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ABSTRACT 

In this study the shear strength parameters for a 

consolidated, well-cemented boulder conglomerate at the 

Cyprus Miami Copper Mine are determined by a newly developed 

field test. The values obtained are used to investigate the 

probability of failure of pit slopes cut into the 

conglomerate. 

Any boulder conglomerate is impossible to test accurat

ely with conventional laboratory techniques due to it1s 

large particle sizes and the destruction of cementation by 

conventional sampling methods. For these reasons a simple 

in situ test was developed which could be used in conjunc

tion with laboratory techniques and analytical procedures to 

estimate the in situ strength properties of the Gila Con

glomerate. 

The variability in the testing of the shear strength 

parameters of Gila Conglomerate make a probabilistic ap

proach to design appropriate. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

The copper mining industry has used the open pit method 

of mining for many years. Open pit methods provide a less 

expensive alternative to underground mining for reaching 

large quantities of valuable ore reserves. Excavations on 

the order of one mile wide and 1500 feet deep, have been 

used for such mines. For economic reasons, long, steep pit 

walls are desired for these excavations. Figure 1.1 shows a 

typical view of the slope walls in the pit at the Cyprus 

Figure l.l View of Pit and Pit Slopes. 
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Miami Copper Mine. The predicted behavior of the pit wall 

slopes is essential. A slope failure can cause long delays 

or prevent the mining of the ore under a slide while 

valuable equipment time is being used by cleaning up the 

slide. Additional costs are incurred because failure volume 

is unplanned waste material. Repeated problems with 

instability could even force the closure of the mine by 

federal mine inspectors if it were thought there was an 

unsafe working environment. 

On the other hand, overexcavation of these long pit 

slopes to reduce risk is very expensive. Flattening a slope 

angle just a few degrees can result in millions of cubic 

yards of overburden being unnecessarily removed which can 

lead to a reduction of profits or the inability of a mine to 

operate during marginal market periods. Waste overburden 

must be economically mined to reach the underlying ore. 

Therefore, the mine engineer must have reliable 

information on the shear strength parameters of the pit 

slope material in order to design the slopes safely and 

economically. 

In January of 1988, Dr. Jim Savely, Chief Geological 

Engineer at the Cyprus Miami Copper Company, Claypool, 

Arizona, expressed an interest in a research project that 

would attempt to: 
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1. Gain additional information on the strength 
parameters and variability of the Gila Conglomerate at 
the mine and 

2. Determine the probability of failure of slopes of 
various heights and angles assigned those strength 
parameters. 

1.2 DEFINITION OF PROBLEM 

The Cyprus Miami Copper mine, as shown in Figure 1.2, 

is located approximately 65 miles east of Phoenix, Arizona, 

near the town of Miami. 

According to Dr. Savely (1989) previous design 

information on the intact strength of the Gila Conglomerate 

formation was conservative. His reasoning was based on 

stability analyses that predicted less stability than that 

achieved during mining, graduate research that was performed 

on a similar conglomerate by Jacobsen (1976) at Bagdad, 

Arizona ,about 30 miles west of the mine near Miami, and the 

results of some ripping tests and back analysis that he had 

performed at the Cyprus Miami Mine. He felt that if it 

could be proven that the Gila Conglomerate was stronger than 

assumed, it was probable that a 50 degree or steeper slope 

angle could be achieved. The slopes were presently being 

mined at a 45 degree slope angle. 

There are two types of Gila Conglomerate that occur 

adjacent to each other in the active pit. The first, known 



Figure 1.2 Location of Cyprus Miami Copper Mine • 
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as "coarse" grained Gila, contains boulders in the soil 

mass as large as 12 feet in diameter. The other con

glomerate is known as "fine" grained Gila. The largest 

observed particle size in this conglomerate is approximately 

2 feet in diameter. It appeared, by observation, that the 

only difference between the conglomerate was the particle 

size distribution. 

Neither type of Gila Conglomerate lends itself to 

laboratory testing to determine a value of cohesion for the 

soil mass because it is virtually impossible to obtain an 

undisturbed sample by conventional sampling techniques, 

without destroying the cementation. Furthermore, if a small 

undisturbed sample was obtained for laboratory testing, the 

sample would not be representative of the in situ particle 

size distribution because the larger particle sizes would be 

missing. The effects of large particles on the shear 

strength results would not be considered. Schultze (1957) 

has determined that for an accurate test the sample must be 

five to ten times as large as the largest constituent 

particle. Therefore, sample size is prohibitive when clasts 

are very large. For these reasons a series of simple, 

modified plate load (MPL) tests were conducted. 

This MPL test, performed along the crest of a man-

made slope (excavated trench), involved loading the crest of 
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the slope until failure occurred (Factor of Safety = 1). 

The failure surfaces were mapped and the pressures required 

to fail the slopes were recorded for later use. 

1.3 SCOPE OF THE RESEARCH 

There were four phases to this research. The first 

phase consisted of the field testing at the Cyprus Miami 

Copper Mine. It was decided to perform a statistically 

valid number of MPL tests to determine the value of in situ 

cohesion for each soil type. A minimum of thirty plate load 

tests were performed for each soil type. The value of 

thirty comes from the Central Limit Theorem of statistics 

which states that if random samples of n measurements are 

repeatedly drawn from a population, when n is large, the 

relative frequency histogram for the sample means will be 

approximately normal. Numerous studies have shown that, in 

general, the Central Limit Theorem holds for n greater than 

or equal to 30. These cohesion values were back calculated 

from information gathered at the test sites and the 

laboratory using Hovland's (1977) wedge model. The angle of 

internal friction (</>) for each soil type was determined by 

conventional laboratory testing. Mitchell (1976) noted that 

the laboratory testing of remolded samples is a viable 

method in the determination of <p since it is only slightly 

affected by structure, provided that the moisture content 
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and unit weight are close to those of the in situ material. 

Four representative sites, two for each soil type, were 

selected for testing. Sand cone density tests were 

performed at each site. A large scale soil gradation test 

was performed at one of the "coarseH—Gila Conglomerate 

sites. Core samples from each of the soil types encountered 

at the sites were provided by the Cyprus Miami Mining 

Company. At each location, samples were retrieved to be 

returned to the laboratory for moisture content 

determination. 

The second phase of the research was the laboratory 

testing of the samples. The soil matrix was remolded and 

sheared in a direct shear box to determine the angle of 

internal friction. The material that had passed the large 

scale gradation screens was sieved and plasticity indices 

determined for soil classification purposes. 

The third phase of the research consisted of performing 

a three-dimensional slope stability analysis by the method 

developed by Hovland (1977). The Hovland model was used to 

back calculate the in situ value of cohesion for each plate 

load test at a factor of safety of one (1.) associated with 

the induced failure. From this a statistical mean and a 

standard deviation of the mean was calculated for each of 

the two Gila Conglomerates, once this portion of the testing 
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was completed, the values of the soil's shear strength para

meters were known for each soil type. 

The fourth and final phase of the research was the 

determination of the optimum slope angle for a given slope 

height based on the probability of failure. A computer 
"•r • 

program, PSTABR, was used to analyze the stability of slopes 

cut into two different material types ("coarse" and "fine" 

Gila Conglomerate) each under two different moisture 

conditions ("dry" and "saturated"). with no data on the 

water elevation available, it was assumed that these 

moisture conditions would yield limiting values of the 

probability of failure. The probability of failure 

associated with the actual water level would fall somewhere 

between these upper and lower bounds. 
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CHAPTER 2 

REVIEW OP LITERATURE 

2.1 GENERAL 

The literature review was conducted with two goals in 

mind, the first to investigate what had been done in the 

past for determining the values for the shear strength 

parameters of cemented soils, and second to investigate 

slope stability analyses with a direction toward the 

probabilistic approach. 

2.2 TESTING CEMENTED SOILS 

Handy (1986) described the Borehole Shear Test which 

utilizes a cylindrical shoe that is lowered into a borehole 

and expanded. The expanding shoe exerts a pressure on the 

sides of the borehole and the vertical force required to 

shear the soil by moving the shoe vertically is determined. 

Repeating the test at greater shoe pressures at the same 

position provides data sets of normal and shear stresses 

that allow construction of a Mohr-Coulomb failure envelope 

from which cohesion and internal friction angle can be 

determined. The test results compare favorably to with 

those of laboratory direct shear testing. 

Schmertmann (1975) reviewed the effectiveness of the 

Borehole Shear Test and found that the presence of gravel or 

highly cohesive material may prevent proper seating of the 
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pressure cylinder and lead to inaccurate results. 

Beckwith and Hansen (1982) studied the occurrence and 

engineering properties of cemented alluvial soils in the 

Southwestern United States. A summary of their findings is 

shown in Table 2.1. 

Table 2.1 Engineering classification of calcareous soils of 
the Southwestern United States. (Beckwith and Hansen, 1982) 

Typical Properties Description 
dry properties Holocene "collapsing" soils, (Gile et al) . Stage I of development. 

$  = 3 0  de g  U e a k l y  c e m e n t e d  w i t h  f i l a m e n t s  a n d  p a r t i c l e  g r a i n  c o a t i n g s .  
C = 200 lb/ft3 

E = 1 to 5 ksi 
H < 15 

0 = 33 to 37 deg moderately cemented. Moderately weakened by moisture increases 
C = 1. to 3. ksf Gile et al. Stage II, often nodular structure with continuously 
E = 5 to 10 ksi cemented matrix. Pleistocene 
N « 5 to 25 

$ = 35 to 42 deg strongly cemented, only slightly affected by moisture increases. 
C = 3. to 6. ksf Gile et al, Stage III, often has laminated or stratified structure 
E = 8 to 15 ks! Pleistocene. 
N = 25 to 60 

Es = 15 to 50 ksf Very strong cemented with essentially the properties of soft rock. 
= 10 to 20 ksf Hot significantly affected by moisture increases, often has stratified 

H = 60 to 200+ 

Es = 50 to 500 ksi Moderately hard rock. Rock mechanics approaches necessary for 
ci = 1.5 to 5.0 ksi investigation and analysis. (Gile et al). Stage IV. Pleistocene or 
N = 200+ older 

Where 0 = Friction angle, Eg = Deformation modulus from seismic surveys 

N = blows per foot from SPT, C = Cohesion intercept, and qy = unconfined 
compressive strength. 

