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Abstract

There is a large database of triaxial stress measurements at the El Teniente Mine, Central Chile, but the complex geology, severe
topography, and proximity of all measurements to extensive mining excavations made interpretation of the stress field difficult. The
measurements were analyzed using three-dimensional numerical stress analysis and decomposition of the stress field into gravitational and
tectonic components. By removing gravitational stresses plus local effects from the tectonic component of the stress field a calculation of the
far-field tectonic stress tensor is made. It is shown that variations in the tectonic component of stress are related to shear zones cutting through
the mine. The far-field major principal component of the tectonic stress field was found to be oriented approximately N—S. This is consistent
with the most recent direction of local shortening based on kinematic analysis of faults, but is perpendicular to the direction of regional crustal
shortening. There appears to be a limiting envelope to the magnitude of the stress field implying that the shear zones are in a state of limiting

equilibrium with regional tectonic driving forces.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Numerical stress analysis has been used at the El
Teniente Mine, located on the western portion of Central
Chile’s Andean Cordillera, as a tool to carry out various
types of stability assessments. Calibration of the numerical
models to in situ stresses was therefore important. For this,
use was made of a large database of stress measurements
that had been accumulated at the mine over a period of more
than 10 years. This database was a good resource for models
concerning specific regions of the mine but difficulties were
encountered when trying to calibrate three-dimensional
mine-scale models. A number of factors led to compli-
cations in interpreting the stress measurements, the most
important of which were the complex excavation geometry
caused by the large extent of mining, severe surface
topography, and complex geology. These strong local
influences made direct comparison of the measurements
practically meaningless.

How does one characterize a stress field in such
circumstances? Simple equations relating stress field vari-
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ations with depth (e.g. Brown and Hoek, 1978; Herget, 1987)
are inadequate in mountainous regions. Analytical methods of
computing stress field perturbations due to topography (e.g.
Savage and Swolfs, 1986; Savage 1993; Pan et al., 1994), or
excavations of various shapes (Timoshenko and Goodier,
1970), were too simple to be applied to the El Teniente Mine.
The only solution available was to use the numerical models
themselves as tools with which to interpret the measurements.
This paper describes the database of measurements, how it was
analyzed and interpreted, and how the stress field was
influenced by geology.

2. Description of the geology

The El Teniente Mine is a world-class copper porphyry
deposit located in the Andean segment (Tassara and Yafiez,
1997) between 31° and 34° south latitude of the Andes
Cordillera, and is characterized by large volumes of
hydrothermal breccias, high hypogene grade (>0.8% Cu)
and Cu—Mo mineralization (Fig. 1). The geotectonic
evolution responsible for the origin of the El Teniente
porphyry copper deposit started with a progressive decrease
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Fig. 1. Map of mine showing main structural features. These include the centrally located volcanic pipe, shear zones and intrusive plutons.

of the Nazca Plate subduction angle. This process may have
been triggered by the arrival of the Juan Fernandez ridge at
these latitudes at ca. 12—10 Ma. This first-order event
activated other processes in such a way that crustal
thickening and subsequent volcanic arc abandonment
followed the bulk E—W shortening associated with
subduction shallowing (Garrido et al., 2002).

The most important tectonic feature at the district scale is
the ENE-striking, sub-vertical, Teniente fault zone (TFZ).
The TFZ is a ca. 10-km-long belt marked by densely
faulted, altered and mineralized rock and is characterized by
a right-lateral strike-slip movement (Garrido et al., 1994).
Immediately east of El Teniente District, the regional-scale
structure is dominated by N-S striking thrusts organized
into the Aconcagua fold-and-thrust-belt of Miocene age
(Ramos et al., 1996). The last tectonic event of the region is
a NNE-SSW shortening direction (Lavenu and Cembrano,
1999; Garrido et al., 2002).

Kinematic analysis of the TFZ using the technique of
Marrett and Allmendinger (1990) has revealed two episodes of
deformation (Garrido et al., 1994). The first episode was
contemporary with the intrusion of quartz-diorite to tonalite
stocks (5.6 Ma) and northern dacite porphyry (5.2 Ma) that
outcrop inside the mine (SHRIMP U-Pb Zircon dating;
Maksaev et al., 2002) and resulted in predominantly northwest
shortening. This episode was responsible for the formation of
the TFZ. The last episode is documented by faults that cut a
3.8 Ma dyke (Postore amphibole-rich andesitic dikes with
40Ar—Ar date of 3.85 =+ 0.18 Ma; Maksaev et al., 2002) and
yield an approximately N—S shortening direction.

During the first episode of deformation, strain was
accommodated by the formation of many small fractures in
the shear zones, each with relatively minor displacement,
plus a small number of discrete faults on which larger
displacement was accumulated. Neither deformation epi-
sode has a direction of shortening corresponding to the
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general E—-W regional shortening that would be expected
based on the convergence directions of the Nazca and South
American plates (Garrido et al., 2002).

Records of crustal seismicity in the vicinity of the mine
do not indicate that the TFZ is currently active although a
lineament of activity with a similar orientation was noted
approximately 30 km to the south of the mine. This does not
imply that the TFZ is stable and not participating in the
ongoing continental deformation. Numerical modeling
work by the authors (McKinnon and Garrido de la Barra,
1998), has shown that in regions of confined lithosphere
undergoing transpression (a combination of pure and simple
shear; see Sanderson and Marchini, 1984), shear zones are
not continuously active. Rather, activity at any instant in
time may be limited to only a small number of structures,
with the location of active structures changing with time to
produce distributed strain. Therefore, over geologic time the
TFZ may be active even though it may appear to be a
dormant feature in the current ‘instant’ of time covered by
the seismic records. The significance of this to the
interpretation of the stress measurements is that the stress
field in a system close to a state of limiting equilibrium
would differ considerably from one in which the structures
and stress field are not related. The analysis results were
used to examine this possibility.

