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ABSTRACT 

This study establishes the geomechanical basis for pit 

slope angles in the proposed Kino open pit at Cananea, Mexico. 

Angles from 50° to 70° have been laid out, depending on slope 

orientation and slope height, based on a rock fabric analysis 

and an empirical study of existing natural and artificial 

slopes in the Cananea mining district. A total of 1,750 

macro-fractures are recorded both on the surface and in 

underground workings, and analyzed by Schmidt equal-area nets 

for different locations, rock types, elevations and fracture 

types. The mined slope study covers a horizontal slope 

length of 3*5 km. 

Estimates for the average strength of geologic dis

continuities are: 40° for the effective friction angle and 

4,200 kg/m for the effective cohesion, assuming a Coulomb 

relationship at limiting equilibrium for the "random jointing" 

sliding block analysis. A correlation between slope geometry, 

macro-fracture orientations, and slope behavior is demon

strated. A limiting equilibrium versus structure daylighting 

relationship is shown to exist above 50° at Cananea for a 9 

confidence limit zone of the Poisson exponential binomial 

limit method used with a Schmidt equal-area net. Slope cur

vature effect limits are formulated, and Cananea mining 

ix 
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district slope design curves are estimated. A wedge inter

section analysis is performed, and stress orientation pat

terns within the district are postulated. 



CHAPTER I 

INTRODUCTION 

The determination of the optimum slope angles in an 

open pit operation is a problem of great economic importance. 

The slopes must be steep enough to result in economic mining 

and flat enough to insure safety. Since the steeper the 

slope the lower the cost per ton of ore mined, the ultimate 

objective of every open pit mine operator should be to mine 

at the maximum safe slope. 

The assessment of the stability of a slope cut into 

rock is basically a problem for the geological engineer. He 

must obtain quantitative information relating to structure, 

water flow, rock types, tectonic history, etc. He then uses 

these to develop a geomechanical model,, based upon principles 

of mechanics, which gives results that agree reasonably well 

with conditions observed in the field. His final answer can 

only be as accurate as the geological input data. 

The geometry and character of macro-structural dis

continuities such as joints, faults, seams, etc., play a 

major role in any open pit slope design. The stability of a 

proposed cut slope is generally governed by its innate geo

logic discontinuities, since they possess significantly lower 

strength properties than the intact rock substance. Due to 

1 
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this distinct anisotropy in strength, shear failure will tend 

to follow pre-existing planes of weakness or combinations of 

such planar surfaces. Failure can occur when a rock slope is 

cut at an unfavorable orientation with respect to a structural 

discontinuity or to a rock wedge bounded by two or more inter

secting macro-fractures. It is then extremely important that 

the attitude, position, and strength properties of the dis

continuities in the rock mass be knov/n in order to design a 

slope so as to minimise she likelihood of slope failure. 

To date, relatively few quantitative attempts have 

been made to design optimum slope angles. The heterogeneity 

and anisotropy of geologic structures and their typical 

geometry, nas TDrecj.uo.cd any rigorous quantitative treatmenc, 

and has made it difficult to formulate a geomechanical model 

that fully describes the slope stability problem. One is 

forced to reduce the complex geologic data to a limited 

number of parameters, which makes it possible to solve the 

mathematical problem, but prejudices the answer. Conse

quently, slope mechanics still remains an empirical science, 

heavily dependent on the perception of the slope stability 

engineer. He must familiarize himself with existing natural 

and artificial slope parameters in a given mining district 

(e.g., slope height, slope angle, slope orientation, slope 

failures, slope curvature, etc.), and also obtain empirical 

fracture strength estimates to predict future slope behavior 

in a similar geological environment. 
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Statement of the Problem 

The purpose of this study is to establish slope angle 

guidelines for the new Kino Pit at Cananea, Mexico, based on 

a rock fabric study and an empirical slope analysis of the 

existing natural and artificial slopes found in the Cananea 

mining district. This project represents one portion of the 

overall Cananea slope stability program initiated in the 

summer of 1968 by the Department of Mining and Geological 

Engineering at The University of Arizona. Besides the em

pirical and rock fabric studies described in this report, 

other portions of this program include: 

1. A physical testing study of.the three funda

mental rock types (i.e., breccia, porphyry, 

and volcanic units) found at Cananea (Zavodni, 

1969). 

2. A two-dimensional plane-strain finite element 

analysis of the north slope of the proposed Kino 

Pit (Hammel, 1970). 

3. A residual stress study within and around the 

mineralized Kino Pit breccia, done by overcoring 

oriented rock specimens in the laboratory. This 

research is being performed by Mr. Donald Gentry. 

A controlled blasting study and an economic 

analysis being done by the Compania Minera de 

Cananea, S. A. de C. V. 
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Scope of the Study 

The rock fabric data for the proposed Kino Pit and 

the existing Cananea and Sonora Hill Pits was obtained by 

surface mapping, and also from existing surface and under-

ground level geologic maps. The total area sampled includes 

56 acres in the Kino Pit and 112 acres in the combined 

Cananea and Sonora Hill Pits. Detailed mapping of principal 

structures was used predominantly, with some mapping being 

done by the "Yerington method" (Seegmiller, 1970) in the 

latter stages of the program. The poles of the recorded 

macro-fractures (i.e., joints, seams, faults, etc.) were 

plotted by using a computer executed Schmidt equal-area, 

lower hemisphere azimuthal projection net. Schmidt plots 

(Friedman, 1963) were drawn for different locations, rock 

types, elevations, and macro-fractures. An effort was also 

made to devise a properly weighted Schmidt plot. 

The Schmidt plots were used to: (1) establish struc

tural correlations between the existing pits and the proposed 

Kino Pit; (2) formulate a reasonable limiting equilibrium 

versus structure daylighting theory to assist in making slope 

angle estimates; and (3) postulate stress orientation pat

terns within the Cananea mining district. 

Statistically significant structural trends in the 

proposed Kino Pit and in the Cananea and Sonora Hill Pits 

were analyzed for potential wedge-type failures. The plunge, 
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azimuth, and dihedral angle of these wedges were plotted on 

equal-area intersection nets, which in turn were used to help 

establish slope angle guidelines for the Kino Pit. 

An empirical study of existing natural and artificial 

slopes in the Cananea mining district was undertaken to 

obtain estimates of fracture strength assuming a Coulomb re

lationship at limiting equilibrium, and to establish correla

tions between slope geometry, macro-structure orientations, 

and slope behavior. Other important investigations include 

the determination of possible slope curvature effect limits, 

and the estimation of slope design curves based on slope 

height, slope angle and slope condition data. The artificial 

slope study encompassed all slopes mined in the Cananea area 

(i.e., Colorada Pit, East Pit, Cananea Pit, Sonora Hill Pit, 

and the upper two benches of the Kino Pit). Information 

such as slope height, slope angle, slope orientation, slope 

condition, slope curvature, and slope age was recorded, with 

the intention of projecting past behavior to establish future 

slope guidelines in a similar geological environment. 



CHAPTER II 

DATA COLLECTION 

The Cananea mining district is located in the north-

central part of the State of Sonora, Mexico, about 100 miles 

southeast of Tucson, Arizona, and 25 miles south of the 

international boundary (see inset on Fig. 1, in pocket). 

The district has produced more than 2-1/2 billion pounds of 

copper, a substantial amount of molybdenum, and minor amounts 

of zinc, silver, lead and gold (Velasco, 1966). Presently, 

the mining is being done by the Compania Minera de Cananea, 

S. A. de C. 7., with an average annual copper production of 

60 million pounds. 

General Geology at Cananea 

Intense and widespread alteration and mineralization 

have masked a highly complex geologic history in the Cananea 

district. Mulchay and Velasco (1954) and Velasco (1966) 

view the general geology as follows: 

1. A concordant series of sediments of Paleozoic 

age were deposited on an unknown basement. 

This was followed by an extended period of 

erosion and deformation. 

2. A deposition of several thousand feet of 

extensive volcanic rocks took place 
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probably in late Mesozoic or early Tertiary 

time. 

3. Next occurred an intrusion of the sediments 

and volcanic rocks by a variety of deep-

seated igneous rocks, and near-surface or 

porphyritic intrusives. Intensive garnetiza-

tion, alteration, and mineralization were 

closely related with the quartz porphyry 

intrusives. 

The most important primary ore deposits are asso

ciated with vertical pipe-like breccia structures, and the 

better grade secondary ore is intimately connected with 

generally north-south-trending, steeply-dipping, wide 

shear and fracture zones. The Gananea Open Pit ore zone 

lies within volcanics intruded by several feldspat'nic 

quartz porphyry and quartz-free porphyry plugs; at least 

nine zones of strong brecciation are found within the con

fines of the pit (Brown and Ayala, i960). These same 

rock units (i.e., volcanics, porphyry, and breccia) are 

found in the Kino Pit area (with at least two mineralized 

breccia zones known to date), and in the remainder of the 

Cananea mining district. The contacts between the rock 

units are generally very steeply dipping and continuous 

within the ore zone. 



During the course of this study, the following defi 

nitions will apply for the various Cananea macro-fractures, 

as used by the Compania Minera de Cananea, S. A. de C. V. 

Geology Department (C. Brown, pers. comm., 1971): 

1. Fault. A planar structure having one of more 

of the following physical appearances: 

(1) gouge and/or plainly visible slickensides. 

(2) fragments of adjacent rock and mineral 

which are cemented by very strong iron 

oxide or sulfide. 

(3) any other planar, unmineralized structure 

which offsets something else. 

2. Shear zone (shears). A set of fractures which 

have a definite trend and often show slickensides 

with fault clay in small amounts. 

