to estimate the strength of
discontinuities came from a specific mine site. All the data were collected at
Chuquicamata Mine. Therefore, the strengths represent a particular type of
discontinuities belong a unique rock mass and cannot be used in different
geologic environment. This is especially important at Chuguicamata Mine, where
the slopes are excavated in different geological unit in which the discontinuities
present different characteristic, therefore, different strengths.

Rock mass properties were obtained from a combination of rock mass
classification and laboratory tests. To estimate the rock mass strength and
stiffness, the approach suggested by Hoek and Brown, 1990, was used..
Parameters m and s in the Hoek-Brown criterion were calculated assuming
disturbed rock mass conditions, since recent work has shown this category to be
more appropriate for large-scale rock slopes. The curved Hoek-Brown failure
envelope was “translated” to a linear Mohr-Coulomb envelope, for use as an input
into numerical models. This approach seems to be satisfactory for estimating rock
mass strength. However, care should be taken using this approach due to the
cohesion values are sensible to the RMR rating assigned to the rock mass.

Due to the complex failure mechanism governing the West Wall at Chuquicamata
Mine was required numerical modeling to study the slope stability of the wall. To
achieve this goal, two numerical methods were used. Finite Element Method
(FEM) and Discrete Element Method (DEM) were formulated to represent the
geometry and strength properties of the problem. In general sense, both numerical
methods captured the failure mechanism of the wall which is mainly controlled by
the shear zone. However, FEM model is not capable to include explicitly or
implicitly discontinuities in the formulation. This situation has an important
impact on the result of the model due to the strength of the rock mass is over
estimated. On the contrary, DEM model allows including explicitly
discontinuities that are important on the failure mechanism of the West Wall.
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. This study confirms that the current slope geometry generates low factor of safety

and higher probability of failure, i. e., 1.220 and 8.2% respectively. These results
were expected according observation recorded at the mine. The influence of the
shear zone established by the numerical modeling is similar to the current
behavior of the slope. The results obtained for the proposed slope geometries with
platform over the shear zone show that the factors of safety are 1.40 and 1.45 and
the probability of failure of 0.38% and 0.25%, respectively, can be achieved.
These results suggest that the proposed slope geometries have a potential to

improve the stability of the final pushback of the West Wall.

Recommendations

The research reported on this thesis, leads to the following recommendations:

. The back-analysis technique presented in this study can be used at Chuguicamata

Mine as a direct method to estimate strength parameters of the discontinuities.
Extending this methodology to the different sector of the mine, and other mines
should be explored as this would further evaluate the validity of the model

In order to improve the accuracy of the statistical method utilized in this research,
additional investigation needs to be done to evaluate other statistical distribution
function for the factor of safety.

Refinement of the rock mass property estimation methods should be done. The
method employed in this study is sensible to the rock mass rating assigned to each
geological unit. A small change in this variable can lead to high change in the
strength of the rock mass. Exploring different methodologies is required to

improve the reliability of strength of the rock mass.

. The numerical modeling has shown to be a powerful tool for evaluating the

stability of the West Wall. Therefore, it is recommended to continue applying this

tools for analyzing the slope stability problems.
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In the next pushback to be developed on the West Wall should be test the
recommended 44° slope angle. This requirement is important to be applied as
soon as the mine plan permits. In addition, a first order survey should be run to
establish an accuracy database of the performance of the interramp slope in the
West Wall.

Although has been probed that setting a platform on top of the shear zone
improves the stability of the slope. It is recommended that different position of
this platform is evaluated before making the final decision regarding to the final

design for the pushback.
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APPENDIX A