3. Description of the mine

Mining is predominantly by panel caving with a small
amount of standard block caving. Production rates vary
between 80 and 85 kt/day of ore with grades of approxi-
mately 1.5% Cu, making it the worlds largest underground
mine. The upper levels of the orebody have been completely
caved and all current mining activity underlies a large
subsidence crater. During the time span in which the stress
measurements were made, the elevation (sea level datum) of
the deepest mining was 2102 m, the Sub-6 level, and the
highest level of mining was approximately 2400 m,
Teniente-3 Isla. The depth below surface of the active
mining levels varies considerably because of the irregular
and steep surface topography, but is typically in the range of
450-900 m. To place these distances in perspective,
mountain peaks to the east against which the subsidence
crater is forming exceed 3600 m elevation and a river valley
to the west drops to an elevation of approximately 1900 m.
Topography around the mine is therefore significant. A
typical cross-section through the mine is shown in Fig. 2.
Details of the mining operation and related issues can be
found in the literature (Kvapil et al., 1989; Rojas et al.,
1992).

Fig. 1 shows a geological map of the mine. The main
features of interest to this study are the centrally located
Braden Pipe, which is a carrot-shaped volcanic structure
devoid of copper mineralization, the diorite and dacite
intrusives, and the two predominant sets of shear zones

(striking N50°W and N60°E) and associated faults and
dikes. Fracture frequencies in the shear zones can exceed
10/m>, whereas outside of the shear zones they are typically
below 5/m?. Although shear zones in Fig. 1 are shown with
distinct boundaries, actual boundaries between shear zones
and the host rock are gradational and the fractures tend to
strike sub-parallel to the shear zone boundaries and have
sub-vertical dip. At the intersection of shear zones, the
structural patterns are more complex, but in general, the
fractures follow the orientations of the two individual shear
zones.

4. Description of the stress measurement database

The database of triaxial stress measurements evolved
over time in response to a variety of investigations carried
out at the mine. As a result, not all measurements were
suitable for calibration of the numerical models. Some
measurements were made in pillars or other locations where
the effects of specific local geometry could not be
adequately accounted for in the numerical models.
Measurements made close to caving were rejected because
of the high probability that they were within the zone
influenced by fracturing or irregularities in the cave line
geometry, and were therefore unsuitable for use in
calibrating an elastic model. From a total of 63 measure-
ments, 13 measurements were considered unsuitable for the
various stated reasons and eliminated from the analyses, i.e.
only rejection as opposed to acceptance criteria were used.
The remaining measurements were located in different rock
types and structural settings, the effects of which were
examined in the analysis.

The resulting set of 50 measurements, rotated to a
common reference frame based on the mine coordinate
system of x east, y vertical, z north (a left-handed system),
plunge positive down and trend positive clockwise from
north, is shown in Table 1. Units of stress throughout are
MPa. The sign convention adopted for stresses is that of
elasticity in which compression is negative. For conven-
ience, the data have been grouped into regions of similar
location, shown in the left-hand column. These regions
correspond to distinct areas of mining. The elevation range
covered by the measurements was approximately 500 m,
but due to the clustering of measurements on only a few
levels, most measurements spanned an elevation interval of
approximately 350 m. Orientations of measured principal
stress axes, plotted on lower hemisphere projections, are
shown in Fig. 3. While some general trends in orientations
can be seen, it is clear that there is considerable scatter. The
variation in principal stress magnitude shows a similar wide
scatter (Table 1). Without further analysis to determine the
extent of the effects of caving and topography, it was not
possible to determine whether there was a single common
stress field with the scatter being a result of various locally
induced effects, whether there were several distinct domains
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shown in Fig. 1.
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Fig. 3. Lower hemisphere projections (equal angle) of poles of stress
measurement principal axes.

of uniform stress, or whether the scatter was simply due to
random error in the measurements.

Included in Table 1 is information on the method of
measurement. The older measurements utilized either the
USBM gage or the CSIR cell (ISRM, 1987) whereas the
CSIRO hollow inclusion cell (Duncan Fama and Pender,
1980), has been used since late 1990. All of these
instruments measure strain relief in a process of overcoring.
The effect of using data obtained using these different
methods was not investigated. However, one aspect relevant
to interpreting the measurements was a systematic error
uncovered by personnel at the mine regarding the Young’s
modulus values used to convert the measured strains to
stresses. In the earlier tests, a sample of rock close to the
overcored cell was recovered and the Young’s modulus
determined in an independent compression test. It was
learned that the Young’s modulus from these tests was
computed from the early loading portion of the stress—strain
curve as the samples were not loaded to destruction. This
practice resulted in systematically low modulus values and
correspondingly higher computed stress magnitudes. After
noticing this error, a correction was made, but, uncertainty
in the Young’s modulus still remained. This source of
uncertainty was considered in the method used to analyze
the measurements.