3. Broken zone. An irregular zone of rock which has 

numerous fractures, but where fragments have had 

negligible rotation. 

4. Seams (veinlets). Fractures filled with quartz 

and/or sulfide. 

5. Joints. Planar breaks in the rock with no ap

parent movement, and lacking primary mineralization 

6. Repeated seams. Parallel seams. 

7. Band. A well-defined, altered, and mineralized 

zone without sharp contacts with the wall rock. 
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Rock Fabric Data Collection 

A total of 1,750 structural observations are in

cluded in this study; 551 were obtained from 56 acres 

covering the proposed Kino Pit area, and 1,199 observations 

were recorded in a 112-acre area covering the Cananea and 

Sonora Hill Pits. Figure 1 (in pocket) shows the relative 

locations of the open pits in the Cananea mining district. 

It also illustrates the zones that were sampled for this 

study, along with the major discontinuities in the Kino Pit, 

and eight equal-area, lower hemisphere Schmidt nets. 

The Kino Pit observations were subdivided as follows: 

226 near surface; 10 tunnel 4-elevation 5,o25 f^et; 101 

tunnel 1-elevation 5,7C0 feet; 159 3 level-elevation 5,263 

feet; and 55 12 level-elevation 4,763 feet. The number 3 

level lies approximately 70 feet above the base of the 

planned pit and the number 12 level lies about 450 feet below 

the expected pit base. The Cananea and Sonora Hill Pits 

observations were recorded by mapping benches ranging in 

elevation from 5,610 feet to 5,300 feet. 

In the study of stability of rock slopes, several 

different fracture sampling techniques have been used with 

varying degrees of success. These include fracture set 

mapping (Call, 1967), spot sampling (McMahon, 1967), 

detail line survey (Piteau, 1970), stereoscopic photography 

(Hoek, 1970b), borehole photography, oriented core logging, 
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and acoustical methods (Broadbent and Rippere, 1970). The 

sampling technique predominantly used in this study was de

tailed mapping of principal macro-fractures (i.e., faults, 

shears, seams, and joints) exposed on the surface, along pit 

benches, and in underground workings. This method was the 

most expedient one to use because of a limited budget, the 

relatively large area that can be mapped in a short time, 

and also since a large number of observations were already 

recorded in this fashion during detailed underground ana 

surface mapping by the Cananea Mine Geology staff prior to 

the inception of the slope stability program. It was felt 

that this sampling technique reasonably satisfied the two 

essential conditions of a statistical study, namely that the 

sample be representative of the population, and that the 

sample be drawn from populations that are statistically 

homogeneous with respect to the character being studied. The 

observations were recorded at similar elevations in practi

cally speaking one geologic environment, by using a con

sistent mapping technique that covered a representative area 

of three pits. 

The data recorded for each observation include the 

following in a computerised format: 

1. Location (the NV/ corner of 200 foot x 200 foot 

grid elements). 

2. Elevation. 



3. Strike and dip of surface on which the structure 

is observed. 

4. Rock type. 

5. Type of fracture (i.e., fault, shear zone, broken 

zone, seam, joint, etc.). 

6. Attitude of the fracture. 

Wherever possible, an attempt is also made to record: 

1. The extent of the structure (i.e., the length of 

the observed trace). 

2. The continuity, planarity (i.e., large or first 

order asperities), and fracture surface texture 

(i.e., smaller or second order asperities). 

3. The distance 'between fractures (primarily in the 

case of joints). 

4. The thickness of the fracture. 

5. The type of filling within the fracture. 

6. The type of fracture termination (i.e., simple, 

en echelon, horsetail, or ending against 

another structure). 

Call initiated this recording scheme at Cananea; for a de

tailed treatment of the above categories, the reader is 

referred to Call (1967), and to Piteau (1970), who presents 

a somewhat modified approach. 

Seegmiller (1970) modified Piteau's detail line 

survey method to a regular spot sampling technique, and also 

incorporated the detailed mapping technique of principal 
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discontinuities in devising a so-called "Yerington sampling 

method." This technique was used to a limited extent in the 

latter portion of this program to map $3 surface observa

tions in the Kino Pit area. The method involves stretching 

a tape along a tunnel wall or open pit bench face and marking 

points at 30-meter intervals. At each point all discon

tinuities are mapped within a 3 x 3 meter area. In addition, 

all major discontinuities such as faults and shear zones 

which occur between the 30-meter intervals, and not found in 

the 3x3 meter area are recorded. The data collected for 

each observation are essentially the same as for the detailed 

mapping of principal discontinuities described earlier, ex

cept that the planarity of a fracture is recorded in terms 

of its amplitude and base measurements instead of simply being 

labeled planar, wavey or irregular, and a hardness classifica

tion is assigned to the rock forming the sides of the discon

tinuity. These last two refinements were not incorporated in 

the 33 observations made for this study. 

Data Collection for the Empirical Slope Study 

Historically speaking, there have been several 

previous attempts to collect empirical slope data to arrive 

at rock slope design rules. Lutton (1970) collected data 

from 91 rock excavations, in each case recording the highest-

and steepest slopes, and then drawing slope charts for 
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different rock types and environments. Piteau (1970) de

scribes a study of natural slopes in pipes in the Kimberly 

area of South Africa, where a clear relationship was found 

between plan radius of curvature of the toe of the slope and 

the angle of slope which has formed naturally by breakback. 

Hoek (,1970a) describes an empirical slope analysis of ex

isting artificial slopes at the Rio Tinto Espanola's Atalaya 

open pit in Spain, used to arrive at an approximate design 

curve for its porphyry slopes. 

In the present study, all natural slope data and most 

artificial slope measurements were obtained from highly ac

curate 1:1000 scale, 2 meter contour interval aerial topo

graphic maps of the Cananea mining district, flown in 

January, 1970. Whenever it was feasible, a field examination 

of the measured slope section was also carried out. In some 

instances it was impossible to record slope information on 

the 1:1000 scale maps due to: (l) dumps covering pre-existing 

slopes (e.g., portions of the Sonora Hill Pit); (2) block 

caving or stoping undercutting former stable slopes (e.g., 

northern portion of East Pit and southwest corner of the 

Colorada Pit); or (3) slides camouflaging pre-slide slope 

configuration (e.g., west slope of the East Pit). Under 

these circumstances, older ground-surveyed topographic maps 

were used ranging in scale from 1 inch = 100 feet to 1 inch = 

200 feet. 
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The natural slope study covers the entire proposed 

Kino Pit area and adjoining regions. It includes 22 observa

tions made perpendicular to contour lines in locations of 

maximum slope heights and angles, and of various slope ori

entations and curvatures. 

The artificial slope study encompasses all mined 

slopes in the Cananea area (i.e., Colorada Pit, East Pit, 

Cananea Pit, Sonora Hill Pit, and the upper two benches of 

the Kino Pit). It includes 51 observations which cover a 

horizontal slope length of 3,4$9 meters. The following 

method was used to measure the ultimate pit slopes: 

(1) record the highest and steepest portions of the pit 

walls; (2) keep the section line perpendicular to the pit 

benches within -5°; and (3) include measurements in dif

ferent rock types when possible. 

The information recorded for every observation 

includes: 

1. Location. 

2. Bearing of section line. 

3. Slope height. 

4. Slope angle. 

5. Horizontal slope length. This was measured half 

O way up the slope height and within a -5 range 

from the perpendicular to the slope section line. 

6. Rock type. 



7. Age of the slope since mining was initiated or 

since the slope was formed. 

.  8 .  Plan geometry (i.e., convex, straight or con

cave) . 

9. Radius of curvature. This was measured at the 

toe of the slope in plan view. 

10. Condition of the slope (i.e., stable, failure 

type, water problems, etc.). If slabbing 

(failure on a surface, one or more benches in 

extent) was observed, then the horizontal dis

tance of the slab was recorded. 

Table 1 presents the data obtained for the 51 arti

ficial slope observations made in this study. It will be 

noticed that two observations were made in the East Pit on a 

slope both prior to and after its toe was undercut by 

stoping, which resulted in forming a very steep wall. In 

the Colorada Pit the same procedure was followed for a slope 

wall steepened by a block caving operation, after this pit 

section had been completed with stable slopes. It will also 

be observed that some age dates could not be precisely es

tablished in the East Pit due to a lack of documentation. 

During the course of this study, four failure zones 

were recorded (observations indicated by an asterisk in 

Table 1), and field checked where possible. Figure 2 shows 

slide No. 1 which occurs in the east wall of the Cananea Pit, 

between a 50°-7^° slope section bearing. The average slope 



TABLE 1 

ARTIFICIAL SLOPE DATA IN THE CANANEA MINING DISTRICT 

Slope Slope Horizontal Radius of 
Pit 
Location 

Bearing 
(de.T.) 

Height 
(meters) 

Angle 
(doK.) 

Slope Length 
(meters) Uock Type 

Slope Age 
(years) Geometry 

Curvature 
(meters) Slope Condition 

Kino 3 49 35 66.8 40 volcanic 1 convex 100 stable 

Kino OOil 15 75.0 25 volcanic 1 convex 100 stable with 3 n. slab 

Kino 10 4 2 61.3 15 volcanic 1 ccnvcx 100 stable 

Car.anea 340 44 64.5 80 volcanic 5 convex 70 stable with 15m. slab 

Car.anea 356 90 55.9 110 porph. and vole. 9 straight - large slab of 30 0. 

