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ABSTRACT 

The stability of a 70° open-pit mine slope was investigated 

by analyzing two-dimensional plane-strain finite element models of 

the slope. 

In the course of the study, laboratory-determined physical 

properties of the rock substance were progressively modified in order 

to more closely .approximate the in-place rock mass of the open-pit 

slope. Residual stresses were investigated in the laboratory so 

that the in situ pre-mining stress distribution could be more closely 

approximated in the model analysis. Critical geologic structure 

(joint) attitudes were determined from field information and, then, 

were modeled. 

The pit slope was evaluated by utilizing five different 

finite element models. The possible slope conditions modeled covered 

a range of conditions from homogeneous, isotropic, linearly elastic 

and gravity loaded to non-homogeneous, anisotropic, tectonic and 

gravity loaded, with non-linearly deforming modeled joints. Several 

failure criteria were applied to each model in order to determine the 

probable stability conditions of the slope models. 

Results of the finite element analyses indicate the follow

ing: (l) slope models that contained modeled joints and that were 

x 



subjected to high loading (tectonic + gravity loads) conditions 

were subject to localized failure in zones within and adjacent to 

joint elements in proximity to the open-pit wall, (2) gravity 

loaded slope models which did not contain modeled joints were stable 

in every respect, (3) tensile stress zones developed in regions 

where joint elements were adjacent to the pit wall, (4) non-linear 

deformation (yielding) and sliding occurred in nearly all of the 

joint elements, and (5) resultant excavation-induced vertical dis

placement on the floor of the pit was twice as great for the combi

nation of tectonic and gravity loading (11" to 12") as was the 

excavation-induced vertical displacement which resulted from gravity 

loading conditions (5" to ) only. 



CHAPTER 1 

INTRODUCTION 

A complete rational analysis for the design of rock slopes 

is a desirable "but probably unattainable goal. Poor understanding 

of failure criteria for large rock masses, unknown boundary condi

tions, internal rock defects that can not be readily sampled, and 

lack of information on in situ stress conditions emphasize the 

importance of experience in designing stable rock slopes. Much 

effort has been expended recently to complement professional ex

perience with computer related mathematical techniques. One such 

technique is the finite element method of stress analysis. 

The finite element method is a mathematical modeling tech

nique based on elastic theory which is used for calculating displace

ments and stresses in continuous media. This method, when applied to 

the stability analysis of slopes in rock, has the following advantages 

over many other slope analysis techniques: 

1. Non-homogeneous materials and anisotropic material properties 

can be modeled. 

2. Non-linear elastic and time-dependent relationships can be 

analyzed. 

1 
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3. The method is completely general in that any geometry can 

be examined and small scale detail can be included. 

1*. Geologic structure (joints and faults) can be modeled. 

5. Virtually any loading situation can be examined. 

The finite element method for rock slope stability analysis 

is limited primarily by the adequacy of the input data. Specifically, 

some of these limitations are as follows: 

1. Physical properties of the in-place rock mass must be esti

mated from testing of small scale specimens of the rock 

substance. 

2. Sufficiently detailed geologic information is not economi

cally obtainable. 

Statement of the Problem 

The purpose of the study was two-fold. First, the finite 

element method was used to aid in determining potential stability 

conditions in a 70° slope in a proposed open-pit mine, the 755 Area 

pit at Cananea, Sonora, Mexico. Second, this method of analysis was 

examined for its applicability in predicting stability and for its 

ability to provide useful information to aid in open-pit mine slope 

design. 

Scope of the Study 

A two-dimensional, plane-strain analysis was utilized for 

the Cananea analysis. Five different slope models were designed and 



then tested with the finite element method. Model conditions vary 

from simple to complex. The simplest model was homogeneous, iso

tropic, gravity loaded and linearly elastic. The most complex model 

tested was non-homogeneous and anisotropic, was loaded with a combi

nation of gravity and tectonic boundary loads, and had model joints 

which were permitted to deform non-linearly. The other three models 

lie between these two extremes in degree of complexity. 

Actual geologic conditions present in the 755 Area were 

modeled in detail. Variations in rock properties and elastic para

meters were introduced into the model to match in situ conditions. 

The role of geologic discontinuities (joints, faults, seams, bedding) 

in the behavior of rock masses has been recognized for a long time 

by engineers who design excavations within and upon rock. These dis

continuities may completely dominate stability conditions in most 

rock slopes. Therefore, considerable emphasis was placed on modeling 

geologic structure in a portion of this study. Residual stress 

measurements were performed and the results were incorporated into 

one of the models as boundary forces. 

Variations in calculated stress and displacement were 

examined to determine what effect model variation would have on these 

analyses. Several failure criteria have been applied to estimate 

potential stability conditions of the slope. 



Previous Development 

The finite element method of stress analysis was used 

initially in the analysis of stresses in aircraft structures (Turner 

et al. 1956). The application of this technique to obtain solutions 

to boundary value problems in rock structure analysis became popular 

shortly thereafter, and today it is a much-used tool. 

Extensive research has been performed in the past five years. 

(1965-1970) in the application of the finite element method to prob

lems in the applied engineering fields of soil and rock mechanics. 

Several notable effects have been observed which would appear to 

influence the analysis of rock slopes: 

1. Effect of Varying the Angle of the Slope: Yu and Coates 

(1968) compared differences in stress distribution in homogeneous 

and isotropic model slopes of ̂ 5° and 60°. Results indicated 

that stress distributions did not differ significantly for the 

two slopes except that stress increased near the boundary of the 

openings (pit wall), particularly at the toe of the slope. Blake 

(1967 and 1968) modeled an actual open-pit mine slope which was 

being modified by increasing the pit slope angle. Results indi

cated that steepening the pit slope angle increased the maximum 

principal stresses surrounding the pit significantly only in the 

vicinity of the toe of the slope. Only a slight increase in 

stress occurred near the pit wall. Duncan and Dunlop (19̂ 9) 

examined slope stability problems in stiff-fissured clays and 



shales. Their model analysis results indicated that normalized 

shear stresses < r/°n) increase as slope angle increases. 

2. Effect of Horizontal Stress (Non-Gravity Loading): Analyses 

of stress conditions around excavated slopes indicate that the 

initial horizontal stress has a considerable influence on the 

magnitudes of stresses following excavation. Yu and Goates (1968) 

and Duncan and Dunlop (1969) determined that under high horizon

tal stress, the stresses in the vicinity of the excavation are 

altered considerably and are approximately proportional to the 

ratio of horizontal stress to vertical stress. Blake (19̂ 7 and 

1968) discovered that stress magnitudes and concentrations at 

the bottom of the pit are significantly increased with the addi

tion of a small horizontal stress field. These experimental re

sults point out the need to know pre-excavation in situ stress 

conditions for reasonable analysis of pit slopes with the finite 

element method. 

Another item which influences stability analysis of rock 

slopes is the geologic discontinuity (joints, faults, bedding, seams). 

Generally, a rock mass is not a simple continuum, because it contains 

numerous discontinuities. These discontinuities appear to signifi

cantly influence, if not control, the stability of rock slopes in 

most situations. Therefore, any rational finite element analysis used 

for the design of slopes in rock should account for discontinuities 

which are present in the rock. Goodman, Taylor and Brekke (1968) 



developed a method of incorporating the effect of joints into a 

finite element analysis. They represent a joint element as a two-

dimensional tube of zero width, thus a one-dimensional element, which 

offers resistance to shear and compressive forces acting parallel to 

and normal to its axis. These axial and normal resistances are ex

pressed as products of the axial and normal displacements and the 

unit stiffness of the joint in those two directions. Malina (1970) 

examined effects of discontinuities by assuming a joint system in a 

hypothetical rock and continuous footing model. The resultant defor

mation pattern and maximum principal stress direction were parallel 

to the jointing direction. Mahtab (1970) idealized a model rock 

slope as an aggregate of two distinct sets of elements: three-

dimensional rock blocks and two-dimensional joint elements. 

Non-brittle rock and most soils do not respond to external 

loading as linear elastic materials. Most often in these situations, 

the stress-strain relationship is non-linear, and in some materials, 

the deformation is also time-dependent. A popular means of modeling 

non-linearity has been to use a bi-linear analysis with assumed 

pseudo-elastic constants. Girijavallabhan (19&7) analyzed several 

soil mechanics problems with this method. Woodward (19̂ 7) analyzed 

stresses and deformations in an earth embankment with a similar 

technique. Nair and Otus (1968) examined bi-linear deformation in 

the design of a large underground cavity in a salt dome and examined 

cavity closure with a linear analysis with superimposed creep. 



The three-dimensional finite element method was developed 

during the 1960's. The first three-dimensional technique to "be 

developed (Wilson 19&5* Clough 1965b) was the axi-symmetric method. 

Girijavallabhan (1967) and Nair and Otus (1968) performed geo-

mechanical analyses with this technique. A truly three-dimensional 

finite element method, almost completely general in nature, is de

scribed by Zienkiewicz and Cheung (1967). The stiffness derivations 

for some basic solid elements were given by Melosh (1962) and Rashid 

(1965). Zienkiewicz, et al. (1969) treats some recent innovations 

in the three-dimensional finite element method. 

The error involved with the finite element method can be 

quite small. Clough (1965a) indicates that this technique can be 

very accurate, but that accuracy depends on the validity of the basic 

deformation patterns assumed within the elements. Yu, Gyenge and 

Coates (1968) discovered that small errors occurred at the bottom 

boundary of a finite element slope model: horizontal and vertical 

stress were, respectively, 6$ and 7$ less than calculated values. 



CHAPTER 2 

FINITE ELEMENT METHOD 

The finite element method is essentially a generalization of 

structural analysis procedures which are used to calculate stresses 

and displacements (deflections) in two- and three-dimensional struc

tures. Analyses can be performed for plane stress, plain strain, 

and three-dimensional axially symmetric or non-symmetric problems for 

continuous and discontinuous media. 

The finite element method is based on the representation of 

a continuous medium by an assemblage of individual components, 

called elements. The elements are interconnected at a finite number 

of points, called nodal points. This finite element "model," then, 

approximates the original continuum. The material properties of the 

original system are retained in the individual elements of the finite 

element model. 

It is the finite character of the structural nodal points 

which makes possible the analysis by means of simultaneous matrix 

equations. As for any structural analysis, the essential analysis 

problem is to satisfy the following three requirements simultaneously 

(Clough 1965a): 
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1. Equilibrium: the internal element forces acting at each 

nodal point must equilibrate the externally applied nodal 

force. 

2. Compatibility: the element deformations must be such that 

they continue to meet at the nodal points in the loaded condi

tion. 

3. Force-Deflection Relationship: the internal forces and 

displacements within each element must be related to its 

individual geometric and material property characteristics. 

A description of the finite element method, plane strain 

condition, follows. The basic information is adapted from Clough 

(1965a), Coates (1969b), and Girijavallabhan (1967). For a more 

complete discussion of the finite element method, see Clough (i960), 

Zienkiewicz and Cheung (196?)> and Wilson (1963* 1965). 

Basic Operations in Finite Element Analysis 

The finite element analysis, displacement method, consists of 

the following basic operations: 

1. Development of a stiffness matrix for each element with re

spect to a convenient local (element) coordinate system. 

2. Transformation of the element stiffness matrix from the 

local coordinate system to a generalized coordinate system 

related to the complete structural assemblage. 

3. Generation of the final stiffness matrix for the eatire 

structural assemblage. 



4. Formulation and solution of the system of simultaneous 

equilibrium equations expressing the relationship between the 

applied nodal forces and the resulting nodal displacements. 

5. Determination of element strains from the computed nodal 

point displacements. 

6. Determination of element stresses from element strains by 

means of the element stiffness matrices. 

Stress-Strain Relations 

In simple analyses, stress-strain relations are based on the 

assumption that uniform strain exists throughout each element. Con

sider an open-pit mine slope, infinitely long in the Y-direction as 

shown in the X, Y, Z coordinate system in Figure 1. Since plane 

strain conditions will be assumed, the displacement along the Y-axis 

is zero. The element thickness, d, in the Y-direction will be one 

unit. If a cubical element is considered, normal and shear stresses 

exist on each of the faces of the element as shown in Figure 1. 

