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ABSTRACT 

The Department of Energy (DOE) has recently announced 

that the Superconducting Super Collider (SSC) will soon be 

built somewhere in the United States. Preliminary 

geophysical studies indicate that the Sierrita site 35 miles 

southwest of Tucson has geological conditions that would 

facilitate construction of the SSC. The Maricopa site 

southwest of Phoenix is also one of the two potential sites 

in Arizona. However, several additional geotechnical 

investigations were required to convincingly demonstrate the 

suitability of these two locations. 

The present research program identified the 

geotechnical properties of the soils at the two sites 

through various levels of laboratory and field testing. The 

significance of these results are discussed and 

recommendations are given. 
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CHAPTER 1 

INTRODUCTION 

1 • 1 Background 

The Department of Energy (DOE) has recently announced 

that a 20-trillion electron-volt particle accelerator will 

soon be built somewhere in the United States. This new 

accelerator—the Superconducting Super Collider (SSC)—will 

be several times larger than any other existing cyclotron 

and will enable many new discoveries to be made in the area 

of high-energy particle physics. The SSC will be the primary 

international center for experimental high energy physics. 

The discoveries in the area of high energy physics will, in 

turn, lead to improvements in areas such as communications, 

computing and medicine. 

The Department of Energy has recently issued an 

invitation for proposals, and several states are offering 

sites for the planned SSC project. A multidisciplinary 

working group made up of researchers and scientists at the 

University of Arizona has spent the last 36 months 

investigating the viability of two sites in Arizona. One of 

these sites, the Sierrita site, is located approximately 35 

miles southwest of Tucson. The Sierrita site has a variety 
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of outstanding features which makes it competitive with the 

locations proposed by other states. Another is the Maricopa 

site southwest of Phoenix. 

The primary component of the SSC project is a 52-mile 

long collider ring that will be housed in a 10-foot diameter 

concrete tunnel placed 3 0 to 5 0 feet below the ground 

surface. The most economical way to construct an underground 

tunnel of this type in Arizona is by the "cut-and-cover" 

method. In this approach, a trench is formed by excavating 

downward from the ground surface. Precast circular tunnel 

segments are placed in the open trench with cranes and the 

trench is then backfilled with the excavated soil. If the 

Sierrita site is selected, about 20 miles of the underground 

accelerator ring will be placed by the cut-and-cover method. 

Since the amount of material to be excavated 

decreases as the sides of the excavation become more 

vertical, the cut-and-cover method becomes more economical 

as the steepness of the side slopes is increased. However, 

for ease of construction, it is necessary that the sides of 

the open excavation remain stable (or standing) without 

bracing. The stability of these side slopes then becomes 

critical, and stability can be accurately predicted only if 

the shear strength of the soil is known in terms of the 

cohesion c and internal friction angle (J>. 

1.2 Purpose of the Research 

The soil at the Sierrita site has been characterized 
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as an "alluvial fanglomerate." Several large excavations 

have previously been made in this soil in conjunction with 

local mining operations . At the Twin Buttes open pit mine 

thirty miles south of Tucson (Figure 1.1), 150-foot high 

benched vertical slopes have been standing for the past ten 

to twenty years. The existing mines are a very important and 

available source of geotechnical data for the alluvium. 

However, it is still necessary to establish the shear 

strength of the soil through laboratory testing, and the 

ultimate stability of the existing slopes must be proven 

through analytical calculations. Such experimentation and 

analysis is an absolute necessity if the Sierrita site or 

Maricopa site is to be chosen for the SSC project. 

1.3 Scope of the Research 

The present research project is designed to identify 

the geotechnical properties of the soil at the Sierrita site 

and the Maricopa site through various levels of laboratory 

and field testing. A number of standard analyses are 

conducted to determine the soil's in situ density and water 

content, grain size distribution, plasticity, and compaction 

characteristics. Several different types of strength testing 

are also performed. Small-scale field slope testing is 

conducted as a means of supplementing the laboratory 

results. 