Savely (1989) and Call (1989), remarked about the 

attempts of Jacobsen (1976) to perform in situ shear tests 

on Gila Conglomerate in Bagdad, Arizona. An in-place square 

sample was obtained by excavating around all faces except 
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for the bottom where shear was to take place. Plates and 

jacks were installed in the excavation. The outer side of 

the excavation was to provide the reaction support necessary 

to produce the shearing force. A normal force was provided 

with a specially constructed yoke, cable, and grouted anchor 

arrangement. During the loading of the shear force, the 

side of the excavation failed in a passive state instead of 

shearing through the sample as intended. Although the test 

procedure did not yield the expected results, the attempt 

provided some insight into the difficulties of performing in 

situ shear tests. 

Savely (1986) studied the in situ strength parameters 

of well cemented boulder conglomerate at the Cyprus Miami 

Mine. Two ripping tests were performed using a bulldozer 

equipped with a ripper. The speed of the bulldozer was 

monitored during ripping. It was concluded that the ripping 

tests measured matrix strength and did not give a good 

estimate of the total in situ shear strength for the boulder 

conglomerate. Savely concluded that ripper tests on fine

grained materials such as sand, clay, and silt would 

probably give a reasonable estimate of the shear strength of 

those materials, but the ripping action does not account for 

a tortuous failure path with induced roughness caused by the 

presence of large boulders. Also, it does not account for 
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boulder to boulder contact. 

2.3 SLOPE STABILITY ANALYSIS 

Most methods of slope stability analysis utilize the 

Method of Slices, a limit equilibrium solution. Stability 

analyses are often carried out for cases in which the 

materials involved are stratified, or inhomogeneous. In 

such cases it is necessary to consider material variability 

within the failure mass. The Method of Slices enables this 

condition to be considered in the analysis. Figure 2.1 shows 

how a slope is divided into slices according to the Method 

-X 

ilh Slice 

Figure 2.1 Division of general slide mass into slices 
(From Perloff and Baron, 1975) 

of Slices. The free body diagram of a typical interior 

slice is shown in Figure 2.2. 
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A X ;  

T (x) 

Figure 2.2 General Free Body Diagram of ith slice. 
(From Perloff and Baron, 1975) 

The ith slice has a thickness AXj( with one of it's vertical 

faces at position X and the other at position X+AXj. The 

forces that act on the slice are the horizontal and vertical 

components of the resultant external loading, Qih and Qjv 

respectively, and the weight of the slice, Wf. These 

resultants are known to drive the movement of the slice. 

The horizontal forces E(x) and E(X+AX,-) , and the shear 

forces T(x) and T(x+Axf) acting on the vertical faces, 

represent the interaction between a given slice and the 

slices next to it. The normal force ,Nf, and the shear 
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force Sj, acting on the bottom of the slice are the forces 

on the potential failure surface. These resultants act to 

resist the movement of the slice. It is assumed that AX,- is 

small enough that the segment of arc on the base can be 

considered as a straight line. 

The factor of safety is defined in terms of moments 

about the center of the failure arc. The moment of shear 

strength along the failure arc divided by the moment of 

weight of the failure mass is the factor of safety. It is 

calculated from the equation below. 

tmn 

dL+ tan £ 2 Rt 

where c = cohesion along failure arc 
L = Length of entire failure arc 
<p = angle of internal friction along failure arc 

As indicated by Perloff and Baron, (1975) Fellenius 

developed a method of slices in 1927 wherein the resultant 

forces on the sides of the slice E(x) and T(x) are co-linear 

and equal in magnitude to the resultant of E(x+Axf) and 

T(x+Axj) . The effect of the side forces can then be elimi

nated by summing forces normal to the base of the slice in 

order to determine N5. It was assumed that the failure 

surface was an arc of a circle. The free body diagram of 
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the forces considered in the Fellenius Method is shown in 

Figure 2.3. 

j. . — 

Resultant of all side 
forces assumed to 
act in this direction 

JV, found by 
summing forces 
in this direction 

Figure 2.3 Forces considered in the Fellenius Method. 
(From Lambe and Whitman, 1969) 

In 1955 Bishop made a few simplifying assumptions on 

this generalized method of slices to come up with the clas

sical Bishop's Modified Method. The elimination of Ni, is 

accomplished by taking moments about the center of the 

assumed arc. It was also assumed that the vertical shear 

forces T(x) and T(x+Axf) cancel each other. The surface 

point load Qi was assumed to affect the failure surface 

stresses only beneath the ith element. This neglects the 

distribution effect of the slope material, and may lead to 

significant error if the external loads are concentrated. 

Whether the error is on the safe side or unsafe side depends 

upon the location of the load. In the case of relatively 
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uniformly distributed external loads, the assumption is 

reasonable. Bishop investigated many cases and found that 

less than a 2 percent error was generally introduced by 

these assumptions. The equation to calculate the factor of 

safety for a slope using Bishop's assumptions is given in 

the following equation. 

ft 
Eqn 2.2 2 [cAx t  + (W t  - A*,) tan <f][l/M,(0)] 

where 2 Wi sin 0, 

Eqn 2.3 

The free body diagram of the ith slice considered in the 

simplified Bishop method is shown in Figure 2.4 

Resultant of alt side 
'forces assumed to 
act in this direction 

Ni found by 
summing forces 
in this direction 

Figure 2.4 Forces considered in simplified Bishop method of 
slices. (From Lambe and Whitman, 1969) 
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Whitman and Bailey (1967) showed that the Fellenius 

method gives results which are conservative relative to the 

more "accurate" methods. Unfortunately the error ranges 

from approximately 5 to 4 0 percent, depending upon the 

factor of safety, the central angle of the circle chosen, 

and the magnitude of the pore water pressure. Furthermore, 

the location of the critical circle using the Bishop method 

is generally closer to that observed in failures in the 

field than the location obtained from the Fellenius 

solution. Thus, although the Fellenius solution is simpler, 

the Bishop method is preferable because of its more 

consistent results relative to observed failures. 

Visca (1978) modified a computer program developed by 

Lefebvre (1971) to perform a reliability based slope 

stability analysis. This program requires not only the soil 

parameters of cohesion, angle of friction, and unit weight 

as input but also the standard deviations of those 

parameters. These parameters are varied by the program, 

according to a normal distribution curve, analyzing the 

slope for stability for each variation. The results of each 

variation are used to calculate the probability of failure 

of the slope. 
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CHAPTER 3 

FIELD TESTING PROCEDURES AND RESULTS 

3.1 GENERAL 

The field work was conducted at various sites in the 

Gila Conglomerate formation at the Cyprus Miami Copper mine 

near Miami, Arizona. The testing was located at 

approximately 33° 24' N latitude and 110° 53" W longitude, 

or T-l-N, R-14-E of the Gila and Salt River Base Line 

Meridian. As indicated previously, the Gila Conglomerate is 

a well cemented and consolidated boulder conglomerate that 

does not lend itself to laboratory testing to determine the 

value-of cohesion. 

An initial visit was made to the mine during the early 

part of May 1988 to talk with Dr. Savely about conducting 

the field tests. Site selection, equipment availability, 

personnel, safety, scheduling, and testing procedures were 

discussed. The sites were selected in advance so they could 

be made accessible by small truck at the time of testing. 

The field testing program had to be carefully scheduled to 

allow mine operations to continue during it's execution. It 

was decided that the mine would supply a Caterpillar Model 

235 backhoe and an operator to excavate the trenches (man-

made slopes) necessary for testing. 
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The field testing took place during two separate trips 

to the mine. Only the "coarse" grained Gila was tested 

during the first trip on May 16th, and May 17th, 1988. 

On May 23rd 1988, the testing of the "coarse" grained 

Gila was completed and the testing of the "fine" grained 

Gila started. All field tests were completed by May 24th, 

1988. 

3.2 SITE SELECTION 

As mentioned previously, MPL tests were conducted in 

both "coarse" and "fine" Gila Conglomerate in order to 

determine if there is a difference in strength between the 

two types. 

Theoretically, a true random site selecting process of 

all possible test sites should have been utilized to carry 

out a true statistical analysis of the formation. If time 

and funds were available, this may have been done. 

Accessibility to all possible sites is also a problem. A 

compromise was reached by performing tests at two different 

elevations in each formation. Thus four test sites were 

required. 

The first two sites selected were in the "coarse" 

grained Gila formation. Site 1 was selected because it was 

close to previous ripper tests and out of the way of the 

operating mine equipment. Two test trenches (Trench 1 and 
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Trench 1A) were excavated. It was decided to excavate 

Trench 1A to collect more data at Site 1 since activities at 

Trench 1 proved to be more of a learning process to acquaint 

the researchers with testing procedures, data collection 

etc. Only a few successful tests were completed in Trench 

1. Site 2 was located in the "coarse" Gila, approximately 

2500 feet north northwest of the first site. Site 2 was 

selected because it was desireable to be near the "coarse" 

grain "fine" grain geologic boundary. Only one trench, 

Trench 2, was excavated at that site. 

Sites 3 and 4 were located in the "fine" grained Gila 

Conglomerate, site 3 was located in an area that had been 

undercut by old block caving thus Site 3 is possibly 

disturbed ground. Only one trench, Trench 3, was excavated 

at that site. Likewise at Site 4 which was selected because 

it was close to the "coarse"/"fine" grain geologic 

interface. The test trenches were located by the mine 

surveyors. The average length, bearing, mine coordinates, 

and center elevation of each trench are reported in Table 

3.1. 

3.3 FIELD TEST PROCEDURES 

The first step in conducting the MPL field test was 

excavation of the trench. The trench walls served as a 

small test slope with a slope angle of approximately 90°. 
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Table 3.1 Location of Test Trenches 

Mine Coordinates Grain 
Length Bearing Easting Northing Elev Type 

Trench 1 150' N 15° W 3320 -1499 3947 Coarse 
Trench 1A 200' N 15° W 3350 -1500 3951 Coarse 
Trench 2 90' N 10° E 2575 1095 4170 Coarse 
Trench 3 100' N 80° E 3366 2449 4097 Fine 
Trench 4 130' N 15° E 2998 1973 4042 Fine 

Consecutive tests were conducted along both sides of the 

trench. It was decided that each trench would be excavated 

approximately 6 feet wide and 8 feet deep. See Figure 3.1. 