DATABASE OF PLANE AND WEDGE FAILURES



Data concern to the plane failures.
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: e L Block
No Code DIP PP dir Dip Dip-dir height Type Water ¢ ondition
©) ©) ©) ©) (m) Condition
1 SPV-2 56 105 64 110 23.00 JS dry Failed
2 SPV-3 43 93 66 105 17.41 JS dry Failed
3 SPV4 44 85 63 102 22.50 JS dry Failed
4 SPV-5 44 95 66 104 15.61 JS dry Failed
5 SPV-6 39 95 65 106 19.44 JS dry Failed
6 SPV-7 44 92 61 110 20.00 JS dry Failed
7 SPV-8 47 87 65 105 18.36 JS dry Failed
8 SPV-9 48 97 61 105 18.99 JS dry Failed
9 SPV-10 47 89 63 110 16.54 JS dry Failed
10 SPV-11 42 95 59 105 15.31 JS dry Failed
11 SPV-12 45 95 62 97 25.20 JS dry Failed
12 SPV-13 42 102 65 102 22.07 JS dry Failed
13 SPv-14 45 111 61 102 19.68 JS dry Failed
14 SPv-15 45 109 63 108 25.30 JS dry Failed
15 SPV-16 37 112 65 105 19.00 JS dry Failed
16 RvV-1 57 250 70 269 14.00 JS dry Failed
17 RV-3 63 261 73 269 15.89 JS dry Failed
18 RV-5 61 265 68 266 22.36 JS dry Failed
19 RV-6 55 259 69 262 16.33 JS dry Failed
20 RV-12 45 282 70 288 12.39 JS dry Failed
21 RV-15 60 284 72 290 12.31 JS dry Failed
22 RV-17 66 271 75 288 17.54 JS dry Failed
23 RV-19 57 201 73 294 10.77 JS dry Failed
24 RV-22 59 268 68 275 13.66 JS dry Failed
25 RV-23 56 272 68 292 13.78 JS dry Failed
26 RV-24 65 342 75 295 12.21 JS dry Failed
27 RV-26 54 297 71 285 16.05 JS dry Failed
28 RV-27 60 286 70 292 18.31 JS dry Failed
29 RV-29 53 285 71 285 11.98 JS dry Failed
30 RV-30 64 284 72 293 18.16 JS dry Failed
31 GF-W1 48 98 60 93 22.00 JS dry Failed
32 GF-W2 55 108 62 110 26.00 JS dry Failed
33 GF-W3 42 118 62 85 22.80 JS dry Failed
34 GF-W4 47 115 65 95 15.66 JS dry Failed
35 GF-W5 48 95 62 101 22.00 JS dry Failed
36 GF-W6 56 110 65 122 20.30 JS dry Failed
37 GF-W7 47 112 57 112 22.40 JS dry Failed
38 GF-W8 55 115 64 105 25.00 JS dry Failed
39 GF-W9 45 98 61 102 26.00 Js dry Failed
40 GF-W10 46 100 63 108 24.00 Js dry Failed
41 GF-W11 50 125 64 97 23.45 JS dry Failed
42 GF-W12 50 75 68 113 24.38 JS dry Failed
43 GF-W13 47 105 85 98 20.70 JS dry Failed
44 GF-W14 52 276 70 100 17.00 JS dry Failed
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: e L Block
No Code DIP Dip-dir Dip Dip-dir height Type Waler - ondition
©) ©) ©) ©) (m) Condition
45 GF-W15 40 266 69 103 32.00 JS dry Failed
46 GF-W16 55 285 73 96 23.00 JS dry Failed
47 GF-W17 58 262 70 88 23.20 JS dry Failed
48 GF-W18 60 304 68 101 24.70 JS dry Failed
49 SPP-1 42 95 63 110 11.71 JS dry Unfailed
50 SPP-2 39 114 60 105 10.97 JS dry Unfailed
51 SPP-3 32 122 58 105 8.97 JS dry Unfailed
52 SPP-4 40 115 64 102 13.93 JS dry Unfailed
53 SPP-5 38 110 69 94 13.53 JS dry Unfailed
54 SPP-6 40 121 66 105 14.09 JS dry Unfailed
55 SPP-7 37 112 65 97 12.90 JS dry Unfailed
56 SPP-8 38 110 67 95 14.89 JS dry Unfailed
57 SPP-9 33 99 67 95 15.97 JS dry Unfailed
58 SPP-10 45 102 67 88 12.17 JS dry Unfailed
59 SPP-11 38 110 69 100 9.86 JS dry Unfailed
60 SPP-12 42 100 62 98 10.19 JS dry Unfailed
61 RP-2 65 255 70 265 17.20 JS dry Unfailed
62 RP-4 57 254 65 265 15.50 JS dry Unfailed
63 RP-7 53 264 63 265 9.33 JS dry Unfailed
64 RP-8 68 233 77 268 9.58 JS dry Unfailed
65 RP-9 57 254 67 280 10.84 JS dry Unfailed
66 RP-10 65 268 76 285 11.78 JS dry Unfailed
67 RP-11 66 254 76 295 8.15 JS dry Unfailed
68 RP-13 58 273 65 286 15.39 JS dry Unfailed
69 RP-14 66 289 76 295 9.09 JS dry Unfailed
70 RP-16 62 264 77 290 7.54 JS dry Unfailed
71 RP-18 64 297 74 296 9.55 JS dry Unfailed
72 RP-20 55 322 76 295 10.95 JS dry Unfailed
73 RP-21 64 255 70 295 13.18 JS dry Unfailed
74 RP-25 68 232 75 286 16.65 JS dry Unfailed
75 RP-28 58 266 71 300 15.90 JS dry Unfailed
76 GP-W1 52 94 65 94 14.00 JS dry Unfailed
77 GP-W2 45 108 64 108 18.00 JS dry Unfailed
78 GP-W3 42 92 63 87 19.00 JS dry Unfailed
79 GP-W4 55 118 65 96 12.90 JS dry Unfailed
80 GP-W5 57 120 66 101 15.00 JS dry Unfailed
81 GP-W6 60 105 64 122 21.10 JS dry Unfailed
82 GP-W7 60 120 64 112 25.60 JS dry Unfailed
83 GP-W8 55 112 63 105 10.50 JS dry Unfailed
84 GP-W9 50 110 62 102 12.60 JS dry Unfailed
85 GP-W10 48 100 61 108 15.35 JS dry Unfailed
86 GP-W1l 50 129 68 98 9.35 JS dry Unfailed
87 GP-W12 55 275 65 114 12.00 JS dry Unfailed
88 GP-W13 45 275 62 96 12.54 JS dry Unfailed
89 GP-W14 40 235 63 101 18.00 JS dry Unfailed
90 GP-W15 38 276 64 102 18.00 JS dry Unfailed
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: e L Block
No Code I(DO;E) D'(po)f' " '(30;5’ D'(E)jlr h((e:g?t Type C(\)/r\:ggfiron Condition
91 GP-W16 64 260 73 97 13.00 JS dry Unfailed
92 GP-W17 65 262 70 89 18.05 JS dry Unfailed
93 GP-W18 37 272 68 102 20.00 JS dry Unfailed
94 GP-W19 38 304 68 104 15.56 JS dry Unfailed
Ydip of discontinuity
2dip-direction of discontinuity
*dip of slope face
*dip-direction of slope face
Table A2: Data concern to the wedge failures.
N° Code | Condi- | Block | Dip [Dip-dir| Dip |Dip-dir| Dip |Dip-dir| Dip [Dip-dir
tion | height | () | () | ) | O | @ | ° | ) | ¢
0 KV-01 Failed 24.38 71.00 225.00 60.00 300.00 0.00 293.00 69.34 293.00
1 KV-02 Failed 22.80 70.00 130.00 71.00 224.00 0.00 179.00 77.00 179.00
2 KV-03 Failed 27.18 65.00 250.00 76.00 360.00 0.00 320.00 83.36 320.00
3 KV-04 Failed 32.00 65.00 220.00 70.00 307.00 0.00 282.00 73.16 282.00
4 KV-05 Failed 52.00 85.00 312.00 55.00 195.00 0.00 166.00 73.60 166.00
5 KV-06 Failed 19.85 50.00 240.00 65.00 301.00 0.00 278.00 70.55 278.00