Figure 1.1 View of the Twin Buttes 
open pit mine 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Effects of Cementation in Cemented Sands 

Cemented sands are found in many areas of the world, 

and one of their distinguishing characteristics is their 

ability to stand in steep natural slopes. The cementation in 

the sand is provided by small amounts of agents such as 

silica, hydrous silicates, hydrous iron oxides, and 

carbonates deposited at the points of contact between sand 

particles. Cementation or cementation-like effects can also 

be produced by a dense packing of sand grains or by a matrix 

of silt and clay particles. 

Clough, Sitar, Bachus and Rad (1981) investigated 

large deposits of cemented sands found along the California 

coast. The slopes researched are typically 60 degrees or 

steeper (from the horizontal) and reach heights of 100 

meters, even though individual pieces of the sand can be 

crushed by light finger pressure. Field observations and 

reviews of historical documents reveal that slope failures 

in these areas are not uncommon and occur under gravity and 

earthquake-type loadings. The failures are typically shallow 

and occur rapidly. 
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Clough et al (1981) performed a series of laboratory 

tests to classify the cemented sands and define their 

response under static compression and tension loadings. A 

total of 137 laboratory tests were performed on four 

naturally-cemented sands found in the San Francisco Bay Area 

and on artificially-cemented sands fabricated to simulate 

the natural soil behavior. The artificially-cemented samples 

were used to define effects of amounts of cementing agent 

and sand density on soil response. The artificially-cemented 

samples were prepared by mixing Type II Portland cement and 

a uniform sand together at 8% moisture content. Samples 

ranging from very weak to very strong naturally cemented 

soils were chosen for a comprehensive analysis. 

The results of the tests show the behavior of a 

cemented sand to be strongly influenced by the amount of 

cementing agent, sand density, confining pressure, and grain 

size distribution. Also, failure modes are found to vary 

with confining pressure, level of cementation, and sand 

density. Importantly, it appears that many of the natural 

materials in some very steep and high bluffs contain only a 

relatively small amount quantity of cementation. This 

suggests that cementation plays a significant and perhaps 

often overlooked role in slope performance. The results from 

their tests indicated (Clough et al, 1984): 

1. Introduction of a cementing agent into a sand 

produced a material with two components of strength, that 
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due to the cement itself and that due to friction. The 

friction angle of a . cemented sand is similar to that of 

uncemented sands. Cementation in sands has the basic effect 

of adding a cohesion intercept and a tensile strength to the 

sand, increasing its stiffness, but not changing its 

friction angle significantly. The stiffness, tensile 

strength, and cohesion intercept are all sensitive to the 

amount and the nature of the cementing agent. 

2. Density, grain size distribution, grain shape, and 

grain arrangement all have a significant effect on the 

behavior of a cemented sand. The naturally-cemented sands 

with a significant percent of fines content were stronger 

than those with little to no fines. 

3. A weakly-cemented sand shows a brittle failure 

mode at low confining pressures with a transition to ductile 

failure at higher confining pressures. 

4. For brittle-type cementing agents, the cementation 

bonds are broken at very low strains while the friction 

component is mobilized at larger strains. 

2.2 Previous Investigation on Soil Strength Parameters and 

Slope Failure in the Vicinity of the Sierrita Site 

Golder Associates has been involved with the Twin 

Buttes mining operation since 1974. The purpose of the 

various strength testing programs undertaken by Golder 

Associates and others since 1968 has been to provide 

strength information relevant to the design of minable 
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slopes for the Twin Buttes open pit mine, which is within 

the Sierrita area. 

General information is known about the physical 

characteristics of Twin Buttes overburden. It has been 

described as a dense, well-graded mixture of sand and gravel 

size particles partially cemented by calcium carbonate. The 

material has high strength in-place, as evidenced by very 

steep and high excavated slopes which have shown no sign of 

failure. 

Both laboratory testing and back analyses were used 

to obtain data on the strength of the soil at Sierrita site. 

Each is discussed separately. 