This width was convenient for the operator to dig and was 

wide enough to work in. The decision on the depth of the 

trench was a little more critical. The trench needed to be 

at least as deep as the toe of the failure wedge induced by 

the loaded plate, yet shallow enough to allow the safe 

working conditions. Determining the depth of the toe of the 

failure wedge was a trial and error process. Several tests 

were performed before the behavior was predictable. 

With the trench excavated the modified plate load 

testing begun. The MPL test involved inducing a small slope 

failure on the wall of the trench. A location along the top 

of the trench was selected by observation. The onl}«, 

criteria for this selection was that the trench wall appear 

to be representative of the soil mass. Also, it was 

essential that the test location of one test not be 



disturbed by failure induced in previous tests, 

equipment necessary for conducting the MPL test 

Table 3.2 
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The 

is listed in 

Table 3.2 List of Necessary Equipment for MPL Test 

1. Hydraulic pump equipped with a pressure gage 
2. Hydraulic ram or jack 
3. Rigid plate approximately 1 foot square 
4. Cribbing (assorted lengths) 
5. Tape measure 
6. Long straight edge 

llll® 

Figure 3.1 View of Typical Trench. 
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Before the plate was put in place the ground surface 

was roughly leveled by hand. This leveling provided for a 

uniform pressure distribution under the plate when the load 

was applied. During testing several sizes of steel plate 

were experimented with until a suitable failure consistently 

developed. The small plate tended to produce a 

punching type failure instead of a wedge-shaped slope 

failure therefore Hovland's model would not be valid for 

calculating shear strength. The large plate (12"xl2"xl11) 

consistently produced a planar slope failure instead of the 

desired wedge shaped slope failure or no failure at all, 

without overloading the hydraulic pump. An (8"x8"xl") plate 

seemed to produce the desired results consistently. After 

the plate was placed on the pre-leveled surface, the ballast 

of the backhoe was positioned over the plate to provide a 

reaction support (Figure 3.2). With the plate and backhoe 

in place, a hydraulic jack, either 10 ton or 30 ton, chosen 

on the basis of observed condition of the Conglomerate, was 

set on top of the stiff plate. The space between the top of 

the jack and the bottom of the ballast was filled with 

cribbing. A hydraulic pump was then coupled to the jack and 

slowly pumped, increasing the load on the plate until 

failure of the slope occurred. The pressure reading at the 

time of failure was recorded for later use. 
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Figure 3.2 Typical configuration of Test Equipment 

After failure of the slope, the geometry of the failure 

surface was mapped. Mapping the geometry of the failure 

surface is critical since the area of the failure surface 

is used to back calculate a value for cohesion. The 

geometry of the failure surface was mapped by taking 

measurements on a one foot grid interval over the entire 

failure surface. The grid was constructed by spray painting 

horizontal lines at one foot intervals starting at the top 

of the slope and vertical lines at one foot intervals 

starting at the point where the jack was placed. Figure 3.3 

shows a failed slope gridded for mapping. To map the 
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Figure 3.3 Failed Slope Gridded for Mapping. 

geometry of a failed surface, a long straight edge was 

placed along a horizontal grid line to reproduce the pre-

failure surface. A tape measure was used to measure the 

distance from the "reproduced" pre-failure surface to the 

actual failure surface at each one foot grid point along the 

surface. A sketch was made of the failure surface recording 

all the measured distances and associated information, such 

as pressure of hydraulic pump at failure, jack size, plate 

size, location, etc. This procedure was repeated for each 

test along both sides of the trench. 

A large scale field sieve analysis was performed in the 

"coarse" grained Gila. The mine supplied the portable, 
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Figure 3.4 Large Scale Sieve 

large scale sieve shown in Figure 3.4. The sieve contained 

four screens ranging from 12" square openings down to lh" 

square openings. Each screen reduced the opening size by 

one-half. The backhoe gathered a "representative" bucket 

full of material and carefully dumped it on the top of the 

top screen. This "representative" bucket is somewhat 

misleading for the "coarse" grained Gila since some boulders 

larger than the size of the bucket were observed in the soil 

mass. The material that accumulated on each screen and that 

which accumulated in the bottom pan was carefully removed 

from the pan and weighed on a portable scale. Samples of 

the material that collected in the pan were placed in five 
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gallon buckets and sealed for further testing at the Soil 

Mechanics Laboratory at the University of Arizona. 

In situ dry density was measured by using the sand cone 

method according to ASTM D-1556 (ASTM, 1980). 

In situ moisture content was measured according to ASTM 

D—2216 (ASTM, 1980). 

3.4 RESULTS OF FIELD TESTS 

3.4.1 REDUCTION OF MPL TEST DATA 

The field data that had been generated from the plate 

load tests was reduced as follows for later use in the 

analytical model: 

1. Pressure gage readings were converted to applied 
load. 

2. The area of each failure surface was determined. 

The conversions of the pressure readings to pounds was 

easily obtained since the 10 ton and 30 ton jacks used 

during testing had been previously calibrated to the 
r 

pressure gage on the hydraulic pump using a loading frame in 

the Concrete Testing Laboratory at the University of 

Arizona. The calibration curves are shown in Appendix A. 

The actual failure surface areas were calculated using 

a modified trapezoidal procedure. The data that had been 

collected in mapping the geometry of the failure surface was 

used to calculate the actual horizontal length along the 



failure surface at each one foot depth increment beginning 

at the top of the trench and continuing down. For example, 

the calculated horizontal length along the failure surface 

at the top of the trench was added to the calculated 

horizontal length at the section one foot below and the sum 

divided by two to get the average horizontal length for that 

one foot high strip along the failure surface. The average 

length multiplied by the 1 foot height gave the surface area 

associated with that 1 foot high strip of the failure 

surface. This procedure was followed down the entire 

failure surface. Summing the values for each 1 foot high 

strip, or fraction thereof, yielded the actual surface area 

(Af) for each failure surface . Values are shown in Table 

3.3 through 3.6. 

Table 3 .3 Summarv of Plate Load Test Results at Site 1  

Jack Dial Reading Load plate 
Test # size at failure at failure size A f  

ftonl fosi) fibs) fin x in) (soft! 
Trench 1  

1  30  1900  13107  12x12  16 .81  
2  30  1700  11767  12X12  33 .70  
3  30  1800  12437  6X6 10 .45  
4 30  3200  21814  6X6 12 .36  
5  30  2100  14446  6X6 7 .87  
6 30  1800  12437  6x6  4 .07  
Trench 1A 

7  10  1400  3185  8x8  5 .50  
8  10  1100  2507  8X8 4 .00  
9  10  3900  8829  8X8 15 .24  

10  10  3900  8829  8X8 4 .71  
11  10  2400  5442  8X8 5 .95  
12  10  2500  5668  8X8 3  .  38  



Table 3 .3 Summary of Plate Load Test Results at 

3 

Site 1 
cont. 
Jack Dial Reading Load plate 

Test # size at failure at failure size Af 
(ton) fr>si) fibs) fin x in) f soft)13 

10 3300 7474 8x8 2.87 
14 10 4200 9505 8x8 20.94 
15 10 5000 , 11312 8X8 7.44 
16 10 4200 9506 8X8 6.25 
17 10 3200 7248 8X8 7.84 
18 30 2800 19135 8X8 6.18 
19 30 800 5740 8x8 4.02 
20 10 2000 4539 8X8 6.61 
21 10 4000 9054 8X8 11.55 
22 10 2800 6345 8X8 5.60 
23 30 2000 13777 8X8 6.60 
24 30 2500 17126 8x8 4.67 
25 30 2800 19135 8X8 11.78 
26 30 1400 9758 8X8 8. 39 
27 30 2600 17795 8X8 6.39 
28 30 1800 12437 8X8 4.43 

Table 3 . 4 Summary of Plate Load Test Results at Site 2 
Jack Dial Reading Load plate 

Test # size at failure at failure size Af 
fton) ft>si) fibs) fin x in) f soft) 

Trench 2 
1 10 1300 2959 8x8 12 .23 
2 10 600 1378 8X8 5.93 
3 10 3500 7925 8x8 9.65 
4 10 5000 11312 8x8 15.08 
5 10 4000 9054 8X8 10.91 
6 10 3800 8603 8x8 11.40 
7 10 3000 6797 8X8 9. 67 
8 30 2400 16456 8x8 5.86 
9 30 900 6409 8x8 6.42 
10 30 1000 7079 8X8 2.97 
11 30 500 3730 8x8 10.91 

Table 3 .5 Summary of Plate Load Test 1 Results at Site 3 
Jack Dial Reading Load plate 

Test # size at failure at failure size Af 
(ton) fosi) fibs) fin x in) (soft) 

Trench 3 
1 10 1600 3636 8x8 10.29 
2 10 3400 7700 8x8 10.62 
3 10 2600 5894 8x8 12.93 



Table 3.5 Summary of Plate Load Test Results at Site 3 

Test # 

cont. 
Jack 
size 
fton) 

Dial 
at 

Reading 
failure 
fpsi) 

Load 
at failure 

f lbs) 

plate 
size 

fin x in! 
A f  

f scrft) 
4  10  2600  5894  8x8  14  .98  
5  10  4200  9506  8X8 11 .  22  
6  30  2200  15116  8X8 24 .01  
7  10  4800  10860  8x8  4 .75  
8  10  2600  5894  8X8 7 .40  
9  10  2600  5894  8x8  9 .18  

10  30  2800  19235  8x8  10 .18  
11  10  4400  9957  8X8 8 .16  
12  10  2900  6571  8X8 3 .91  
13  10  3100  7022  8X8 11 .23  
14  10  2300  5216  8X8 4 .19  
15  10  3900  8829  8x8  4 .67  
16  10  4300  9732  8x8 7 .61  

Table 3  .6 Summary of  Plate Load Test Results at Site 4  

Test jj 
Jack 
size 

Dial 
at 

Reading 
failure 

Load 
at failure 

plate 
size A f  

fton) fpsi) flbs) fin x  in) f saft) 
Trench 4  

1  10  3800  8603  8x8 4  .75  
2  30  1600  11098  8X8 3  .  02  
3  10  4100  9280  8X8 3 .32  
4  10  4600  10409  8x8  4 .99  
5  30  2400  16456  8x8  5 .  63  
6  30  3300  22484  8X8 6 .49  
7  30  2500  17126  8x8  5 .20  
8 30  2500  17126  8X8 6 .60  
9  30  2600  17795  8X8 17 .78  

10  30  1200  8419  8x8  4 .00  
11  30  1800  12437  8X8 6 .95  
12  30  1900  13107  8X8 9 . 4 6  
13  30  700  5070  8x8  2  .  35  
14  30  900  6409  8X8 6 . 4 7  

3.4.2 UNIT WEIGHT OF MATRIX MATERIAL 

Sand cone dansity tests were performed at each test 

site. The results are presented in Table 3.7. 
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The unit weight of 52 pcf for Site 1 is obviously in 

error and the value of 82 pcf for Site 3 is suspicious. The 

Table 3.7 Summary of Field Density Tests 
Unit Weight 

Site fpcf) 
1 52 
2 122 
3 82 
4 115 

densities measured at Sites 2 and 4 compare favorably with 

those .obtained in previous work at the mine. A value of 122 

pcf was used as the unit weight of the matrix material in 

the research. 