Cananea 354 12c 57.0 70 vole, and breccia 9 straight - stable i.-ith 15 m. slab 

Cinar.ea 347 130 56.5 38 breccia 9 concave 70 stable v/ith 10 ra. slab 

Can»nea 335 130 55.3 15 volcanic 9 concave 70 stable 

Canar.ea 317 130 53.9 163 volcanic 9 straight - stable 

Canar.ea 296 126 55.9 116 volcanic 9 convex 80 stable 

Car.anea 270 82 53.1 110 volcanic 9 straight - stable 

Car.anea 250 32 52.4 150 porph. and vole. 10 straight - stable 

Car.ar.ea 35 112 52.2 70 volcanic 9 straight - stable 

Cananea" 50 130 54.4 20 volcanic 9 concave 25 slide (1) edge 

Cananea" 65 130 55.0 23 volcanic 9 concave 70 slide (1) middle 

Canar.ea* 73 130 54.7 05 (45 slide) volcanic 9 straight - slide (1) edge 

CuAbn&il t-5 130 54.2 100 volcanic 9 convex 90 stable 

Cananea 65 130 53.6 80 volcanic 9 straight - stable 

Ca.-ianea 259 132 . 48.2 134 vole, and breccia 10 straight - stable 

Car.anea 229 86 48.9 45 vole, and breccia 10 concave 65 stable 

"Indicates slope failures 



TABLE 1 —Continued 

?it 
Location 

Bearing 
(ceS.) 

S-lo-e 
Heijht 
(meters) 

Slops 
Angle 
(der.) 

Horizontal 
Slope Length 
(meters) Rock Tyoe 

Slooe Age 
(years) Gconetrv 

P.adiuG of 
Curvature 
(meters) Slcne Condition 

Cur.anoa 132 70 42.6 115 volcanic 10 straight - stable 

Scr.ora 
and Canar.ea 40 240 

40.6 
(not X) 30 volcanic 19 concave 15 stable 

Scr.ora CON 149 59.2 100 vole, and breccia 12 concave 120 stable with lj e. slab 

Sor.ora 320 172 53.2 170 porph. ar.d vole. .12 concave 120 stable with 15 -. slab 

Sor.ora* 270 34 50.7 35 porph. and vole. 12 (failure 9) convex 60 ' slide (3) middle 

Sor.ora 20 149 60.3 90 porph. and vole. 12 concave 120 stable with 20 n. slab 

Sor.ora 183 73 60.6 SO porphyry 12 straight - stable with 25 a. slab 

Sonera 220 73 60.6 30 porphyry 12 concave 37' stable 

Sor.ora* 61 133 53.4 150 (80 slide) volcanic 19 straight - slide (4) middle 

East 325 204 64.3 (50) volcanic 15 (?) concave 15 stable after stoping 

East CON 164 74.7 (20) porph. and vole. 15 (?) concave 35 stable after stopir.g 

East 36 76 55.6 45 porphyry 21 straight - stable 

East 270 34 54.0 110 porph. and vole. 21 straight - stable 

East* 300 lcS 55.3 25 porph. and vole. 7 (?) concave 60 slide (2) edge 

East* 235 153 55.4 40 porph. and vole. 7 (?) concave 60 slide (2) riddle 

East 325 163 53.0 50 volcanic 7 (?) concave 30 stable prior to stopir.g 

East COM 130 56.4 • 4° porph. and vole. 7 (?) . concave 55 stable prior to stopir.g 

Colorada .164 166 54.3 30 volcanic 23 straight - stable with 10 n. slab 

Colorada 167 146 52.2 35 volcanic • 23 straight - stable 

Colorada 131 144 69.1 (20) volcanic 15 concave 20 stable after caving 

oloraca 203 132 73.2 (20) volcanic 15 concave 45 - stable after caving 

"Indicates slope failures 



TABLE 1—Continued 

Pit 
Location 

Bearing 
(deir.) 

Slope 
Height 
(miters) 

Slope 
An^le 
(detr.) 

Horizontal 
Slope Length 
(meters) Rock Type 

Slope Age 
(years) Geometry 

Radius of 
Curvature 
(r,,cters) Slooe Condition 

Colcrada 3 >0 100 54.0 55 porphyry 28 convex 80 stable 

Colorada 288 lco 47.1 30 porph. and vole. 28 convex 80 stable 

Colorada 224 182 51.2 100 porphyry 28 convex 80 stable 

Cc.lcrauu 35 218 51.6 175 volcanic 28 straight - stable 

Cclorada 4 200 48.8 90 volcanic 23 straight - stable 

Colorada 117 110 55.4 25 volcanic , 28 concave 25 stable with 5 u. slab 

Colorada 149 120 54.1 20 volcanic 23 convex 65 stable v/ith 5 m. slab 

Colorada 192 256 55.4 140 porph. and vole. 15 straight - stable prior to caving 

Colorada 163 ia3 57.6 50 volcanic 15 straight - stable \rith 5 ni. slab 

237 26 a 52. a 100 poroh. and vole. 15 concave 14 stable orior to cavirir 

as. 
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I 

Fig. 2. Failure No. 1 along clay-filled seam 
in the east wall of the Cananea Pit. 



angle is 54*7° and the slope height is 130 meters. The 

slide occurs along a 15-foot thick, clay-filled sulfide seam 

that dips into the pit at an average angle of 50°. Drilling 

has revealed that the seam apparently terminates in the 

oxide sone. 

Slide No. 2 (Fig. 3) is located on the west wall of 

the East Pit, between a 255°-300o slope section bearing, 

where the 3-125 fault zone is intersected by the pit wall. 

This fault is one of the major throughgoir.g structures in the 

Cananea mining district, and, even though in this case it 

dips into the pit wall, it has sufficiently fractured the 

rock to cause the slide. The maximum height of this slope 

prior to failure was l6<3 meters at a 55*3° angle. 

Failure No. 3 occurred in the west side of the Sonora 

Hill Pit, at a 270° slope section bearing. Only one observa

tion point was recorded for this slide due to the convex 

nature of the slope, which permitted only one place at which 

to make a measurement perpendicular to the pit benches. It 

is impossible to presently examine this slide because it 

is covered by an active dump. Brown (pers. comm., 1970) 

believes that the failure was a direct result of the highly 

convex slope curvature (60 meters at the base), which 

probably allowed tension fractures to develop due to de-

stressing of the "nose." The slope height at failure was 

about 35 meters at an angle of 50.7°• Other factors that 

possibly contributed to this failure include a perched water 



Fig. 3. Failure No. 2 in the East Pit in 
the 3-125 fault zone, 

Visible benches have a 50-foot height. 



table and an unusually weak rock substance. This is the only-

portion within the Cananea mining district where a possible 

groundwater problem exists. The district is topographically-

high and is located in an arid environment; it is not likely 

to experience groundwater-slope stability related problems. 

Slide No. 4 (Fig. 4) is a ravelling type failure in 

the northeastern portion of the Sonora Hill Pit, at a 6l° 

slope section bearing. A combination of surface rock deteri

oration and pre-existing macro-fractures has resulted in 

bench failures. The slope height at limiting equilibrium in 

this case is 13° meters at a 53.4° slope angle. 

In addition to the four failures, slabbing was noted 

in several locations. Figure 5 illustrates two minor slabs 

that have occurred in the 2,010 meter bench of the Kino Pit 

along east-west striking, southward dipping planar macro-

fractures. 



Fig. 4. Failure No. 4 along east wall of the Sonora Hill 
Pit. 

Visible benches have a 50-foot height. 
Photos by Call. 



Fig. 5. Slabbing along 2010 m. bench Kino Pit. 

Photo by Call. 



CHAPTER III 

METHOD OF ANALYSIS 

The purpose of this chapter is to describe briefly 

the various techniques used to interpret the rock fabric 

data and the empirical slope information gathered in the 

course of this study. 

Analysis of Rock Fabric Data 

The poles of the recorded macro-fractures were 

plotted by using a Schmidt equal-area, lower hemisphere 

azirnuthal projection net. This net is so constructed that 

the area on the projection plane is proportional to the cor

responding area on the reference plane, making it amenable 

to statistical analysis since different orientations can be 

compared directly because of the limited areal distortion. 

The Poisson exponential binomial limit was used to 

approximate the probability of obtaining concentrations on a 

Schraidt net which deviate from a random distribution 

(Pincus, 1951; Spencer, 1959). Friedman (19^3) reports that 

he confirraed this usage from tests of goodness of fit between 

this distribution and apparently random diagrams of fabric 

elements in rocks. 

A computer program written by Spencer and Clabaugh 

(1967) and modified by Call, utilizing a Ifi counting circle, 

25 
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was used to plot the poles of the various macro-fractures 

either in specific groups or collectively by pits. This out

put was contoured, and statistically significant orientations 

were assigned on the basis of a 2$, 10$, and 20$ probability 

of erroneously accepting as statistically significant a con

centration of poles for the Poisson exponential binomial 

limit. The number of points that constituted statistically 

significant sones were computed from tables given by Molina 

(1949). Schmidt plots that included a large number of obser

vations, and/or where specific highs were of interest rather 

than zones of concentrations, were also per cent contoured. 

A minimum of one hundred observation points was used whenever 

possible to estimate the population density. This should re

sult with a 95$ confidence to within -20$ of the true value 

for joint sets (Robertson, 1970) . Schmidt plots were drawn 

for various locations, rock types, elevations and macro-

fractures. These are shown in the following chapter of this 

dissertation. 