2.2.1 Laboratory Testing 

There are two basic laboratory methods for 

determining the shear strength of the slope materials: 

triaxial testing and shear box testing. In triaxial testing, 

a cylindrical sample is subjected to an all-around confining 

pressure and then loaded axially. An advantage of the 

triaxial test is that it employs a homogeneous or uniform 

stress field. In direct shear testing, normal and shearing 

forces are applied and the discontinuity is oriented so 

that displacement of the box halves causes shear movement. 

The advantages of both type of strength testing are 

that they are both convenient to perform and that it is easy 

to vary the test parameters. The disadvantage of testing is 

that the particular samples tested may not be representative 
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of the large araa features, and thus caution must be 

exercised when extrapolating test results to slope behavior. 

Also, sampling disturbance may affect the properties that 

need to be determined. 

Since 1968, several strength testing programs have 

been undertaken by various laboratories with a view to 

defining the strength characteristics of the following 

general material types: 

A. Alluvium overburden 

B. Clay gouge and gouge infilled fault structures 

C. Clean rock discontinuities in various rock types. 

During 1968, the U.S. Bureau of Mines (USBM) 

conducted a series of direct shear tests on alluvium 

obtained from Twin Buttes. These tests included both 

remolded samples and "undisturbed" lumps. On the basis of 

these tests, the USBM recommended the following strength 

parameters (Golder Associates, 1977): 

A. For soil between the ground surface and 260 feet 

depth 

1) Shallow bench slides (75 feet or less of overburden) 

c = 200 psf <(> = 44 degrees 

2) Deeper failure surfaces (greater than 7 5 feet of 

overburden) 

c =200 psf (J> = 42 degrees 

B. From 260 feet depth to bedrock 

1) Shallow bench slides (75 feet or less of overburden) 
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c = 700 psf 4> = 45 degrees 

2) Deeper failure surface (greater than 75 feet of 

overburden) 

c =700 psf 4) = 43 degrees 

In 1970, the Engineers' Testing Laboratories (ETL) 

conducted a series of direct shear tests on disturbed 

overburden material, which was remolded and compacted to 

approximately in situ field density. The remolded strength 

values obtained were (Golder Associates, 1977 ): 

Minimum Mean Maximum 

cohesion (psf) 0 350 820 

friction angle (degrees) 37 40 40 

In addition, an attempt was made to duplicate in situ 

conditions by curing (drying) remolded and moistened samples 

for approximately 48 hours prior to testing. The results of 

this exercise were, however, inconclusive. Attempts by ETL 

to obtain undisturbed field samples met with little success 

(Golder Associates, 1977). 

2.2.2 Back Analysis 

A second method by which strength data can be 

obtained is by back analysis of a slope failure. Reliable 

strength data can be obtained by this analysis provided 

detailed information is available concerning slope geometry 

prior to and after the failure and the failure mechanism. 

The best strength data could be obtained by designing a 

trial slope to fail under fully instrumented conditions. 
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Back analysis of the failure would then provide shear 

strength values for overall slope design. 

Golder Associates performed back analyses of existing 

alluvium slopes in an attempt to interpret available shear 

strength values for the overburden. In 1974, Golder 

Associates presented results of back analysis for existing 

slopes at Twin Buttes. Back analysis results reported in 

1974 for factor of safety of 1 are given in Table 2.1. 

Table 2.1. Summary of Back Analysis Results by Golder 
Associates in 1974 

CUT HEIGHT SLOPE ANGLE ASSUMED FRICTION MINIMUM 
ANGLES COHESION 

(feet) (degrees) (degrees) (psf) 

50 85 40 1390 
100 80 40 1670 

In the back analysis of 1977, a selection of weekly 

pit plans from 1975, 1976, and 1977 was studied. Some actual 

overall slope height-slope angle combinations were measured 

and plotted to reveal the most adverse grouping. Four of 

these were used for a limiting equilibrium back analysis for 

circular failure. Complete drainage conditions were assumed. 

The shear strength parameters determined by this method 

follow: 

Friction Angle (degrees) Cohesion (psf) 

40 2150 
48 1620 
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It should be noted that this study is based on a 

factor of safety of 1, or in other words, limiting 

equilibrium/failure conditions. Overburden slopes have never 

shown evidence of instability, in themselves, although some 

sympathetic failures have occurred due to bedrock 

deformation and failure. Therefore, the slope combinations 

considered here were clearly existing at a factor of safety 

greater than unity and in turn, it is felt that the 

calculated parametric shear strength values are 

conservative. 