3.4.3 LARGE SCALE SIEVE ANALYSIS 

A large scale sieve analysis was performed at Site 1. 

The results of that analysis are presented in Table 3.8. 

Table 3.8 Summary of Large Scale Sieve Analysis 
Sieve opening Weight Retained 

fin x in^ (lbs - oz) 
12x12 0-0 
6X6 105 - 15 
3X3 55-0 

1.5X1.5 55 - 01 
Pan 319 - 14 

Note: Even though no material collected on the large screen, 
there were several large boulders in the trench. 
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CHAPTER 4 

LABORATORY INVESTIGATION AND RESULTS 

4.1 PROPERTY INDICATOR TESTS 

4.1.1 GRAIN-SIZE DISTRIBUTION 

The grain-size distribution analysis is primarily used 

for soil classification purposes. The analysis is done to 

estimate the relative proportions of the different grain 

sizes that make up a given soil mass. The grain-size 

analyses for the coarse and fine Gila Conglomerate were 

performed in accordance to ASTM D-422 {ASTM, 1980). The 

grain size distribution curves for the "coarse" and "fine" 

grained Gila are presented in Figure 4.1. The distribution 

characteristics as expressed by the uniformity coefficient, 

Cu, and the Coefficient of Curvature, Cc, are given in Table 

4.1. 

4.1.2 WATER CONTENT 

In situ water content was determined from grab samples 

at each testing trench. The water contents were performed 

according to ASTM-D 2216 (ASTM, 1980). 

The average values (W) are shown in Table 4.1. Such 

low in situ water content can be expected for large grained 

soils in an arid climate. 
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Figure 4.1 Grain Size Distribution 
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4 . 1 . 3  PLASTICITY 

The plasticity of a soil can have a significant effect 

on the engineering behavior of that soil. The difference 

between a soil's plastic limit (PL) and liquid limit (LL) is 

it's plasticity index (Ip) , the range of moisture contents 

over which a soil behaves plastically. The plasticity index 

is needed to classify coarse grained soils with an 

appreciable amount of fines. These properties, known as the 

Atterberg limits, were measured according to ASTM D 4318. 

The results of the limit tests are contained in Table 4.1. 

4 . 1 . 4  CLASSIFICATION OP SOILS 

Both soils were classified by the Unified Soil 

Classification System based on the indicators described 

above. Both soils were classified as "well graded gravel" 

(GW) . 

4 . 2  UNCONFINED COMPRESSION TEST 

Unconfined compression testing in the laboratory can be 

used to evaluate the strength of a cohesive soil. Sample 

preparation for unconfined compression testing was attempted 

on cores extracted by the Boyles Brothers Drilling Company 
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in each of the two Gila formations. The preparation of the 

samples for laboratory testing in unconfined compression 

proved to be impossible. In addition, the lengths of only a 

few pieces of the core were 2 or more times the diameter, as 

desired for such testing. When a suitable sized specimen 

was found, it's ends had to be trimmed to form a right 

circular cylinder for testing. A masonry saw blade was 

installed in a table saw to trim the test specimens. The 

specimens were placed in a PVC sleeve to provide confining 

support during cutting. When the saw blade touched the rock 

portion of the core it would separate the rock from the soil 

matrix and destroy the cohesion in the specimen. Many 

attempts were made to prepare specimens in this way with no 

success. This inability to prepare specimens for a 

relatively simple lab test reinforces the need for in situ 

testing of this type of material. 

4.3 DXKECT SHEAR ANALYSIS 

Direct shear tests were performed on remolded samples 

to determine the angle of internal friction (<p) of the soil 

matrix. Mitchell (1976) noted that laboratory testing of 

remolded samples is a viable method in determining <p since 

the friction angle is essentially independent of 

cementation, density and water content, within the ranges of 

these parameters normally encountered in the field . Tests 
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were performed according to ASTM D 3080 (ASTM, 1980) on an 

ELE model # 28-007/02 direct shear machine. 

4.3.1 SAMPLE PREPARATION 

Specimens for shear testing were prepared in accordance 

to specifications described by DeNatale, Nowatzki, and Welty 

(1987). All particles of size greater than a #4 sieve were 

removed by sieving from a representative, dry sample of each 

of the two types of Gila Conglomerate. Water was added to 

each of the two samples to raise it's moisture content back 

to it's average in situ moisture content. The wetted soil 

was placed in a plastic bag for 24 hours to allow the 

moisture to distribute evenly. Test specimens were formed 

by tamping a measured weight of this wetted soil into the 

round direct shear mold, of known volume, to recreate the 

soil's in situ density (122 pcf). Approximately one third 

of the measured weight of material was placed into the mold 

at a time and tamped 2 5 times. The top of this compacted 

material was scored with a knife and the next layer added 

until all of the measured material was in the shear box. 

4.3.2 DIRECT SHEAR TESTING 

Direct shear tests of remolded specimens from the 

"coarse" and "fine" grained Gila Conglomerate were conducted 

using four different normal loads. All specimens were 

sheared at a rate of .0295 inches per minute. The load vs. 
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horizontal displacement curves are shown in Appendix B. 

Plots of shear stress vs. normal stress are shown for both 

the "coarse" and "fine" grained Gila Conglomerates in 

Figures 4.2 and 4.3 respectively. The shear stresses were 

calculated assuming constant area during shearing. A Mohr-

Coulomb failure envelope was fit to each set of data by 

using a linear regression technique. Both materials 

exhibited angles of internal friction of 38°. The apparent 

cohesion (Ca) shown in Figures 4.3 and 4.4 is probably due 

to surface tension forces, angularity, and the linear 

regression analysis. The curve should probably go through 

the origin. A summary of the results of the direct shear 

testing of matrix material is given in Table 4.1. 

4.4 SUMMARY OF RESULTS 

The results of the laboratory tests are summarized in 

Table 4.1. 

Table 4.1 Summary of Measured Properties 
Gila Conglomerate 

"Coarse" "Fine" 
Cu 67 18 
Cc 1 1 
LL(%) 27.5 53.6 
PL(%) 21.2 19.9 
I 6.3 33.7 
W(%) 7.7 8.5 
uses GW GW 
0C) 38 38 
Cfl (psf) 644 822 
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CHAPTER 5 

ANALYTICAL MODEL 

5.1 GENERAL 

An analytical model was needed to back calculate a 

value of in situ cohesion for each of the two soil types. 

Many models are available that analyze the stability of 

slopes. They range from the simple two dimensional block 

type failure analysis to very complicated finite element 

techniques with corrections for three dimensional effects. 

Three dimensional effects are often neglected to simplify an 

analysis, but very few slope failures occur under true plane 

strain conditions. Studies by Baligh and Azzouz (1975) 

showed that for a cohesive soil, consideration of end 

effects, which are neglected in two dimensional analyses, 

could lead to a 4% to 40% increase in the factor of safety 

depending on the failure geometry. 

Because of the shape and size of the failure surfaces 

induced during the plate load tests, a three dimensional 

slope stability analysis was necessary to interpret the test 

data. 

Hovland (1977) presented a three dimensional wedge 

analysis that was derived from rock mechanics. The wedge 

shaped soil masses observed during MPL tests on the Gila 

Conglomerate were assumed to correspond to a rock mass 
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lying on intersecting fractures as required by Hovland's 

analysis. The simple shape of the Hovland soil wedge allows 

an independent "closed form" solution for stability. A 

comparison between Hovland's idealized wedge and an actual 

failure wedge typically measured in this study is given in 

Figure 5.1. Expectations of a perfect wedge shaped failure 

in either type of Gila Conglomerate is unrealistic as the 

failure path must travel around the boulders that make up 

the soil. 

Muller (1989) used Hovland's analysis to analyze 

similarly induced slope failures in a weakly cemented fine 

grained soil with good results. He noted that one of the 

weakness of his analysis was the discrepancy between the 

"ideal" surface area and the actual surface area of an 

induced failure. Generally, actual failure surfaces have a 

much greater area than the smooth surfaces associated with 

the wedge model. Therefore, the resisting forces generated 

by cohesion acting along that surface area would be 

overestimated if the area corrections were not implemented 

into the analysis. For this reason it was decided to use 

the wedge shaped shear surface analysis with modifications 
* +i. 

made for increased surface area to back calculate in situ 

cohesion from the plate load tests. 
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c 

Fig 5.1 a Hovland's Idealized Wedge 

X 

2.75 Ft 

0.82 Ft 

Fig 5.1 b Sketch of a typical failure surface generated 
during MPL testing. The trench wall is in the X - Z plane. 