A Kolmogorov-Smirnov statistic (Miller and Kahn, 

1962) was used to test the hypothesis that the macro-fractures 

noted in the Kino Pit and those recorded for the combined 

Cananea and Sonora Hill Pits are drawn from populations having 

the same distribution. This test is nonparametric, requiring 

no assumptions as to the form of the population-frequency dis

tribution. Cumulative per cent frequency plots were drawn for 

the two areas using a strike grouping by 10° increments. The 
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value for the maximum allowed discrepancy (dn) between the 

two sample cumulative step functions, in order to establish 

that the two populations have the same distribution, was com-_ 

puted from a table given by Smirnov (194&) for the 99r> level 

of significance. 

A computer program written by Call (1970) was used to 

establish mean orientations and cumulative dip distributions 

in various macro-fracture strike ranges. This program cal

culates the mean dip and strike along with the standard devi

ations, constructs a dip and strike histogram, and also 

determines the mean vector direction cosines along with 0.05 

and 0.10 confidence level radii for the Fisher distribution. 

These results were used to assist, in correlating various loca

tions within the Cananea mining district on the basis of rock 

fabric information and to examine one portion of the limiting 

equilibrium versus stricture daylighting study. The latter 

involved subdividing the Kino Pit and the combined Cananea and 

Sonora Hill Pit Schmidt plots into 20°-45° strike spread 

sectors and comparing this information with that resulting 

from the empirical slope study of slopes having normals with 

the same orientations. The sector boundaries were made to 

conform as closely as possible with statistically significant 

zones exhibited on the respective total Schmidt plots. The 

sectors were generally assigned strike spreads of 30° and 40°; 

the minimum value was 20° and the maximum was 45°• 
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An intersection analysis was conducted with the sig

nificant structural trends exhibited on Schmidt plots for the 

Kino Pit area and the combined Cananea and Sonora Hill Pits 

by using a fracture intersection program written by Smith 

(1969). This program calculates the plunge, azimuth, and 

dihedral angle of planar intersections. A total of fourteen 

significant structural trends (or poles) was selected from 

each of the two Schmidt plots. The criteria for choosing 

these poles were: 

1. Have a representative pole from each 2fo probability 

zone and from each distinct 10$ probability zone. 

2. Have a good overall coverage of statistically sig

nificant zones, with preference being given to 

areas with a higher number of observations. 

The 14 poles produced 91 possible wedges, whose azi

muth and plunge were plotted on specially improvised equal-

area intersection nets. The coordinates of these nets are 

the same as those used for the Schmidt equal-area nets; how

ever, the upper hemisphere projection is used to record the 

azimuth and plunge of the line of intersection of two 

fractures. This makes it possible to read the nets directly 

in order to determine the location and concentration of 

statistical wedges that could dip into a theoretically cir

cular excavation for various slope angles. These nets are 

contoured on the basis of the number of intersections. 



Certain wedges were deemed to be more critical on the 

basis of their dihedral angles. Empirical evidence suggests 

that most wedge failures in open pit mines in the Southwest 

have dihedral angles that fall between 100°-140°. These 

values can roughly be shown to be of proper magnitude by con

ducting a unit block analysis on a pit face subjected to a 

tangential stress. Assuming an angle of friction value of 40° 

and a typical shear failure, a dihedral angle of 130° results 

for a wedge with a vertical intersection; using a value of 20° 

for the angle of friction results in a dihedral angle of 110°. 

On the basis of the above arguments, intersections having di

hedral angles between 100°-140° were defined to be critical 

intersections. A critical intersection plot ?:as made for the 

Kino Pit and for the combined Cananea and Sonora Hill Pits. 

During the rock fabric analysis, an effort was made 

to devise a weighting scheme for the various macro-fractures. 

It was felt that this would result in a more representative 

total Schmidt plot than merely giving all observations equal 

weighting. The weight factors assigned to the structural 

data are shown in Table 2. The (+) factor represents the 

number of additional times that a structure will be plotted 

on the Schmidt plot. The weighting is, of course, highly 

subjective, but tries to best accommodate the Cananea mining 

district structural data as it relates to the slope stability 

problem, taking into account the empirical slope study and 

the physical testing study results (Zavodni, 1969). For the 
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TABLE 2 

WEIGHT FACTORS ASSIGNED TO CANANEA STRUCTURAL DATA 

Factor 

A. Type of fracture Fault 5 
Shear zone 4 
Broken zone 3 
Seams 2 
Fractures (joints) 1 
Repeated seams 2 
Bands 1 
Joint sets 2 

B. Extent of fracture Metric(m.) English(ft.) 
0 - 1 . 0  0  -  3 . 3  o  
1.1- 6.0 3-4-19.7 1 
6.1-12.0 19.8-39-4 2 
> 12.0 >39.4 3 

C. Surface geometry Continuous-Plane-Smooth 2 
C ont inuous-V/a vey-Smoo t h 2 
Continuous-Plane-Rough 1 
Continuous-Wavey-Rough 1 

Broken-Plane-Smooth 1 

D. Spacing (Based on 
modal value) Metric(m.) English(ft.) 

*0.3 ^1-0 1 
> 0 . 3  > 1 . 0  0  

E. Thickness and type of filling (apply maximum + 
factor reading only) 

CIay&/or Oxi de&/or 
Metric(m.) Snglish(ft.) gouge sulfide Quartz 
0 -0.05 0 -0.16 +1 +0 +0 
0.06-0.20 0.17-0.66 +2 +1 +0 
0.21-0.50 0.67-1.64 +3 +2 +0 

> 0.50 >1.64 +4 +2 +0 
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purpose of illustration, the seam that is responsible for 

slide No. 1 in the east wall of the Cananea Pit receives a 

high rating of +11, and the 3-125 fault zone, responsible for 

slide No. 2, receives a +13 rating, whereas an average obser

vation of a joint mapped by the principal structure technique 

receives a rating of about +3. Several weighted Schmidt 

plots were analyzed during the course of this study. 

Analysis of Empirical Slooe Data 

The stability of daylighted planar features was 

analyzed by using a rigid body mechanics approach, assuming 

a Mohr-Coulomb failure criterion. This type of analysis has 

gained wide use in slope stability research (Call, 1967; 

Coates, 1967; Hoek, 1970a; Jennings, 1970; and others). 

The strength of resistance to shear of a discon

tinuity can be expressed as some modification of the Coulomb 

equation: 

s = c + crtanjzf [1] 

where c is the cohesion, cr is the normal stress, and $ is 

the angle of friction. 

Patton (1966) has shown that the influence of joint 

roughness on the shear strength of a rock surface can be 

taken into account by increasing the friction angle j6 of the 

discontinuity surface by an amount i, which is the average 

angle of inclination between the asperities on a fracture 

surface and the direction of sliding along it. This results 
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in a modification of equation 1, giving the shear strength 

of a rough discontinuity as 

s = c + o-tan(jzf + i) [2] 

Hoek (1970a) believes that it is justified to extend 

equation 2 to express the strength behavior of a rock mass 

for a particular range of normal stress <r. He lets i re

present the average angle of inclination betv/een stepped 

joint surfaces and a mean failure surface, and defines an 

effective friction angle (^ ) as 

jzfe = (rf + i) [3] 

This results in the following relationship: 

s = c + <rtansz£ [4] 
6 6 

where c is the effective cohesion for a ^articular joint e 

set orientation i. 

Using a sliding block analysis, Hoek (1970a) goes on 

to derive the equation at limiting equilibrium (i.e., factor 

of safety = 1) for a drained slope with a daylighted con

tinuous planar discontinuity as 

y H _ 2(sin3)(cosiz0 rrn 
c sin(B-S)sin(9-p) 

and for a drained slope with "random" jointing as 

y H _ 4 (siriB)(cos^e) [6] 
ce 1 - cos(B-^e) 

where * is the rock density; B is the slope angle; 9 is the 

angle of the daylighted discontinuity (i.e., ©<B); and H is 

the slope height above the point of intersection with the 

planar structure. 
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In a similar but more intricate analysis, Jennings 

(1970) derives the equation for the resisting force (RF) 

along a mean failure plane, involving shear along joints and 

through rock, tensile failure of rock, and opening of joints 

as: 

RF = L(K) + W cosoctan/rf_ [7] 

where L is the length of the mean failure plane; K is a 

hypothetical cohesive strength, including such parameters as 

apparent cohesion, cohesion along joints, jointing continuity 

and apparent tensile strength; W is the weight of material 

which slides out; a is the angle of the joints along which 

shearing takes place, and is also the direction of the vector 

movement; and d is the at)t>arent ansle of friction. 7 • e • * 

The data collected in this study was insufficiently 

refined to apply equation 7, but did lend itself reasonably 

well to the models defined by equations 5 and 6. Failures in 

the Cananea mining district have occurred in drained slopes 

and along one or a number of interconnected discontinuities. 

In order to apply any of these equations, reasonable 

values must be determined for cohesion and angle of friction. 

These parameters are difficult to obtain even with extensive 

physical testing, as any sample represents only a few square 

inches or, at most, a few square feet of a surface that has 

field dimensions in hundreds of feet. Generally speaking, 

angles of internal friction can be estimated with an ac

ceptable degree of accuracy from small scale laboratory 
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tests, whereas cohesion determinations can not be made with 

the accuracy demanded in a rock slope stability analysis. 

The physical testing study cf the three principal 

Cananea mine rocks (Zavodni, 1969) resulted in average values 

for angles of friction of 41° for the breccia, 49° for the 

porphyry, and 42° for the volcanic unit. These results are 

based on an extrapolation from unconfined compression tests. 