In 1979, Golder Associates summarized the strength 

data for different types of materials. For the alluvium 

overburden (Golder Associates, 1979): 

cohesion c = 1700 psf 

friction angle <t> = 43 degrees. 

In Figure 2.1, actual overall slope height-slope 

angle combinations were plotted to reveal the most adverse 

groupings. Complete drainage conditions were assumed and the 

results interpreted assuming potential circular failure 

modes. It gives existing stable slope height-slope angle 

combinations observed in the alluvium overburden at the Twin 

Buttes mine. On the basis of laboratory testing, the CJSBM 

recommended design strength parameters for the alluvium of c 

= 705 psf and (J) = 43 degrees. Assuming these strength 

parameters, and a factor of safety of unity, estimated 

height-angle combinations for fully drained slopes are shown 
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on Figure 2.1. It is evident that these strength values do 

not explain the existence of current slopes within the 

alluvium. Assuming that sample disturbance influenced the 

cohesive component of shear strength, then a design value of 

cohesion can be deduced (by back analysis of existing 

slopes) on the basis of a friction angle of 43 degrees. 

Considering the most critical slopes currently 

existing, a cohesive strength of 1700 psf is deduced, and 

using these strength parameters (c=1 700 psf, 4>=43 degrees), 

the slope height-slope angle combinations shown on Figure 

2.1 are obtained. 

2.3 The Geotechnical Properties, Behavior and Performance 

of Calcareous Soil of the Southwestern United States 

Calcareous soils predominate in most of Arizona. They 

possess distinctive geotechnical properties quite different 

from those soils generally treated in classical soil 

mechanics. 

Beckwith and Hansen (1982) investigated the 

geotechnical properties, behavior and performance of the 

calcareous soils. The properties of the calcareous soils are 

a consequence of their formation in periods of aridity and 

semiaridity during which calcium carbonates were carried 

downward by percolation of water from the surface 

precipitating to form cemented horizons. 

The structure of severely "collapsing" deposits of 

the Holocene Age, which are widely distributed over the 
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Southwest, is influenced by weak calcareous cementation. 

Collapsing soils are characterized by several inches to a 

few feet of settlement occurring after inundation. Many 

well-developed older calcareous horizons possess essentially 

continuous cementation and are not appreciably affected by 

fissures or other discontinuities. Thus, these materials 

have substantially higher shear strengths than stiff 

fissured clay and most other stiff soils and soft rocks. 

According to the Engineering Classification of 

Calcareous Soil for the Southwest United States, there are 

five classes of soil in Arizona and the Southwest. 

Class 1 soils are weakly cemented with filament and 

particle grain coatings. Typically, these soils have 

cohesions of 200 psf and friction angles of 30 degrees. 

Class 2 soils are moderately cemented and moderately 

weakened by moisture increases. They often have a nodular 

structure with a continuously cemented matrix. They have 

typical cohesions ranging from 1000 to 3000 psf and a 

friction angle ranging from 33 to 37 degrees. Class 3 soils 

are strongly cemented* only slightly affected by moisture 

increase. They have a laminated or stratified structure. 

They have the cohesions ranging from 3000 to 6000 psf and 

the friction angle ranging from 35 to 42 degrees. Class 4 

and class 5 soils are soft and hard rocks. 

Because of the presence of nodules, stratifications, 

and gravel particles, sampling is usually difficult. 
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Standard penetration, plate bearing, and pressuremeter tests 

and seismic surveys provided the best means of investigating 

the above geotechnical properties. 
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CHAPTER 3 

TESTING METHODS 

3.1 Test Program 

Classification testing, strength testing and soil 

properties testing have been performed. Classification 

testing involved performing sieve and hydrometer tests on 

the soil, and Atterberg limit tests on soil fraction passing 

the No. 40 sieve. The strength testing involved direct shear 

tests, unconfined compression tests, and field strength 

testing. Soil property testing involved specific gravity 

tests, permeability testing, consolidation testing, 

compaction testing, field density testing, and field water 

content testing. 