Figure 5.1 Sketch of Failure Wedges (Muller, 1989) 
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S.2 HOVLAND•S MODEL 

In order to use the wedge model in the analysis of the 

field test data, wedge dimensions were approximated from the 

dimensions obtained from mapping the geometry of the failure 

surface. For the idealized wedge shown in Figure 5.1a, the 

height (h) was taken directly from the height of the failure 

surface at the centerline which was assumed to be at the 

location of the hydraulic jack. The depth of the wedge (b) 

was calculated from the surface intersection of a best-fit 

line through the measured points at one foot intervals along 

the centerline. For this calculation the bottom point or 

the toe of the failed slope was held fixed. The inclination 

angle (i) was calculated by taking the arc-tangent of the 

height (h) divided by the depth (b). The width (w) of the 

wedge was varied by trial and error until the surface area 

of the wedge model, defined by triangles BCO and ACO in 

Figure la, equaled the area of the failure (Af), as 

described in Chapter 3 and listed for each test in Tables 

3.3 through 3.6. These trial and error calculations were 

performed approach quite efficiently on a spreadsheet. 

Hovland's equation for the three dimensional factor of 

safety (F3) of the idealized wedge shown in Figure 5.1a is: 
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3C B 

Y sin i 
+ 

B tan i 

tan <J> 

Eqn 5.1 

in which 

b • h ^~)sin21 +1T Eqn 5.2 

where c = value of cohesion of the soil 
0 = angle of internal friction of the soil 
7 = unit weight of the soil. 

All other parameters are defined in Figure 5.1a. The 

solution of Equation 5.1 for cohesion is: 

For conditions at failure, F3 is equal to one. The 

forces driving the failure, which are the weight of soil in 

the failure mass and the external plate load at failure are 

included in the expression for cohesion by calculating an 

Eqn 5.3 

effective unit weight (ye ) expressed in lb/ft3 which is 

given by the equation: 

Eqn 5.4 

where V = Volume of the mass 
y = unit weight of the soil 
P = load applied to the rigid plate 
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With all terms on the right side of the equality known the 

solution for cohesion can be obtained directly from Equation 

5.3. 

A summary of the results for each of the plate load 

tests using Hovland's model is presented in Table 5.1. 

Table 5.1 Summary of Results from Analytical Model 

Ye c 
Test # pcf . psi 
Trench 1 
1 1931 3.51 
2 936 2 .20 
3 5493 6.95 
4 5545 9.44 
5 9340 10. 13 
6 19698 17.51 
Trench 1A 
7 2498 2.64 
8 3000 3 .10 
9 3120 3.65 
10 8722 9 .61 
11 4380 4 . 69 
12 6510 5 .38 
13 13654 11.29 
14 1785 2 .94 
15 6607 8.57 
16 5926 7 . 15 
17 3300 5.18 
18 13310 15.94 
19 9233 8.14 
20 2660 3.25 
21 2608 4 . 17 
22 5059 5.74 
23 8128 10. 31 
24 16964 18 . 69 
25 6905 9. 10 
26 5785 6 .42 
27 14242 14 .78 
28 11512 12.42 
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Table 5.1 Summary of Results f: 

ye C 
Test # D C f .  osi. 
Trench 2 
1 1806 1.64 
2 975 1.30 
3 2355 3 . 67 
4 3335 4.52 
5 3129 4.76 
6 4418 4 .58 
7 2706 3.91 
8 11862 14.36 
9 3971 4 .02 
10 11153 11.56 
11 1413 1.96 
Trench 3 
1 1230 1.86 
2 2747 4.26 
3 1519 2 .44 
4 1295 2.23 
5 3072 4 .98 
6 2086 3 .79 
7 10544 10. 76 
8 3410 4.31 
9 2578 3 .72 
10 6592 10. 39 
11 4469 5.95 
12 8184 9.08 
13 2640 3 . 62 
14 5320 6.29 
15 8066 9. 62 
16 4239 5.67 
Trench 4 
1 8258 8.32 
2 16833 15.62 
3 11239 11.06 
4 8521 10.04 
5 13234 14.44 
6 18522 18.64 
7 16259 16. 30 
8 10579 12.13 
9 3377 5.84 
10 8927 10.29 
11 6553 8 . 68 
12 5797 7.99 
13 14357 10.87 
14 4226 5. 14 
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CHAPTER 6 

PSTABR 

6.1 DESCRIPTION OP PSTABR 

The parent computer program of PSTABR is STABR, a 

program written by Lefebvre (1971). In STABR, factors of 

safety are calculated using the Bishop's Modified Method 

(1955) either for specified circles or for the critical slip 

surface having the minimum factor of safety (FS) as 

determined by a systematic grid-search. STABR has been a 

widely used tool in both the academic and professional 

geotechnical communities. 

P.J. Visca (1978) created PSTABR by incorporating a 

Monte Carlo probabilistic routine into STABR that enables 

the user to input not only the soil parameters C, <p, and y , 

as in STABR, but also the standard deviations of those 

parameters about a mean. PSTABR runs just like STABR with 

respect to finding the critical slip surface of a slope 

associated with the input geometries and soil parameters. 

However/ in PSTABR the values of C, cp, and Y , are varied 

according to a normal Gaussian distribution with Bishop's 

Method being used with each set of new values to compute a 

minimum factor of safety. The number of such solutions is 

set by the user. A statistical analysis is performed on 
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these minimum factors of safety to calculate two 

probabilities of failure. The first probability of failure 

displayed on the output is a statistical probability. It is 

statistical in that the mean and standard deviation of all 

the factors of safety are calculated and the area under the 

normal distribution curve for FS < 1., when multiplied by 

100, is considered the probability of failure expressed in a 

percentage. In calculating the second probability, the 

number of factors of safety less than one, is divided by the 

total number of solutions and multiplied by 100 to get the 

probability of failure in percent. 

The main part of the program utilizes subroutines to do 

the majority of the computations. The main program opens 

files, reads input data, calls subroutines, reports the 

output and closes files. There are ten subroutines utilized 

in PSTABR. The main program calls five subroutines; BISHOP, 

CHECK, RANDY, STATAN, and FCLOSE. Subroutine BISHOP calls 

two subroutines; SOLU and ROOT. Subroutine RANDOM is called 

from the subroutine RANDY while subroutine STATAN calls the 

three subroutines, FRTQL1, IDLGT1, and STAT01. A brief 

description of each subroutine follows. 

SUBROUTINE BISHOP: 

This subroutine is the heart and soul of the program. It 

calculates the slice boundary coordinates, solves for the 
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intersection of the circle with the slope, checks and ad

justs the slice coordinates so that the base of each slice 

is within one material. It also calculates the weight of 

each slice, calculates the pore pressure, and solves the 

equilibrium equations by which a factor of safety is deter

mined. To do this it calls ROOT and SOLU, two other sub

routines . 

SUBROUTINE ROOT: 

Subroutine ROOT simply solves the quadratic equation. 

SUBROUTINE SOLU: 

This subroutine solves for the intersection of the circle 

with the slope. 

SUBROUTINE CHECK: 

Subroutine CHECK is a small subroutine that calculates the 

increment of the move that the center of the arc will make 

for the evaluation of the next trial slip surface. This is 

necessary for the quick location of the critical slip 

surface. 

SUBROUTINE RANDY: 

Subroutine RANDY returns new C, < p ,  and y  terms for the next 

iteration of the program. It also calls Subroutine RANDOM. 
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SUBROUTINE RANDOM: 

Subroutine RANDOM simply calls a random number generator. 

This random number generator is an intrinsic function on the 

mainframe computer used in this study. 

SUBROUTINE STATAN: 

Subroutine STATAN acts as a manager subroutine to calculate 

and display the statistical print-out that is seen on the 

bottom of the output file or report. To do this it calls 

subroutines FRTQL1, IDLGT1, and STAT01. 

SUBROUTINE FRTQL1: 

FRTQL1 computes frequencies by percent and by count for a 

specified number of classes or class intervals and returns 

the results to the calling program. 

SUBROUTINE IDLGT1: 

This subroutine uses output from FRTQL1 to print an 

ideogram of factors of safety. 

SUBROUTINE STAT01: 

Subroutine STAT01 calculates the mean, standard deviation, 

skewness and kurtosis of the factors of safety. 
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6.2 ANALYSIS OF SLOPES 

In this section a description is given of how data is 

input into program PSTABR and how the output is interpreted. 

6.2.1 INPUT OF SLOPE COORDINATES 

In PSTABR, the coordinates defining the geometry of the 

slope and the geologic cross-section should increase toward 

the toe of the slope in the X direction and increase down in 

the Y direction. Negative coordinates do not seem to affect 

the program, but it is good practice to keep all coordinates 

positive when possible. Therefore in setting up the 

coordinate system for any problem, the origin should be well 

above and well behind the crest of the slope. 

6.2.2 INPUT OF STATISTICAL SHEAR STRENGTH PARAMETERS 

As indicated previously, PSTABR requires a mean value 

and a standard deviation about the mean of the cohesion, 

angle of friction, and unit weight of the soil mass as input 

into the program. 

A cohesion value associated with each plate load test 

was previously determined from the analytical model. Since 

the value of true mean cohesion (n) of either soil type is 

unknown and theoretically unobtainable, the mean of the 

sample (y), calculated from the cohesion values obtained 
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from Hovland's model were used as an estimate of fi, where 

y = S v. Eqn 6.1 
n 

where ys = calculated values of cohesion 
n = sample size. 

This estimate of /i is acceptable by the Central Limit 

Theorem since sample sizes in this study were greater than 

or equal to thirty. 

The standard deviation of the data set is a measure of 

the variability about the mean of the sample. The sample 

standard deviation (s) is defined as the positive square 

root of a sample's variance (s2) . The variance of a sample 

is calculated from the equation: 

s2 = S^.fv. ~ v ) 2  Eqn 6.2 
n - 1 

A graphical distribution of cohesion values generated 

by field testing is shown in Figures 6.1 and 6.2. 

The angles of internal friction and unit weights of the 

two types of Gila were not determined statistically as part 

of this study. As previously mentioned, a friction angle of 

38* was determined in the lab for both types of Gila. Dr. 

Savely suggested using a unit weight of 149 pcf for both 

soil masses. This value is between the value of the unit 

weight of the soil matrix (122 psf) and the approximate 

value of in-place rock (165 pcf). He also suggested using 
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Figure 6.1 Histogram of "Coarse" Grained Cohesion Values 
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Figure 6.2 Histogram of "Fine" Grained Cohesion Values 
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10% of the value of both the angle of internal friction and 

unit weight as the standard deviations. 

The statistical values for each soil mass used as input 

into PSTABR are shown in Table 6.1. 