6 KV-07 Failed 26.00 56.00 235.00 65.00 320.00 0.00 255.00 65.00 255.00
7 KV-08 Failed 52.00 66.00 210.00 70.00 325.00 0.00 251.00 75.00 251.00
8 KV-09 Failed 52.00 60.00 200.00 75.00 302.00 0.00 265.00 70.00 265.00
9 KV-10 Failed 24.35 45.00 240.00 85.00 300.00 0.00 244.00 63.00 244.00
10 KV-11 Failed 44.00 55.00 210.00 78.00 300.00 0.00 226.00 65.00 226.00
11 MV-01 Failed 25.19 62.00 220.00 63.00 315.00 0.00 269.00 75.00 269.00
12 MV-02 Failed 30.00 60.00 235.00 65.00 325.00 0.00 286.00 70.00 286.00
13 MV-03 Failed 25.00 70.00 215.00 65.00 315.00 0.00 277.00 80.00 277.00
14 MV-04 Failed 26.76 77.00 230.00 62.00 323.00 0.00 291.00 76.00 291.00
15 MV-05 Failed 30.00 76.00 215.00 68.00 320.00 0.00 289.00 75.00 289.00
16 MV-06 Failed 26.04 50.00 73.00 78.00 140.00 0.00 89.00 64.52 89.00
17 MV-07 Failed 23.00 70.00 85.00 64.00 170.00 0.00 144.00 73.00 144.00
18 MV-08 Failed 19.59 68.00 264.00 65.00 10.00 0.00 293.00 71.00 293.00
19 MV-09 Failed 24.00 47.00 52.00 70.00 18.00 10.00 45.00 65.00 45.00
20 MV-10 Failed 52.00 68.00 272.00 74.00 360.00 0.00 296.00 70.00 296.00
21 MV-11 Failed 24.39 70.00 260.00 52.00 300.00 0.00 287.00 73.00 287.00
22 MV-12 Failed 25.30 72.00 98.00 56.00 170.00 0.00 175.00 68.00 175.00
23 MV-13 Failed 26.55 65.00 252.00 64.00 344.00 0.00 280.00 74.00 280.00
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N° Code | Condi- | Block | Dip [Dip-dir| Dip |Dip-dir| Dip |Dip-dir| Dip [Dip-dir
tion hE‘Ith (o)l (0)2 (0)3 (0)4 (0)5 (0)6 (0)7 (0)8
24 MV-14 | Failed | 30.00 | 67.00 | 220.00 | 68.00 | 32000 | 0.0 [ 251.00 | 72.00 | 251.00
25 MV-15 | Failed | 21.96 | 68.00 | 22200 | 57.00 | 16500 | 0.0 | 183.00 | 71.00 | 183.00
26 MV-16 | Failed | 30.00 | 66.00 | 25400 | 68.00 | 15500 | 0.0 | 182.00 | 75.00 | 182.00
27 CV-01 | Failed | 2250 | 73.00 | 22000 | 66.00 | 290.00 [ 0.00 | 275.00 | 80.00 | 275.00
28 CV-02 | Failed | 1932 | 79.00 | 24500 | 71.00 | 345.00 | 0.00 | 300.00 | 80.00 | 300.00
29 CV-03 | Failed | 2250 | 65.00 | 24000 | 59.00 | 330.00 | 000 | 311.00 [ 75.00 | 311.00
30 CV-04 | Failed | 1694 | 71.00 | 299.00 | 75.00 | 355.00 | 0.00 | 319.00 | 85.00 | 319.00
31 CV-05 | Failed | 2197 | 69.00 | 28600 | 85.00 | 357.00 | 0.00 | 322.00 | 82.00 [ 322.00
32 CV-06 | Failed | 19.74 | 55.00 | 26500 | 55.00 | 350.00 | 0.0 | 333.00 | 72.00 | 333.00
33 CV-07 | Failed | 2350 | 68.00 | 277.00 | 70.00 | 19.00 0.00 | 32500 | 70.00 | 325.00
34 CV-08 | Failed | 19.44 | 75.00 | 280.00 | 67.00 4.00 0.00 [ 33000 | 75.00 | 330.00
35 CV-09 | Failed | 2270 [ 70.00 | 270.00 | 85.00 | 45.00 0.00 [ 335.00 | 80.00 | 335.00
36 CV-10 | Failed | 1154 | 70.00 | 30500 | 60.00 | 48.00 0.00 | 360.00 | 70.00 | 360.00
37 CV-11 | Failed | 1598 | 75.00 | 287.00 | 80.00 | 10.00 0.00 [ 315.00 | 83.00 | 315.00
38 CV-12 | Failed | 1923 | 67.00 | 27000 | 78.00 [ 10.00 0.00 | 320.00 | 81.00 | 320.00
39 CV-13 | Failed | 2243 | 6200 | 265.00 | 77.00 | 340.00 | 0.00 | 30000 | 78.00 | 300.00
40 CV-14 | Failed | 1660 | 64.00 | 23000 | 72.00 | 310.00 | 0.00 | 280.00 | 70.00 | 280.00
41 CV-15 | Failed | 2245 | 70.00 | 290.00 | 6800 | 19500 | 000 | 270.00 | 79.00 | 270.00
42 CV16 | Failed | 21.75 | 6500 [ 205.00 | 72.00 | 32500 [ 0.0 | 270.00 | 72.00 | 270.00
43 KP-01 |[Unfailed | 24.36 | 7000 | 230.00 | 8500 | 360.00 | 0.00 | 269.00 | 7554 | 269.00
44 KP-02 | Unfailed | 17.12 | 75.00 | 255.00 | 55.00 | 338.00 | 0.00 | 293.00 | 70.56 [ 293.00
45 KP-03 | Unfailed | 2548 | 70.00 | 210.00 | 67.00 | 31500 | 0.00 | 251.00 | 76.30 | 251.00
46 KP-04 | Unfailed | 13.02 | 50.00 | 240.00 | 75.00 | 33000 [ 000 | 291.00 | 8570 [ 291.00
47 KP-05 | Unfailed | 17.35 | 83.00 | 220.00 | 60.00 | 33500 | 0.00 | 267.00 | 82.82 | 267.00
48 KP-06 | Unfailed | 22.90 | 50.00 | 210.00 | 80.00 | 310.00 | 0.00 | 257.00 | 77.97 | 257.00
49 KP-07 | Unfailed | 22.16 | 65.00 | 255.00 | 65.00 5.00 0.00 | 313.00 | 7556 | 313.00
50 KP-08 | Unfailed | 25.88 | 53.00 | 240.00 | 70.00 | 345.00 | 0.00 | 277.00 | 5850 | 277.00
51 MP-01 | Unfailed | 25.66 | 50.00 | 210.00 | 75.00 | 320.00 | 0.00 | 246.00 | 77.46 | 246.00
52 MP-02 | Unfailed | 2377 | 65.00 | 24500 | 55.00 | 355.00 | 0.00 | 289.00 | 69.11 | 289.00
53 MP-03 | Unfailed | 2576 | 85.00 | 10.00 | 60.00 | 240.00 | 0.00 | 265.00 | 68.04 | 265.00
54 MP-04 | Unfailed | 2260 | 66.00 | 232.00 | 74.00 | 359.00 | 0.00 | 260.00 | 73.00 | 260.00
55 MP-05 | Unfailed | 23.19 | 74.00 | 23400 | 4500 | 350.00 [ 0.00 | 293.00 | 6548 | 293.00
56 MP-06 | Unfailed | 3058 [ 55.00 | 200.00 | 78.00 | 330.00 | 0.00 | 25200 | 73.17 [ 252.00
57 MP-07 [ Unfailed | 2259 | 65.00 | 21000 | 6800 | 31500 | 0.00 | 290.00 | 67.16 | 290.00
58 MP-08 | Unfailed | 19.30 | 62.00 | 130.00 | 70.00 | 240.00 | 000 | 175.00 | 73.37 | 175.00
59 MP-09 | Unfailed | 2225 | 70.00 | 240.00 | 65.00 [ 10.00 0.00 | 310.00 | 70.00 | 310.00
60 MP-10 | Unfailed | 27.61 | 70.00 | 260.00 | 65.00 | 160.00 | 0.00 | 243.00 | 70.00 | 243.00
61 MP-11 | Unfailed | 2050 | 76.00 | 7500 | 69.00 | 212.00 | 000 | 138.00 | 68.43 | 138.00
62 MP-12 | Unfailed | 2054 | 70.00 | 11600 | 60.00 | 245.00 | 000 | 171.00 | 59.52 | 171.00
63 MP-13 | Unfailed | 19.71 | 76.00 | 128.00 | 70.00 | 260.00 | 0.00 | 179.00 | 72.90 | 179.00
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N° Code | Condi- | Block | Dip [Dip-dir| Dip |Dip-dir| Dip |Dip-dir| Dip [Dip-dir
tion hE‘Ith (o)l (0)2 (0)3 (0)4 (0)5 (0)6 (0)7 (0)8