5. Data analysis

It was established that conventional methods of analyz-
ing stress measurements would not be effective for the El
Teniente environment. This led to the development of a new
method, which involved the use of three-dimensional
numerical stress analysis. Typically, tractions are specified
on the boundaries of numerical models in order to compute
the stresses at internal locations that may be influenced by a
variety of local geological and geometrical conditions.
Depending on the complexity of the problem, the internal
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Table 1
Stress measurement data
Location Date Site Method [ Plunge Trend o) Plunge Trend T3 Plunge Trend
Sub-6 93 1-2 CSIRO —235 3.6 248.7 —-5.8 54.3 343.7 —24 35.5 156.2
93 2-1 CSIRO —60.0 59.1 299.5 —50.9 15.6 181.7 —23.7 26.0 83.9
93 2-2 CSIRO —67.6 25.1 343.7 —40.2 20.6 243.5 —28.6 56.5 118.8
93 3-1 CSIRO —72.1 24.7 284.8 —34.9 32.0 178.2 —24.5 47.6 45.1
93 33 CSIRO —639 28.7 307.9 —-27.1 51.2 189.9 —14.2 31.2 51.1
93 4-1 CSIRO —46.0 25.2 238.4 —40.8 1.1 328.8 —-21.7 64.8 61.2
93 4-2 CSIRO —34.5 459 238.2 —252 6.2 334.6 —14.6 43.4 70.5
93 12-1 CSIRO —62.0 11.1 326.9 —235 7.9 235.3 —12.7 76.3 119.6
93 12-2 CSIRO —55.1 8.0 327.8 —252 17.3 2353 —13.6 70.8 81.5
83 6 USBM —50.5 24.0 314.0 —-27.0 25.0 212.0 —19.5 54.0 82.0
83 8 USBM —56.0 8.0 321.0 —50.0 3.0 230.0 —29.5 81.0 120.0
84 9 USBM —=51.0 16.0 275.0 —36.0 23.0 178.0 —26.0 62.0 36.0
85 16 USBM —50.0 7.0 172.0 —48.0 73.0 269.0 —20.5 46.0 74.0
85 18 CSIR —60.5 39.0 293.0 —56.0 25.0 181.0 —40.5 41.0 67.0
85 23 CSIR —41.0 50.0 313.0 —-21.0 14.0 60.0 —16.0 37.0 160.0
89 39 CSIR —42.0 36.0 334.0 —36.0 32.0 217.0 —235 38.0 98.0
89 41 CSIR —50.5 40.0 295.0 —-30.5 34.0 170.0 —-16.5 32.0 56.0
90 42 CSIR —15.5 4.0 105.0 —11.5 42.0 198.0 —11.0 48.0 10.0
90 43 CSIRO —-87.0 48.0 233.0 —43.6 21.0 119.0 —36.0 35.0 13.0
90 44 CSIRO —49.0 25.0 257.0 —289 10.0 352.0 —139 63.0 101.0
Ten-3 93 7-1 CSIRO —69.8 54.8 315.6 —32.8 34.9 144.5 —122 4.2 51.6
(Isla) 93 8-1 CSIRO —49.8 22.6 341.5 —44.7 19.6 243.0 —19.6 59.3 116.2
93 8-2 CSIRO —36.8 44.9 318.6 —28.5 15.2 212.8 —16.1 41.0 109.0
93 10-1 CSIRO —48.8 45.7 50.2 —15.2 4.9 145.3 -9.1 43.8 248.0
93 10-2 CSIRO —35.8 37.5 63.4 —16.1 40.8 195.1 —-125 26.6 310.7
93 11-1 CSIRO —53.1 45.8 38.0 —38.6 12.7 141.4 —-27.9 41.4 242.9
93 11-2 CSIRO —45.8 32.8 34.6 —-279 3.6 302.2 — 189 56.9 206.6
82 3 USBM —335 28.0 220.0 —28.0 30.0 328.0 —15.0 47.0 96.0
84 11 USBM —50.0 16.0 240.0 -31.0 27.0 339.0 —24.5 57.0 123.0
85 20 USBM —43.0 3.0 5.0 —34.0 53.0 271.0 —255 34.0 97.0
87 27 CSIR —535 19.0 223.0 —375 35.0 327.0 —-27.0 49.0 110.0
Ten-4 93 9-1 CSIRO —40.6 41.5 285.3 —26.9 2.7 17.7 —17.2 48.4 110.8
(LHD) 93 9-2 CSIRO —40.7 34.8 266.9 —29.8 26.3 17.0 —-17.3 43.7 135.2
81 1 USBM —76.0 2.0 50.0 —45.0 57.0 317.0 —33.0 33.0 141.0
88 32 CSIR —-37.0 7.0 352.0 —20.0 45.0 256.0 —-13.0 44.0 89.0
88 33 CSIR —36.0 15.0 284.0 —22.0 9.0 192.0 —13.0 72.0 73.0
89 37 CSIR —-52.0 13.0 191.0 —-29.0 34.0 289.0 —14.0 53.0 83.0
Fortuna/Regi 83 7 USBM —27.0 18.0 333.0 —21.5 30.0 232.0 —13.0 54.0 90.0
85 21 USBM —-31.0 36.0 329.0 —-24.0 14.0 229.0 —13.5 51.0 122.0
89 38 CSIR —41.0 35.0 247.0 —15.5 9.0 343.0 —-5.0 54.0 85.0
91 45 CSIR —=735 9.0 288.0 —40.0 7.0 19.0 —-37.0 78.0 144.0
91 46 CSIR —122.5 5.0 143.0 —67.5 81.0 266.0 —57.0 8.0 52.0
Ten-5 93 5-1 CSIRO —33.7 234 210.1 —20.7 28.9 313.9 —124 51.3 87.4
93 5-2 CSIRO —31.5 15.8 198.9 —10.7 3.5 289.8 —-2.9 73.8 31.9
93 5-3 CSIRO —26.1 17.7 189.8 —8.6 6.6 281.9 -1.3 71.1 31.5
Pipe 88 13 CSIRO —52.0 322 178.8 —33.7 53.0 3194 —235 16.3 72.2
88 14 CSIRO —40.8 4.3 102.4 —31.8 16.6 193.7 —22.2 72.8 178.3
88 15 CSIRO —46.4 1.0 338.7 —29.5 439 247.7 —24.1 46.1 69.7
Sub-4 93 6-1 CSIRO —27.0 28.2 353.5 —-17.0 43.2 243.3 -89 40.0 101.4
93 6-2 CSIRO —66.8 14.3 203.5 —41.1 422 306.9 —283 443 99.1

stress field may differ considerably from that specified on
the model boundary. In the stress measurement analysis
method developed, the opposite procedure was used, i.e. the
locally measured stress field was used to compute the ‘far-
field” model boundary tractions.

The stress field was divided into gravitational and
tectonic stress components. For convenience, all non-
gravitational sources of far-field stresses are grouped

together in what is referred to as the ‘tectonic’ component
of the stress field. Since the gravitational component of
stress must always be present, the problem was one of
determining the unknown tectonic component. A stress
measurement records the total stress field so we can write:

o_gleas — 0_lgjrav + 0{';“ (1)

The superscript ‘meas’ refers to the measured stress
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tensor, and ‘grav’ and ‘tect’ refer to the gravitational and
tectonic components of the measured stress tensor, respect-
ively. Since the geometry of the mine excavations and
topography are usually well known, as are material
densities, it is possible to construct a three-dimensional
numerical model and compute the gravitational stress field.
The tectonic component of the stress field at the measure-
ment point can then be computed using Eq. (1):

tect eas rav
ot =0yt — olg} 2

)

This estimate includes unknown amounts of mining and
topographically-induced stresses. By removing these local
effects, we obtain a stress tensor representative of the ‘far-
field’. Since the gravitational component of the total stress
field varies from site to site due to topographic effects, and
local influences further complicate the comparison, the far-
field tectonic component of the stress field is a particularly
useful quantity to compute for comparison purposes. The
scheme developed to compute the far-field tectonic stress
tensor is described in detail elsewhere (McKinnon, 2001);
however, a brief description of the analysis method is
provided here, as certain concepts are important for
interpretation of the stress measurements.