Table 6.1 Shear strength Parameters of the Gila 
Conglomerate. 

SOIL TYPE 
"Coarse" "Fine" 

Cohesion (psf) 1031 1173 
std. dev. (psf) 659 623 

Tan 0 .781 .781 
std. dev. .078 .078 

Unit Wt. (pcf) 149 149 
std. dev. (pcf) 14.9 14.9 

When a slope that does not have depth limiting 

tangents is modeled, it is a good idea to put in an 

additional lower soil boundary. The program has been known 

to search below the bottom soil boundary. Unless told 

otherwise, it will use 0 for the values of C, <p, and 7 . 

Inputting an additional deep soil layer with artificially 

high strength parameters prevents this unrealistic condition 

from occurring. 

6.2.3 EXAMPLE PROBLEM 

Table 6.2 presents a line by line listing of symbols 

and a brief description of the corresponding input para 
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Table 6.1 Line Entries and Values for Example Problem 
in Figure 6.1 

Number 
of Input 

Line Entries Symbol Description 

Values 

for 
Example 

Heading Cards 

1 

Control Cards 

2 8 

Title, up to 70 characters 

NSPEC -Ho. of specified slip 
circle centers 

NLEVEL -No. of depth limiting 
tangents 

NSECT -No. of vertical sections 
(17 maximum) 

NSTRAT -Ho. of soil boundaries 

(# of soils + 1) 

-No. of Pore Pressure lines 

-No- of points defining 
undroined shear strength 
-Seismic coefficient 

LIGNE 

NPTCU 

51 

52 -Seismic coefficient 
NOTE: If Si = S2 then force applied at 

center of slice 
If S1=seismic coefficient and S2=0 

then force is applied at base 

oi slice. 

Circle Center Cards 
Option 1 tf critical slip surface search 

is desired (NSPEC = 0) 

3 3 X1 -X coor of first trial arc center 

Y1 -Y coor of first trial arc center 

DC -Search grid spacing 
(5-10% of slope height) 

Option 2 If no search is desired (NSPEC > 0) 
2 SPX -X coor of arc center 

13«. 

-290. 

20. 

SPY -Y coor of arc center 

NOTE: Continue SPX & SPY for each specified center 
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Table 6.1 cont. 

Number Values 
of Input for 

Line Entries Symbol Description Example 

Depth Control Cards 

Option 1 Points thru which all circles 
must pass (NLEVEL » 0) 

l* 2 XTOE -X coor or circle toe 

YTOE -Y coor of circle toe 

Option 2 Depth limiting tangents (NLEVEL > 0) 
1,NLEVEL TANG -Y coor of depth limiting 

tangents 

Vertical Section Data Sets 
5 1.NSECT X 

YFl 

YSURF 

1.NSTRAT Y1..Yn 

Soit Property Cards 

6 1,NSTRAT-1 K 

CU(I,1) 

CUU.3) 

FRICTCI,1) 

FRICT(I,3) 

UTOTAH1,1> 

1500. 

450. 

-X coor of the vertical 
section 

-Y coor of lower end of 
tension crack 

•Y coor of water surface 
in tension crack 

-Y coor of each soil layer 
boundary 

-Number of each soil layer 
{increasing from top to bottom) 

-Hean cohesion value in psf 
of soil layer K 

-Standard deviation of cohesion 

value in psf of soil layer K 

-Hean coefficient of friction 

of soil layer K 

-Standard deviation of coeffic
ient of friction of soil layer K 

-Hean unit weight of soil layer K 
in PCF 

(First Line) 
0. 

0. 

0. 

0. 
800. 

1 

1038. 

659. 

.781 

.078 

149. 

WTOTAL(I,3) -Standard deviation of unit 

weight of soil layer K 

14.9 
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Table 6.1 cont 

Number 
of Input 

Line Entries Synibol Description 

Values 

for 
Example 

Pore Pressure Dsta 

Option 1: If LIGNE = 0, no input required 

Option 2: If LIGNE = -1, input one card containing 

value of pore pressure factor 

ru required. DO NOT USE II 

Option 3: If LIGNE > 0, input the following 
(N0TE:For phreatic surface, complete columns 1 and 2 only.) 

7 1.NSECT X -X coor of vertical section 0 

PU(1) -Y coor of first equi-pressure 
line 

800 

PU(n) -Y coor of nth equi-pressure 

tine..9 lines max 

B 1,PW(n) VAPWC1) -Pressure in PSF of equi-pressure 

line 1 
VAPW(n) -Pressure in PSF of equi-pressure 

line n 
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meters for program PSTABR. Numerical values for each of the 

parameters is also given for the example problem shown in 

Figure 6.3. 

The slope shown in Figure 6.3 was analyzed as a part 

of the slope analysis in the "coarse" grained Gila. This 

particular slope was modeled with a slope angle of 45° and a 

slope height of 450 feet . Four vertical sections were used 

to describe the slope. As shown in Figure 6.3, the slope 

contains two soil layer boundaries. Only slope failures 

passing through the toe of the slope were analyzed for 

probability of failure. This best represents the slope 

failures that have occurred at the mine and is typical in 

materials that have a frictional component of shear 

strength. The mean and standard deviations of the shear 

strength parameters for the "coarse" grained Gila, shown in 

Table 6.1, were used for the slope analysis. The phreatic 

surface was modeled along the bottom soil layer boundary to 

simulate a "dry" slope for this problem. The complete input 

and output files for the example problem are presented in 

Appendix C. 

The probability of failure associated with this slope 

was determined to be 21.38%. This was based on the 200 

solutions specified by the user when the program was 

executed. 



1183,-450 

. critical 
surface 

Soil Parameters 
C = 1038 psf 
tan <p = .781 
7 = 149 pcf 

659 psf 
.078 
14.9 pcf 

450 

phreatic 
surface 800 

Figure 6.3 Map of Modeled Slope 
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6.3 PURPOSE AND SCOPE OF SLOPE STABILITY INVESTIGATION 

Many slopes were modeled for analysis to develop 

probability of failure curves for the different soil types 

and conditions. An infinite number of combinations exist 

for modeling varying slope heights and slope angles. The 

values mentioned below kept the number of stability 

analyses to a minimum. 

The angle of repose for this soil type should be near 

the value of the angle of internal friction or 38°. 

Theoretically unloaded slopes should be stable at slope 

angles less than the angle of friction. Therefore, it was 

decided to vary slope angles from 35° to 70°, above the 

maximum angle obtainable by the excavation methods currently 

used at the mine but could go steeper if pre-split or 

controlled blasting was used. Slope angles were varied in 5° 

increments over this range. 5° is a practical limit but 

smaller increments would be better. Slope heights were 

varied from 200 to 700 feet in 50 foot increments. This 

range encompasses the range of slope heights in which 

failures have occurred at the mine. The 50 feet corresponds 

to the bench height in the pit. This bench height is the 

increment that slope heights are increased "instantaneously" 

in actual mining. 
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These variations resulted in 88 combinations of 

modeled slopes. In addition to these 88 analyses, the 200 

foot slope height was analyzed at 20s, 25°, and 30° slope 

angles. This resulted in 91 separate runs of the program 

for each of the four conditions. 

Once the 364 input files were created, the runs of 

PSTABR were executed by a batch system, which allowed the 

input data to be analyzed in succession without the user 

being at the computer terminal. In order to accomplish this 

a batch file had to be created to provide answers to the 

following interactive questions: 

1. ENTER NAME OF INPUT DATA FILE 

The input 1 filename.ext' should be entered in quotations. 

2. ENTER NAME OF OUTPUT FILE 

The output 'filename.ext1 should be entered in quotations. 

3. ENTER RANDOM NUMBER SEED, A LARGE ODD INTEGER 

A large odd integer (less than 10 digits) should be entered. 

4. NUMBER OF ITERATIONS 

The number of runs for which the user would like to have the 

soil parameters statistically varied. The more the better 

but too many could take a long time to run. A good starting 

value is 200. 
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5. MATERIAL PROPERTIES PRINTED? (l=YES,()=NO) 

The material properties are the values of C, < p ,  and y  that 

are associated with each run. 

6. SAFETY FACTORS PRINTED? (1=YES,C>=N0) 

This is the minimum factor of safety associated with each 

run. 

7. GEOMETRY PRINTOUT WANTED? (1=YES,0=NO) 

These are the center coordinates and radii of the critical 

arc associated with each run. 

It should be noted that responding "yes" to the last 

three questions can result in a lengthy output report if a 

large number of iterations is specified. If "no" is the 

response to the last three questions only a summary of the 

factors of safety is included in the statistical output. It 

is recommended that "yes" be the response for the first few 

analysis to get an idea of how the program is functioning. 

Once the GEOMETRY PRINTOUT question is answered the 

program begins solving for the probability of failure of the 

specified slope. 

6.4 RESULTS 

The results of the probability of failure analysis for 

the two types of Gila Conglomerate are presented in tables 

shown in Appendix D. Figures 6.4 thru 6.7 were generated 

from the data presented in these tables. These Figures 
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express the probability of failure as a function of slope 

height and slope angle. These curves are useful in 

determining the risk associated with a specific geometry of 

a slope excavation. These curves can also be used to 

determine the slope angle of an excavation given a specific 

slope height and the risk of failure a designer is willing 

to take. 



Figure 6.4 Probability of Failure curves for 
"Dry"/"Coarse" Gila 
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Figure 6.5 Probability of Failure curves for 
"Sat'V'Coarse" Gila 



Figure 6.6 Probability of Failure curves for "DryV'Fine" 
Gila 
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CHAPTER 7 

7.1 CONCLUSIONS 

The following conclusions are drawn from the results 

of this study: 

1. Conventional sampling and laboratory testing are 

inadequate to determine the shear strength parameters of 

soils that are highly cemented or that contain a significant 

portion of large particle sizes. This point was emphasized 

by the unsuccessful attempt made in this study to produce 

samples for unconfined compression tests on specimens 

obtained from core samples. 