For plane strain, 

If the material in the element is homogeneous, isotropic 

and elastic, 
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Figure 1. Stresses oa a Cubical Element Within 
the Wall of an Open-Pit Mine Slope 
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C x  =  - j r - { o x  - M(a y  + o z) ) 

= ( oy - M ( az + ox) ) 

Cz = ~i~ ̂  az - M(ox • 0y) ) 

Yxz = 2(1 + M) ̂  

From the above, the following stress-strain relations are 

obtained for plane strain conditions: 

f  
Ox 1 

l-M 
0 

<- -
ex 

O z  = E k M 
l-M 

1 0 

0 0 1-2M Yxz 
2(1-M) 

Yxz 

where 

K  = l-P 
(l +MK1-2W 

and in matrix notation 

(O) = EA[A] (C) Eq. 1 

Element Stiffness Matrix 

A rectangular element is shown in Figure 2, together with 

assumed displacement functions. Displacements in the X and Z direc

tions are shown by u and w, respectively. Nodal points are annotated 

as i, j, k, 1. ax to a8 are assumed displacement coefficients. The 

displacement functions represent linear displacement variations in 

the x and z directions. Therefore, each boundary remains a straight 
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Z, w u = displacement in X-direction 
v • displacement in Z-direction 

X, u 

U 

V 

Assumed Displacement Functions: 

l x z x z O O O O  

O O O O l x z x z  

al 

a8 

Figure 2. Rectangular Element Stiffness 



Ill-

line during element deformation. Boundary and internal element 

compatibility are thus maintained during deformation. There are 

eight degrees of nodal point freedom nodal points with x and z 

displacements at each one). Therefore, there are eight displace

ment functions provided, one for each degree of freedom. The 

stiffness matrix of this element is an eight-by-eight matrix. 

A [B] matrix is obtained for the element by introducing 

coordinates of the nodal points into the displacement functions: 

c  r  
ui 1 0 0 0 0 0 0 0 al 

uj 1 a 0 0 0 0 0 0 a2 

uk 1 0 b 0 0 0 0 0 a3 

U1 1 a b ab 0 0 0 0 

vi 0 0 0 0 1 0 0 0 a5 

vo 
0 0 0 0 1 a 0 0 a6 

wk 0 0 0 0 1 0 b 0 a7 

W1 0 0 0 0 1 a b ab CO O 

J  w - J  

and in matrix notation 

(u) = [B] (a) Eq.. 2 

A [c] matrix, which represents internal strains, is obtained 

by differentiating the displacement functions: 
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CN 3 W 
z az 

Yxz 
au 
a z 

+ 
aw 
ax 

-> 

— — r " 

0 1 0 z 0 0 0 0 Q1 
a2 

0 0 0 0 0 0 1 X • 

• 

0 0 1 X 0 1 0 z 00 
• o
 

. 

and in matrix notation 

( e ) = [c] (a) Eq. 3 

The element material properties were previously defined by 

the stress-strain matrix Next, the matrix [V1- A cj, which is 

an eight-by-eight matrix for the rectangular element, is developed. 

Then each term of this matrix is integrated over the volume of the 

element. Utilizing the inverse of matrix [jB]> this generalized co

ordinate stiffness is transformed to the coordinates of the respec

tive nodal points. The resultant element stiffness matrix [V] is an 
eight-by-eight matrix. If (s) and (u) are the force vector ana nodal 

displacement vector, respectively, for the element, 

[k] (u) = (s) Eq. ̂  

Complete Assemblage Stiffness Matrix 

The stiffness matrix for the complete assembly of elements is 

a block diagonal matrix. The diagonal elements in this matrix are 

the stiffness matrices for each of the individual elements: 
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In matrix notation, 

[K] (U) = (S) Eq. 5 

where H is the composite stiffness matrix with respect to the local 

coordinates of all the element stiffness matrices, (U) and (S) are, 

respectively, the deflection vector and the force vector for the 

assemblage of all the elements. 

The transformation matrix [T] is developed next, to transfer 

the stiffness matrix with respect to the local coordinate system 

to the stiffness matrix in the generalized coordinate system £)cj. 

[*]• WWW Eq. 6 

Boundary Conditions 

Boundary conditions are either in the form of restraint and 

movement (deflections) or forces. If an element is subjected to 



external loading, the boundary forces (external loading) are included 

in the solution by incorporating the forces at nodal points which are 

affected. These forces then are introduced into the generalized 

force vector (F). An element may be restrained from moving or 

allowed to move (deflection). The stiffness matrix [*] is modified 

to include known deflections to maintain the boundary deflections 

which were specified. In matrix notation, 

[P<] (R) = (F) Eq. 7 

where 

(R) is the composite assemblage deflection vector. 

Body forces of the material itself can be considered in a 

like manner. When the continuum is divided into a number of elements 

connected at nodal points, the weight of the material can be incorpo

rated at appropriate nodal points. The body force, then, at a nodal 

point is the sum of the reactions of adjacent elements connected at 

that nodal point. 

Solution of Equilibrium (Stiffness) 
Equations for Displacement 

Displacements are solved for from equation 7- This equation 

represents 2N simultaneous equations, where N is the number of nodal 

points in the assemblage. Gaussian-elimination is used to perforin 

the solution. Displacements, u, at each of the nodal points are 

obtained. 



Determination of Strain and Calculation of Stress 

Having solved the generalized stiffness equation for the 

displacements, stresses and strains can be determined. Strains are 

determined "by combining equations 2 and 3, 

(u) = [B]  ( a )  Eq. 2 

(e) = [c] (a) Eq. 3 

to form 

(8) = [c] [B]"1 (U) Eq. 8 

The x and z components of the strain vector at the center of 

each element are determined with equation 8, where (u) are the dis

placements determined from the solution of the equilibrium (stiff

ness) equation in the previous section. 

Next, stresses are calculated from equation 1, 

(O) = E A [A] (E) Eq. 1 

The x and z components of the stress vector are calculated at the 

center of each of the elements. Principal stress values and orienta

tion of principal axes can be determined with equation 1, also. 



CHAPTER 3 

DATA COMPILATION 

It was necessary for model analysis to describe the rock in 

considerable detail, both in terms of the intact rock and the rock 

mass. Residual stress information, required in defining the stress 

distribution within the proposed open-pit mine area, was determined 

with an overcoring technique. Potentially hazardous geologic struc

ture orientations were determined with geologic structural analyses. 

Rock Substance 

The term "rock substance" (Coates 1967) or "intact rock" 

(Deere 19̂ 9) refers to the rock material which can be sampled and 

tested in the laboratory, and which is free of the larger than sample 

size structural features such as joints, faults, seams, bedding 

planes and shear zones. The "rock mass" is composed of the rock 

substance plus these larger-scale structural features. 

Physical Testing 

Results of physical testing of the rock substance from Cananea 

were obtained from Zavodni (1969) and from work performed by students 

in the laboratory course in geomechanics at The University of Arizona. 

Zavodni"s specimens were obtained from the existing Cananea Pit, 
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which is approximately ̂ 00 meters southeast of the proposed 755 Area 

pit. Figure 3 shows the location of the proposed 755 Area pit in 

relation to the Cananea pit and the Cananea district. Specimens 

tested by the geomechanics students were obtained from drill core 

taken from the 755 Area. There was good agreement between the two 

sets of results for like rock types. 

The Cananea mine area is composed of volcanics intruded by 

several feldspathic quartz porphyry and quartz-free porphyry plugs; 

at least nine zones of strong brecciation are found within the main 

Cananea Pit area (Brown and Ayala 1966). These same rock units are 

found in the proposed 755 Area pit (Brown, personal communication). 

The volcanic (Mesa volcanic), quartz porphyry and breccia were the 

rock types that were sampled and tested in the laboratory. 

Values of Young's modulus, E, Poisson's ratio, JJ, and uncon-

fined compressive strength, Uc, were obtained from the results of 

uniaxial compression tests. Young's modulus was determined as the 

tangent modulus. Values of Poisson's ratio and Young's modulus were 

selected from within the loading range which might be expected in 

the 755 Area pit, a range of O-3OOO psi. The lower values of uncon-

fined compressive strength results were selected, because they will 

be more representative of the weaker rock mass strength. 

Tensile strength values, T, were estimated from Brazilian 

tension, Tg, test results by the following approximate relationship: 

T = 2/3 x TB 
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Unit weights, were determined for x'ock specimens from the 

leached (oxide) zone and sulphide zone for each rock type present in 

the proposed mine area. Densities for each specimen vere determined 

by using a Jolly balance and applying Archimedes principle. Then, 

unit weights for each specimen were calculated. 

Two additional rock units were defined and described. 

These are contact zones between the volcanic rock and the intrusive 

porphyry. One of these contact zones appears to be volcanic in 

nature, but contains porphyry fragments. The other contact zone 

appears to be a porphyry which contains fragments of volcanic 

material. These two zones were assigned values of E, |J, Y, Uc, and 

T based on the percentage of each of the two source materials (vol

canic and porphyry) present. Table 1 lists selected values of 

Young's modulus, Poisson's ratio, unit weight, unconfined compres

sive strength and tensile strength for each of the five rock units. 

These values were selected on the basis outlined in this section. 

Rock Substance Classification 

Deere (1969) and Coates (1967) have developed classifica

tion systems which describe the intact rock (rock substance). Deere's 

classification is based on two important engineering properties of 

rock: the uniaxial compressive strength and modulus of elasticity. 

The first element of his classification is based on strength and 

the second element is based on modulus ratio. The rock being 

classified is put into one of six uniaxial compressive strength 



Table 1. Selected Eock Substance Properties 

V(pcf) 
Rock Type E (10° psi) M oxide sulphide Uc (psi) T (psi) 

Mesa volcanic .̂9 0.15 1̂ 3 160 6500 720 

Quartz porphyry 3-8 0.14 150 165 7900 580 

Breccia 3-2 0.16 1̂ 3 160 4500 l+UO 

Contact zone, 
volcanic with 
porphyry .̂5 0.1̂ 5 143 160 7000 670 

Contact zone, 
porphyry with 
volcanic k.2 0.1̂ 5 150 165 7̂ 00 63O 

ru 
00 



categories. The upper portion of Table 2 lists the strength cate

gories. The second element of the classification system is based 

on the modulus ratio. The modulus ratio is defined as the ratio of 

the modulus of elasticity to the uniaxial compressive strength. 

The lower portion of Table 2 lists the modulus ratio categories. 

For the lower values of Uc selected from laboratory test

ing, Cananea mine rock has Uc values varying from 4500 to 7900 psi 

(Table l). According to Deere's classification, this rock would 

be classified as low strength rock, Class D. The modulus ratio is 

75̂  (high modulus ratio) for the volcanic rock, 48l (medium modulus 

ratio) for the quartz porphyry, and 712 (high modulus ratio) for 

the breccia. Therefore, these three rocks would be classified, 

respectively, as DH, DM and DH. They are, according to this 

classification, low strength rocks with medium to high modulus 

ratios. 

Coates (1967) outlined a rock substance classification sys

tem in terms of strength and deformation characteristics. The sys

tem is as follows: 

Geological Name 
"Strong" or "Weak" 
"Elastic" or "Yielding" 

The rock substance strength is defined as "strong" when the 

uniaxial compression strength, Uc, is greater than 10,000 psi, and 

"weak" when the uniaxial compression strength is below this value. 

The term "yielding" would mean that the relative permanent strain 

upon loading is greater than 25% or the creep rate is greater than 

2 microns/hour. 
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Table 2. Engineei'ing Clas 
Intact Rock. (After 

sification of 
Deere 19&9) 

On Basis of Strength: 

Class Description 
Uniaxial Compressive 

Strength (psi) 

A Very high strength Over 32,000 

B High strength 16,000 - 32,000 

C Medium strength 8,000 - 16,000 

D Low strength It,000 - 8,000 

E Very low strength Less than 4,000 

On Basis of Modulus Ratio: 

Class Description Modulus Ratio 

H High modulus ratio Over 500 

M Average (medium) ratio 200 - 500 

L Low modulus ratio Less than 200 
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In successive loading-unloading cycles during the uniaxial 

compression testing of Cananea rock (Zavodni 1969), the following 

average permanent strain percentages in the loading direction were 

noted: porphyry = 12$, volcanics = 1+$, and "breccia = 2.7$. Accord

ing to Coates' classification then, the Cananea mine rock which was 

tested is "weak" (less than 10,000 psi) and "elastic" (less than 

25$ permanent strain). 