They correspond well with values reported for similar rock 

types, and also point out that the rocks at Cananea have 

reasonably similar angles of friction. From large scale 

shear tests carried out on porphyry joints, Hoek (1970a) 

reports peak strength angle of friction values of approx

imately 32° and residual strength values of approximately 

30°. He assumes a / value of 35°» arrived at by adding 5° 

to the residual jzf, a value that he chose from a study done by 

Jaeger (1969) on Panguna andesite, where the for a 

"randomly" jointed rock mass was some 5° higher than the 

friction angle for the individual joints. Jaeger (1959) 

reports £ values closest to the mean for intact porphyry to 

be 51-l°i and 40.7° for sliding friction, based on triaxial 

tests performed on a quartz porphyry of similar grain size 

as the Cananea porphyry. From the above experimental results 

it seems reasonable to assume that / and values for Cananea 

mine rock discontinuities should fall somewhere between 35° 

and 45°. 
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Sufficient input information was available to employ-

equation 5 in back analyses of the east wall Cananea Pit 

slide and several slab failures. Estimates for cohesion were 

made using various angle of friction values in the range of 

35°-45°. 

To estimate the effective friction angle and effective 

cohesion of the Cananea mine rock on the scale of the actual 

rock slopes, it was assumed that the three basic rock types 

have the same values and that equation 6 applies (i.e., that 

failure will be associated with a complex sliding process 

involving a number of discontinuities in a drained slope). A 

slope height versus slope angle plot was made of all arti

ficial slope observations recorded in this study. Super

imposed over this plot were several families of curves 

calculated by means of equation 6, using various assumed $ 
V 

values and corresponding c value bands, and an average rock 

density of 2620 ̂ ®/m^ (Zavodni, 1969). Histograms were drawn 

for each superpositioning by plotting the number of stable 

and unstable slopes falling in various effective cohesion 

bands for a given effective friction angle value. The cri

terion used for judging the most appropriate estimates for 

$ and c is to choose the histogram that exhibits two dis-

tinct populations for the stable and unstable slopes, respec

tively. Using these results, an approximate slope design 

curve was drawn for the Cananea mining district. 
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The artificial slope height versus slope angle plot 

was also directly subdivided into various slope condition 

zones to classify and project the Cananea slope data recorded 

through January, 1971. 

An azimuthal plot was devised to analyze and represent 

the slope orientation parameter as it related to the general 

slope condition. This plot is essentially a Schmidt equal-

area, lower hemisphere projection, with the modification that 

slope normals are projected instead of poles of macro-

fractures. In this manner it is feasible to compare the 

Schmidt plots of the rock fabric analysis directly with the 

mined slope orientations most critically affected by possible 

daylighted macro-fractures that strike parallel to the pit 

slope. One is able to determine if a correlation exists be

tween slope geometry, macro-fracture orientations, and slope 

behavior. 

A slope curvature versus slope angle and slope condi

tion study was made. A plot was drawn where the radius of 

curvature at the toe of the slopes was represented as ̂ "/R so 

that it would be possible to accommodate for the transition 

from concave to straight to convex slopes. Jenike and Yen 

(19o2) have attempted to solve the slope curvature problem 

theoretically. Their analysis assumes a circular shaft and 

plastic behavior of the medium. It establishes a general rela

tionship of a safe slope angle (Gmin) as a function of j6f and 
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, vrhere r is the plan radius of curvature at the crest of 

a slope. 

Other plots drawn in the empirical slope analysis in

clude a natural slope height versus slope angle diagram, 

where an effort was also made to include the slope curvature 

parameter and an artificial slope age versus slope angle 

diagram. 



CHAPTER IV 

RESULTS AND THEIR ANALYSIS 

In this chapter the results of the rock fabric anal

ysis and of the empirical study of existing natural and 

artificial slopes in the Cananea mining district are presented 

and analysed. 

Results of the Rock Fabric Analysis 

Numerous Schmidt plots were drawn with the 1750 struc

tural observations made in this study; these were subdivided 

on the basis of location, rock type, elevation, and macro-

fracture. The principal Schmidt plots made for the purpose 

of this study are depicted in Figures 6 through Figure 6 

shows the Schmidt net for all of the 551 macro-fractures 

observed in the Kino Pit area, with statistically significant 

orientations being contoured on the basis of 2$, 10$, and 20$ 

probability for the Poisson exponential binomial limit. 

Areas showing no observations are also indicated, as are the 

50° and 60° dip circles. Figure 7 shows the total Schmidt 

net for the combined Cananea and Sonora Hill Pits, with the 

same contour zones as used in Figure 6. Figure £ exhibits 

the respective per cent contoured Schmidt plots for the total 

Kino Pit and the total combined Cananea and Sonora Hill Pit 

33 



39 

Schmidt Equal-Area Net 0 
Lower Hemisphere 

UD 

© 

(551 points) 

CONTCUR ZONES 
P = 1 •00 (0 points) 

0.20 <P <1.00 
0.10 <P <0.20 FXXX1 

0.C2 <P <0.10 I 
P <0.02 77771 

Fig. 6. Kino Pit area Schmidt plot. 
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Schmidt Equal-Area Net 
Lower Hemisphere 

© 

& 

<CTTT 

crrnit> 

(1199 points) ISO 
CCNTOUW ZONES 

P=1,00 (0 points) 11 i i ii 

0.20 <P <1.00 1 1 
0.10 <P £0.20 g 

0.02 <P̂ 0.10 EZZZ3. 
P ̂  0.02 7771 

Fig. 7. Combined Cananea and Sonora Hill Pit Schmidt plot. 
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Schmidt Equal-Area Nets 

Lower Hemisphere 

Intersection j 
Study Vole. i (551 points) (1199 poi n ts ) 

100 ] 80 

Kino Pit Total Cananea Sonora Pits Total 
Contours on Nets: 

S• Comparison betv/een the Ki no Pi) and t he cowb.i n«"'d Canariea and Sonora Hill 
Pit fracture system.1?. i ' 
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plots. This figure also shows the poles that were used in 

the intersection analysis and the 50° and 60° dip circles. 

The Schmidt plots shown in Figures 6 through $ re

veal a strong resemblance. In both areas there is a marked 

absence of statistically significant structures that dip into 

the northeast quadrant and a relatively small number that dip 

into the southeast quadrant; the dips of the statistically 

significant structures tend to be relatively steep. The E-W 

trending set tends to be more prominent in the Kino Pit area 

and the N-S trending set more concentrated in the combined 

Cananea and Sonora Hill Pits. Generally speaking, however, it 

can be stated that the rock fabrics in the two areas are very 

similar and are probably the result of the same stress envi

ronment that underwent a slight direction modification be

tween the two locations. (Suggested principal stress 

orientations are treated in detail at a later point in this 

chapter.) 

The Kolmogorov-Smirnov test verified the hypothesis 

that the macro-fractures noted in the Kino Pit area and those 

recorded for the combined Cananea and Sonora Hill Pits are 

drawn from the same population at the 99$ level of signif

icance. This test resulted in a Dn^ng value of 0.0&3 com

pared to a dn value of 0.084 at a 99c/° level of significance. 

Table 3 presents the data and calculations used for the 

Kolmogorov-Smirnov test. 



43 

TABLE 3 

KOLMOGOROV-SMIRNOV STATISTIC TEST 

Kino Pit Cananea and Sonora Hill Pits 
Strike 
Az. 

No. 
Obser. 

Cum. Strike 
Az. 

No. 
Obser. 

Cum. 
io 

0 58 10.5 0 125 10.4 

10 28 15.6 10 134 21.6 

20 51 24.9 20 115 31.2 

30 43 32.7 30 61 36.3 

40 31 38.3 40 55 40.9 

50 25 42.8 50 61 46.0 

60 26 47.5 60 38 49.2 

70 23 51.7 70 39 52.5 

80 32 57.5 80 41 55.9 

90 37 64.2 90 35 58.8 

100 28 69.3 100 41 62.2 

110 24 73.7 110 44 65.9 

120 21 77.5 120 49 70.0 

130 29 82.8 130 54 74.5 

140 9 84.4 140 61 79.6 

150 19 87.9 150 73 85.7 

160 36 94.4 160 66 91.2 

170 .JI 100.0 170 107 100.0 

Total 551 Total 1199 

Maximum discrepancy Dn]_n2 = 82.8^-74.5$ = 8.3# 
N - (551)(1199) = 377 
w ~ 1750 

From Smirnov (1948) dn at 99/S significance = 0.054 
Conclusion: Drawn from same population at 997" significance 

level 
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The mean dip for the Kino Pit area is 63.6° with a 

standard deviation of 20.3°; the mean strike is 167.2° with 

a standard deviation of 91.4°; the mean vector has a strike 

of 159.0°, a dip of 24.S°, and a length of 250.7 for the 551 

observations; and the 5$ confidence level radius for the 

Fisher distribution is 6.6°. The mean dip for the combined 

Cananea and Sonora Hill Pits is 66.3° with a standard devia

tion of IS.2; the mean strike is 175-5° with a standard 

deviation of 79.4°; the mean vector has a strike of 17$.5°, 

a dip of 43-2°, and a length of 624.4 for the 1199 observa

tions; and the 5/^ confidence level radius for the Fisher 

distribution is 3.9°. These results are for the most part 

very consistent and present further credence to the hypothesis 

that the two areas in question have similar rock fabrics. 

Results of physical testing of the rock substance 

from the Cananea Pit (Zavodni, 1969) and from the Kino Pit 

(experiments performed by students in a course in geomechanics 

at The University of Arizona) reveal very good agreement for 

the same rock types found in the two areas. Using the rock 

substance classification suggested by Coates (1967), the 

Cananea mine rock is "weak" (i.e., less than 10,000 psi 

uniaxial compression strength) and "elastic" (i.e., less than 

25̂  permanent strain) (Zavodni, 1969). 