2. The modified plate load (MPL) test with area 

corrections appears to be a reasonable approach for 

determining the in situ cohesion of these soils. The test 

is easy and inexpensive to perform, especially when heavy 

equipment is readily available. The larger sample size 

associated with the MPL test makes it suitable in gravels 

where representative sample size is a problem. The MPL test 

accounts for the effects of soil structure if the trench is 

properly excavated. This is extremely important in soils 

that have a significant amount of strength associated with 

cementation. Conventional methods of obtaining small 

samples tend to destroy the cohesion. 
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A shortcoming of the MPL test for use with the Gila 

Conglomerate test in this study, especially the "coarse" 

Gila, is one of it's attributes, sample size. The sample 

size requirements specified by Schultze (1957) were violated 

in the "coarse" Gila. The occurrence of a large boulder 

under the plate during testing resulted in the test slope 

carrying an extremely high applied load. In other words, 

the boulder was large compared to the plate and acted like a 

plate with the load being distributed over a much wider 

area. This occurred during the testing of both soils and it 

was believed to be the cause of some of the extremely high 

values for cohesion shown in the frequency distribution 

.plots in Chapter 6. 

When boulders were encountered along the failure 

plane, one of three failure modes were forced to occur, 

depending of the arrangement of the boulders. The first 

mode, which appeared to occur most frequently, was for the 

shearing path to go around the edge of the boulder. The 

second mode occurred when a boulder was firmly embedded 

along the failure path. in this case, if the majority of 

the boulder was in the failure wedge, a passive failure zone 

developed below the boulder in the intact material and the 

boulder travelled along with the failure wedge. Conversely, 

if the majority of the boulder was in the intact material, 
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the passive failure zone developed above the boulder in the 

failure wedge allowing the wedge to move and the boulder to 

remain in the intact slope. The third mode, which was not 

observed, would be the driving force of the wedge simply 

splitting the intact boulder along the failure plane with 

part of the boulder traveling with the wedge and part of it 

remaining intact. This mode doesn't seem likely in either 

type of this Gila Conglomerate. Studies were not performed 

on the strength of the boulders but from observation it 

appeared that they were significantly stronger than the 

cemented soil matrix. If a large scale bridging effect 

occurred, the soil mass could possible exhibit strength 

characteristics approximately equal to that of intact rock. 

Unfortunately, identification of the exact mode of failure 

was beyond the scope of this research and what has been 

described above is largely speculative. 

3. The shear strengths obtained from MPL test on the 

"coarse" and "fine" grained Gila Conglomerate are 

significantly greater than the values obtained from small 

scale shear tests performed on the Gila by Sargent, 

Hauskins, and Beckwith,(1984). The strength of the 

"coarse" Gila is given by the Mohr-Coulomb shear strength 

equation 

T = 1031 + an tan(38") (psf) Eqn 7.1 
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while the "fine" Gila shear strength can be expressed by the 

equation 

T = 1173 + AN tan(380 ) (psf) Eqn 7.2 

The shear strength equation reported by SH&B for Gila 

Conglomerate is 

r = 500 + 0n tan(29°) (psf) Eqn 7.3 

The reduced friction angle reported by SH&B is 

probably the total friction angle. It is known that the 

samples were submerged during testing and could have been 

fully saturated. If pore water pressures developed in the 

test specimen during the shear test, the total friction 

angle would be reduced. The value for the angle of internal 

friction determined by direct shear tests on "dry" Gila 

Conglomerate in this study fell within the range expected 

for an effective angle of a sand/gravel (38° to 40°). The 

higher cohesion value reported from MPL testing was most 

likely a measurement of the cementation effect that was 

destroyed by sample remolding for the small scale shear 

analysis performed by SH&B. 

7.2 RECOMMENDATIONS 

Some considerations should be given to the actual mode 

of failure that occurs around a boulder in a cemented 

granular matrix. It is believed that a better understanding 

of the failure could lead to a better understanding of the 
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strength. This effect could possibly be studied by 

performing the MPL test in a controlled laboratory 

environment with reduced scale particles. 

Effects of outliers or extreme values should be 

considered when calculating the mean or central value of a 

set of measurements. Outliers can distort the mean as a 

measure of the central value. A variation of the mean, 

called a trimmed mean, drops the highest and lowest extreme 

values and averages the remaining values. If examination of 

a data set shows skewness, a percent trimmed mean could be 

considered in which a specified percentage of extreme 

values, both high and low, are dropped and the mean based on 

the remaining data. 

PSTABR is currently a two dimensional analysis of 

slope stability based on Bishop's Simplified Method of 

Slices. Hungr (1987) proposed a new algorithm for three 

dimensional limit equilibrium slope stability analysis based 

on a direct extension of Bishop's Simplified Method. 

Hungr's method is based on the method of columns but retains 

the conceptual and mathematical simplicity of Bishop's 

original Simplified Method. Hungr maintains that existing 

computer programs can be easily modified for three 

dimensional analysis. The conversion of PSTABR to a three 

dimensional analysis should be undertaken. 
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EXAMPLE INPUT AND OUTPUT FROM PSTABR 
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SEED VALUE • 7*52)15. 
KURBER OF ITERATIONS • TOO 

GILA 45 DEEBEE SLOPE 459 ft HICK, SATURATED FINE 

CCIITtOL DATA 

HUMES OF SPECIFIED CENTERS 0 
NDllBER Of CEPTH LllllTlNS IBH6ENT5 0 
NWIfER OF VERJICAL SECUONS * 
KlidKfi DF SOIL LATER BOUNDARIES 2 
NCTIER OF PORE PRESSURE LIKES 1 
KUItSiR BF POIKTS DEFlHlKi COHESION fP.GrlLE 1 

SEISlIC COEFFICIENT SI,S2 « , O.GO J.CD 

SEASCH STARTS fil CEHTES IJ41.0 -290.0 WITH ft FtHSL EfllD df 20.0 

ILL CIKLtj PASS THROUGH THE POINT (1500.0, 450.01 

EECFETfif 

SEC 0.1050.!500.2500. 

icr C. 0. 450. 150. 
NEK 0. 0. (50. 450. 
e I 0. 0. 410, 450. 
El 2 eac. BOO. BOO. BOO. 

SCR F-OPEPTIES 

LATER COHESION COEFF. OF FfllCTlOH UNIT »ElEhT 
HE AN SID nEAN STD tlEAN STO 

I lu"3.C 659.0 0.7910 M970 149.5 !i.; 

FORE PRESSURE OAlA 

COORDINATES Of ECU!-PBE5SUBE LINES 

SEC 0.1050.1540.250>), 
L I 900, 900. EH, 9u9. 

SUA «5 DEKEE SLOPE 454 It HIGH, 5AIURSIE0 FINE 

KIW&E^ TANEEU RADIUS (II CENTER lYJ CEHIER fSiPljHil?! ?S C«5> VOlUflE 

1 4ii.5 754.5 1541.0 -2W.0 2.'*<5 1,974 't'J. 
2 454.! 744,0 MJI.O -;9u.i- I.7J7 :.tv| 53M. 
; 45".f' 1.4c i,:e3 ir-:. 



i 
•t ' " I " • I i.: v .2 2 * • 

i 4:?. > "5.9 I743.-: 1.10? i.f5: 1445. 
1 IlT.i M7.4 1823.5 -293.0 i.it: I.I« SIS. 
3 4'3.3 ?«.: •.793,0 -2l).v M:-1 1.0f9 •53. 
9 43i.: 555.; ir+j.f;- -370.0 1.13: i,'?2 li:;. 

10 124.0 •34.9 IF23.0 -210,C i.::i i.:o5 470. 
11 419.3 <79.5 •C9J.0 -210.0 i.131 1.060 169c, 
12 lfcs.0 ejs.c I6(3.U -170.0 1.234 1.170 2711. 
13 511.3 $31.3 1823.0 -370.0 1.099 1. tf55 1256. 
14 143.7 913.7 1903.0 -370.0 1.158 1.132 '16. 
15 506.2 956.2 1823.0 -450.0 1.115 1.072 1606. 
li 552.6 042.6 1903.0 -290.0 1.270 1.252 407. 
17 432.2 932.2 1743.0 -450,0 t.ise 1.139 2374. 
ie 53b. i 986.1 1903.0 -450.0 1.100 1.044 1110. 
19 526.E 8*6.8 1663.0 -370,0 1.1 IE 1.002 948. 
20 514,2 344.2 1023.0 -3J0.0 1.115 1.1)7* 1034. 
21 497.5 867.5 1783.0 -370.0 1.109 1.058 1573. 
22 508.7 910.7 1023.0 -410.0 1.102 1.057 1473. 
23 530.3 660.3 1663.0 -330.0 1.149 1.119 764. 
24 499.0 029.E 1703.0 -330.0 1.103 1.052 1344. 
25 4<>5.4 '03.4 1703.0 -w. 0 1.124 1.076 1797. 
24 523.5 933.5 1863.0 -410.0 1.099 1.059 1179. 
27 539.7 9».7 1903.0 -410.0 1.123 1.091 910. 
;s 510.4 970.4 1863.0 -450.0 1.098 I.OIB 1385. 
29 517,7 i-;o7. 1863.0 -490.0 1.109 1.070 1588. 
30 5.3.9 9':.? 1023. L> -490.0 1.135 1.193 1894. 
3! 532.7 !?22.7 1903.0 -4«0.0 1.097 1.061 1307. 
;j 549.2 1039.: 1943.0 -«0.u 1.103 1.071 1049. 
33 5:7.6 1J57.0 1903.0 -530.0 1.105 1.069 1500. 
34 553.1 1003.1 1943,u -450.0 ;.12= 1.102 ess. 
35 515.1 >145.1 1863.0 -530.0 i.i;3 1.08= l7Ei. 
36 545.5 1075.5 1943,0 -530.0 1.09; 1.064 123:. 
37 540.3 1010.8 1923.') -4=0.0 1.0=7 1.063 1175, 
33 534.4 1CC4.4 1903.0 •470.) 1.097 l.Oo') 1209. 
3? 542.6 ;JI:.4 1923.0 -470.0 1.101 1.067 1079. 
40 526.5 596.5 18B3.C -470.0 1.097 1.05? 1345. 
M 514.« 991.4 1923.0 -450.0 l.JIO 1.070 981. 
c ;:=.i =76.1 1883.0 •15),0 1.056 I.0E8 1245. 
43 5;'. J 959.7 ieB3.j -430.0 1.099 1H3. 
44 537,9 967.® 1903.0 -430.0 1.1(9 1.074 1010. 
»; 521.? 551.9 1063.0 -450.0 1.097 1.057 12E2. 
46 519.0 989.0 1863.0 -470.0 1.103 l.0»3 1487. 