Zavodni (19̂ 9) determined from his testing that the porphyry 

behaved relatively elastically to U-JOO psi, the volcanics to 4500 

psi, and the breccia to 33OO psi. These loading ranges are all 

within the loading range expected in the 755 Area pit (0-3000 psi). 

Therefore, essentially elastic behavior could be expected in the 

rock substance in the 755 Area pit. 

In summarizing the available information, the rock substance 

or intact rock in the 755 Area can be classified as "weak" or "low 

strength," having a medium to high modulus ratio, and exhibiting 

"elastic" behavior. 

Rock Mass 

The behavior of a rock mass subjected to a change in stress 

(excavation of an open-pit mine in this study) is governed both by 

the mechanical properties of the intact rock and by the number, 

attitude and nature of the geologic discontinuities in the rock 

mass. In some cases, the stability of a rock slope may be almost 

entirely controlled by these geologic discontinuities (joints, 

faults, seams). Large local variations in rock mass strength may 



occur as a result of intense alteration (strong clay alteration or 

intense silicification). Similarly, the intensity of local shatter

ing or fracturing on a small scale may result in large variations in 

rock mass strength. The properties of the rock substance must, there

fore, be modified to account for these variations in the rock mass. 

A better impression of the rock mass character for the 755 

Area was obtained through the extensive examination of surface and 

underground maps and drill core logs and by field examination. 

Zones were located where the rock substance strength was to be re

duced and subsequently introduced into the finite element models. 

This was accomplished by modifying the properties of each element 

so that the models closely approximated the in situ conditions from 

the 755 Area. 

Reduced Parameters for the Rock Mass 

Each element in the finite element models was modified in 

terms of Young's modulus, Poisson's ratio, unit weight, uniaxial 

compressive strength and tensile strength to take into account the 

local geologic conditions. These modifications were determined by 

examining all rock property information available for that element 

which could affect the rock properties for that elemental area. 

The specific geologic conditions taken into account were rock types, 

changes in degree and type of alteration, intensity of jointing, 

type and amount of mineralization that affected unit weight and 

core recovery. These variables were modeled by modifying laboratory 
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determined values of compressive and tensile strengths, unit weights, 

and elastic rock properties, where judged appropriate. 

The following modifications were performed: 

1. Any increase in the percentage of clay alteration was com

pensated for "by a corresponding decrease in the "stiffness" and 

the strength of the model, i.e., E, Young's modulus, Uc, uncon-

fined compressive strength, and T, tensile strength, would "be 

decreased ana 11, Poisson's ratio, would be increased for any 

element in the model which represented such an altered zone in 

the prototype. 

2. Any increase in the percentage of silicification should in

crease the "stiffness" and strength of the model; therefore, E, 

Uc, and T would be increased and would be decreased for those 

elements which represented such zones. 

3. Any decrease in the spacing of uncemented joints should de

crease the strength and probably the element stiffness; thus, 

E, Uc and T would be decreased and (i increased for such elements. 

4. Any increase in sulphide mineralization would increase the 

unit weight of the affected rock slightly. Material being used 

to model the leached or oxide zone would have to be represented 

by elements with a smaller unit weight. Conversely, the model

ing of sulphide bearing rock would require a larger unit weight. 

5. An increase in core recovery could feasibly be related to 

the overall quality of the rock (joint spacing, type and inten

sity of alteration). Therefore, an increase in core recovery 
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could be related to an increase in E, Uc, and T and a decrease in 

p. Corresponding modifications were made to appropriate ele

ments where core recoveries varied. 

An attempt was made to use the rock quality designation, RQD, 

developed by Deere (1969) rather than percent core recovery. The 

RQD is based on a modified core recovery procedure. This indirect 

measure of fracture counting is obtained by adding up the total 

length of core recovered by counting only those pieces of core which 

are four or more inches in length. Deere (1969) believes that the 

RQD is a more sensitive and consistent indicator of general rock 

quality than is the gross core recovery percentage. The RQD could 

not be used to analyze core from the 755 Area, because nearly all 

of the core had been split and sampled previously. Therefore, 

gross percent core recovery was used. 

Calculation of Reduced Parameter Values 

A reduction number, corresponding to a percentage reduction, 

was assigned to each of the parameters being evaluated within model 

elements. Table 3 lists reduction numbers for each category of re

duced parameters. A composite reduction number, which takes into 

account all of the reduced parameters, was calculated for each of 

the model elements. A sample calculation is performed for an 

element representing an in situ area of uniform geologic charac

teristics: 



Table 3« Reduction Numbers for Reduced Parameters 

Reduction Terms Reduced Parameter Categories 

Reduction Reduction Clay Alteration, Silicification, Spacing of Core 
Number Factor, $ $ of total Specimen "jo Uncemented Recovery, $ 

Joints, ft. 

-1 115 - 30-100 - -

0 100 0 1-29 >50 100 

1 85 1-20 - 21-50 93-99 

2 70 21-40 - 10-20 83-92 

3 55 4l-60 - 3-9 68-82 

k to 61-80 - 1-2 50-67 

5 25 81-100 - 0.2-0.9 30-̂ 9 

6 10 Altered to soft or - <0.2 <30 
medium clay 

(JO 
o 
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Reduced Parameter Reduction Number 

30$ clay alteration 

10$ silicification 

2 

0 

1 ft. joint spacing 

85$ core recovery 

1+ 

2 

Composite reduction number 8/N =8/4=2 

where 

N = number of categories 

The composite reduction number is equal to 2, which is 

equivalent to a reduction factor of 70$ from Table 3. Then for 

values of Uc, T, and E for this element, reduced values are cal

culated: 

Reduced Value = Rock Substance Value x Reduction Factor ($) 

The Uc, T and E values assigned to this element are 70$ of the 

laboratory determined values of Uc, T and E for the rock substance 

which is present in this element. The value of is increased for 

this element in a manner similar to the method used for decreasing 

the values of Uc, T and E. 

Residual Stress Determination 

Knowledge of the in situ state of stress is a necessary pre

requisite for engineering design in rock. Stresses are quite often 

calculated by assuming that only gravity forces are present. It is 

well documented (Nichols, Lee and Abel 1969, Hooker and Johnson 19̂ 6> 



Coates and Grant 1966) that forces other than gravity can contribute 

to the in situ state of stress. Voight (1966) considers "in situ 

stress" to be the result of force fields which he classifies as 

current gravitational forces and current and residual tectonic 

forces. Stresses due to current gravity loading can be calculated 

rather easily from elastic theory. Current tectonic stresses are 

probably not determinable. Residual tectonic stresses can generally 

be elastically released by strain relief and thus calculated (Voight 

1966). Gravity loading and residual tectonic loading can be incor

porated into the finite element analysis quite readily. As was 

indicated in Chapter 2, these two loads can be summed at appro

priate nodal points to account for variations in any model loading 

situation. 

There are several methods of determining the state of 

stress in rock. All of them involve measurement of deformation 

and then calculation of stress from the measured deformation. The 

principles underlying the design of rock stress measurement tech

niques and related instrumentation are reviewed by Leeman (196^). 

Most instruments provide purely biaxial information such as is pro

vided by photoelastic strain gage techniques (Voight 19^7) and 

strain gage overcoring (Merrill and Peterson 19^1, Obert, Merrill 

and Morgan 1962). Operational techniques require diametral 

measurements in three separate boreholes drilled into the rock at 

suitable orientations to obtain sufficient information for the three 

dimensional stress ellipsoid (Gray and Toews 1967). The ideal 



technique for determining the stress in rock would permit the deter

mination of directions and magnitudes of principal stresses from 

strain measurements in a single borehole drilled in any desired 

direction into the rock. Methods developed by Leeman (1968), 

Rocha and Silverio (1969) and Nichols, Abel and Lee (1968) should 

accomplish that goal. These methods involve the use of strain 

gages glued on the walls of a borehole or a solid-inclusion bore

hole probe to determine three-dimensional stresses or stress changes 

in a rock mass caused by nearby excavation. 

Voight (1968) has proposed a technique which requires no 

borehole instrumentation. By instrumenting drill cores on three 

planes of specified orientation soon after removal from the bore

hole, a portion of the total recoverable strain tensor is determined. 

There is empirical justification (Voight 1968, p. 205-208) for con

sidering the recovered time-dependent strain to be proportional to 

the total recoverable strain and, thus, to the pre-existing state 

of stress. If strain gages are installed on drill core after the 

core has been removed from the borehole, only a partial component 

of strain can be determined. Voight's method is based on the 

premise that the partial recoverable strain at a point is propor

tional to the total recoverable strain. 

Method of Stress Determination 

The basic method as postulated by Voight (1968) has been 

modified by Gentry (1970a). Strain relief was measured as a result 
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of overcoring a strain gage on an oriented rock specimen with a 

diamond bit. 

Two oriented samples were collected from the "Tunnel 1" 

level near the center of the 755 Area. One sample was taken from 

within a breccia pipe and the other from the surrounding volcanic 

rock. The sample from the breccia pipe was highly silicified and 

contained moderate clay (kaolinite) and sericite alteration. The 

volcanic specimen had undergone intense sericitization and kaoliniti-

zation. Both specimens had a volume of approximately 0.6 cubic foot. 

The testing procedure proceeded as follows: 

1. A horizontal and a vertical cut were made on each rock speci

men with a diamond saw. 

2. Strain gage rosettes with three equiangular 120° elements 

were mounted on these two faces with epoxy cement and then 

were monitored until the deformation (expansion) due to the 

saw cuts ceased. The rock effectively was stable, as indicated 

by the gages, after eight weeks for the breccia specimen and 

after five weeks for the volcanic specimen. 

3. The strain gage rosettes were overcored to a depth of two 

inches with a 1 l/8" 0. D. diamond bit around the 1" strain 

gage rosettes. 

k. When the overcoring was completed, the specimens were 

again monitored. Monitoring continued until essentially all 

time-dependent deformation (expansion), as a result if over-

coring the gages, was complete. Any change in strain readings 



from pre-overcoring to post-overcoring should represent the 

measurement of residual strains released as the result of 

overcoring. The overcored breccia specimen was stable after 

five weeks and the overcored volcanic specimen stabilized 

after six weeks. 

Data resulting from the overcoring, strains in each of the 

strain gage rosette elements, were then analyzed. Major and minor 

principal stress magnitudes and directions and maximum shear stress 

were calculated with a method described by Hetenyi (195̂ > P« 1̂0-

415). Strain gage rosette analysis requires the knowledge of E, 

Young's modulus, and \i, Poisson's ratio, because of the assumption 

of isotropy. Values of E and |i were selected for each of the two 

specimens according to the "Reduced Parameter Value" criterion as 

described previously in this chapter. The values used for the 

breccia specimen were E = 3*2 x 10̂  psi and |J = 0.16. The values 

used for the volcanic specimen were E = 2.0 x 10^ psi and |i = O.32. 

Results 

Only three of the four overcoring attempts were successful. 

In the unsuccessful attempt, several of the strain gage lead wires 

were cut off by the diamond bit during the overcoring step and had 

to be re-soldered to the gages. In the process, gage lead wire 

resistances changed and thus could not be compared accurately to 

original lead wire resistances for accurate determinatiou of strain 

relief due to overcoring. 