5.1. Description of analysis method
Assumptions made in the analysis are:

e The stress field is formed entirely by tectonic and
gravitational stresses according to Eq. (1).

e The rock mass is linearly elastic and isotropic but not
necessarily homogeneous.

e The depth range of measurements is small enough that
vertical gradients in the far-field tectonic stresses are
ignored.

e In the far field, i.e. at the boundaries of numerical
models, the horizontal and vertical stresses are principal
stresses.

The objective of the analysis is to determine what
boundary tractions must be applied to the numerical model
of the mine in order to reproduce the local tectonic stresses
of Eq. (2). In the following development, the coordinate
system used for the numerically computed stresses is the
same as that used for the stress measurements i.e. x east, y
vertical and z north. It is convenient, but not essential, that
these axes coincide with geographic north and vertical
directions.

Using a numerical model of the mine and surrounding
surface topography, it is possible to compute the stresses
induced at the measurement points due to the application of
unit tractions applied to the model boundary. For example,
if a unit traction ¢, is applied in the x-direction (other lateral
boundaries free to deform, and for convenience, model
boundaries are taken to be parallel to the coordinate axes), it
will induce a state of stress described by the tensor ™o; at

the measurement point. The superscripts m and x refer to
stresses sampled at the measurement point in the model due
to a unit traction applied in the x-direction on the model
boundary. The tensor ™oj; will be referred to as the unit
response tensor in the x-direction. This process is illustrated
in Fig. 4. Similarly, unit response tensors ™ o7; and ™ o7¢ can
be computed using the same model by separately applying
unit normal traction ¢, and unit shear traction f,,,
respectively, on the model boundaries. Note that with this
coordinate system, a vertical normal traction ¢, applied to
the (vertical) model boundary has no physical significance
and is not included in the analysis. This also follows from
the assumption that in the far field, principal stress axes are
vertical and horizontal.

The computed tectonic stress field at the measurement
point is assumed to be a linear combination of the three unit
response tensors. This assumption is made on the basis that
the models are linearly elastic and the total stress field can
be computed by superposition of its components:

CO'E;Ct=Am(T?}+BmO§j+CmO'?}Z (3)

This is compared with the tectonic component of the
stress field estimated from the measurement using Eq. (2).
The difference between the two values, Eq. (4), is referred to
as the error tensor:

U_;}rror — Do_gleas _ O?irav _ (Amo,irjx + Bmo,l;jg + Cmo_i}z) (4)

In the analysis of the El Teniente data set the measured
stress tensor is scaled by a constant to account for possible
Young’s modulus errors. This scaling factor is applied to
;- in Eq. (2) and appears as the factor D in Eq. (4). A
numerical scheme is used to vary the proportions of the unit
response tensors and the measurement tensor in order to
minimize the magnitude of the error tensor components.

Ladl
mine excavations
>
o XX
3((—— measurement point
t, >
. m mox unit
O i xy Oy response
A -
» m X Mm% tensor
o yy o yz
m
o',
—_—x
»

Fig. 4. Definition of unit response tensor, determined at measurement point
due to application of unit traction to boundary. Result is a tensor with
components as shown, computed at the location in the model corresponding
to the measurement point.
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The objective function of the minimization process, W, is
defined as the sum of the squares of the error tensor
components.

v = (o™’ Q)

Other schemes could be used but the use of least squares
resulted in a fairly even distribution of error amongst the
error tensor components. This is physically desirable since
we have no reason to assume one component of the stress
tensor has more error than another.

5.2. Description of the numerical model used in the analysis

The program 3DEC (Itasca, 1994) was used to construct
a three-dimensional continuum model of the mine. This
program is capable of incorporating discontinuities to
represent discrete faults, but since it was not known a priori
how the faults would influence the local stress field, none
were included in the model. The effect of this assumption is
discussed later. Fig. 5 shows two views of the model.
Because of the severe topography around the mine, a fairly
large lateral extent was chosen to capture enough of the
topography that further increases in model size would not
affect the computed stresses at the measurement site. Lateral
dimensions of the model shown in Fig. 5a are approximately
13 km X 12 km. A view of the caved regions of the mine
(full of broken rock), from the southeast looking up, is
shown in Fig. 5b. This view spans a distance of
approximately 2 km. Since all measurements were located
within a few hundred meters at most from any mining, it can
be appreciated that the magnitude of mining induced
stresses at each site could not be ignored.

As shown in Fig. 1, the rock mass comprises several rock
types. Material properties derived from laboratory tests and
rock mass classification showed that the lithology could be
grouped into six material types, excluding the caved
material. The continuum model was therefore cut with
vertical boundaries defining regions with different material
properties. The location of the boundaries closely followed
the structural and lithological boundaries shown in Fig. 1.
Material properties were derived using rock mass classifi-
cation (Hoek and Brown, 1997). The range in estimated
rock mass Young’s modulus was from 20 to 58 GPa and
Poisson’s ratio from 0.14 to 0.26. Further details of the
properties will not be described as it was found that these
material contrasts resulted in only small deviations in the
stress field compared with that obtained from a homo-
geneous material model.

If all measurements had been made at the same time, the
unit response tensors and the gravitational stresses at each
measurement point could have been determined from a
model with a single mining geometry. However, the
measurements were made over a time period during which
there were significant changes to the mining geometry.
Careful examination of the dates of the measurements (see

Table 1), plans of the mining sequence, and the locations of
the measurements, showed that for modeling purposes the
mining geometry at one of three stages, 1988, 1991 and
1993, could be used to represent the geometry at the times
when measurements were made. A total of 12 models were
therefore used, each with different combinations of mining
geometry (three cases) and boundary condition (four cases).
The response tensors used in Eq. (4) were extracted from the
appropriate model for each measurement point.