64 MP-14 | Unfailed | 27.36 | 78.00 | 242.00 | 68.00 | 360.00 | 0.00 | 293.00 | 6532 | 293.00
65 MP-15 | Unfailed | 2154 | 74.00 | 25600 | 68.00 | 348.00 | 0.00 | 293.00 | 70.00 | 293.00
66 MP-16 | Unfailed | 2025 | 55.00 | 65.00 | 70.00 | 190.00 | 0.00 85.00 | 7072 | 85.00

67 MP-17 [ Unfailed | 2220 | 85.00 | 12000 | 68.00 | 200.00 | 0.00 | 14400 | 8459 | 144.00
68 MP-18 | Unfailed | 2430 | 71.00 | 22000 | 75.00 | 360.00 | 0.00 | 266.00 | 65.00 | 266.00
69 MP-19 [ Unfailed | 24.10 | 60.00 | 32500 | 75.00 | 240.00 | 0.00 | 270.00 | 67.31 | 270.00
70 CP-01 |Unfailed | 1654 | 67.00 | 235.00 | 66.00 | 341.00 | 0.00 | 27500 | 80.00 | 275.00
71 CP-02 | Unfailed | 20.10 [ 79.00 | 260.00 | 75.00 | 355.00 | 0.00 | 312.00 | 80.00 [ 312.00
72 CP-03 | Unfailed | 2240 | 7400 | 287.00 | 75.00 | 355.00 | 0.00 | 319.00 | 85.00 [ 319.00
73 CP-04 |Unfailed | 2340 | 74.00 [ 290.00 | 42.00 | 40.00 0.00 | 340.00 | 79.00 | 340.00
74 CP-05 | Unfailed | 1950 | 65.00 | 270.00 | 78.00 | 360.00 | 0.00 | 325.00 | 75.00 | 325.00
75 CP-06 | Unfailed | 24.00 | 75.00 | 290.00 | 76.00 | 45.00 0.00 | 325.00 | 80.00 | 325.00
76 CP-07 | Unfailed | 2360 | 65.00 | 268.00 | 77.00 5.00 0.00 | 310.00 | 78.00 | 310.00
77 CP-08 | Unfailed | 2650 | 77.00 | 265.00 | 78.00 | 360.00 | 0.0 | 300.00 | 78.00 | 300.00
78 CP-09 | Unfailed | 21.80 | 60.00 | 265.00 | 70.00 | 40.00 0.00 | 300.00 | 78.00 | 300.00
79 CP-10 | Unfailed | 19.80 | 80.00 | 220.00 | 76.00 | 350.00 | 0.00 | 290.00 | 75.00 [ 290.00
80 CP-11 |Unfailed | 23.80 | 5800 | 242.00 | 69.00 | 35400 | 0.00 | 290.00 | 75.00 [ 290.00
81 CP-12 | Unfailed | 22.10 | 65.00 | 230.00 | 68.00 | 337.00 | 0.00 | 280.00 | 70.00 | 280.00
82 CP-13 | Unfailed | 2050 | 63.00 [ 270.00 | 75.00 | 10.00 0.00 | 290.00 | 70.00 | 290.00
83 CP-14 | Unfailed | 19.80 | 75.00 | 242.00 | 65.00 | 336.00 | 0.00 | 28500 | 75.00 | 285.00

Ydip of plane 1

?dip-direction of plane 1

*dip of plane 2

*dip-direction of plane 2

>dip of top of the bench

®dip-direction pf top of the bench
“dip of slope face
®dip-direction of slope face
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APPENDIX B

WEDGE SOLUTION FOR RAPID COMPUTATION
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A short solution for a wedge with a horizontal slope crest and with no tension
crack. Each plane may have a different cohesion and friction angle. Also water pressure
can be setup on each discontinuity plane. This solution of the wedge problem is presented
by Hoek and Bray, 1981.

The geometry of the problem is illustrated in Figure 4.6 in chapter 2. The discon-
tinuities are denoted by 1 and 2, the upper part of the slope by 3 and the slope face by 4.

The input data required for the solution of the wedge problem are:

Unit weight of the rock v.
Height of the block wedge H.

The dip v and dip direction a of each discontinuity plane.

w0 npoE

The cohesion ¢ and the friction angle ¢ for both planes.

Other terms used in the calculation are:

FS: = factor of safety against the sliding wedge.

A = area of a face of the wedge.

W = weight of the wedge.

N = effective normal reaction on a plane.

S = Actuating shear force on a plane.

X,y,z = coordinate axes with origin at 0. The z-axis is directed vertically upwards,
the y-axis is in the dip direction of plane 2.

a = unit vector in the direction of the normal to plane 1 with components
(ax,ay,az).

b = unit vector in the direction of the normal to plane 2 with components
(bx,by,by).

f = unit vector in the direction of the normal to plane 4 with components
(fx.fy, ).

g = vector in the direction of the line of intersection of planes 1 and 4 with com-
ponents (0x,0y,dz)-

i =vector in the direction of the line of intersection of planes 1 and 4 with com-
ponents (iy,ly,iz).

i =-i

g = component of g in the direction of b.

r =component of a in the direction of b.
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k =/ =il +i/ +i,.

I = W/Az

p = A1/A2

ng = N1/A2

Ny = N2/A2

lil/Vk = sA,

mp = Nj_/Az

denominator of FS = S;/A, contact on plane 1 only.
mp = N2/A2

denominator of FS = S2/A2 contact on plane 2 only.

Sequence of calculations
The factor of safety of a wedge against sliding along a line of intersection can be

calculated as follows:

1. (aX ,a,, az): (siny,.sin(e, —,),siny, cos(e, —x,),COS ;)

2. (f f f):(sinl//4_sin(a4—az),sinl//4COS(a4—az),COSl//4)

X1 tyr "z
3. b, =siny,
4. b, =cosy,
5. i=a,b,

6. g,="fa, -fa,
7. q:by(fzax_fxaz)+bzgz
8. If ng/i >0, or if n(f, — g/i) tan ws > 1- fz2 and o, =a,t(1-n)7/2, no

wedge is formed the calculations should be terminated.
9. r=ab, +a,b,

10. k=1-r?
11. 1=(yHg)/(39,)
12. p=-b,f, /g,

13. n, ={(1/k)(a, —rb,) - pu, }p/|p|
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14. n, ={(1/K)(b, —ra,) —u, }
15. m, = (la, —ru, — pu,) p/|p|
16. m, =(lb, —rpu, —u,)
17.a) if n, >0 and n, > 0, there is contact on both planes and
FS = (n, tang, +n, tang, +|plc, + ¢, )Wk /]l
b) if n, <0 and m, > 0, there is a contact on plane 1 only and

m, tang, +|plc,

FS = -
1?a-a2)+ku? +2(ra, —b,)lu, |

c)if n, <0 and m, > 0, there is a contact on plane 2 only and

m, tang, +c,

FS = -
{12b2 + kp?u? + 2(rb, —a,) plu, |

d) if m; <0 and m, <0, contact is lost on both planes and the wedge floats as

a result of water pressure acting on planes 1 and 2. In this case, the factor of safety falls

to zero.
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APPENDIX C

HOEK-BROWN AND EQUIVALENT MOHR-COULOMB FAILURE CRITERIA
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A spreadsheet is presented to estimate the Mohr-Coulomb strength parameters

and Young’s and Poisson modules of the rock mass.

Hoek-Brown and equivalent Mohr Coulomb failure criteria

Input: sigci=| 85 MPa mi = 10 GSI = 45
Output: mb=| 1.40 =| 0.0022 = 0.5
sigtm=| -0.13 |MPa = 0.50 = 0.70
k=l 3.01 phi=| 30.12 |degrees coh = 3.27 MPa
sigcm =| 11.36 |MPa =| 6913.7 |MPa
Tangent: signt=| 15.97 |MPa phit=| 30.12 |degrees coht = 4.12 MPa
Calculation:
Sums
sig3 1E-10 3.04 6.07 9.1 12.14 15.18 18.21 21.25 85.00
sigl 4.00 22.48 | 33.27 | 42.30 50.40 57.91 64.98 71.74 |347.0
8
ds1ds3 15.89 4.07 3.19 2.80 2.56 2.40 2.27 2.18 35.35
sign 0.24 6.87 1256 | 17.85 22.90 27.76 32.50 37.13 |157.8
0
tau 0.94 7.74 1159 | 14.62 17.20 19.48 21.54 23.44 |116.5
5
X -2.36 -1.08 | -0.83 | -0.67 -0.57 -0.48 -0.42 -0.36 -6.77
y -1.95 -1.04 | -0.87 | -0.76 -0.69 -0.64 -0.60 -0.56 -7.11
Xy 4.61 1.13 0.71 0.52 0.39 0.31 0.25 0.20 8.12
Xsq 5.57 1.17 0.68 0.45 0.32 0.23 0.17 0.13 8.74
sig3sigl 0.00 68.23 [202.01| 385.23 | 612.01 878.92 | 1183.65| 1524.51 | 4855
sig3sq 0.00 9.22 36.86 | 82.94 147.45 230.39 331.76 451.56 | 1290
taucalc 0.96 7.48 11.33 | 14.45 17.18 19.64 21.91 24.04
siglsig3fit | 11.36 | 20.51 | 29.66 | 38.81 47.96 57.11 66.26 75.42
signtaufit | 3.41 7.26 10.56 | 13.63 16.55 19.38 22.12 24.81
tangent |4.25308(8.103211(11.403|14.47286| 17.3991 | 20.2235 [22.97025| 25.65501
7 18
Cell formulae:
mb = mi*EXP((GSI-
100)/28)
s = IF(GSI>25,EXP((GSI-
100)/9),0)

a = IF(GSI>25,0.5,0.65-
GSI1/200)
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sigtm = 0.5*sigci*(mb-