It was desirable to know the approximate vertical and horizontal 

stress magnitudes in the plane of a vertical section which would "be ana

lyzed by the finite element model. The section which was modeled had a 

bearing of N5W. The maximum principal stress in the horizontal plane of 

the breccia specimen was 5^5 psi and was oriented at N12E, only 17° to 

the east of the model section. Therefore, this value was used for the 

horizontal stress for the breccia specimen. The maximum principal 

stress in the vertical plane of the breccia specimen was V72 psi and 

was oriented at an inclination of only 7° 31' from the vertical. There

fore, this value was used for the vertical stress for the breccia speci

men. Two of the three lead wires on the strain gage rosette on the 

horizontal plane of the volcanic specimen were cut off during over-

coring. Results from analysis of strains in this strain gage were not 

used. The maximum principal stress in the vertical plane of the vol

canic specimen was 832 psi and was oriented at an inclination of only 

2° 511 from the vertical. Hence, this value was used for the vertical 

stress for the volcanic specimen. The minimum principal stress in the 

vertical plane is 515 psi and will be used for the horizontal stress 

in this specimen, because no stress values were available from the 

horizontal plane. The vertical plane in this specimen has a bearing 

of N65W; therefore the minimum principal stress (used for horizontal 

stress) is not in the same plane as the model section (N5W). 

Applicability of Results 

The directions of the principal stresses should be correct 

with this technique. In examining stress magnitudes, the ratio of 
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the vertical to the horizontal residual stresses should be the same 

as the ratio of the vertical to the horizontal in situ stresses 

according to Voight (1966 and 1968). The absolute magnitudes of 

residual stresses measured in this manner, however, are questionable, 

because they probably represent only a portion of the original in 

situ stresses. 

Model Structure Determination 

Planar geologic structure plays an important role in rock, 

slope stability. Joints and faults associated with intrusive and 

extrusive rocks found in porphyry copper deposits, such as those 

at Cananea, can significantly affect the stability of open-pit mine 

slopes. In order to obtain geologic structure for a finite element 

model, actual in situ geologic structures were examined in the 755 

Area. Only those geologic structures which are parallel to the 

infinite slope (parallel to the Y-direction in Figure l) and also 

perpendicular to the model section are applicable for a two-dimen

sional, plane strain, finite element analysis. The model section 

was vertical and trended N5W-S5E. Therefore, structures selected 

for the analysis should have a strike of approximately H85E. The 

model open-pit mine slope dipped to the south; therefore southerly 

dipping geologic structure was examined most critically. Dip 

values that approximate critical sliding angles, 30°-65°> vere 

sought. Subject to these restrictions, two types of geologic 
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structure information were examined to obtain model geologic struc

ture for a finite element model: 

1. Major joint sets 

2. Intersections of major joint sets 

Major Joint Sets 

A joint set is defined as a group of more or less parallel 

joints. A major joint set, within the scope of this study, is a 

joint set which occurs throughout a significant portion of the mine 

area (755 Area). Zavodni (1970) plotted the attitudes of joints 

within the 755 Area using a Schmidt equal-area projection structural 

analysis. Data for the analysis came from maps of the surface and 

three development levels in the 755 Area. 

The equal-area (Schmidt) projection provides a graphic 

method of presenting joint set orientations. Pincus (1951) dis

cussed the application of equal-area and equal-angle projections in 

the analysis of rock fractures. The technique of applying a Schmidt 

equal-area, lower hemisphere, projection analysis to the design of 

open-pit mine slopes was further developed "by Call (1967) and was 

utilized in previous Cananea geologic structural analysis "by 

Zavodni (1969 and 1970). 

Upon examination of the results determined from Zavodni's 

(1970) analysis of the 755 Area structural data, one major joint 

set, oriented at a critical attitude for model analysis, was dis

covered. This joint set strikes approximately N85E, perpendicular 



to the model section, and dips to the south, into the pit, at 

^5°-55°. 

Intersections of Major Joint Sets 

Two nonparallel geologic discontinuities (faults, joints, 

seams) striking at an angle to the pit face and dipping in opposite 

directions form a tetrahedron that may be free to slide into the 

pit (Call 1967). The direction (bearing) and plunge of the line of 

intersection is the direction of motion. The plunge of the inter

section is always less than the dip of the flatter of the two geo

logic structures. 

Smith (1969) developed a computer program which computes 

the bearing and plunge of the intersection and the dihedral angle 

"between the intersecting structure planes for all possible combina

tions in given joint set attitudes. This program was used to deter

mine the intersections which were possible in the 755 Area. The 

results of Zavodni's (1970) Schmidt equal-area projection analysis 

of the 755 Area were analyzed and seven major joint sets were 

delineated for intersection determination. All possible intersection 

combinations were determined and examined for the critical range of 

values for bearing, plunge and dihedral angle. Only one intersec

tion was found which satisfied all of these three criteria. This 

intersection has a bearing of N10W, which is approximately parallel 

to the model section; it has a plunge of 48° to the south, into the 

pit; and it has dihedral angles of 60° and 120°. This structure 



intersection and the major joint set which was identified in the 

previous section were used to determine the attitude of the critical 

joints employed in two of the finite element models. 



CHAPTER 4 

METHOD OF ANALYSIS 

Two-dimensional, plane-strain finite element analysis was 

utilized to estimate excavation (mining) induced displacement and 

stress changes in a particular open-pit mine slope. Five different 

finite element models were developed to model this 70° pit slope. 

The effects of non-homogeneity and anisotropy were examined. Gravity 

and tectonic loads were modeled and their effects evaluated. The 

effects of geologic discontinuities (joints) were examined. 

Approach Utilized 

The finite element models of the 755 Area open-pit mine 

slope were evaluated in plane strain rather than plane stress. Tec

tonic loads, which were estimated from measurement of residual 

stresses, were introduced as boundary forces. Total displacements, 

which are a result of loading conditions plus excavation rebound, 

are not appropriate for determining stability conditions. Excava

tion displacements were utilized. They can be measured in the 

field and are critical for stability determination. Total stress, 

a result of loading and excavation, is applicable whereas excavation 

stress which is only part of the stress picture is not pertinent 
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to the evaluation of stability conditions. Figures k ana 5 are, 

respectively, pre-excavation and post-excavation element meshes of 

the finite element models of the 755 Area pit. Individual elements 

are shown in the mesh. The models are vertical sections trending 

N5W to S5E, from left to right, through the north vail of the 755 

Area pit. The right half of the models has been removed for ease 

of analysis and also due to approximate symmetry of the pit. The 

depression at the top left of the section models is an existing 

open-pit mine, the Colorada Pit. 

Plane Strain 

The plane strain condition, which considers adjacent re

straint, more closely approximates in situ conditions for slopes 

of major size than does the plane stress condition. Therefore, 

plane strain is more appropriate for analysis of the 755 Area open-

pit mine slope. 

If plane stress conditions are assumed, all stresses act

ing upon the model would be parallel to one plane (the X-Z plane 

in Figure l). The stress in the Y-direction, which is normal to 

the plane of the model, would then be zero. A plane stress model 

would be a thin plate of uniform, one-unit thickness. 

All of these unrealistic assumptions can be negated in the 

plane strain condition. If a long body (the open-pit wall in 

Figure l) is loaded by forces which are perpendicular to the Y-axis 

and which do not vary along the length of the body, the portion of 
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Figure lu Pre-Excavation Finite Element Mesh, 755 Area Pit 



Figure 5. Post-Excavation Finite Element Mesh, 755 Area Pit 



the body at a considerable distance from the ends has essentially 

a plane deformation and the displacements of all points of the 

deformed body are in planes perpendicular to the Y-axis (Timoshenko 

I93I*). Because of the assumed infinite length of the open-pit wall 

the deformation in the Y-directi,on, Cy, is zero. Then it is 

sufficient to consider only one slice between two identical X-Z 

sections which are a unit distance apart along the Y-axis. Unlike 

plane stress, the plane strain condition does not require that the 

stress in the third dimension, o-y, be equal to zero: 

Oy = M ( Ox + 0Z) 

The X-Z plane is shown as the vertical section of the 

finite element model in Figures 4 and 5« Strain within each of 

the triangular elements is assumed to be uniform in the X-Z 

plane for analysis with the finite element method. Strain is 

prevented by (jy in the Y-direction. The sizes and shapes of 

the elements in the finite element models were selected so that 

they would correspond to areas of approximately uniform rock 

mass conditions, e.g., the same type and intensity of alteration 

and same jointing intensity, in the 755 Area pit. Therefore, 

approximately uniform strain should occur within each of the 

in situ rock mass zones modeled by model elements. 



Boundary Conditions 

Boundary conditions were applied to the finite element 

models as end constraint and as external loading. Lateral boundaries 

of the models were permitted to displace vertically, but not horizon

tally. The procedure to prevent horizontal displacement (X-direction) 

was accomplished by assigning values of u = 0 at each nodal point on 

the lateral boundary for the displacement functions. Displacement 

functions for a rectangular-shaped element were described in Chapter 

2 and were defined and illustrated in Figure 2. The bottoms of the 

models were allowed to displace horizontally, but not vertically. 

This was accomplished by assigning values of w = 0 at each nodal 

point on the horizontal or lower boundary for the displacement func

tions to achieve restraint in the Z-direction. 

External loads were applied at the boundaries of the finite 

element models. Tectonic loads, which were approximated from re

sidual stress measurements, were applied to the model boundaries 

as nodal point stresses. 

Excavation Displacement 

In order to examine potential stability conditions in an 

open-pit mine slope, the displacement of the slope is often moni

tored. The open-pit walls and floor should rebound, elastically, 

in response to excavation (mining). Since rebound is a normal 

response, elastically, and is readily determined, it can be used 



as a standard for evaluating the stability of the slope. Slope 

displacement, which is measured during excavation (mining), can 

"be compared with displacement calculated for elastic rebound. If 

the values are different, then displacement may be occurring as a 

result of non-elastic deformation or as a result of unstable slope 

conditions. 

Displacements occur also in response to gravity and tectonic 

load application.- These displacements must be removed from the 

total displacement in order to obtain the desired excavation dis

placement. This was accomplished in the modeling sequence with 

the following approach. The finite element model was loaded with 

gravity and/or tectonic loads for the pre-excavation condition. 

Resultant pre-excavation displacements were used as initial dis

placements for the next step. Next, excavation was modeled. 

Excavation displacements were determined by subtracting initial 

displacements from the total (resultant) displacements at each 

nodal point: 

êxcavation = r̂esultant - înitial 

Total Stress 

The stability of an open-pit mine slope is affected by 

the total stress acting upon it, not just the excavation stress. 

Total stress would be comprised of stresses related to gravity 

and/or tectonic loading anu stresses which arise due to the 



creation of the excavation (the open-pit mine). Total stress for 

the finite element models of the 755 Area pit was determined in 

the following manner. Each model was loaded with gravity and/or 

tectonic loads prior to excavation. Excavation of the open-pit 

mine was modeled next. The resultant stress after excavation was 

the total stress which arises from both loading and excavation. 

Model Descriptions 

A vertical section trending N5W to S5E and intersecting 

the north wall of the proposed 755 Area pit was selected for model 

analysis with the finite element method. The section location and 

bearing were chosen so that the section would intersect the highest 

and, therefore, potentially the most critical wall of the proposed 

pit. The area through which this section was made was then modeled 

and analyzed for five different situations. Five open-pit slope 

models were designed and then tested with the finite element 

method. Model conditions varied from simple to complex. The 

simplest model, Model 1, was homogeneous, isotropic, linearly 

elastic and gravity loaded. The most complex model, Model 5> vas 

non-homogeneous, anisotropic, loaded by gravity and tectonic loads, 

and had model joints which were permitted to deform non-linearly. 

The remaining three models lie between these two extremes in 

degree of complexity. The first model introduced one condition. 

Each succeeding model, from Model 2 to. Model 5, introduced an 

additional major variation. Each variation was designed to model 



an additional in situ condition. The effect was cumulative, such 

that Model 5 had all of the variations from Models 1 to b incor

porated into it as veil as an additional variation introduced 

for the fifth model. Model 5> then, had all of the (geologic) 

variations incorporated in it and, therefore, was designed to be 

most representative of actual in situ conditions of the north 

slope of the 755 Area pit. 