5.3. Analysis of individual measurements

The far-field tectonic stress tensor coefficients deter-
mined by minimization of Eq. (5) are shown in Table 2. For
compactness, only the results for the Sub-6 group of
measurements are shown, but results from the entire data set
are included in the discussion. The minimization was
carried out using the SOLVER function of the Excel 2000
spreadsheet program (Microsoft, 1999). A number of trial
starting values for A, B, and C were used in the solution
scheme to ensure that the computed minimum error value
was not a local minimum reached from a particular starting
point. All error values appeared to be global minima.

The scaled measurement analysis resulted in a significant
reduction in the magnitude of the error values compared
with an unscaled analysis i.e. D = 1.0. This did not
automatically imply a better fit of the tectonic stress tensor
as this may have been achieved at the expense of an
unrealistic degree of scaling of the measurements. Even
though we accepted the fact that there was some error
introduced into the measured stress tensor by the use of an
incorrect Young’s modulus, there are limits to how much
scaling would be realistic to compensate for this error.
Scaling factors with large deviations from 1.0 would
indicate additional and unknown sources of error. The
negative value of D for site 1-2 of the Sub-6 region and a
zero value for one additional site were two such unphysical
results. These two sites were rejected from further analysis.

To investigate the measurement scaling factor results in
more detail, we examined the distribution of D values,
shown in Fig. 5. Since we were primarily concerned with
incorrect scaling of the older (pre-1993) measurements, the
histogram was restricted to the D values of those
measurements. The D values have a mean of 0.8, median
of 0.7 and the form of Fig. 6 is strongly suggestive of a
normal distribution. It would appear, therefore, that the
corrected Young’s modulus applied to the pre-1991
measurements was still low since the mean value of D is
less than 1.0. Since we have criteria for neither a distinct
value of D nor magnitude of error value to serve as a cutoff
point for accepting or rejecting a measurement result, all
data (except for the two points with unphysical D values)
were used for further analyses.

The magnitudes of the far-field tectonic stress tensor
components are computed as the product of the unit
response tensor coefficient and the magnitude of the
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Fig. 5. Perspective views of 3DEC model of mine showing (a) regional model viewed from the southwest and (b) geometry of caved regions of the mine viewed
from below and from the southeast. The dark shaded area in the central region of (a) shows the upper surface of caving shown in (b), and is approximately 2 km

in span.

corresponding unit traction that was applied to the model
boundary. In these models, normal tractions of magnitude
— 1 MPa and a shear traction of +1 MPa were used. The
Cartesian and the corresponding principal components of
the far-field tectonic stresses are shown in Table 3. The
entire data set showed scatter in orientation and magnitude
of the principal stresses similar to that shown in Table 3. If
the mine had been in a single stress domain, then the
magnitude and orientation of the far-field tectonic stress
tensors would be similar for each measurement. Since this is
clearly not the case at El Teniente, how can we further
characterize the stress field?

It is important at this point to note the difference between
the mine and its numerical representation. Some fairly
extensive approximations were made in constructing the
model, of which the greatest liberties were in representing

the shear zones as regions of contrasting material properties.
Also, all faults were omitted, and a simple method of
initializing the stress field in the model was used. If, in these
circumstances, the analysis had resulted in uniform far-field
tectonic stress tensors, it would have indicated that the
features omitted from the models were not important with
respect to the stress field in the mine. The large variation in
the tectonic component of the far-field stresses between
measurement points indicated that important factors had
been omitted from the model. This does not negate the
utility of the model or the use of the analysis results. For
practical purposes, model calibration is still necessary. The
task is to identify domain boundaries and to characterize the
stress field within those domains. A good basis for
comparison when searching for domains is to compute the
average far-field tectonic stresses using all measurements.
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Table 2

Results of scaled measurement analysis of tectonic stress

Location Site Unit response tensor coefficients Error value Error tensor = estimated tectonic — computed tectonic

A B C D R? o o, oy Tz Tay Tyz

Sub-6 1-2 —158.6 —36.6 47.8 -94 302.0 -2.0 2.7 9.5 -6.0 —11.5 5.7
2-1 3.7 20.3 0.0 0.7 107.0 —-14 —-2.0 22 2.3 -93 2.3
2-2 15.7 43.1 2.6 1.0 98.8 —3.1 —-04 0.9 2.6 —54 7.3
3-1 15.0 7.5 5.3 0.4 7.8 0.2 -0.2 1.1 -03 0.2 —-25
3-3 5.1 6.0 7.0 0.4 19.6 0.0 —0.1 2.0 —-0.6 2.4 —-3.1
4-1 20.4 215 1.0 0.9 124 0.2 —-03 0.9 0.1 —34 -0.1
4-2 6.1 8.7 0.8 0.7 10.8 0.2 —-04 1.0 0.1 -29 —1.1
12-1 21.0 28.2 12.1 1.0 33.6 0.1 —0.6 4.0 —0.2 1.0 —4.1
12-2 19.9 259 9.7 1.0 249 0.2 -0.9 2.7 -03 -2.1 -35
6 7.4 12.1 5.8 0.6 38.0 —-0.2 —-04 2.6 -03 52 -19
8 37.1 429 4.7 1.2 63.0 —-1.2 0.4 1.0 —-15 43 6.3
9 27.4 20.4 29 0.9 24.5 —-0.7 0.5 0.4 0.2 —4.1 2.6
16 —4.5 7.6 22 0.3 12.1 -04 0.3 -03 -03 -05 34
18 9.9 13.8 2.5 0.5 52 -03 0.2 -04 —-0.2 0.2 22
23 11.6 9.0 42 0.9 56.2 0.0 —0.1 22 —-14 6.9 —1.1
39 4.6 12.0 2.8 0.6 4.5 0.1 —0.1 04 -03 1.9 -0.8
41 59 6.5 6.5 0.6 17.0 0.2 -0.2 1.5 0.1 -0.9 -3.7
42 22 53 —14 1.5 240.0 —-3.6 0.1 5.4 14 —-7.1 12.1
43 8.4 9.7 -1.0 0.4 23.4 —0.2 0.6 1.2 —-04 —45 -1.0
44 31.0 26.4 1.6 1.1 65.0 -0.0 -0.5 4.8 0.1 2.1 —6.1

5.4. Calculation of the average far-field tectonic stresses for
the entire data set

The solution scheme can be adapted to determine the
best-fit far-field tectonic stress tensor to the entire data set
by changing the minimization objective function to be the
average of the error values of all measurements. The results

of this calculation are shown in Table 4. In this calculation,
scaling coefficients D computed from the individual
measurement analysis were used, since the scaling coeffi-
cient has a physical significance for each measurement.