SQRT(mb"2+4%s))
A= acalc= 10"sumy/8 -
bcalc*sumx/8)

B = bcalc= (sumxy - (sumx*sumy)/8)/(sumxsq - (Sumx”2)/8)
k = (sumsig3sigl - (sumsig3*sumsig1)/8)/(sumsig3sg-
(sumsig3”2)/8)
phi = ASIN((k-1)/(k+1))*180/PI()
coh = sigem/(2*SQRT(k))
sigem = sumsig1/8 - k*sumsig3/8
E = IF(sigci>100,1000*107((GSI-10)/40),SQRT(sigci/100)*1000*107((GSI-
10)/40))
phit = (ATAN(acalc*bcalc*((signt-sigtm)/sigci)*(bcalc-1)))*180/PI()
coht = acalc*sigci*((signt-sigtm)/sigci)*bcalc-signt*TAN(phit*PI()/180)
sig3 = Start at 1E-10 (to avoid zero errors) and increment in 7 steps of sigci/28 to
0.25*sigci
sigl = sig3+sigci*(((mb*sig3)/sigci)+s)a
ds1ds3 = IF(GSI>25,(1+(mb*sigci)/(2*(sig1-sig3))),1+(a*mb”a)*(sig3/sigci)(a-1))
sign = sig3+(sigl-sig3)/(1+ds1ds3)
tau = (sign-sig3)*SQRT(ds1ds3)
x = LOG((sign-sigtm)/sigci)
y = LOG(tau/sigci)
Xy = X*y X sq = x"2 sig3sigl=sig3*sigl sig3sq=  sig3"2
taucalc = acalc*sigci*((sign-sigtm)/sigci)*bcalc
s3sifit = sigcm+k*sig3
sntaufit = coh+sign*TAN(phi*P1()/180)
tangent = coht+sign*TAN(phit*P1()/180)
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APPENDIX D

MAXIMUM LIKELIHOOD PRINTOUT
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Mathcad 8 spreadsheet, it is showing the application of maximum likelihood ap-
plication for plane and wedge failures. Based on the solution of factor of safety for plane

and wedge solution presented in Chapter 4, the maximum likelihood is set.

Application of maximum likelihood to plane failures:

Input data:
Read input file from c:\input\planeinput.xIs and define data array as:
data = planeinput.xls

Define the following variables:
wp =data® array that contains all dips of discontinuities
A =data"? array that contains all areas of discontinuities
W =data®® array that contains all weights of the sliding block
m =47 number of failed cases
n=93 number of total cases failed and unfailed

Define an array that contains all the factor of safety as:

cA, +W, cos(gp,) tan(p)
W, sin(yp;)

FS(c,¢,i) =
Define the limited maximum likelihood function as follows:

M1(c,¢,0) = iln(dlnorm(Fs (c,9,1),0,0)

i=0
then maximize the function M1 given:
c=03 c=30 ¢=30
utilize maximize function from Mathcad 8 as follows:

P = Maximize(M, ¢, ¢, o)

Outputs from P will be the estimate of c, ¢, o
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Define the full maximum likelihood function as follows:

M(c,¢,0) = Zmlln(dlnorm(FS (c,9,1),0,0) + anln(plnorm(FS (c,9,1),0,0)

i iZm+1
then maximize the function M given:

c=0.3 c=30 $=30
utilize maximize function from Mathcad 8 as follows:

P = Maximize(M, ¢, ¢, o)

Outputs from P will be the estimate of ¢, ¢, o

Application of maximum likelihood to wedge failures:

Input data:
Read input file from c:\input\wedgeinput.xls and define data array as follows:
data = wedgeinput.xls

Define the following variables (all these variables are described in Appendix B):

nl = data®
n2 = data®
ml = data®”
m2 = data®’
p = data®’
k = data®
| = data®?
| =

data®®?



Define an array that contains all the factor of safety as:

FS(c,¢,i) = (nL; tang +n2, tang +|p; [c +c) [k, /]I, 1]

Define the limited maximum likelihood function as follows:
M1(c,4,0) = In(dinorm(FS(c, 4,i),0,0)
i=0

then maximize the function M given:
c=0.3 c=30 ¢=30
utilize maximize function from Mathcad 8 as follows:

P = Maximize(M, ¢, ¢, o)

Outputs from P will be the estimate of c, ¢, o

Define the full maximum likelihood function as follows:

M(c,¢,0) = Zmlln(dlnorm(FS (c,9,1),0,0) + anln(plnorm(FS (c,9,1),0,0)

i iZm+1
then maximize the function M given:

c=0.3 c=30 $=30
utilize maximize function from Mathcad 8 as follows:

P = Maximize(M, ¢, ¢, o)

Outputs from P will be the estimate of c, ¢, o
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APPENDIX E

INPUT AND OUTPUTS FILE FROM SLOPE1 COMPUTER CODE



139

The input and output files from SLOPEL computer code are presented in this Ap-
pendix

Input file for option 1: continuous slope.

"Chuqguicamata Final Slope: option 1 continuous slope**

"Width of top of embankment (w1)"
1000

"Width of sloping portion of embankment (s1)"
1537

"Distance foundation extends to right of embankment toe (w2)"
500

"Height of embankment (h1)"
1000

"Thickness of foundation layer (h2)"
343

"Number of x-elements in embankment (nx1)"
50

"Number of x-elements to right of embankment toe (nx2)"
10

"Number of y-elements in embankment (ny1)"
50

"Number of y-elements in foundation (ny2)"
10

"Number of different property groups (np_types)"
4

"Material properties (phi,c,psi,gamma,e,v) for each group™
35. 675.0 0. 26. 7e7 0.25
25. 125.0 0. 25. 7e7 0.25
35. 675.0 0. 26. 7e7 0.25
35. 675.0 0. 26. 7e7 0.25

"Property group assigned to each element (data not needed if np_types=1)"
111111111111211111111111111111111111111111111111111
111111111111211111111111111111111111111111111111111
11117121111112712121111111111111111111111111111111111111



11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
111111111111111121111111111111111111111111111111111
111111111121111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
l111111111121111111111111111111111111111111111111111
111111111111111121111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
111111111111111121111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
1111111111211111121111111111111111111111111111111111
1111111111111211121111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
1111111111211111121111111111111111111111111111111111
11111111112111211121111111111111111111111111111111111
11111111111111111111111111111111111111111111111111
11111111111111111111111111111111111111111111122222
11111111111111111111111111111111111111111111122222
11111111111111111111111111111111111111111111122222
11111111111111111111111111111111111111111111122222
11111111111111111111111111111111111111111111122222
11111111111111111111111111111111111111111111122222
11111111111111111111111111111111111111111111122222
11111111111111111111111111111111111111111111222223
11111111111111111111111111111111111111111112222233
11111111111111111111111111111111111111111122222333
111111111111111111111111111111111111111111222223383
11111111111111111111111111111111111111111222223333
11111111111111111111111111111111111111112222233333

111111111111111111111111111111111111111122222333333444444444
111111111111111111111111111111111111111122222333333444444444
111111111111111111111111111111111111111122222333333444444444
111111111111111111111111111111111111111122222333333444444444
111111111111111111111111111111111111111122222333333444444444
111111111111111111111111111111111111111122222333333444444444
111111111111111111111111111111111111111122222333333444444444
111111111111111111111111111111111111111122222333333444444444
111111111111111111111111111111111111111122222333333444444444
111111111111111111111111111111111111111122222333333444444444

"Convergence tolerance (tol)"
0.0001
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"Iteration ceiling (limit)"
1000

"Number of trial factors of safety (nfos)"

8

"Trial factors of safety"
09101151.21.251.31.351.4

Output file for option 1: continuous slope.