Upon coupling all of the above results (i.e., Schmidt 

plots, Kolmogorov-Smirnov test, mean values, and physical 

testing) and furthermore recalling that the same rock units 
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are found in the two areas, then a good argument can be made 

for the hypothesis that the proposed Kino Pit and the com

bined Cananoa and Sonora Hill Pits are in very similar 

geologic environments that have been subjected to similar 

stress orientations. 

Intersection Analysis Results 

The statistical fracture intersection results are 

shown in Figures 9 and 10 on equal-area intersection nets 

containing the 50° and 60° circles, respectively. Figure 9 

exhibits the 91 possible statistical wedges for the combined 

Cananea and Sonora Hill Pits and for the Kino Pit, respec-

ively. Figure 10 depicts the critical wedges (i.e., dihedral 

angles between 100°-140°) intersection nets for the same two 

areas. 

The intersection analysis reveals a strong likelihood 

that daylighted wedges will occur in the northeastern portion 

of the Kino Pit, especially for slopes above 50°, with a high 

probability that these wedges will be of a critical variety. 

The six critical wedges at about N45°3 in the Kino Pit rep

resent a much higher concentration than is recorded for any 

portion within the combined Gananea and Sonora Hill Pit 

critical intersection net. 

Anticipating the empirical slope study results, it can 

be stated from the combined Gananea and Sonora Hill Pit inter

section nets that a total of eight statistical wedges can be 
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daylighted, with up to three of these being of a critical 

nature, without causing slope stability problems. It is 

impossible to predict what the effect of the large statis

tical wedge concentration in the northeast portion of the 

Kino Pit will be, but assuming a design limit of eight day-

lighted wedges and three critical daylighted wedges, then the 

Kino Pit slope section with normals between N30°E to N60°E 

should be restricted to a 50° slope angle. 

The intersection analysis results, combined with the 

total Kino Pit Schmidt plot (Fig. 6) and the pit topography, 

led to the design of three extensometers in the final Kino 

Pit wall. These are located along slope normals of N5°W, 

N35°S, and N77°2. 

Fracture Types and Suggested Stress Orientations 

Figures 11 and 12 exhibit Schmidt plots of different 

macro-fracture types found in the Kino Pit and in the com

bined Cananea and Sonora Hill Pit areas. The fault plots 

and the combined fault and shear plots have relatively few 

observations, but illustrate the predominant north-south 

striking steeply dipping fracture system that has long been 

recognized as a major ore control in the Cananea mining area. 

The system appears to be composed of two sub-systems with a 

difference in strike of 40°-60°, which may represent the con

jugate shear planes of a roughly horizontal acting north-south 

principal stress (cr^), with a minor principal stress (a^) 
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plunging slightly to the east, and an intermediate principal 

stress (c^) acting at a slight angle from the present vertical 

direction. The 40°-60° strike spread between shear planes 

corresponds very well with the angles that would result in a 

theoretical unit block analysis, assuming $ values from 35° 

to 4-5° as is probably the case for the Cananea mine rock. 

Examining the total Schmidt plots of Figures 6 and 7> it 

appears that there was a small stress orientation change 

between the two areas, with cr^ plunging slightly in a N10°E 

direction in the Kino Pit and becoming roughly horizontal 

and N-S in the combined Cananea and Sonora Hill Pits. At 

the same time cr; plunged to the east at a steeper angle in 

the Kino Pit. 

The major 3-125 fault zone (Fig. 1) is probably an 

extension fracture, striking roughly N15°3 and dipping at 30° 

to the N77. Other major faults presently known in the Kino 

Pit area are plotted in Figure 1. They are also generally 

N-S striking and become very steeply dipping with depth; 

their locations and orientations should cause no slope 

stability related problems. 

The Schmidt plot of the seams in the Kino Pit area 

(Fig. 11) demonstrates that the seams principally fill re

lease and shear fractures, with relatively little filling 

of extension fractures. The seams in the combined Cananea 

and Sonora Hill Pits (Fig. 12) primarily fill probable shear 

fractures and also some extension fractures. The joint 
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plot in Figure 12 reveals a more dispersed and somewhat 

anomalous pattern in comparison with the other macro-fracture 

plots. 

Hammel (1970) determined the strain relief resulting 

from overcoring a breccia and volcanic specimen taken from 

the tunnel 1 level near the center of the proposed Kino Pit. 

On the basis of one successful set of results for the breccia, 

he found a maximum principal stress in the horizontal plane 

at N12°E and an intermediate principal stress in the vertical 

plane at an inclination of S° from the vertical. These 

directions correspond very well with the preceding stress 

orientation suggestions made for the sampled area. 

Rehrig and Heidrick (1970), in their study of re

gional fracturing in Laramide stocks of Arizona, conclude 

that during much of the Laramide orogeny the principal stress 

acted in a vertical plane striking ENE -20°, alternating be

tween the vertical direction during periods of pronounced 

differential uplift and the horizontal direction during 

periods of lateral compression, with a minor principal stress 

consistently oriented NNW-SSE. The Cananea mineralization is 

considered to be of Laramide age (dated at 59 million years, 

Lowell and Guilbert, 1970) but the above stress orientation 

theory does not fit a large portion of the recorded rock 

fabric data. It is possible that the macro-fractures observed 

at Cananea are mainly the result of a later N-S principal 

stress orientation. Kendorski (1971)i working at the San 
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Manuel Mine northeast of Tucson, Arizona, found late N-S 

striking fractures, probably extension, superimposed on the 

area, which locally also shows E-T,f striking fractures in a 

regional pattern exhibiting NV7 and NS striking structures. 

Location Schmidt Plots 

Figure 1 shows eight Schmidt plots that approximately 

divide the Kino Pit and the combined Cananea and Sonora Hill 

Pits into four quadrants, respectively. These plots con

sistently demonstrate the marked absence of statistically 

significant structures that dip to the NS, and the relatively 

steep dips of most observations. The predominant N-S strik

ing structure set is evident in all plots except in the 
f 

northeast quadrant of the Kino Pit. Here, relatively few 

points were recorded and these observations were principally 

made at the surface along roadcuts where topography can have 

a significant influence on fracture formation. 

The N-S striking structures are for the most part 

very steep, and dip to the east or west, though generally 

taking the latter orientation; this is the case in all 

quadrants except for the N7."/ in the Kino Pit and the SE in the 

combined Cananea and Sonora Hill Pits. Here, the N-S strik

ing macro-fractures only dip to the west. 

The E-W striking structures become more evident in 

the Kino Pit area, but their development can be nicely tied 

in v/ith the two western quadrants of the Cananea Pit. 



54 

Generally speaking, the eight location Schmidt plots are 

easily coordinated on a broad scale, but additional observa

tions are required to derive finer distinctions between the 

various quadrants. 

Schmidt Plots by Rock Types and Elevations 

The Schmidt plots made on the basis of rock type sub

divisions are shown in Figures 13 and 14- The former exhibits 

the nets for the three principal rock types in the Kino Pit 

area, and the latter depicts the volcanic ana porphyry 

Schmidt plots for the combined Cananea and Sonora Hill Pits. 

(The breccia was not plotted in this case due to an insuf

ficient number of observations.) 

In the Kino Pit (Fig. 13)» the breccia with its 

limited number of observations tends to reveal more shallow 

dipping statistically significant macro-fractures than the 

other two rock types; but, generally speaking, the three rock 

types exhibit very similar macro-fracture orientations. The 

same conclusion is reached for the volcanic and porphyry 

Schmidt nets shown in Figure 14• 

The overall planar outline of the principal breccia 

zone in the Kino Pit is of an elliptical shape, with the long 

axis roughly N-S and the minor axis roughly E-V7. The axis 

of the breccia zone plunges at 76° with an azimuth of 220°, 

as calculated between the tunnel 1 and 12 level. The breccia 
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zone could be the result of intrusion along a pre-existing N-S 

striking steeply dipping fracture. 

Figure 15 shows four Schmidt plots at various eleva

tions in the Kino Pit area. The total near-surface plot in

cludes all surface observations along with recordings made on 

the 2010 meter bench and the 2025 meter bench. With increas

ing depth, it appears that the N-S striking structures become 

more concentrated and tend to dip at a shallower angle. This 

shallower fracture dip as one proceeds to the base of the 

Kino Pit could cause stability problems, since daylighted 

structures could appear near the base of high slopes at 

points where higher stress concentrations normally develop. 

At the 12 level, there results an almost pure orthogonal 

pattern between the N-S and E-W striking macro-fractures, 

based'on a marginal number of only 55 observations. The 

plots are generally easily tied together between levels, with 

some anomalous regions appearing, such as the higher concen

trations of NE striking and SE dipping structures on the 3 

level. 

Figure 16 depicts the total near-surface Schmidt 

plot versus the total underground Schmidt net in the Kino Pit 

area. It clearly demonstrates the N-S concentrating phen-

nomenon with depth, and also illustrates the very good cor

relation between surface and underground macro-fracture 

orientations. 
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"Yerington Method" Schmidt Plot 

The surface observations recorded by the "Yerington 

mapping method" are shown on a Schmidt net in the left-hand 

side of Figure 17, and the total near-surface plot made from 

observations recorded by detailed mapping of principal 

structures is depicted on the right. There appears to be a 

good correlation between the two plots, especially when one 

considers the possible distorting effect that topography can 

have on near-surface fracture formations. 

Total Cananea Area Schmidt Plots 

Figure 13 exhibits the Cananea area Schmidt nets 

(both per cent and raw point count) for the total 1750 macro-

fractures made in this study. It clearly demonstrates the 

predominant N-3 striking westerly dipping patterns already 

discussed in this chapter. 