As shown in Table 4, the major principal axis of the
average far-field tectonic stress tensor is oriented almost
exactly N—S. This is the same orientation as the shortening

7 - 100%
- 90%
6 i
- 80%
51 L 70%
L>>~. 4 / C—Frequency [ 60%
5 —— Cumulative %
g_ - 50%
g . u
v L 20%
2] - 30%
J - 20%
1
H H [ 10%
0 - T T T T T T T T T T 0%
0 02 04 06 08 1 12 14 16 1.8 2  More
D Values

Fig. 6. Distribution of computed measurement scaling factor D for the pre-1991 measurements.
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Table 3
Computed far-field tectonic stresses

Location Site Cartesian stresses Principal stresses

o o Tez oy Trend o, Trend

Sub-6 2-1 —-37 —203 00 —203 1800 —3.7 90.0
22 =157 —43.1 26 —433 1747 —155 847
3-1 —150 -—175 53 —17.7 1172 —48 272

3-3 =51 —6.0 7.0 —125 136.7 14 467
4-1 —204 -215 1.0 —22.1 1503 —19.8 60.3
4-2 —-6.1 —87 08 —-9.0 1639 —58 739

12-1 —21.0 —-282 121 —372 1433 —119 533
122 =199 -259 9.7 —-33.0 1436 -—128 53.6

6 -74 —121 58 —160 1460 —35 56.0
8 —37.1 —429 47 —455 150.7 —-344 60.7
9 —274 —204 29 —285 1096 —193 19.6
6 45 =176 22 —8.0 169.8 49 798
18 -99 —138 25 —150 1539 —86 639
23 —11.6 —-90 42 —147 1266 —59 366
39 —4.6 —12.0 28 —130 1616 —37 716
41 =59 —65 6.5 —12.7 1363 03 463
42 -22 —-53 —-14 -59 208 —17 1108
43 -84 —-97 —-10 —-102 278 —79 1178

44  —-31.0 —264 1.6 —31.5 1076 —259 17.6

axis of the most recent episode of deformation, as opposed
to the E-W orientation that would be expected on the basis
of the regional tectonics. The error values resulting from this
average tensor fit were significantly higher than for the
individually fit tensors. However, rejection of poorly fitting
points from the calculation process resulted in very little
change to either the average error value or the orientation
and magnitude of the far-field tectonic stress tensor. This
average fitting tensor serves as a benchmark with which to
compare smaller groups of measurements.

5.5. Search for stress domains by grouping measurement
points

For stability analysis purposes and to understand the
physical basis for these stress field variations, we wished to
search for domain boundaries using groups of measure-
ments whose average error values were acceptably smaller
than that of the entire data set but not significantly larger
than those of individual measurements. The simplest
starting point was to group measurements by physical
proximity, or mining region.

The grouping of measurement sites by mining region is
shown in Table 1. Eq. (4) was used in computing a single set
of coefficients A, B, C for measurements in each group,
together with individually calculated scaling coefficients D.

Table 4
Average far-field tectonic stress tensor for entire data set

Magnitude (MPa) Trend
oy —15.8 4.1
oy, -10.2 94.1

The results of this calculation are summarized in Table 5.
The average error value increases with the number of points
in the group, and the Sub-6 region has a higher error value
than the average of the entire data set even though it
contains a much smaller number of points. This indicates
that there is no strong correlation between stress field and
region. It also indicates that stress domain boundaries most
likely cut the area defined by mining regions.

The far-field tectonic stress tensors can also be compared
in graphical format. Fig. 7 shows the principal stress tensors
scaled relative to a circle with diameter of 20 MPa. The
orientations appear to fluctuate around the mean N-S
direction, but there is considerable scatter in the magnitudes
and ratios of principal stresses. More meaningful groupings
were sought based on geological characteristics. Since stress
measurements are generally not available on a dense pattern
throughout a mine, physically identifiable domain bound-
aries would be very useful. There has been considerable
discussion in the literature about the effect of shear zones,