Model 1 

Model 1 was homogeneous, isotropic, linearly elastic and 

gravity loaded. It was composed of one homogeneous material with 

isotropic properties. Homogeneity was accomplished by averaging 

the values of the selected rock substance properties for the five 

rock types which are listed in Table 1. Weighted averages, 

weighted according to the number of elements of each rock type 

present, were determined. Then an average was calculated for the 

entire model. Figure b shows the pre-excavation element mesh. Of 

the k20 elements shown, 386 modeled volcanic rock, 8 modeled 

quartz porphyry, 22 modeled material from the contact zones, and 

4 modeled material from, a breccia pipe. Weighted averages were 

then calculated for E, Young's modulus, |j, Poisson's ratio and 

Y, unit weight, for the entire model. Weighted averages of rock 

substance properties which were utilized for analysis of Model 1 were 

E = 4.85 x 106 psi M = 0.15 Y = 165 pcf 



An example of the pre-excavation state of stress for a 

simple gravity loaded model is illustrated in Figure 6. The pre-

excavation state of stress is composed of Sy, the vertical stress, 

and Ŝ , the horizontal stress. The vertical stress is due to 

gravity, as related to the unit weight, Y, of the material. The 

horizontal stress is partially due to Poisson's effect, as related 

to Poisson's ratio, p , and partially due to gravity loading which 

produced the vertical driving stress, Sy. Model 1 loading was due 

to gravity effects, also. The geometry of Model 1 is different 

than the simplified model shown in Figure 6, but the gravity 

loading mechanism is the same. 

Model 2 

Model 2 was homogeneous and isotropic within each of the 

five different rock type zones. The model as a whole was non-

homogeneous and anisotropic. Loading was due to gravity effects 

only; no tectonic loads were introduced. Each of the five rock 

type zones were outlined. V/ithin each of these zones, values of 

E, Young's modulus, Ji, Poisson's ratio, and Ysulphide, unit 

weight, were assigned which correspond to rock substance proper

ties. Values of E, (J and Ysulphide were selected from Table 1 

"for each of the five rock type zones. Model 2, as in Model 1, 

had 386 volcanic, 8 porphyry, 22 contact zone material, and k 

breccia model elements. 
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Figure 6. Pre-Excavation State of Stress, 
Simple Gravity-Loaded Model 
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The pre-excavation state of stress for Model 2 was deter

mined in the same manner as for the pre-excavation state of stress 

for Model 1. Unit weight was different for each rock type in 

Model 2; whereas unit weights were averaged for the entire model 

in. Model 1." Unit weights for the sulphide zone were used in Model 

2.  

Model 3 

Model 3 was non-homogeneous and anisotropic within 

different rock type zones and for the model as a whole. This 

model was homogeneous and isotropic only within each finite ele

ment. Loading was due to gravity, effects only. Individual ele

ments were constructed to model the rock in detail. All deter

minable rock property differences which could affect rock strength 

locally were modeled. Differences in rock types, changes in type 

and degree of alteration, intensity of jointing, type and amount 

of mineralization that affected unit weight, and core recovery 

were all accounted for in Model 3* These variables were modeled 

"by modifying laboratory determined values of compressive and ten

sile strengths, unit weights, and elastic rock properties of the 

rock substance where it was deemed appropriate. Modification of 

the rock substance values in an attempt to model the rock mass was 

discussed in detail in Chapter 3, p. 26-31. Table 4 lists the 

modified rock substance values for modeling the rock mass which 

were utilized in Model 3. 
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Table 4. Modified Rock Substance Values for Modeling the Rock Mass 

Rock Reduction Y (pcf) 
Type Number M E(lOb psi) Oxide Sulphide 

Mesa 0 0.15 4.90 143 160 
Volcanic 1 0.19 4.16 tt tt 

2 O.23 3.^3 
II II 

3 0.28 2.69 II II 

4 0.32 1.96 II 11 

5 0.36 1.22 11 11 

6 0.40 0.49 tt It 

Quartz 0 0.14 3-80 150 165 
Porphyry 1 0.18 3.23 tl t| 

2 0.23 2.66 tt tl 

3 0.27 2.09 II It 
1+ 0.31 1.52 tl If 

5 0.36 0.95 If II 

6 0.1+0 O.38 II If 

Contact 0 0.14 5 4.50 143 160 
Zone, l 0.19 3.82 It II 

(volcanic 2 0.23 3-15 II II 

with por 3 0.27 2.47 II 11 

phyry) 4 0.32 1.80 II It 

5 0.36 1.12 II It 

6 0.40 0.45 n tl 

Breccia 0 0.16 3.20 143 160 
l 0.20 2.72 11 11 

2 0.24 2.24 11 11 

3 0.28 1.76 11 II 

4 0.32 1.28 11 It 

5 O.36 0.80 11 II 

6 0.40 0.32 it tl 

Contact 0 0.145 4.20 150 
11 

165 
II Zone, l 0.19 3.57 

150 
11 

165 
II 

(Porphyry 2 0.23 2.94 11 It 
with 3 0.27 2.31 tt II 
volcanic) 4 0.32 1.68 it tl 

5 0.36 I.05 11 II 
6 0.40 0.42 n tl 



Model 3 was subjected to gravity loading only. The pre-

excavation state of stress for Model 3 was determined in the same 

manner as for Models 1 and 2. Two unit weights were introduced 

for each rock type in Model 3: Ysulphide and Yoxide. 

Mode 1 

This model was essentially the same as Model 3> except 

that joints were incorporated. Model ̂  was non-homogeneous and 

anisotropic within each rock type zone and also for the model in 

its entirety. The model was homogeneous and isotropic only within 

each finite element. Loading was due to gravity only. The same 

modified rock substance values were employed in this model as 

were used in Model 3« 

Two joints, which were continuous from the crown of the 

slope all the way to the pit face, were modeled. The joints 

were modeled as one-half inch thick elements which were filled 

with clay gouge material. The thirteen joint elements were 

elongate triangular shaped elements. The location and attitude 

of the model joints were determined according to the methods 

outlined in detail in Chapter 3, p. 37-̂ 0. The model joints are 

perpendicular to the model section and dip southerly into the 

755 Area pit at ̂ 5°. The attitude of the model joints was 

selected on the basis of the attitudes of the following: (l) 

a major joint set and (2) the intersection of two major joint 

sets. The clay gouge material was assigned the following 
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values: <p = 15 -20 , c = 57° psf. The selection of continuous, 

clay gouge filled joints which dip into the pit at a critical 

sliding angle probably would lead to the worst (stability-wise) 

condition for joint modeling. 

Model if- was subjected to gravity loading only. The pre-

excavation state of stress for Model 4 was ascertained in the 

satne manner as for Models 1, 2 and 3. Values utilized for load

ing of Model ̂  were the same as those used for Model 3. 

Model 5 

This model was essentially the same as Model k, except 

that loading was a combination of gravity and tectonic loads. 

Model 5 was anisotropic and non-homogeneous for the model as a 

whole and within each rock type zone. The model was isotropic 

and homogeneous only within each finite element. The same modi

fied rock substance values and two continuous model joints were 

employed in. this model as were used in Model 4. 

Residual tectonic stress was determined in a manner out

lined in detail in Chapter 3> P» 33-37° Essentially, residual 

tectonic stress was determined by utilizing the results of the 

stress-relief overcoring technique. A modification of a method 

proposed by Voight (1968) was employed. Rock samples for over-

coring were taken from within and adjacent to a breccia pipe in 

the 755 Area. Three of four overcoring attempts were successful. 

Results indicate that the vertical to horizontal stress ratio could 

be 5:6 in the breccia pipe and 8:5 just outside of the breccia pipe 



The pre-excavation state of stress was assumed, to be a 

result of both gravity and tectonic loading for Model 5» The 

vertical to horizontal residual tectonic stress ratio of 5:6 was 

utilized in conjunction with gravity loading so that the worst 

(highest) possible horizontal loading condition could be modeled. 

The pre-excavation state of stress for Model 5 'was 

Total Force Vector = Z(C-ravity) 4- J (Tectonic) 

and in matrix notation 

(F) = (G) + (Tr) 

where 

(G) is the matrix for the summation of gravity forces at 

all elements, (T ) is the matrix for the summation of residual 

tectonic forces at all elements, and (F) is the force vector for 

the complete assemblage of finite elements in the model. 



CHAPTER 5 

ANALYSIS OF RESULTS 

The five open-pit finite element models were analyzed for 

stress redistribution and for changes in displacement resulting 

from excavation (mining). The stability conditions for each of the 

model open-pit slopes were estimated by examining several critical 

failure criteria. 

Mining-Induced Stress Redistribution 

The pre-excavation state of stress, or virgin state of stress, 

in a rock mass is altered as a result of creating any excavation, in 

this case an open-pit mine; These excavation-induced stress altera

tions occur as local stress concentrations and reductions. Five 

finite element models of the 755 Area pit were described in detail 

in Chapter U. Computer contour plots of the pre-excavation and post-

excavation state of stress for these five models were examined for 

significant stress changes. 

The principal stresses and the maximum shear stress are re

lated to one another mathematically. Only the principal stress re

sults from model analyses will be discussed, because a discussion 

of maximum shear stress results would follow similar lines. Maximum 

shear stress contour plots are presented in Appendix I. 
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Figures 7 to 16 are, respectively, computer-drawn plots of 

maximum principal stress contours for the pre-excavation and post-

excavation conditions for Models 1-5. Tables 5 and 6 list the maxi

mum principal stress changes due to excavation at selected nodal 

points along the pit wall for these five models. Two areas near 

the final pit wall were selected to examine stress changes: (l) at 

one-half the pit depth and (2) at the toe of the pit slope. Three 

nodal points were chosen from each of these areas so that results 

which were representative of each area could be obtained and then 

general conclusions made for the two areas. Nodal points 159> 156 

and lU8 (Table 5)> at one-half the pit depth, are located at the 

7th, 8th and 9th benches from the top of the pit, respectively, as 

illustrated in Figure 8. Nodal points 136, 13*+ and 132 (Table 6) 

are located near the toe of the pit at the 12th, 13th and l4th 

benches from the top of the pit, respectively. 

Model 1: Homogeneous, Gravity Loading 

At One-Half the Pit Depth. Model 1 (Figures 7 and 8) had a 

relatively small increase in stress due to excavation: 17$, 25$ 

and 32$ at nodal points 148, 156 and 159 (Table 5). The initial and 

final stress magnitudes, also, were small: 600-700 psi for pre-

excavation and 7OO-8OO psi for post-excavation conditions. 

At the Toe of the Pit Slope. There was a smaller increase, per 

centage-wise, in stress due to excavation at the toe of the pit slope 

than at one-half the pit depth: 15$, 1^$ and 4$ at the three nodal 



Table 5» Maximum Principal Stress Changes in the Pit Wall 
at One-IIalf the Pit Depth, psi 

Pre--excavation Po st-excavation Percent Increase 
Model NP 148 NP 156 NP 159 NP l48~ NP 156 NP 159 NP 148 NP 156 NP 159 

1 731 622 5^5 857 776 718 17 25 32 

2 < 73^ 625 548 862 779 720 17 25 31 

3 688 588 509 807 748 692 17 27 36 

4 1017 7^7 585 1961 1290 909 93 73 55 

5 3898 3182 2666 7598 5571 4032 95 75 51 

vn 
VO 



Table 6. Maximum Principal Stress Changes at the Toe of the Pit Slope, psi 

Pre-excavation Post-excavation Percent Increase 
Model NP 132 NPT35 NP 136 NP 132 NP IsfP 136 NP I32 KP 13̂  LIP 136 

1 12k 5 1133 1055 1̂  1296 1096 15 1̂  k 

2 1252 1139 1058 Ikkl 1308 1103 16 15 k 

3 1216 109U 1002 1389 12̂ 1 • 101+2 ik 13 k 

k 1227 lilt 968 1̂ 39 1323 1065 17 19 10 

5 2720 2616 2185 3129 3072 2̂ 95 15 17 Ik 
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Figure 7. Model 1, Maximum Priacipal Stress Contours, Pre-Excavation 

Contour Interval = 500 psi 
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Figure 8. Model 1, Maximum Principal Stress Contours, Post-Excavation 

Contour Interval = 500 psi 



points (Table 6). However, the stress magnitudes, 1100-1̂ 00 psi, were 

higher at this greater depth. Higher stress magnitudes were expected, 

though, as a normal result of gravity loading. 