"Chuquicamata Final Slope: option 1 continuous slope**

w1=1000.00
s1=1537.00
w2= 500.00

hl=
h2=

1000.00
343.00

nxl= 50
nx2= 10
nyl= 50
ny2= 10

Group phi

2 25.00 125.00
3 35.00 675.00
4 35.00 675.00

tol= 0.000100
limit= 1000

trial factor
0.9000E+00
0.1000E+01
0.1150E+01
0.1200E+01
0.1250E+01
0.1300E+01

c

psi gamma
1 35.00 675.00 0.00 26.00 0.7000E+08
0.00 25.00 0.7000E+08
0.00 26.00 0.7000E+08
0.00 26.00 0.7000E+08

max displacement iterations

0.2788E+00
0.2788E+00
0.2789E+00
0.2702E+00
0.2870E+00
0.3055E+00

e

105
136
330
467
516
1000

Vv
0.25
0.25
0.25
0.25
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Input file for option 2: 200-m platform.

"Chuquicamata final slope: option 2 200-m platform”

"Width of top of embankment (w1)"
1000.0

"Width of first sloping portion of embankment (s1)"
1032.0

"Width of berm (w2)"
250.0

"Width of sloping portion of berm (s2)"
223.0

"Distance foundation extends to right of embankment toe (w3)"
500.0

"Height of embankment (h1)"
842.0

"Thickness of berm (h2)"
162.0

"Thickness of foundation layer (h3)"
343.0

"Number of x-elements in embankment (nx1)"
50

"Number of x-elementsin berm (nx2)"
8

"Number of x-elements to the right of the berm (nx3)"
10

"Number of y-elements in embankment (ny1)"
16

"Number of y-elements in berm (ny2)"
4

"Number of y-elements in foundation (ny3)"
8
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"Number of different property groups (np_types)"
4

"Material properties (phi,c,psi,gamma,e,v) for each group™
43. 675.0 0. 26. 7.7 0.25
25. 125.0 0. 25. 7.e7 0.25
46.2450.0 0. 26. 7.7 0.25
43. 365.0 0. 26. 7.e7 0.25

"Property group assigned to each element (data not needed if np_types=1)"
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
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1111111111111111111111111111
1111111111111111111111111111
222222222222

222222222222

222222222222

222222222222

222222222222

222333333333

223333333333

233333333333

33333333

44444444

44444444

44444444

44444444

44444444

44444444

44444444

44444444

44444444

"Convergence tolerance (tol)"
0.0001

"Iteration ceiling (limit)"
1000

"Number of trial factors of safety (nfos)"
8

"Trial factors of safety"
08 101213141516 17

Output file for option 2: 200-m platform.

“Chuquicamata final slope: option 2 200-m platform”

w1=1000.00
s1=1032.00
w2= 250.00
s2= 223.00
w3= 500.00
hl= 842.00
h2= 162.00
h3= 343.00

nxl= 50
nx2= 8
nx3= 10
nyl= 16
ny2= 4
ny3= 8
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Group phi ¢ psi gamma e %
1 43.00 675.00 0.00 26.00 0.7000E+08 0.25
2 25.00 125.00 0.00 25.00 0.7000E+08 0.25
3 46.002450.00 0.00 26.00 0.7000E+08 0.25
4 43.00 365.00 0.00 26.00 0.7000E+08 0.25

tol= 0.000100
limit= 1000

trial factor max displacement iterations

0.8000E+00  0.2842E+00 28
0.1000E+01  0.2843E+00 36
0.1200E+01  0.2844E+00 35
0.1300E+01  0.2844E+00 34
0.1400E+01  0.2847E+00 35
0.1500E+01  0.2871E+00 444
0.1600E+01  0.4842E+00 1000

Input file for option 3: 250-m platform.

"Chuquicamata final slope: option 3 250-m platform”

"Width of top of embankment (w1)"
1000.0

"Width of first sloping portion of embankment (s1)"
1032.0

"Width of berm (w2)"
250.0

"Width of sloping portion of berm (s2)"
223.0

"Distance foundation extends to right of embankment toe (w3)"
500.0

"Height of embankment (h1)"
842.0

"Thickness of berm (h2)"
162.0

"Thickness of foundation layer (h3)"
343.0
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"Number of x-elements in embankment (nx1)"
50

"Number of x-elementsin berm (nx2)"
8

"Number of x-elements to the right of the berm (nx3)"
10

"Number of y-elements in embankment (ny1)"
16

"Number of y-elements in berm (ny2)"
4

"Number of y-elements in foundation (ny3)"
8

"Number of different property groups (np_types)"
4

"Material properties (phi,c,psi,gamma,e,v) for each group™

43. 675.0 0. 26. 7.e7 0.25
25. 125.0 0. 25. 7.e7 0.25
46.2450.0 0. 26. 7.e7 0.25
43. 365.0 0. 26. 7.7 0.25

"Property group assigned to each element (data not needed if np_types=1)"

1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
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1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
1111111111111111111111111111
111111111111

222222222222

222222222222

222222222222

222222222222

222333333333

223333333333

233333333333

33333333

44444444

44444444

44444444

44444444

44444444

44444444

44444444

44444444

44444444

"Convergence tolerance (tol)"
0.0001

"Iteration ceiling (limit)"
1000

"Number of trial factors of safety (nfos)"

8

"Trial factors of safety"
081012 1314151617
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APPENDIX F

INPUT AND OUTPUT FILES FROM UDEC COMPUTER CODE
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Input file for UDEC code is presented in this Appendix.

new
config dpcoord
round 1

cal block.fin
cal zmat.fin

block 300 1200 300 3000 4070 3000 4070 1200 ; Model dimensions.
call p32022.tab ; geometry of option 1 continuous slope

call p3_geom.fis ; Fish function that creates pit geometry into UDEC
set tab_pit=1
create_pit ; Execute Fish function p3_geom.fis

change jmat 2

jregion id 1 300,1200 300,3000 2810,3000 2810,1200 ; Position of joint sets
jset 70,0 3000,0 0,0 30,0 range jreg 1 ;
jset 44,0 30,00,0 10,0 range jreg 1 ;

call p3_mat.fis ; Fish function that allocate different rock mass properties.
set mat_mat 4

put_mat

del mat 4

gen edge 25 ran region 1450,1800 1450,3000 3400,3000 3400,1800 ;25
gen edge 50 ran xr 2200 3500 ; 50

gen edge 75 ran region 1000,1500 1000,3000 3750,3000 3750,1500 ;75
gen edge 100

zo model mohr
save mesh.

restore mesh.sav
call p3_uge.tab ;ascii file that contains the contacts between geotechnical units.



def trans_table ;

loop k(1,table_size(ntab))
kk=table_size(ntab)-k+1
xtable(ntab+10,kk)=ytable(ntab,k)
ytable(ntab+10,kk)=xtable(ntab,k)

end_loop

end

set ntab 6

trans_table

set ntab 7

trans_table

set ntab 8

trans_table

set ntab 9

trans_table

call mod_cons.fis ; Fish function that allocate ubiquotas model in the West Wall

set tab_ubi=6;
mod_cons ;

call p3_prop.fis ; Fish function that allocate elastic properties to the model.