<

Sub 6

&

Teniente-3 Isla

S

Fortuna

Teniente-4 LHD .
Regimiento

@

Teniente-5

&

Braden Pipe

Sub-4

Fig. 7. Far-field tectonic stress tensors computed by region. Diameter of
circles is 20 MPa.
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Table 5
Average far-field tectonic stresses computed by region
Region oy Trend ay, Trend Error value # Points
Sub-6 —17.6 154.6 —10.2 64.6 546 19
Ten-3 Isla -19.2 274 -6.8 117.4 417 11
Ten-4 LHD —45.0 149.6 -27.1 59.6 421 5
Fortuna/Regimiento —83 140.2 —6.1 50.2 100 5
Ten-5 —19.1 4.9 -5.1 94.9 334 3
Pipe —124 174.7 -89 84.7 164 3
Sub-4 -89 8.7 —-1.0 98.7 60 2
All points —-158 4.1 -102 94.1 527 48
shear bands, localizations or faults on reorientation of a for the entire data set. The results for structurally defined
stress field (e.g. Vermeer and de Borst, 1984; Cundall, 1989; groups and mining region groups are quite different. The
Hobbs et al., 1990; Vermeer, 1990; McKinnon and Garrido structural groups shows a decreasing mean error value with
de la Barra, 1998), which provides a sound physical basis increasing number of points and a significantly smaller
for using structural discontinuities to define stress domain mean error value than either the region group or the entire
boundaries. A shear zone is a strain localization within data set. The structural group corresponding to shear zone
which the strength of the rock mass is lower than outside the intersections has relatively few points but has a very high
zone, due to higher fracture frequency, and since the mean error value, indicating that the group cannot be well
strength of the rock mass has been exceeded, shear stress represented by a single far-field tectonic stress tensor.
levels within the zone should be lower than outside. This Intersections appear to be characterized by highly irregular
occurs through a reduction in the principal stress magni- stress fields. The higher degree of fracturing and structural
tudes and a rotation of the principal axes. The wide shear anisotropy in the intersections has a pronounced effect on
zones at El Teniente were therefore identified as candidates scattering the stress field orientation. It is also noteworthy
for defining domain boundaries. that measurement points forming each structural group are
Four groups of measurements were formed on the basis not necessarily located close together, lending stronger
of structural characteristics. The results of the far-field weight to the argument that structural domain grouping as
tectonic stress analysis for these groups are shown in Table opposed to location grouping is a more significant descriptor
6, and in graphical format in Fig. 8. These groups show of the stress field. Since structural domains can be mapped,
lower mean error values than those grouped by region, with they form a convenient basis on which to characterize the
the exception of the group of measurement sites in shear stress field.
zone intersections, which has an extremely high mean error
value. The range of principal stress magnitudes is much
smaller than the region groups shown in Table 5 and Fig. 7, 6. Geological interpretation of the measurements
but the orientation of the principal axes in each structural
domain varies significantly. In a similar manner to the The shear zones in the mine have gradational boundaries
region groups, the orientation appears to fluctuate around a and the abrupt boundaries depicted in Fig. 1 are only
N-S direction. approximate. These boundaries also meander vertically.
Unfortunately, as with the grouping by region, the Regions designated as being outside of shear zones still
number of points constituting the groups is relatively small, contain fractures associated with the shear zone but at a
rendering standard statistical tests of questionable value. much lower fracture frequency. We also know from an
Another simple way to compare these results is to examine analysis of kinematic indicators in the mine (Garrido et al.,
how the mean error value changes with the number of points 1994), that there have been at least two episodes of
in each group. This is shown in Fig. 9. For reference, the deformation, the youngest of which had its shortening
dashed line in the figure corresponds to the mean error value axis approximately N—S, consistent with the approximately
Table 6
Average far-field tectonic stresses, grouped by geology
Region oy Trend oy, Trend Error value # Points
Outside shear zones —16.3 38.0 —-6.9 128.0 251 11
NE fault zone —18.5 145.0 —8.0 55.0 251 12
NW fault zone —13.1 8.0 =11 98.0 389 8
Intersections —13.7 3.0 —-95 93.0 1183 6
All points —15.8 4.1 —10.2 94.1 527 48
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Fig. 8. Far-field tectonic stress tensors computed by structural domain
grouping. Diameter of circles is 20 MPa.

N-S principal axis of the computed far-field tectonic stress
tensor. While this may indicate that the shortening is still
active, we cannot be certain because the current stress field
magnitude may be below the critical threshold required to
induce crustal shortening. We will show how the stress
measurement data can be used to assess whether or not the
TFZ is participating in regional deformation.

Since the kinematic analysis indicated that the existing
discontinuity fabric was reactivated to accommodate crustal
shortening in the most recent episode of deformation, the

structures participating in the activity should have some
influence on the orientation and magnitude of the stress
field. If the structures were not correlated with the stress
field, then we would not have found the grouping of
measurements by structural domain to be as good a
predictor as it was. If the structures are slipping, or close
to the point of slip, the shear stress resolved on those
structures should be at or close to the strength limit. This
possibility was examined by plotting the measured major
principal stress against minor principal stress, shown in Fig.
10, as these components of the stress field determine
whether or not shear failure will take place. Data shown in
this figure correspond to measured stresses scaled by the
computed scaling factor D. Linear regression of the stress
data produced a correlation coefficient of 0.75, indicating
that the linear relationship is not unreasonable.

The rock mass strength was estimated by defining an
envelope bounding the stress data, since the state of stress in
a rock mass should always be below its strength. This
envelope, also shown in Fig. 10, was set at 10 MPa above
the regression line. This envelope corresponds to a Mohr—
Coulomb cohesion of 2.4 MPa and friction angle of 20°.
These values are in the range appropriate for a weak rock
(Hoek and Brown, 1980). Changes in the position of the
envelope parallel to the regression line would affect only the
value of cohesion. The choice of 10 MPa was somewhat
arbitrary and it can be seen in the figure that a number of
points lie above the envelope. However, exact strength
parameters are not the issue; it is the existence of a limiting
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Fig. 9. Variation of computed error values with number of points in data set for measurement groupings by region and by structural domain. Average of all data
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Fig. 10. Scaled stress measurement results showing envelope-like limit.
Outlier points above the envelope are located in stronger rock types.

rock mass strength defined by the stress measurements that
is most significant.

Examination of the data points lying above the strength
envelope showed that they were all located in diorite,
porphyry or outside of shear zones and hence were located
in stronger rock types. Our interpretation of these ‘higher
strength’ points is that they represent states of stress that can
be tolerated by more competent material and do not reflect
any limiting state of stress at the measurement point due to
the strength of nearby structural discontinuities. This
apparent limiting strength to the mine-scale rock mass is
also interpreted as support for the hypothesis that the TFZ is
an active regional tectonic structure, since there is a strong
indication that it is in a state of marginal stability.

To check whether the mine-scale rock mass strength
deduced from the stress measurements yielded meaningful
values, we examined other indicators of large-scale rock
strength. An independent numerical back-analysis of rock
mass strength using microseismic data from the Sub-6
region of the mine, yielded Mohr—Coulomb cohesion
values between 1.1 and 2.0 MPa and friction angles between
21 and 26°. The back-analysis procedure was based on a
comparison of the numerically computed stress field at the
location of the microseismic event with a strength value that
would produce an excess shear stress drop consistent with
the observed event magnitude. While these values represent
dynamic strength they are in the same low range as the

estimate from the stress measurement data. On an even
larger scale, Jamison and Cook (1980) used stress drops
from earthquake data to show that crustal strengths are
similar to granular material with almost zero cohesion and a
friction angle of approximately 30°. The low mine-scale
rock mass strength deduced from the stress measurements is
therefore not without precedent.