Model 2: Rock Types Differentiated, Gravitjr Loading 

At One-Ealf the Pit Depth. Model 2 (Figures 9 and 10) had a 

small increase in stress resulting from excavation. The percent in

crease was the same as for Model 1. Models 1 and 2 stress magnitudes 

for pre-excavation and post-excavation conditions were almost identi

cal. 

At the Toe of the Pit Slope. There was a smaller increase, 

percentage-wise, at the toe of the pit slope than at one-half the 

pit depth after excavation. Stress magnitudes for pre-excavation 

and post-excavation conditions and the percent increase after exca

vation were essentially identical for Models 1 and 2. Again, as in 

Model 1, stress magnitudes were higher at the toe than at one-half 

the pit depth in Model 2. 

Observations. Models 1 and 2 had essentially the same 

stress distribution for both pre-excavation ahd post-excavation 

conditions. Very little difference was expected, because the tech

niques used for modeling the geologic conditions for both of these 

models were nearly identical as was previously described in Chapter 4. 
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Figure 9. Model 2 ,  Maximum Principal Stress Contours, Pre-Excavation 

Contour Interval = 500 psi 
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Figure 10. Model 2, Maximum Principal Stress Contours, Post-Excavation 

Contour Interval = 500 psi 



Model 3: Modified Element Parameters, Gravity Loading 

At One-Half the Pit Depth. Model 3 (Figures 11 and 12) had a 

relatively small increase in stress due to excavation: 17$, 27$ and 

36$ at nodal points 148, 156 and 159- The percent increase was only 

slightly higher for Model 3 than for Models 1 and 2 at nodal points 

156 and 159. Stress magnitudes for Model 3 vere slightly (1+$ to 8$) 

lower for both pre-excavation and post-excavation conditions than in 

the two previous models. 

At the Toe of the Pit Slope. As in the two previous models, 

stress magnitudes were higher at the toe of the slope than at one-

half the pit depth in Model 3. There was a smaller increase, per

centage-wise, at the toe of the slope (l̂ $, 13$ and 4$) than at a 

point at one-half of the pit depth (17$, 27$ and 36$). Stress magni

tudes for this model were slightly lower for both pre-excavation 

and post-excavation conditions than in Models 1 and 2. 

Observations. Model 3 had a slightly different stress dis

tribution than Models 1 and 2. The smaller stress magnitudes in 

Model 3 were probably due to a combination of a slight decrease in 

loading and extensive modification of element elastic parameters as 

previously described in Chapter U. 

Model b: Joint Elements, Gravity Loading 

At One-Half the Pit Depth. Joint elements were added to 

Model 4. This model (Figures 13 and 14) had an appreciable increase 
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Figure 11. Model 3, Maximum Principal Stress Contours, Pre-Excavation 

Contour Interval = 500 psi 
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Figure 12. Model 3, Maximum Priucipal Stress Contours, Post-Excavation 

Contour Interval = 500 psi 
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Figure 13. Ifodel U, Maximum Principal Stress Contours, Pre-Excavation 

Contour Interval = 500 psi 
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in stress due to excavation: 93$> 73A1 and 55$> respectively, at 

nodal points lif8, 156 and 159« The increase in stress magnitudes from 

Models 1, 2 and 3 to Model '+ was approximately 3°$ to 100$. Also, 

there was a very large increase in the percent increase values, which 

were due to excavation, when comparing the three previous models with 

Model from 17$ to 93$> 26$ to 73$> an<i 33$ to 55$ at the respec

tive nodal points. Nodal points 1^8, 156 and 159 were located near 

the pit face in the vicinity of the joint elements. Therefore, 

these nodal points were pro'ba'bly undergoing additional stress "build

up due to excavation and due to the relief of stress at the adjacent 

joint element nodal points. 

At the Toe of the Pit Slope. There were relatively small 

stress increases due to excavation for Model U at the toe of the 

slope: 17$, 19$ and 10$, respectively, at nodal points I32, 13^ 

and 136. There was only a small change in the percent increase 

values (Table 5) from Models 1, 2 and 3 to Model 4: from 15$ to 

17$, 1^$ to 19$, and 4$ to 10$ at the respective nodal points. 

There was, essentially, no change in stress magnitudes at the toe 

of the slope from the three previous models to Model 4. The addi

tion of joint elements did not appear to have much influence on 

increasing stress magnitudes prior to or after excavation or 

changing the percent increase values after excavation for the 

toe area. This was probably a result of the joint elements not 

being located near the toe of the slope and, therefore, not having 

much, if any, influence on stress changes at the toe. 
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Observations. As is illustrated by Figures 13 and ill, the 

stress distribution in Model 4 vas modified considerably from the 

stress distribution in Models 1, 2 and 3 as a result of including 

modeled joints. Stress contour shapes tended to conform to the 

joint element outlines. Post-excavation stress magnitudes -increased 

considerably in areas yhere modeled joints vere in close proximity 

to the pit face. 

Model 5s Joint Elements, Tectonic and Gravity Loading 

At One-Half the Pit Depth. Residual tectonic stresses 

(higher horizontal than vertical stress) vere added to gravity 

stresses in Model 5 (Figures 15 and l6). Pre-excavation and post-

excavation stresses vere increased by approximately 300$ to kOCrfo 

at a point at one-half the pit depth in this model over stresses 

that resulted in Model ^ at the same point. The percent increase 

in stress due to excavation in Model 5 was quite large: 95$ > 

and 5respectively, at nodal points 1^8, 156 and 159* Hovever, 

there vas not much of a difference in percent increase values, 

vhich are due to excavation, for Models 4 and 5: from 93$ "to 95$ > 

73$ to 75$> and 55$ to 51$ at nodal points 148, 156 and 159* 

Therefore, it appears that at points at about one-half the pit 

depth, the addition of residual tectonic stresses to gravity stresses 

resulted primarily in an increase in stress magnitudes both prior 

to and after excavation. 
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Figure 15. Model 5> Maximum Principal Stress Contours, Pre-Excavation 

Contour Interval = 500 psi 
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Figure l6. Model 5, Maximum Principal Stress Contours, Post-Excavation 

Contour Interval = 1000 psi, negative stress equals tension 
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At the Toe of the Pit Slope. Pre-excavation and post-excavation 

stress magnitudes at the toe of the slope in Model 5 increased by 

approximately 200$ over values from the previous four models. However, 

the percent increase after excavation was relatively small: 15$, 17$ 

and 14$, respectively, at nodal points 132, 13^ and 136. The percent 

change from the four previous models to Model 5 was small also: from 

17$ to 15$, 19$ to 17$, and 10$ to 14$ at the respective nodal points. 

The same general effect was noted at the toe of the slope as at a point at 

one-half the pit depth: addition of residual tectonic stresses to 

gravity stresses resulted in an increase in stress magnitudes for pre-

excavation and post-excavation conditions. A similar result was noted 

by Blake (1967 and 1968) and Duncan and Dunlop (1969). They discovered 

that the addition of an arbitrarily determined horizontal stress to 

gravity stresses resulted in larger stress magnitudes at the toe of a 

slope. 

Observations. As is apparent in Figures 15 and 16, the 

stress distribution was quite different for Model 5 than for the 

previous four models. Pre-excavation and post-excavation stress magni

tudes were appreciably increased as a result of including both tectonic 

loading and gravity loading. Stress magnitudes were particularly high 

near joint elements. It appears that joint elements, in conjunction 

with large loading magnitudes, tend to localize high stresses both 

before and after excavation. 
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Conclusions 

There are approximately the same stress changes in Models 

1, 2 and 3« The slightly smaller stress magnitudes in Model 3 are 

probably a result of a small decrease in model loading and modifica

tion of element elastic parameters. As a result of modeling joints, 

two effects are noted: (l) stress contours are modified extensively 

in the vicinity of joint elements to conform to the boundaries of 

the modeled joints and (2) post-excavation stress magnitudes in

crease considerably in areas where modeled joints were adjacent to 

the excavation. Two results are noted due to model loading with a 

combination of tectonic (higher horizontal than vertical stress) 

and gravity loads, both prior to and after excavation: (l) stress 

magnitudes are much larger than with only gravity loading and (2) 

stress magnitudes are very high near joint elements. 

Excavation Displacement 

The justification for the determination of displacement due 

to excavation was discussed in detail in Chapter 1*. Excavation dis

placements are values which could be expected due to linear elastic 

rebound of the open-pit as a result of the act of excavation (mining). 

Figures 17, 18, 19, 20 and 21 are, respectively, representa

tions of resultant excavation displacements for Models 1, 2, 3, U 

and 5« The resultant vectors of excavation displacement are indicat

ed by arrows at selected nodal points along the pit face and pit 

floor. These nodal points are numbered in the figures. The two con

tinuous joints are shown in Figures 20 and 21 for Models 4 and 5« 
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Figure 17. Model 1, Excavation Displacement 
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Figure 19. Model 3> Excavation Displacement 
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Table 7 lists the values of the X and Z components of the 

resultant excavation displacement vectors. The X component was 

horizontal and the Z component was vertical. 

Excavation displacements were smaller in each model as 

the analyses progressed from Model 1 to Model k. It appears that 

magnitudes of excavation displacement decrease with an increase in 

modification of model rock properties, which was an attempt to pro

gressively improve the rock mass modeling. This effect was probably 

due to a decrease in loading and to the modification of elastic 

parameters. The gravity loads were lower in Models 2, 3 and k than 

they were in Model 1 because the unit weight was reduced in order 

to model the zone of oxidation and the five different rock types 

present. Elastic parameters were modified by utilizing the labora

tory measured rock substance values of E and for Model 2 and by 

employing modified values of E and p in Models 3 and 1+ which more 

closely approximated the rock mass properties. 

Model ̂  utilized the same modified elastic properties in 

each element as Model 3« However, there was a slight decrease in 

excavation displacement values. Thirteen joint elements were 

added to Model Therefore, the small decrease in Model k dis

placement may have been due to a decrease in the average model 

stiffness as a result of the much smaller E and higher (j of the 

joint elements. There were minor variations in X and Z displace^ 

ments in comparison of Model 4 with Models 1, 2 and 3 for nodal 

points 189, 178 and l6o. These variations in displacement were 
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Table J. Excavation Displacements 

X-Displacement, inches Z-Displacement, inches 
Model Model 

2 3 ^ 5  1 2 3 ^  

1,57 1.57 1.1+0 1.20 1.1+1 1.1+6 1.1+1+ 1.33 1.35 3.17 

1.58 1.58 1.1+1 1.16 1.19 2.08 2.06 1.92 1.88 i+. l l  

1.20 1.21 1.11 0.59 2.98 2.3^ 2.35 2.15 1.10 -0.23 

1.21 1.22 1.11 0.27 2.77 2.8I+ 2.82 2.67 2.08 2.07 

0.91 0.91 0.73 0.05 2.50 3.15* 3.12 3.03 2.1+7 3.92 

0.62 0.62 o. in 0.28 0.27 3-^ 3-^2 3.37 3.19 6.71 

O.38 O.38 0.15 0.13 0.20 3.80 3.78 3.75 3.70 8.03 

0.27 0.27 0.10 •0.08 0.17 3.90 

f— C
O

 

•
 

on 

3.81+ 3.81 8.32 

0.32 0.32 0.21 0.19 0.18 h.99 ^.95 1+.98 ^.99 10.96 

0 0 0 0 0 5.1+6 5.1+2 5-1+9 5-51 12.21 
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probably related to the proximity of these nodal points to the joint 

elements. They were located at and above the joint elements and, 

therefore, vere probably influenced by these geologic discontinuities. 

Model 5 had the same modified elastic properties in each ele

ment as Model 3 plus the same thirteen joint elements as Model 4. 

Residual tectonic loads were added to the gravity loads in Model 5, 

however. There was a two-fold increase in vertical displacement in 

Model 5, except in the elements above the modeled joints near the 

top of the pit face at nodal points 189, 178 and l60. This two-fold 

increase in displacement may have been due to the increase in the 

magnitude of applied (gravity plus tectonic) loads. Other variations 

in vertical and horizontal displacement were apparent in the areas 

above the modeled joints. There was greater horizontal displacement 

and less vertical displacement in this area in Model 5 than in Models 

1, 2, 3 and k. These effects were probably a result of this area 

being located within the apparent area of influence of the joint 

elements and a result of the change in horizontal to vertical stress 

ratio. In Models 1, 2, 3 and which were subjected to gravity 

loading only, the mean horizontal to vertical stress ratio was 

approximately 0.2. In Model which had gravity plus tectonic 

loading, the horizontal to vertical stress ratio was approximately 

1.2 near the top of the pit and O.h near the bottom of the pit. 