high_geol_prop
zone tension 1e20

call p3_geol.fis ; Fish function that allocate the M-C properties to the model.

put_geol ;

pro mat 1 den 2540

pro jmat 1 jkn 10e8 jks 10e8 jfri int_fricl jcoh int_cohl jten 5e5 ;
pro jmat 2 jkn 1e10 jks 1e10 jfri int_fricl jcoh 1e20 jten 1e20

change jmat 3 range angle 69.8 70.2

pro jmat 3 jkn 10e8 jks 10e8 jfri int_fric3 jcoh int_coh3 jten 5e5 ;

set jmatdf 1

call p3nfrea.tab ; Fish function that allocate the water table to the model.

grav 0 -10

boun xvel 0 yvel 0 ran yr 1190 1210
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boun xvel 0 ran xr 290 310
boun xvel 0 ran xr 4060 4080

fluid den 1000
insitu stress -9.144e7 0 -7.62e7 ygrad 30480 0 25400 ywtab table 33 ;
insitu ywtab table 33 zone_pp range region 2750,1200 2816,2462 3022,2337 2880,1200

insitu szz -7.62e7 zgrad 0 25400 ;ssz -4.57e7 zgrad 15240 original
hist nc 20 unbal

hist yd 1635 2970
hist xd 1635 2970

hist yd 2184 2818
hist xd 2184 2818

hist yd 2522 2634
hist xd 2522 2634

hist yd 2774 2495
hist xd 2774 2495

hist yd 3094 2322
hist xd 3094 2322

set ovtol 20
solve force 1e5
save p300ini.sav

rest p300ini.sav

call p3unico.fis

sen_geol_prop

ca p3_profs.fis

set fsmin 0.8 inc_fs=0.05 max_num_cyc=50000 ;
hist fs

get_fs

SAVE P3base.SAV



rest p300ini.sav

ca p300ppn.fis

sen_geol_prop

ca p3_profs.fis

set fsmin 1.3 inc_fs=0.025 max_num_cyc=50000 ;
get_fs

SAVE P300ppn.SAV

rest p300ini.sav

ca p300nnp.fis

sen_geol_prop

ca p3_profs.fis

set fsmin 1.0 inc_fs=0.025 max_num_cyc=50000 ;
get fs

SAVE P300nnp.SAV

rest p300ini.sav

ca p300pnn.fis

sen_geol_prop

ca p3_profs.fis

set fsmin 1.1 inc_fs=0.025 max_num_cyc=50000 ;
get_fs

SAVE P300pnn.SAV

rest p300ini.sav

ca p300npp.fis

sen_geol_prop

ca p3_profs.fis

set fsmin 1.1 inc_fs=0.025 max_num_cyc=50000 ;
get_fs

SAVE P300npp.SAV

rest p300ini.sav
ca p300npn.fis
sen_geol_prop
ca p3_profs.fis
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set fsmin 1.2 inc_fs=0.025 max_num_cyc=50000 ;
get fs
SAVE P300npn.SAV

rest p300ini.sav

ca p300ppp.fis

sen_geol_prop

ca p3_profs.fis

set fsmin 1.4 inc_fs=0.025 max_num_cyc=50000 ; Maximum number of cycles.
get _fs

SAVE P300ppp.SAV

RET

Fish functions needed for the model.

def put_geol: Create contacts between Geotechnical Units
bi=block head
loop while bi #0
zi=b_zone(bi)
loop while zi # 0

zxc=z_x(zi)

zyc=z_y(zi)

if zxc < table(16,zyc) then
fmem(z_zex(zi)+$ubj_kgmod) = mlg
fmem(z_zex(zi)+$ubj_kk) =mlk
fmem(z_zex(zi)+$ubj_kcoh) =mlco
fmem(z_zex(zi)+$ubj_kphi) = m1f
fmem(z_zex(zi)+$ubj_kja) =mljan
fmem(z_zex(zi)+$ubj_kjf) = mijf
fmem(z_zex(zi)+$ubj_kjcoh) = mljco

end_if

if zxc > table(16,zyc) then
fmem(z_zex(zi)+$mc_kgmod) = m2g
fmem(z_zex(zi)+$mc_kk) =m2k
fmem(z_zex(zi)+$mc_kcoh) = m2co
fmem(z_zex(zi)+$mc_kphi) = m2f

end_if

if zxc > table(17,zyc) then



fmem(z_zex(zi)+$mc_kgmod) = m3g
fmem(z_zex(zi)+$mc_kk) =m3k
fmem(z_zex(zi)+$mc_kcoh) =m3co
fmem(z_zex(zi)+$mc_kphi) = m3f

end_if

if zxc > table(18,zyc) then
fmem(z_zex(zi)+$mc_kgmod) = m4g
fmem(z_zex(zi)+$mc_kk) = m4k
fmem(z_zex(zi)+$mc_kcoh) =m4co
fmem(z_zex(zi)+$mc_kphi) = m4f

end_if

if zxc > table(19,zyc) then
fmem(z_zex(zi)+$mc_kgmod) = m5g
fmem(z_zex(zi)+$mc_kk) = mb5k
fmem(z_zex(zi)+$mc_kcoh) = mb5co
fmem(z_zex(zi)+$mc_kphi) = m5f

end_if

zi=z_next(zi)

endloop
bi=b_next(bi)
endloop
end

def create_pit ; Create Pit geometry
loop i(1,(table_size(tab_pit)-1))
i2=i+1
x1=xtable(tab_pit,i)
yl=ytable(tab_pit,i)
x2=xtable(tab_pit,i2)
y2=ytable(tab_pit,i2)
command
crack x1 y1 x2 y2
end_command
end_loop
command
jdel
end_command
end
create_pit
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def put_mat
; function to assign materials to blocks to be deleted

; assumes ZONE MODEL is being used and therefore block MAT is available

; for this purpose

; The following parameters must be set with the SET command
; tab_pit = table number specifying geometry of blocks to be deleted

; mat_mat = material number (>1) to be assigned to blocks

blockpnt=block_head
loop while blockpnt # 0
imat=imem(blockpnt+$kmat)
if imat =1 then ; block has not been marked
cornerpnt=b_corner(blockpnt)
cornerpntl=cornerpnt
ylowestcorner=10000.0
loop while cornerpnt # 0
xcorner=fmem(cornerpnt+$kxp)
ycorner=fmem(cornerpnt+$kyp)