Weighted Schmidt Plots 

Several weighted Schmidt plots were analyzed during 

the course of this study. The devised weighting technique 

generally had a minimal effect in altering the statistically 

significant zones arrived at by employing an unweighted pro

jection. The weighting seemed to enhance some existing 

highs and diminish others, but generally did not alter their 

location, nor bring out new zones of interest. Figure 19 

demonstrates this phenomena; it shows the total unweighted 
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Kino Pit versus the total weighted Kino Pit per cent Schmidt 

net plots. 

Empirical Slope Results 

The azimuthal plot results (Fig. 20) will be first 

presented, and an effort will be made to relate these with 

the total Schmidt plot of the combined Cananea and Sonora 

Hill Pits shown in Figure 7. Figure 20 exhibits all mined 

slopes that were recorded in the Cananea district. This 

plot is subdivided into five principal slope normal zones. 

These are: two large stable zones from 300° to 50° and 

from 145° to 265°, which also include two preferential 

slabbing areas where 13$ of the horizontal slope length has 

slabbed along S-W striking structures; one zone from S0° to 

145°, where practically no artificial slopes are found in the 

Cananea mining area; and two failure zones, the principal one 

being from 50° to 30°, and the second one from 265° to 300°. 

Failures 1 and 4 (i.e., the failures in the east wall 

of the Cananea and Sonora Hill Pits) are found in the 50°-S0° 

azimuth zone, where 38$ of the total horizontal slope length 

mined has failed. Failures 2 and 3 (i.e., the failures in 

the East Pit and the "nose" failure in the Sonora Hill Pit) 

are found in the 265°-300° azimuth zone, where 21$ of the 

total horizontal slope length mined has failed. 

An important correlation is demonstrated between 

slope geometry, macro-fracture orientations, and slope 
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behavior, by examining Figures 7 and 20 simultaneously. The 

principal slope failure zone in the Cananea and Sonora Hill 

Pits very closely overlaps, and the failed slope orientations 

daylight the statistical "tongue" exhibited on the combined 

Cananea and Sonora Hill Pit Schmidt plot. The "nose" failure 

No. 3t though principally caused by curvature, also comes 

close to a statistical "tongue" at 270°. Primarily concern

ing ourselves with the principal failure zone between 50° 

and 80°, it becomes apparent that at Cananea when the slope 

orientation, as plotted on an azimuthal net, overlaps 

a probability zone of a Schmidt plot of that area, then 

a probable slope stability problem exists above a 50° slope 

angle. (This 50° "safe" slope value is established in the 

next two sections of this chapter.) 

Applying this limiting equilibrium versus structure 

daylighting conjecture to the Kino Pit Schmidt net (Fig. 6), 

the following slope angle restrictions would apply for the 

proposed Kino Pit: 55° slope angle from 350°-20°; 50° slope 

angle at 30° and L0°; 59° slope angle at 70°; 55° slope angle 

at S0°; 52° slope angle at 90°; 59° slope angle at 100° and 

110°; 63° slope angle at 120°; and a 67° slope angle at 130°. 

Considering the second failure zone on Figure 20 

from 265°-300° in juxtaposition with the total Kino Pit 

Schmidt net of Figure 6, it becomes evident that slopes ex

ceeding 60° will daylight a slO^S probability zone. Even 

though no definite structure daylighting versus limiting 
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equilibrium theory has been established with this statistical 

zone, it is considered advisable to limit the Kino Pit slope 

angle to 60° in an orientation sector that has been the site 

of two previous slope failures. 

Artificial Slope Height versus Slope Angle Plot 

Figure 21 shows the mined slopes in the Cananea 

mining district plotted on a slope height versus slope angle 

graph. The maximum mining line is drawn to divide the actual 

' open pit mined slopes from the very steep walls that resulted 

from block caving and stoping operations. The observations 

are subdivided into four categories: failures, slabbing, 

block caving, and stable slopes. No indication is made for 

the different rock types, since no clear rock type dependent 

patterns emerged from the empirical slope analysis. 

On the basis of the plotted slope data, three curves 

are drawn to classify the data into various slope condition 

zones. The first zone on the left is the probably stable 

slope zone for all Cananea slope orientations and configura

tions. Next, is the probably stable slope zone excluding 

highly convex slopes such as exhibited by ""slope failure No. 3* 

The curve drawn for this zone boundary becomes asymptotic to 

approximately a 52° slope angle value. To the right of this 

curve, failures should be anticipated along seams (e.g., 

failure No. 1) and other continuous planar macro-fractures. 

To the right of the third curve (asymptotic to a 54° angle 
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value), it is probable that slabbing and surface failures 

will occur (e.g., slope failure No. 4), and failures of wall 

in fault zones also become likely (e.g., slope failure No. 2 

Also shown in Figure 21 is a curve obtained from 

Lutton (1970), which he labels as the optimum curve for 

altered porphyry and associated rocks in copper mines in 

semiarid environments. It appears that the Cananea mine 

rock mass is considerably stronger than oxher comparable 

rock masses studied by Lutton. 

The slopes resulting from block caving and stoping 

operations are very important observations because they pro

vide a type of natural extreme slope limit. No curve is 

drawn through the four observations, but it appears that 

slopes over 200 meters in height will not be stable above a 

65° slope angle. Furthermore, slopes above 140 meters have 

a probable upper slope limit of 70°. 

Effective Cohesion and Friction Angle 

As a result of a number of trial analyses, the most 

appropriate estimates for the effective friction angle (/e) 

and the effective cohesion (c } were found to be = 40° 

and c = 4200 ̂ S/m^. The respective cohesion bands along 

with the slope height and slope angle data for = 40° are 

shown in Figure 22. The histogram, inset in Figure 22, ex

hibits the two distinct populations for the stable and un

stable slopes, and is the basis for assigning the 
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c = 4200 ̂ S/jn^ vaiue to the optimum "design curve." The 
© 

heavy line in Figure 22 is the optimum "design curve" for the 

Cananea mining area; it becomes asymptotic to about a 50° 

slope angle for the slopes having heights exceeding 300 

meters. 

Macro-fracture Daylighting Results bv Sectors 

The results of the daylighting study by various 

macro-fracture strike ranges, incorporating slope conditions 

with corresponding slope normal values, are shown in Table L 

for the combined Cananea and Sonora Hill Pits. Recorded in 

this table are three factors that were thought to possibly 

play an important role in helping to estimate optimum slope 

angles. These are: 

1. The number of observations that are daylighted 

within respective sectors at the maximum 

recorded stable slope angle or at the failure 

angle, expressed as a per cent value of the 

total number of observations found in that 

sector. 

2. The area daylighted under the cumulative dip 

frequency graph within each sector, expressed 

as a per cent value of the total area under 

the graph. 

3 .  The same as in the first case, except that the 

observations daylighted are expressed as a per 



TABLE 4 

STRUCTURE DAYLIGHTING BY SECTORS IN COMBINED 
CANANEA AND SOWORA HILL PITS 

Observations 

Strike Sector 
(dez.} Slope Condition 

Daylighted 
(•;& v/ithin 
sector) 

Area 
Daylighted 

Observations 
Daylighted 
(> of total) 

Mean 
Dip 
(doi».) 

Standard 
Deviation 
(deg.) 

10- 50 Stable up to 60.3° 34 16.0 4.6 65.8 15.0 

50- 30 Failure zone 54-7° 32 14.3 5.2 ol.i. 16.7 

30-100 (no observations) - - - 71.0 17.3 

100-145 (no observations) - - - 62.3 20.2 

145-180 Stable up to 57.6° 25 13.8 2.2 68.0 15.5 

180-220 Stable up to 60.6° 35 31.7 1.8 68.2 22.3 

220-260 Stable up to 52.4° 13 2o.5 0.5 74.0 24.4 

260-300 Curvature slide 50.7° 10 4.0 0.9 70.7 16.0 

300-340 Stable up to 53.2° 18 9.8 0.8 68.2 13.3 

340- 10 Stable up to 59.2° 42 22.3 1.4 63.5 18.3 



cent value of the total number of observations 

recorded in the combined Cananea and Sonora 

Hill Pits. 

Of the three factors examined, it appears that the 

best correlation with slope condition is achieved by using 

the third alternative. In this case, the 50°-30° failure 

zone exhibits a clearly distinctive value (5.2fo) versus the 

next highest value (4.65°) for a stable slope condition. 

Table 5 presents Kino Pit slopes designed on the 

assumption that daylighting 5-/0 of the total number of obser

vations, within generally 30°-40° strike sectors (see pre

vious chapter), establishes a limiting equilibrium versus 

structure daylighting relationship in the Cananea mining 

district. 

Back Analysis Estimates for Cohesion 
and Friction Angle 

The back calculation (using equation 5) for the slide 

along the seam in the east wall of the Cananea Pit resulted 

in a c = 3900 k^/m^ for an assumed <zf = 40°. This corresponds 

very well with the effective cohesion value obtained by using 

the equation 6 analysis. 

The back calculations for slabs generally yielded 

lower cohesion values than for slide No. 1 for corresponding 

friction angle values. As an example, the major 40 x 40 

meter slab""in the north wall of the Cananea Pit resulted in 

a c = 336 ̂ /m̂  for an assumed = 40°, and yielded a 



TABLE 5 

STRUCTURE DAYLIGHTING RESULTS APPLIED 
TO KINO PIT SECTORS 

Strike Sector 
(degrees) 

Limiting Slope Angle 
5$ Assumption 
(degrees) 

10- 50 57 

50- 70 70+ 

70-100 57 

100-140 62 

140-130 70+ 

130-220 70+ 

220-250 70+ 

250-230 70+ 

230-310 70+ 

310-340 70+ 

o
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c = 416 for an assumed f£ = 35°• These lower cohesion 

values could be explained by a higher jointing continuity in 

the case of the slabbing failures. 