F.5. HtNlh'jn» t,0«6 FCR Nc CIRCLE OF CEKIES 1683.0 -'50.0 

tilNIHUn F.S. VOUWEIlUSIC WDS/ltNEHI FOOT OF SL0F£l= 1245, 

nm.nvEPtGE FULlflE VOUfEICUBIC rARIS/LINEAP F30I OF SL6'E>» 949. 

SW-E VH'.UiS FCF. rt'JW Sr SBFEM 

I.ok •:•."? s.y- I.«J I.M* J.IJI !.i:i 



;.i:» i..i: ''t :.:u i. -si i.ii; i.«- i.ais 
1.549 J,t;i },h: 0,520 0.'35 1.172 1.340 1.07b I. J J? 1,4(5 
i.iw i.s:; i.j;: [.is; i.x. i.:n 1.142 1.2281,257 t.oeo 
i.S<6 1.27] 1.347 l.Ivl J.?i: 0.921 1.149 1.40b 1.144 1.059 
1.768 i.ua o.-3i v'.tio I.;:T \,>>h 1,5221.3:1 1.072 '>.944 
0.912 1.206 I.C+6 :.914 1.20) 1.254 1.622 0.958 S.22B 0,743 
C.?bi> 1.1?6 l.COO I."03 1.041 |.v;2 1.392 0.963 1.414 1.021 
1.050 1.353 1.034 0.967 1.096 1.094 0.952 1.141 1.402 0.920 
1.323 1.451 1.191 0.377 1.0S5 1.133 1.036 1.531 1.075 1.320 
1.S51 0.905 1.5)0 0.«13 1.45: 1.311 1.234 0.979 1.499 1.166 
1.297 1.550 0.39.1 1.381 1.279 1.400 1.001 0.848 1.327 1.223 
1.111 1.354 1.364 O.S70 1.213 0.659 ].349 0.999 1.153 0.9B4 
0.827 1.203 1.430 1.061 1.427 0.907 0.994 1.325 1.535 1.241 
1.346 l.')75 1.27S l.K'l 0,709 1.349 1.568 1.054 1.305 1.013 
1.192 1.044 1.229 1.193 0.944 1.253 1,019 0.591 0.960 0.947 
1.420 1.044 1.14' 1,494 1.312 1.376 1.176 0.940 0.771 0.947 
1.049 1.496 1,233 1.266 1.155 0.904 1.227 1.277 0.869 1.270 
l.l>7< 1.643 1.107 1.227 I. Oil 1.283 1.309 1,337 1.469 1.139 
nlK f.s.= 0.7til! MI F.S.* 1.73361 



FFfCtfEKV DISTRIBUTION JF FJCIGR CF S4FETLUES 

FREOUEHCT 
0 10 20 10 <0 so 

CUSS INTERVAL I I I. 1 1 [ FfiEO ?Efi. 
1 0.45 0.70 * 0 0.# 
2 0.70 0.75 .mi: 5 2.5 
I 0.75 0.60 , C O.ti 
4 0.80 0.85 5 :.5 
5 0.B5 O.'O .mini 7 3.5 
6 0.90 0.95 .mimmnn 14 7.0 
J 0.95 1.00 .rniminimim 13 9.0 
e 1.00 1.05 .iiimininnmi . ie 9,0 
9 1.05 i. 10 .nmmimni . 15 7.5 
10 1.10 1.15 .liniiiiiinm . 15 7.5 
11 1.15 1.20 .nninuimin . 16 3.0 
i: 1.20 1.25 .iimiiniumn . 17 5.5 
13 1.25 1.30 .nunnimin 15 7,5 
I* i.:o :.:s .inmmnmi . 15 7.5 
li 1.25 1.40 ,11111111111111 . 14 7.0 
16 1.40 1,45 .iniui i 7 3.5 
17 1.15 1.50 • lUIlM 7 3.5 
IE 1.50 1.55 .till 4 :.a 
n 1.55 l.iO .HI J 1.5 
20 1.40 1,65 .111 3 1.5 
21 :.65 1.70 .1 1 0.5 
2: 1.70 1.75 .< 1 0.5 
13 1.75 1.80 0 U.O 
2* 1.60 1.35 . 0 i ' . ' j  

1 1 1 1 1 1 
o 10 :J M « K 

SSHPLE STATISTICS 

I1EAX* 1.145 S.D.* 0.203 5KEHNE53* 0.010 KUFTDSIE* 61 5MPLE SHE' 20l> 

PROBABILITY OF FAILURE 

P.f,' 21. JB -CONSIDERING THE SfiFcTlf FACTORS TO EE XORMfLL* DISTRICTED 
WITH HEAN • 1.165 AND SID. DEV.' 0.209 

P.f,» 34.50 - 51HF1E PERCENTAGE OF SSfETY FACTORS LESS TKiH 

••••iPROGRWl SUCCESSFULLY COltfLETED 



APPENDIX D 

PROBABILITY OF FAILURE TABLES 



/SLOPE JEIGHT (ft) 
SLOPE FNG 200 SO 

20 0 
300 3BQ 400 450 

1 
500 550 600 650 700 

25 0.03 

30 0.47 

35 3.03 2.12 1.00 0.72 3.92 3.62 4.14 3.7B 3.85 4.49 4.60 

40 5.17 5.74 5.32 5.19 8. SB 10.11 10L51 11.04 14.35 14.07 15.41 

45 7.91 10.35 13.9 19.62 17.90 23.73 22.57 26.95 29.20 33.2 35.63 

30 21.6 27.3! 33.5 41.90 46.13 52.4 54.90 50.85 64.23 66.11 72.37 

135 34.77 45.0? 53.21 61.92 68.49 73.80 79.33 02.50 06.02 80.19 91.04 

GO 50.9? 62.5 70.41 73.45 84.02 80.69 91.7 94.06 95.90 97.02 90.1 

65 75.02 81.% 86.2 95. SB 95.25 97.29 90.45 99.12 99.40 99.7 99.04 

70 80.7 94.32 97.55 90.23 90.23 99.24 99.9 99.09 99.99 99.99 99.99 

PHBFBILITIE5 IF FHILURE TRV'/TOFRSE" GILfl CONELChERHTH 



/SLOPE HEIGHT 
SLOPE fNS 200.00 250.00 

20.00 0.39 
300.00 390.00 400.00 43D.00 

1 
500.00 530.00 600.00 650.00 700.00 

25.00 3.42 

30.00 11.81 

35.00 29.30 29.66 35.74 33.49 53. go 60.73 65.96 68.50 70.99 76.01 79.00 

4a 00 39.50 4a 15 55.11 63.2S 73.00 78.88 82.84 86.77 89.63 92.23 94.06 

45.00 S.99 67.40 70.52 86.37 91.30 95.05 97.04 98.39 99.13 99.40 99.70 

50.00 72.74 83.77 91.43 95.57 97.76 90.89 99.38 99.72 99.87 99.94 99.97 

55.00 64.32 92.98 97.07 99.99 99.61 99.85 99.94 99.98 100.00 100.00 100.00 

6a 00 S9.2B 98.40 99.60 99.89 99.90 moo 100.00 100.00 100.00 100.00 100.00 

05.00 90.91 99.8? 99.99 ioaoo 100.00 100.00 100.00 moo moo 100.00 100.00 

70.00 100.00 100.00 100.00 100.00 100.00 100.00 ICO.00 100.00 100.00 100.00 100.00 

FR0BHBILITIE5 OF FRIUURE *3ifTlJRFTTH)"/,,0QFRSEB GILfl OmJGMERTIE 



/3JDPE HEIGHT 
3JPE FNS 200.00 2SLOO 300.00 330.00 400.00 433.00 500.00 593.00 600.00 650.00 700.00 

2a oo 0.00 1 

25.00 0.02 

30.00 0.52 

35-00 2.78 1.23 1.33 0.45 0.85 2.78 2.69 2.78 3.33 3.01 3.SS 

40.00 4.41 2.2B 3.31 4.09 7.72 6.09 11.73 11.94 10.09 15.74 16.14 

45.00 9.35 13.20 15.82 15.96 19.60 25.77 27.09 25.92 30.73 31.44 38.01 

50.00 20.97 22.09 20.73 37.40 43.70 47.06 52.12 57.13 56.02 63.08 65.35 

55.00 35.17 47.17 53.78 66.54 71.36 73.10 74.04 7B.81 83.87 97.52 90.31 

60.00 84.76 63.24 72.67 78.34 86.43 91.57 92.80 94.93 97.09 99.82 98.67 

65.00 84.41 81.99 89.36 93.50 97.7B 99.83 98.94 99.42 99.49 99.95 99.34 

7D.OO 89.95 90.61 94.91 90.52 99.25 99.63 99.68 99.95 99.98 99.98 100.00 

PKEH3ILITIE5 tF FHIUUBE •OW'/VINE'4 9ILR DUEUCTERRTE 



/aiFEitiEHr 
SUFE fNS 200.CD 230.00 300.00 350.00 400.00 450.00 500.OD 550.00 600.00 650.00 7D0.00 

20. CD 0.31 1 

25.00 2.87 

30.00 7.64 

35.00 21.39 26.47 20.716 32.06 45.78 S2.71 9B.B3 63.31 64.79 70.57 75.67 

40.00 35.77 46.79 48.07 59.05 67.36 73.12 02.96 06.17 89.60 91.91 92.75 

45.00 51.29 85.72 74.90 83.29 00.74 SB.47 96.09 57.46 97.49 99.04 98.74 

50.00 69.64 79.41 90.69 95.09 96.79 90.71 99.39 99.51 99.63 99.86 99.95 

35.00 65.72 91.70 96.19 99.54 99.82 99.79 99.92 99.97 99.99 99.99 100.00 

60.00 95.44 93.33 99.74 99.93 99.99 100.00 100.00 100.00 100.00 100.00 100.00 

65.00 99.50 99.93 99.97 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

70.00 moo 100.00 100.00 100.03 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

PBLBFBILITIE5 OF rRILLRE "SRnRJ3fnEDVuFItE" GILR OGNGLGhERETTE 
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