I ycorner<ylowestcorner then
ylowestcorner=ycorner
xdelblock=xcorner

end_if

cornerpnt=cor_rlink(cornerpnt)

if cornerpnt=cornerpntl then
cornerpnt=0

end_if

end_loop
if ylowestcorner>table(tab_pit,xdelblock)-0.1 then
x_bl_centroid=fmem(blockpnt+3$kx)
y_bl_centroid=fmem(blockpnt+3$ky)
if y_bl_centroid>table(tab_pit,x_bl_centroid) then
imem(blockpnt+$kmat) = mat_mat
end_if
end_if
end_if
blockpnt=imem(blockpnt+$kbnext)
end_loop
end
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def fs_geol_prop ; Allocate Real Properties

m1k=m1kO0

m1g=m1lg0
mlf=atan(tan(m1fO*degrad)/fs)/degrad
mlco=mlco0/fs
m1jf=atan(tan(m21jfO*degrad)/fs)/degrad
m1jco=mljco0/fs

m2k=m2k0

m2g=m2g0
m2f=atan(tan(m2f0*degrad)/fs)/degrad
m2co=m2co0/fs

m3k=m3k0

m3g=m3g0
m3f=atan(tan(m3f0*degrad)/fs)/degrad
m3co=m3co0/fs

m4k=m4kO0

m4g=m4g0
md4f=atan(tan(m4f0*degrad)/fs)/degrad
m4co=m4co0/fs

m5k=m5k0

m5g=m5g0
mb5f=atan(tan(m5f0*degrad)/fs)/degrad
m5co=mb5co0/fs

int_fricl=atan(tan(int_fric10*degrad)/fs)/degrad
int_fric3=atan(tan(int_fric30*degrad)/fs)/degrad
int_cohl=int_cohl10/fs

int_coh3=int_coh30/fs

end

inixdOydO
def get_fs

numb=0
k=0
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loop while numb<6
fs=fsmin+k*inc_fs
fs_geol_prop
put_geol
num_cyl_0O=cycle
nom_fich="p39'+string(k)+".sav'
command
ini xvel 0 yvel 0
prop jmat 1 jfri int_fricl jcoh int_cohl
prop jmat 3 jfri int_fric3 jcoh int_coh3
print k fs num_cyl_0 numb
solve cycle max_num_cyc force 1e5 ;
end_command

gil=gp_near(1635,2970)
xtable(300,k+1)=fs
ytable(300,k+1)=gp_yvel(gil)

gi2=gp_near(2184,2818)
xtable(301,k+1)=fs
ytable(301,k+1)=gp_yvel(gi2)

gi3=gp_near(2522,2634)
xtable(302,k+1)=fs
ytable(302,k+1)=gp_yvel(gi3)

gi4=gp_near(2774,2495)
xtable(303,k+1)=fs
ytable(303,k+1)=gp_yvel(gi4)

gi5=gp_near(3094,2322)
xtable(304,k+1)=fs
ytable(304,k+1)=gp_yvel(gi5)

if (k/4.)=float(int(k/4.))
command
save nom_fich
end_command
end_if



if (cycle-num_cyl_0)>=max_num_cyc then
numb=numb+1
end_if
k=k+1
end_loop
end

def real_geol prop ;Strength Properties of the Different Geotechnical Units.

m1k0=6.3e9 ; Fortune granodiorite
m1g0=3.6e9

m1f0=43

m1co0=0.675e6

m1jf0=35 ; 32.0

m1jco0=0.020e6 ; 0.15e6
m1jan0=135.0

m2k0=0.7€9 ; Shear zone
m2g0=0.3e9

m2f0=25
m2c00=0.125e6

m3k0=0.2e9 ; West fault
m3g0=0.1e9

m3f0=18
m3c00=0.020e6

m4k0=6.0e9 ; Quartz Sericitc rock
m4g0=3.6e9

m4f0=46

m4c00=2.450e6

m5k0=3.6€9 ; East Porphyry alt. sericitic
m5g0=1.9e9

m5f0=39

m5c00=0.365e6

int_fric10= 35 ; Discontinuities (joint sets in the West Wall)
int_fric30=35 ;

int_cohl10= 2e4

int_coh30=2e4 ; 150e4
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end

def high_geol_prop ;Height Strength Properties for Elastic Equilibrium.

real_geol_prop

m1k=m1kO0 ; Fortuna Granodiorite
m1g=m1g0

m1f=m1f0

mlco=mlco0*1e20

m1jf=m1jf0

mljco=m1ljco0*1e20
mljan=mljan0

m2k=m2kO0 ; Shear zone
m2g=m2g0

m2f=m2f0
m2co=m2co0*1e20

m3k= m3KkO0 ; West fault
m3g= m3g0

m3f= m3f0
m3co=m3co0*1e20

m4k= m4k0 ; Quartz sericitic Rock
m4g= m4g0

m4f= m4f0

m4co=m4co0*1e20

m5k=m5k0 ; East porphyry Sericitic Alteration
m5g= m5g0

m5f= m5f0

m5co=m5co0*1e20

int_fricl= int_fric10; Discontinuities (joint sets in the West Wall)
int_fric3=int_fric30

int_cohl=int_cohl10*1e20

int_coh3=int_coh30*1e20

end
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; Fortuna granodiorite- shear zone

Tables that contain contacts of geological units

tab 6 2877.000 3000.000

tab 6 2815997 2463.000

tab 6 2807.988 2427.830

tab 6 2806.037 2407.340

tab 6 2808.964 2373.190

tab 6 2808.964 2337.088

tab 6 2804.584 2297.042

tab 6 2797.790 2202.623

tab 6 2778.172 2076.491

tab 6 2773.464 2002.066

tab 6 2750.000 1450.000

tab 6 2750.000 1200.000

: Shear zone

tab 7 2900.000 3000.000
tab 7  2833.395 2455.936
tab 7 2826.988 2427.830
tab 7 2825.037  2407.340
tab 7 2827.964 2373.190
tab 7 2827.964 2337.088
tab 7  2823.584 2297.042
tab 7 2816.790 2202.623
tab 7 2797.172 2076.491
tab 7 2792.287  2000.000
tab 7 2770.000 1500.000
tab 7 2770.000 1200.000
: Shear zone — West Fault

tab 7 3060.000 3000.000

tab 7 3014.039 2378.656

tab 7 3004.717 2279.735

tab 7 2977.926 2146.913

tab 7 2962.910 2086.490

tab 7 2948.608 2000.000

tab 7 2860.000 1500.000

tab 7 2860.000 1200.000
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; West Fault - Qzo. Sericitic rock

tab
tab
tab
tab
tab
tab
tab

tab
tab
tab
tab
tab
tab
tab

8 3080.000 3000.000
8 3025.273  2362.430
8 3015.187 2277.171
8 2990.466  2155.782
8 2960.680 1996.525
8 2880.000 1500.000
8 2880.000 1200.000
:Qzo. Sericitic — Sericitic Alteration
9 3220.000 3000.000
9 3220.000 2256.970
9 3211.312 2153.851
9 3207.718 2073.818
9 3196.756  2000.000
9 3120.000 1500.000
9 3120.000 1200.000
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APPENDIX G

SAFETY FACTORS AND PROBABILISTIC ANALYSIS
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Factor of safety

Combination Case base 200 m plantform 250 m plataform
Base 1.20 1.40 1.45
o+, c+
1.47 1.62 1.68
06—, c+
1.23 1.47 1.48
ch := p200 := p250 :=
¢+, C- 1.13 1.30 1.32
o, c- 1.05 1.23 1.28

mean(cb) =1.220 mean(p200) =1.405 mean(p250) =1.440
stdev(cb) =0.158 stde(p200) =0.152  stdeV(p250) =0.157

Assuming that the factor of safety is normally distributed, the problability of FS<=1
each case is given by:

Case base pnorm(1,1.220,0.158 =0.082

200 m plantform pnorm(1,1.405,0.152) =3.85510°°

250 m plataform pnorm(1,1.440,0.157) =2.53510°2



P(<FS)

200 m plantform

Case base
1 | | 1 | | |
0.75 [~ — 0.75 [~
@
0.5 — X/ 05
[a
0.25 - — 0.25 -
I l | | |
% 05 1 15 2 % 05 1 15
Factor of Safety, FS Factor of Safety, FS
250 m plataform
1 T T |
0.75 |- —
2
VY, 051 —
o
0.25 [~ —

05 1 15 2
Factor of Safety, FS
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