7. Discussion

Stress measurements are generally considered to be point
measurements (Leijon, 1989) and yet collectively they have
been shown to contain information about the rock mass on a
much larger scale. This finding is relevant to our
interpretation of the TFZ from a geological perspective,
and to our interpretation of the stress field in the mine for
engineering purposes. An additional question arising from
these results is how generally can stress measurements be
used to estimate rock mass strength?

In terms of rock mass behavior, we might expect the
apparent limiting equilibrium state of regions within the
TFZ to result in sensitivity to changes in stress brought
about by mining, which would induce seismicity. The
characteristics of self-organized critical systems (Bak and
Tang, 1989; Sornette and Sornette, 1989; Rundle et al.,
2000) imply that these events would not necessarily locate
close to mining activity. A study of high quality microseis-
mic events at the mine for which the moment tensor
solutions were available, showed compatibility between slip
vector orientations and the N-S oriented tectonic stress
field (see Gephart (1990) for a description of the seismic
moment tensor stress inversion method). For this to occur
the mining induced component of the total stress field at the
event sites must have been small, otherwise spatial stress
gradients would have negated the assumption of constant
stress in the source region. Source locations confirmed that
these events did not occur close to mining activity. It
appears, therefore, that at least some seismicity in the mine
could have been the result of interaction between stress
changes induced by mining and sensitive structures within
the TFZ. It is not unprecedented that large engineering
operations can induce seismic events (e.g. seismicity
associated with reservoir filling; Grasso, 1993). We
speculate on the basis of the stress measurement analysis
results, in conjunction with certain characteristics of
seismicity at the mine, that the TFZ is part of such a critical
state system on a regional scale.

7.1. Use of stress measurements to estimate rock mass
strength

Can spatially extended sets of stress measurement points
be used to estimate large-scale rock mass strength? It
appears to have been possible at the El Teniente Mine
specifically because of its location in a tectonically active
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portion of the crust. If the structural features constituting the
fabric of the rock mass within which the mine is located are
yielding, even if at a geological time scale, a relationship
between the stress field and the strength of the rock mass
would be expected. In regions that are not tectonically
active or that are not sufficiently homogenized by faults
connected to the regional scale, this relationship may not
exist. Evidence for this was the stress measurements made
in higher strength intrusions, whose stress state laid above
the general strength envelope established for the rock mass
at the mine.

7.2. Differences between regional and mine-scale stress
field orientation

On the basis of horizontal principal stress indicators
compiled as part of the World Stress Map Project (Zoback,
1992) we expected a predominantly E—W direction for the
major principal axis of the far-field tectonic stress tensor.
Evidence from (i) stress measurements, (ii) kinematic
analysis of shear slip displacement indicators, and (iii)
moment tensor analysis of microseismic data, all indicated
an approximately N—S major principal stress axis of the
horizontal components of the stress field in the mine i.e.
perpendicular to the regional trend. Although geological
evidence supported our findings, we were unable to
establish a mechanical link between mine-scale and
regional-scale structures to account for this local deviation.
It is safe to say, however, that orebody mineralization
occurs specifically because of local geological complexities.
It is not surprising, therefore, that the stress field within this
world-class mineral deposit does not conform to the
regional trend. A study of stress measurements in the
Mediterranean region (Rebai et al., 1992) concluded that
stress domains are defined by structures on different scales,
i.e. large structures define large domains of stress, but within
these domains, smaller domains of stress may be defined by
sub-structures. This theme is consistent with the results of
our analyses at the El Teniente Mine.

8. Conclusions

e Due to the significant influence of mining and topogra-
phically-induced stresses on the measured stresses, it was
not possible to directly compare the measurements in
order to characterize the stress field in the mine. The
analysis procedure used provided a means of making a
comparison possible. Calculation of the far-field tectonic
stress tensor (non-gravitational horizontal boundary
tractions) for each measurement point, which excludes
all gravitational and locally induced effects, provided a
rational means of comparing the stress field character-
istics throughout the mine.

e Certain trends were seen in the orientation and magnitude
of individually calculated far-field tectonic stress tensors

but they also showed considerable scatter, even for closely
spaced measurements. Tensor fits to measurement data
grouped by location showed considerable scatter in both
magnitude and orientation. The best grouping of
measurements was shown to occur using geologically
defined boundaries based on the location of shear zones
cutting through the mine. Although the shear zones were
not explicitly included in the numerical model (except as
zones of differing material properties) they appear to have
a major influence on the stress field in the mine.

e The computed far-field tectonic stress tensors for different
structural domains had similar magnitudes but different
orientations. The orientation of the major principal axes
were scattered around an approximately N—S direction.
This direction is orthogonal to the E-W orientation that
would have been expected on the basis of regional
tectonics. The best-fit far-field tectonic stress tensor for
the entire data set also had its major principal axis oriented
N-S. Itis apparent that the El Teniente Fault Zone, within
which the mine is located, is part of a structural system that
has had a significant effect in modifying the regional stress
field to that which occurs in the mine. Corroboration of
this orientation using stress field orientations computed
from high quality microseismic data and kinematic
analysis of structural data indicated that this discrepancy
between the orientation of the regional and mine-scale
stress field is not an artifact of the stress measurement
analysis technique, although the reason for this discre-
pancy is currently unknown.

e When plotted in principal stress space, the stress
measurements showed an envelope-like trend, which
indicated that the stress levels in the mine were to some
extent controlled by a large-scale strength limit. While the
strength computed from this envelope was low, it was
consistent with strengths computed from microseismic
event magnitude data. This was interpreted to imply that,
on a large scale, the shear zones in the mine, and probably
the El Teniente Fault Zone, are currently active in
accommodating tectonically driven deformation. On a
large scale, the shear zones must be at or close to a state of
limiting equilibrium with tectonic driving forces.

e The strength envelope suggested by the measurements is
considerably lower than the rock mass strength derived
from rock mass classification, implying significant scale
dependent strength and rock mass behavior at the mine.
This is attributed to the size of the mine being sufficient to
interact with regional scale geological structures, which
influence the apparent strength. Smaller excavations do
not interact with large-scale structures and therefore have
a higher apparent strength.
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