Slope Curvature Results 

The relationship between the plan radius of curvature 

at the toe of mined slopes, and the slope angle along with 

the slope condition, is shown in Figure 23. On the basis of 

very limited empirical data, three curvature effect zones are 

postulated. The boundary for the arching effect is tenta

tively drawn at a ^"/R value of .05 meters, or a plan radius 

of concave curvature of 20 meters. The slope condition data 

indicates that somewhere in this region slope stability is 

enhanced. (The highest slope recorded in this study at 260 

meters and with an angle of 52.8° is found in this arching 

effect zone, along with the third highest slope recorded at 

240 meters.) At the other end of the spectrum, slope failure 

No. 3 is used as a dividing line to establish the start of a 

negative arching effect zone at a ^"/R value of .017 meters, or 

a convex radius of curvature of 60 meters. Between these two 

boundaries, it appears that the curvature effect parameter 

does not play a significant slope stabilizing role. It 

should also be noted that the high steep slopes resulting 

from block caving or stoping operations have assumed a con

sistent concave slope curvature above a ^/R value of 0.022 

meters or a 45 meter radius of curvature. 
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An attempt was made to compare the postulated arching 

effect limit of R = 20 meters to the theoretical curves de

rived by Jenike and Yen (1962). It must be recalled that 

their analysis employs the radius of curvature value (r) at 

the crest of the slope instead of the present R value 

measured at the toe of the slope, and hence an r/R ratio must 

be assumed. Using the established c value of 4200 ^®/m^ and 

a ©min value of 53° obtained from the 26t> meter high slope, a 

r/R ratio of 4:1 is required to make the relationship cor-* c 

respond with the Jenike and Yen p = 40° curve. Sven if this 

reasonable 4:1 r/R ratio does not exactly apply, a good corre

lation exists between the postulated arching effect limit of 

R = 20 meters and the theoretical values developed by Jenike 

Yen. 

A calculation was made to examine if the northeast 

corner of the Kino Pit would benefit from a horizontal arching 

effect. Using the presently proposed pit geometry, it was 

found that the arching effect would take place in a slope with 

an angle up to 50.7°. 

Slope Age Results 

Figure 24 shows the plot of artificial slope age 

versus slope angle, and also includes the slope condition. 

The three curves drawn are fairly arbitrary, but do indicate 

a decreasing slope angle with slope age relationship. Of 

special interest are the high steep slopes of the Colorada 
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Pit that exhibit a long-term stability of some twenty-eight 

years. 

The slope age study also revealed that failures at 

Cananea tend to begin between the seventh and fourteenth 

year of mining. Failure Mo. 1 started in the ninth year; 

failure No. 2 started approximately in the seventh year; 

failure No. 3 began in the ninth year; and failure No. 4 be

gan to cause operational problems in the fourteenth year. 

These values are, of course, largely a function of the mining 

method and associated slope parameters, but they also could 

reflect a creep phenomenon. 

Natural Slooe Results 

The natural slope height versus slope angle relation

ship is shown in Figure 25. Two distinct slope lines are 

drawn to best fit the data; one for convex-shaped slopes, and 

one for slopes having a concave or straight curvature. The 

results indicate about a 10° slope angle difference because of 

slope curvature for natural slopes. The natural slopes at 

Cananea are relatively shallow probably because mass wastage 

exceeds mass transport. 

The natural slope azimuthal plot did not reveal any 

slope angle changes with orientation, and there was no ap

parent difference betv/een slope angles observed in various 

rock types. 
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A brief study of active waste dumps in the Cananea 

area resulted in an average slope angle of 36.S° for slope 

heights on the order of 100 meters. This value falls to the 

right of the natural slope observations in Figure 25, and in

dicates that the natural slopes are belov; the angle of repose 

for this material. The 36.8° slope angle of the active dumps 

also provides another estimate for the average friction 

angle (^) of Cananea mine rock, since c = o in this case, and 

is approximately equivalent to the slope angle value. 

« 



CHAPTER V 

CONCLUSIONS 

This study establishes slope angle guidelines for the 

proposed Kino Pit based on a rock fabric analysis and an 

empirical slope study. The rock fabric study reveals that 

the macro-fractures observed v/ithin the proposed Kino Pit 

exhibit the same basic orientations as those in the neigh

boring Cananea and Sonora Hill Pits. This fact, along with 

the similar rock types and geologic environment found in the 

two areas, makes it possible to project the results found 

for the mined area to the Kino Pit to help establish its 

slope guidelines. 

Applying the findings obtained in this analysis to 

the slope orientations and projected slope heights of the 

Kino Pit, the following slope guidelines are suggested for 

this new pit. 

1. It is recommended that a slope angle of 50° be 

used from a slope normal orientation of 340° to 

a slope normal of 90°. This slope angle choice 

is primarily based on the design curve resulting 

from the effective cohesion and friction angle 

study. The slope heights in this sector will 



all be above 350 meters, reaching a maximum 

value of 1+ 55 meters in the north wall. These 

heights exceed by a large margin any slopes 

that have been mined to date in the Cananea 

district. Other results that contribute to 

the 50° slope angle choice are: 

(1) The 50° slope angle restriction 

for slope normals of 30° and 40°, 

along with the larg,e sector with 

a 55° maximum, resulting from the 

<2fo probability aaylighting theory. 

(2) The 50° slope angle limit for slope 

normals between 30° and 60°, as de-

dermined by the intersection study. 

(3) The horizontal arching effect pre

dicted for slopes in this sector 

that are under 50.7°• 

It is suggested that a slope angle transition from 

50° to 70° be effected between slope normals of 

90° and 170°. The slope angle should be kept 

under 54° up to a slope normal of 110°, based 

on the third curve of the slope height versus 

slope angle diagram. (A slope height of approx

imately 300 meters is expected here.) It must 

also be remembered that there exists an addi

tional risk factor in this zone, since very few 



slopes at Cananea have been mined in this ori

entation. Another parameter that could have a 

detrimental slope stability effect in this re

gion is the development of a possible high 

stress concentration in the pit walls as the 

N-S acting principal stress lines are deflected 

on account of the Kino Pit excavation. 

The next portion of the transition should 

limit slope angles so as to attain a 62° value 

at a slope normal of 140°. This slope choice is 

based on the result of the daylighting study made 

by various sectors. The slope height at this 

point should be approximately 230 meters, and 

judging from the slope height versus slope angle 

diagram, probable slabbing will take place, and 

possible slope failures could result if a major 

macro-fracture is daylighted. This argument will, 

of course, apply to all slope observations that 

plot to the right of the third curve in the slope 

height versus slope angle diagram. 

The final transition to the 70° slope angle 

should be effected by limiting the angle to 65° 

for slopes over 200 meters in height. This re

striction arises from the block caving observation 

made in the slope height versus slope angle study. 



The slope height should be approximately 200 

meters high at a slope normal of l60°. 

It is suggested that a slope angle of 70° be used 

from a slope normal orientation of 170° to approx

imately a slope normal of 250°, where a slope 

transition suggested so that a 60° slope angle is 

attained by a slope normal of 265°. The slope 

heights in this sector will all be under 200 meters 

reaching a minimum value of approximately 165 

meters at a 230° slope normal. 

A 70° slope has never been mined at Gananea 

except for individual bench slopes, but the rock 

fabric results and the empirical slope results ap

pear favorable for experimenting with this steep 

slope angle in this portion of the pit. The slopes 

resulting from block caving are stable at roughly 

this slope angle, slope orientation, and slope 

height. The total Kino Pit Schmidt plot, along 

with the two individual southern quadrant Schmidt 

plots, are also favorable for a slope of 70°. 

Hammel (1970) found by using the finite ele

ment analysis in the high northern wall of the 

Kino Pit, that a slope of 70° should not produce 

stresses that exceed the estimated rock mass 

strength unless unfavorably oriented structures 

are present in the pit walls. Call (pers. 



comm., 1971) believes that the factor limiting 

steepening in the 170°-250° zone of the pit will 

not be the rock mass strength, but the ability 

to develop controlled blasting techniques nec

essary to minimize backbreak, which produces 

ravelling. He feels that a 70° slope should be 

suitable if a satisfactory smoothwall or presplit 

blasting technique is utilized. A 70° slope can 

be excavated if two 15-meter benches are cut to a 

vertical face, and an 11-meter catch bench is left 

every 30 meters. 

It is recommended that a slope angle transition be 

made from 50° to 50° between slope normals of 265° 

and 340°. The slope angle should be reduced to 

54° at a slope normal of 300°. This decision is 

made on the basis of the third curve in the slope 

height versus slope angle diagram, since at this 

orientation a slope height of 300 meters is ex

pected. Another factor that suggests more con

servative slope angles for this region is that 

the sector with slope normals of 265° to 300° has 

been the site of two previous slope failures in 

the Cananea mining district. It is also possible 

that relatively higher stress concentrations will 

develop in this sector on account of the probable 

N-S acting principal stress lines becoming 
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deflected as the excavation is made. The transi

tion from a 54° angle at a slope normal of 300° 

to a 50° angle at a slope normal of 340° is chosen 

because of the increasing slope height that vail 

approximately reach 370 meters at a slope normal 

of 340°. 

The above slope angle guidelines for the proposed 

Kino Pit are the result of a carefully formulated geomechan-

ical study. The final slope angle design decision will also 

have to include the findings of the economic analysis and the 

controlled blasting study. 
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