Therefore, there was a much higher horizontal to vertical stress 

ratio in the area above the joint elements in Model 5 that: in Models 

1, 2, 3 and 4. 



Vertical excavation displacement at the pit bottom was cal

culated to be 5 inches to 5^ inches for Models 1, 2, 3 and 1)-, and 11 

inches to 12 inches for Model 5» At one-half the pit depth at the 

open-pit mine face, vertical excavation displacement was determined 

to be 2-§ inches to 3?" inches for Models 1, 2, 3 and k, and If inches 

to 6| inches for Model 5» 

Conclusions 

Magnitudes of excavation displacement progressively decrease 

with the increasing modification (more correct in situ approximation) 

of model rock properties in Model 1 to Model U. The areas above the 

modeled joints in Model 5 have smaller vertical displacements and 

much larger (250$) horizontal displacements than Models 1, 2, 3 and 

1+ in the same areas. The remainder of the areas in Model 5 have 

larger (220$) vertical displacements £. ,d smaller horizontal displace

ments than the previous four models. The larger horizontal displace

ments in the zone above the modeled joints would appear to be related 

to two factors: (l) high horizontal to vertical stress ratio in this 

area and (2) the attitude of the modeled joints and the small 

strength of the joint elements. 

Failure Criteria 

In order for the finite element models to be effective for 

open-pit slope stability analysis, they should yield information 

about the stability conditions which exist after excavation. The 

755 Area pit models were examined for various modes of failure. 



Post-excavation models were examined to ascertain if failure was 

likely to occur in tension, shear or compression. A yield analysis 

was performed for the joint elements to determine whether non-linear 

deformation of the joint filling material could be predicted. Joint 

elements were examined for shear failure which could indicate that 

sliding on the model joints was likely to occur. 

Stress Exceeding Rock Mass Strength 

If the stress in a model element exceeds the rock mass 

strength which was assigned to that element, then that element 

should fail. Compressive, shear and tensile post-excavation 

stresses were compared with assigned rock mass strengths for each 

element in all five finite element models. Table 8 shows the re

sults of this comparison. 

There were no predicted rock strength failures, in accord

ance with this failure criterion, in Models 1, 2, 3 and k. Model 

5 had a small number of elements in the minimum and maximum princi

pal stress directions that had tensile and compressive stresses 

greater than modeled rock mass strengths. All of these were located 

within and adjacent to modeled joints near the pit face. The same 

four joint elements could be predicted to fail in tension in the 

maximum principal stress direction (Figure l6) as in the minimum 

principal stress direction. Two elements modeling rock adjacent 

to the pit face near the joints were predicted to fail in tension 

in the minimum principal stress direction. The same three joint 

elements were subject to compressive stress exceeding strength in 



Table 8. Stress Exceeding Rock Mass Strength 

Model and Stress Plot 

Number of Elements with Stress Exceeding Strength 

Tension Shear Compression 

1 

2 

3 

h 

0 

0 

0 

0 

0 

0 

0 

0 

5 (minimum principal 
stress) 

4 joint elements 
2 elements near 
joint elements 

3 joint elements 

5 (maximum principal 
stress) 

5 (maximum shear stress) 

4 joint elements 

6 elements 
near joint 
elements 

3 joint elements 
6 elements near 
joint elements 



88 

both the minimum principal stress direction and the maximum principal 

stress direction. Model 5 had a small zone at the pit face and above 

the lower modeled joint where shear stresses exceeded the modeled 

rock mass shear strength of six elements (Figure 35 in Appendix I). 

Conclusions. Tensile, shear and compressive stresses are 

sufficiently high to exceed estimated element strengths in and adja

cent to modeled joints located near the pit face in Model 5« Stresses 

are not high enough to exceed element strengths in Models 1, 2, 3 an(l 

k. Therefore, according to the failure criterion being examined, 

stress exceeding rock mass strength, several elements in Model 5 are 

subject to failure and Models 1, 2, 3 and k contain no elements sub

ject to failure. 

No-Tension Analysis of Rock Mass 

A jointed rock mass can not sustain tensile stresses acting 

on it because joints will open up releasing the tensile stress. 

Therefore, a stress analysis for jointed rock will be closer to the 

actual situation when tensile stresses are accounted for. This 

assumption is particularly applicable for highly jointed rock masses, 

similar to those at Cananea. 

There are several methods of dealing with tensile values in a 

jointed rock mass. These are two of the most widely used: (l) 

eliminating the tensile stresses and (2) contouring the tensile zones. 

The former method, which involves eliminating tensile stresses, 

is described by Zienkiewicz, Valliappan and King (1968). The basic 

steps in this technique are as follows: 
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1. Eliminate resultant tensile stresses. 

. 2. Since equilibrium must be maintained, restraining forces are in

troduced and no point in the structure is allowed to be displaced. 

3. The effect of the restraining forces is removed, since in fact 

they do not exist, by superposing equal and opposite forces at 

appropriate nodal points. 

4. The structure is re-analyzed for tensile stresses. Computed 

stresses are added to those stresses occurring at the end of step 2. 

5. If tensile stresses still occur, steps 1-4 are repeated until 

no tensile values exist or until they are reduced to negligible 

amounts. 

The second method is simply to delineate the tensile zones 

by contouring or outlining these areas. Studies have shown (Zien-

kiewicz et al. 1968) that zones of tension which are delineated in 

this latter manner are approximately equivalent to zones obtained by the 

more elaborate technique of eliminating tensile stresses and redistri

buting resultant stress to maintain model equilibrium. 

This second technique was used for no-tension analysis of the 

post-excavation pit walls in the five Cananea models. By outlining 

zones of tensile stress at the pit face, areas where pre-existing 

joints can open up were delineated. Joints near the pit face do not 

open instantaneously, but gradually, as excavation proceeds downward 

toward the final open-pit floor. These are areas where raveling should 

be expected on the pit walls. 
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There vere no zones of tension in Models 1, 2 and. 3» In Model 

1+, there were two tensile stress areas for stresses calculated in the 

minimum principal stress direction. Figure 22 shows the areas, out

lined with dashed lines, where pre-existing joints were free to open 

up due to the presence of tensile stresses. One area was located at 

the third bench down from the top of the pit. This zone included a 

portion of the upper modeled joint, the third "bench and the area be

tween the two. The second area was located at the ninth bench down

ward from the top of the pit. This zone included a portion of the 

lover modeled joint, the ninth bench, the area between the two and 

an area below the modeled joint. There were no tensile stress areas 

near the pit walls for stresses calculated in the maximum principal 

stress direction. 

The tensile stress areas for stress in the minimum principal 

stress direction in Model 5 are shown in Figure 23. Again, dashed 

lines outline areas of tensile stress where pre-existing joints 

were free to open up. One area was the first bench at the top of 

the pit. A second area was located at and between the modeled joints 

at the pit face. This large zone was composed of the pit wall area 

from the fifth bench down to and including the tenth bench, incorpo

rating a portion of the lower modeled joint. The third tensile 

area was located at the top of the south wall of the smaller Colorada 

Pit. 

Conclusions. Models 1, 2 and 3.contain no tensile stress 

zones. Models h and 5 contain isolated tensile stress areas in the 
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Figure 22. Model 4, Tension Zones Near Pit Face, Minimum Principal Stress Direction 

Dashed areas outline tension zones. 



Figure 23. Model 5, Tension Zones Near Pit Face, Minimum Principal Stress Direction 

Dashed areas outline tension zones. 



minimum principal stress direction. Tensile stress areas at the pit 

wall are primarily localized near modeled joints in Models U and 5. 

There are, however, other tensile areas in the upper portion of Model 

5 that were not located near modeled joints. Also, the tensile zones 

in Model 5 are somewhat larger than those in Model b. These effects 

in Model 5 must be ascribed to the high horizontal to vertical stress 

ratio which is only present in Model and which acts in the upper 

model area. The tensile zones in Models 4 and 5 are areas where pre

existing joints would be induced to open up by such stresses. 

Yielding of Joint Elements 

It was suspected that the stress-strain relationship for the 

clay gouge filled model joints might be non-linear. Therefore, a 

yield analysis was performed to determine if the modeled joints 

could be predicted to yield due to the loading and geometric con

figuration which would result upon excavation of the open-pit mine 

model. Mohr's shear strength theory was the criterion utilized for 

yield determination. Accordingly, yield would occur in a joint ele

ment if stress exceeded the assigned strength in shear. Joint ele

ments were assigned values for elastic parameters such that the 

element stiffness would be low in order to approximate clay gouge 

material stiffness. 

The following non-linear deformation approximation is simi

lar to techniques described in more detail by Clough (1965a), Coates 

(1969b) and Zienkievicz and Cheung (1967): 
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1. Determine if yielding occurs: 

According to the Mohr shear strength theory (see Figure 2h), at 

equilibrium: 

Omax + O z tan2 (*t-5° + 0/2) 
Omin + O 

where 0 : c 
tan 0 

if 
CTmax + 0 > tan2 {bf + 0/2), 
Omin + 0 ' 

then yielding occurs. If no yield occurs, analysis of this finite 

element is terminated. If yielding has occurred, proceed to the 

next step. Figure 25 shows a bi-linear approximation of a curved 

stress-strain relationship. The dashed line represents the non

linear stress-strain curve. One of the straight line segments 

represents the pre-yielding state and the other represents the 

post-yielding state. 

2. Calculate yield stress, Oyield: 

Oyield = ( Omin + O ) tan2 (1+5° + 0/2) - a 

3. Calculate yield strain, Eyield: 

E yield = Oyield - M( Omin + Oy) 

EP 

where E^ r the pre-yield modulus 



Figure 2k. Mohr Diagram 

Oyield 

Figure 25. Bi-Linear Approximation of a Curved 
Stress-Straia Relationship 



U. Determine the effective (secant) modulus, Ee: 

Ee = kEp + °vield 

eyield 

where kEp = the post-yield modulus 

5. Re-run the finite element analysis using the new modulus, E0, 

for the elements which previously yielded. 

6. Perform steps 1 to U. Examine the new effective modulus, E . ' e 

When the new Ee equals the previous Eg + an acceptable tolerance, 

convergence occurs and the final effective modulus, E , has "been 

obtained. 

The two continuous modeled joints that were introduced into 

Models ^ and 5 contained thirteen joint elements. Upon applying the 

above yield analysis, yielding occurred in eleven of the thirteen 

joint elements. The two elements that did not yield were those that 

were located at the top of the slope at the uppermost ends of the 

modeled joints. All joint elements that were located nearer the pit 

wall yielded. Convergence resulted, an effective modulus for the 

clay gouge joint filling material was obtained and yielding ceased 

after four iterations of the non-linear deformation approximation. 

Conclusions. Non-linear deformation (yielding) would be 

anticipated for the modeled joints after excavation for the joint 

filling material parameters that were assigned. All joint elements 

near the final pit wall would be expected to undergo non-linear 

deformation. 
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Sliding on Joints 

An analysis was performed to determine if incipient sliding 

occurred on the modeled joints. This analysis takes into account the 

joint attitude, whereas, the yield analysis in the preceding section 

did not. In this analysis (Duncan and Goodman 1968), the shear stress 

and the shear strength parallel to the joint plane were compared. 

The shear strength along a joint plane was determined in 

accordance with the Mohr-Coulomb failure criterion: 

Ts - c + n tan 0 n 

Ts = shear strength along the joint plane 

°n = normal stress on the joint plane 

c and 0 are, respectively, cohesion and internal angle of 

friction along the joint plane. 

The normal stress on the joint, for the plane strain condition, 

p o 

On = Ox COS A + Oz cos B Eq. 9 

ay, az r stresses in the X- and Z-directions 

A, B = angles between the normal to the' joint plane 

and the and Z-axes 

where 

IB, 

where 



For the plane strain condition, the shear stress along the 

joint plane, T, is, 
X  

X -  £( ax COS A)2 + ( oz COS B)2 - ( an)2J 

The shear strength, fs, and the shear stress, T, along the 

joint are then compared. If r>rs, shear occurs within the joint 

at that point and sliding on the joint plane ensues. 

The technique outlined above was used to test for the presence 

of sliding in each of the joint elements. This examination was per

formed for the same computer analyses as for the yielding analysis of 

the preceding section for comparison of results. "Sliding" and "yield

ing," as determined by these two techniques, should occur in the same 

joint elements in the same computer run if deformation was occurring. 

Upon examination of the results, it was discovered that slid

ing occurred in the same eleven of thirteen joint elements in the 

first iteration as in the yield analysis. The only two joint elements 

that did not undergo sliding were again the two elements nearest the 

top of the model. The eleven joint elements nearer the pit wall 

experienced shear failure and> thus, sliding in the first iteration. 

Sliding occurred in the same joint elements in which yielding occurred 

in the yield analysis for each succeeding iteration. V.'hen the yield 

analysis converged and yielding ceased, sliding ceased, also. 

Conclusions. Sliding occurs in the same eleven of thirteen 

joint elements, nearest the final pit wall, as in the yield analysis 

of the previous section. Agreement of results between these two 
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techniques was achieved. This should probably be expected, however, 

because both methods are based on Mohr's shear strength theory. 

No-Tension Joints 

The modeled joints in Models 4 and 5 were examined for the 

presence of tensile stresses. If natural joint surfaces are uncemented, 

they can not withstand tensile stresses of any magnitude. Models U and 

5 modeled joints were assumed to be filled with clay gouge material and 

uncemented in order to simulate the worst possible joint stability con

dition. 

Stresses normal to the joint plane were calculated and tested 

for negative values (tension) in all joint elements. Equation 9 was 

utilized in determining the normal stress, an, on the joint surfaces. 

Results of this analysis showed that the same four joint elements, 

from the total thirteen, were in tension in both Models and 5. One 

of the four elements in the upper modeled joint and three of the nine 

elements in the lower modeled joint were in tension. These four 

elements were located near the centers of the modeled joints approxi

mately one-half of the way between the crown area of the slope and 

the final pit wall. 

Conclusions. Four of the thirteen joint elements are subject 

to tensile stresses in both Model 4 and Model 5. Therefore, the 

joints should open up in tension in these areas for these two models. 

This condition must be viewed as a potentially dangerous slope condi

tion and as contributing to potential slope instability. 



CHAPTER 6 

CONCLUSIONS 

The goals of this analysis are, (l) determine the stability 

conditions of the five slope models in order to utilize those results 

to estimate the potential stability conditions of a proposed 70° open-

pit mine slope and (2) evaluate the finite element method for its 

applicability in the stability condition determination of open-pit 

mine slopes. 

Stability Conditions of Slope Models 

As a result of the various tests performed on the finite 

element models, it appears that Model 1 (homogeneous and isotropic 

throughout), Model 2 (rock type varying; homogeneous, isotropic 

vithin rock types only), and Model 3 (modified rock mass approxima

tion; non-homogeneous, anisotropic vithin rock types) are stable in 

every respect. Model k (model joints added to Model 3 rock proper

ties) and Model 5 (tectonic loading added to gravity loading and 

Model b properties) are not stable in particular model areas. Model 

4 is unstable within model joint areas. Zones within and adjacent 

to model joints in proximity to the final open-pit wall are not 

stable in Model 

100 
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If the 755 Area pit slope conditions are similar to Model 1, 2 

or 3 conditions, the resulting slope should be stable. If the 755 Area 

slope has conditions similar to either Model k or 5> the resulting pit 

slope is potentially unstable. 

Stress Concentration 

Results indicate that similar stress magnitudes and stress 

changes due to excavation occur in homogeneous, isotropic; rock type 

varying; and rock mass approximation finite element models (Models 1, 2 

and 3> respectively). In Model 3> only slightly lower stress magnitudes 

develop after extensive modification of the finite elements to more 

closely approximate the in situ rock mass. 

Two observations were made in modeling joints in Model (l) 

post-excavation stresses increase appreciably in areas where modeled 

joints are contiguous to the final pit wall and (2) contours of stress 

are extensively altered to conform to model joint orientations and 

boundaries. As a result of loading Model 5 with tectonic as well as 

gravity loads, two effects were noted for both pre-excavation and post-

excavation conditions: (l) stresses are extremely high near modeled 

joints and (2) stress magnitudes in other areas of this model are 

approximately proportional to the loading magnitudes. It appears that 

joint elements, in conjunction with large loading magnitudes, tend to 

localize high stresses in jointed areas both prior to and after excava

tion. 
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Displacement 

Excavation displacement magnitudes decrease somewhat with an 

increase in modification of model rock mass properties, as is observed 

in the successive analysis of Model 1 to Model U. Vertical displace

ment of approximately 5" to 5i"" would be predicted, due to elastic 

rebound from mining to the proposed pit floor elevation, from the 

four gravity-loaded models. Small variations in both the horizontal 

and vertical displacements are indicated between Models 1, 2 and 3 

and Model U in areas located at and above the model joints. 

Larger vertical displacements (100$) and smaller horizontal 

displacements occur in the tectonic and gravity loaded model (Model 

5) than in the four previous models except in the area above the 

model joints. The area above the joints has smaller vertical, but 

much greater horizontal, displacements. The larger horizontal dis

placements in this area may have resulted from (l) the high horizontal 

to vertical stress ratio in this zone, in conjunction with (2) the 

small strength of the joint elements and the attitude of the model 

joints. Vertical displacement at the proposed pit floor, due to 

elastic rebound after excavation, would be 11" to 12" as determined 

by this gravity and tectonic loaded model. 

Failure Criteria 

Models 1, 2 and 3 do not undergo failure for any of the 

criteria used for the determination of slope instability. Post-

excavation tensile, shear and compressive stresses are sufficiently 

high in several elements to exceed element strengths in and adjacent 
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to modeled, joints located near the pit vail in Model 5« Stresses are 

not high enough at any location in Model b to exceed element strengths. 

Upon excavation, tensile stress areas develop near the final pit 

vail in proximity to the model joints in Models it- and 5. These tensile 

zones are areas vhere pre-existing joints are free to open up. There 

are more and larger tensile zones in the model with a combination of 

tectonic and gravity loading (Model 5) than in the model which vas only 

gravity loaded (Model 4). This result may be related to the high hori

zontal to vertical stress ratio which vas present in the upper model 

area. 

Non-linear deformation (yielding) occurs in nearly all of the 

joint elements in the two modeled joints for the estimated element 

parameters. All joint elements in proximity to the final pit vail 

yield. Upon examination for the presence of incipient sliding on the 

joints, it was determined that sliding results for the same elements as 

yielding in the yield analysis. 

The model joints in Models b and 5 were tested for tensile 

stresses normal to the joint planes. Four of the thirteen joint ele

ments contained high tensile normal stresses and, therefore, during 

mining, these joint areas should open in tension. 

The Finite Slement Method and Its Applicability 
to Stability Condition Determination . 

By utilizing the basic finite element method, two results, im

portant for stability condition determination of open-pit mine slopes, 

can be obtained directly: (l) pre-excavation and post-excavation 

stresses and (2) displacement due to excavation. Resultant total 
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stress, after pit excavation, can be utilized to examine a variety of 

failure criteria (appropriate for the given geologic conditions of the 

slope) in order to evaluate the stability conditions. Calculated exca

vation displacement is useful as a standard to compare actual measured 

slope displacement against, if it can be determined that the slope in 

question responds relatively elastically. 

In order to utilize the finite element method for slope design 

and the determination of stability conditions, two items must be in

cluded in the analysis: (l) the pre-excavation in situ stress distri

bution and (2) geologic discontinuities (joints, faults, seams, bed

ding) if present. As was shown in the results of this analysis, it 

is critical to know the in situ stress distribution. The combination 

of gravity and tectonic loading in Model 5 created very high stresses 

in several model areas. Geologic discontinuities must be modeled 

because they affect the stress concentration and, thus, stability. 

Modeled joints appear to localize areas of stress concentration. 

The major limitation of the finite element method, as applied 

to rock slope stability analysis, is the adequacy of the rock property 

input data. This information is limited by the present state of 

knowledge of the physical properties of the rock mass. 



NOMENCLATURE 

a Length of rectangular element 

[AJ Stress-strain matrix defining element properties, 
plane strain 

b Height of rectangular element 

Nodal point coordinate matrix for an element 

c Cohesion of a material 

[c] Element internal strain matrix 

d Thickness of an element 

E Young's modulus of elasticity 

( G )  M a t r i x  f o r  t h e  s u m m a t i o n  o f  g r a v i t y  f o r c e s  f o r  t h e  
complete assemblage of elements 

[k] Element stiffness matrix in local (element) 
coordinate system. 

[K] Stiffness matrix of the complete assemblage of 
elements with respect to local coordinates 

hfl Stiffness matrix of the complete assemblage of 
elements in generalized coordinates 

( R ) ,  ( F )  D e f l e c t i o n  v e c t o r  a n d  f o r c e  v e c t o r  f o r  t h e  c o m p l e t e  
assemblage of elements in generalized coordinates 

T Tensile strength 

T Brazilian tensile strength 
B 

[V] Transformation matrix relating deflections in the local 
element coordinates and generalized coordinates 

Matrix for Lhe summation of residual tectonic forces 
for the complete assemblage of elements 

105 
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( u ) ,  ( s )  D e f l e c t i o n  v e c t o r  a n d  f o r c e  v e c t o r  f o r  a n  e l e m e n t  i n  
a local coordinate system 

( U ) ,  ( S )  D e f l e c t i o n  v e c t o r  a n d  f o r c e  v e c t o r  f o r  t h e  c o m p l e t e  
assemblage of elements in generalised coordinates 

Uc Unconfined compressive strength 

u, w Displacements of a point in an element and in' the con
tinuum in the X and Z directions, respectively 

x, y, z Local coordinates for an element 

X, Y, Z Cartesian coordinates 

a Assumed displacement coefficient for an element 

Y Unit veight 

Yxy, Yyz, Shear strains in xy, yz, xz planes, respectively 

Displacement 6 

G , g , E„ Normal strains in the x, y, z directions, respectively x y 

p Poisson's ratio 

Ox> Qy> Oz normal stresses in the x, y, z directions, respectively 

On Hormal stress on any plane 

'Z»xy' lyz' Shear stresses in xy, yz, xz planes, respectively 

f Shear stress on any plane 

0 Angle of internal friction of a material (rock, soil) 

T 
£ J Transpose matrix 



APPENDIX I 

MAXIMUM SHEAR STRESS CONTOURS, MODELS 1-5, 

PRE-EXCAVATION AND POST-EXCAVATION CONDITIONS 
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Figure 26. Model 1, Maximum Shear Stress Contours, Pre-Excavation 

Contour Interval = 200 psi 
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Figure 27. Model 1, Maximum Shear Stress Coatours, Post-Excavation 

Contour Interval = 200 psi 



110 

800 ft 

200 

600 

1000 

1600. 

Figure 28, Model 2 ,  Maximum Shear Stress Contours, Pre-Excavatioa 

Contour Interval * 200 psi 
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Figure 29. Model 2, Maximum Shear Stress Contours, Post-Excavation 

Contour Interval : 200 psi 
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Figure 30. Model 3, Maximum Shear Stress Contours, Pre-Excavation 

Contour Interval = 200 psi 
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Figure 31* Model 3* Maximum Shear Stress Contours, Post-Excavatiou 

Contour Interval = 200 psl 
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Figure 32. Model k, Maximum Shear Stress Contours, Pre-Excavation 

Contour Interval = 200 psi 
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Figure 33. Model h, Maximum Shear Stress Contours, Post-Excavation 

Contour Interval = 200 psi 
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Figure 3lj.. Model 5> Maximum Shear Stress Contours, Pre-Excavation 

Contour Interval = 250 psi 
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Figure 35* Model 5> Maximum Shear Stress Contours, Post-Excavation 

Contour Interval = 500 psi 
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