3.2 Sample Preparation 

The naturally-cemented soil samples were obtained 

from the Sierrita site by hand-cutting large blocks of the 

material. The soil was cut by hand trowel, and often tended 

to break apart under strong finger pressure. Care was 

required in handling the sample since a shock tended break 

the sample into pieces. 

The samples from the Maricopa site had been shaped by 

the plastic or metal tubes used for drilling and had been 
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sealed in the tubes. For the reason that the samples were 

obtained from the limited drilling cones, the samples are 

not as statistically representative as the samples from the 

Sierrita site. 

3.3 The classification Testing 

3.3.1 Grain Size Analysis 

For the Sierrita site, four laboratory sieve analyses 

have been performed to establish grain size distributions. 

Samples were taken at various locations within the Sierrita 

site, two of which were from the sites where the small-scale 

field slope tests had been conducted. Because larger samples 

are statistically more representative, one of the four 

samples weighed 23 kg, the others were 4 kg, 4 kg, 2 kg 

respectively. The sieve stack (in the order from top to 

bottom) is presented in Table 3.1. 

Nine sieve analyses for the samples from the Maricopa 

site's drilling have also been performed, using a sieve 

stack ranging from the No. 4 sieve to the No. 200 sieve. 

The mechanical sieve shaker was used and the time for 

sieving was 5 to 10 minutes. Then the weight of the material 

remaining in each sieve was obtained. The amount of soil 

lost in the sieve analysis for each test was less than 2 

percent, which is considered satisfactory. 
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SIEVE NO. OPENING (mm) 

38. 1 
19.1 
12.7 
9.52 

4 4.75 
1 0 2.0 
20 0.85 
40 0.425 
60 0.250 

1 00 0.150 
140 0 . 1 06 
200 0.075 

Four curves of the grain size distribution for the 

Sierrita site are shown in Figure 3.1. As may be observed, 

when the grain diameter is less than 5 mm, the curves are 

very close to each other. This means the soil at Sierrita 

site has a very consistent grain size distribution. Each 

gradation curve is smooth and generally concave upward. From 

the curves, the coefficient of uniformity Cu and the 

coefficient of concavity Cc were obtained as in Table 3.2. 

Table 3.2. Summary of the coefficient of uniformity Cu 
and the coefficient of concavity Cc for the 
Sierrita Site 

TEST NO. 1 2 3 4 

Cu 12 11.5 15 10.7 

Cc 0.95 1.05 1.01 0.93 
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Very well-graded soils may have a Cu of 15 or 

greater, and a soil with a Cc between 1 and 3 is considered 

to be well graded. Therefore, the soil at the Sierrita site 

is a well-graded soil which has a good representation of 

particle sizes over a wide range. Most of the soil at the 

Maricopa site can also be regarded as well-graded soil 

according to the Cu and Cc in Table 3.3. 

3.3.2 Hydrometer Analysis 

In order to estimate the percentage of clay (percent 

finer than 0.002 mm in grain size) in the soil samples, the 

hydrometer method was used. Soil behavior for the cohesive 

soil fraction depends principally on the type and percentage 

of clay minerals present. 

Exactly 50 g of soil passing the No. 200 sieve was 

mixed with 125 ml of 4% NaP03 solution. After one hour, the 

soil mixture and the tap water were transferred to the 

sedimentation cylinder, which was then filled with water 

up to the 1000-ml mark. 

Hydrometer and the thermometer readings were taken at 

elapsed times of 1, 2, 3, 4, 8, 16, 30, 60, 120 minutes, and 

4, 8, 16, 32 hours. The tests were terminated when the 

results that Diameter, D is less than or equals to 0.002 mm 

were reached. Then the percentage of the clay could be 

determined. 

The results of the hydrometer tests as well as of the 

sieve analyses are shown in the Table 4.2. From the 
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hydrometer test for the Sierrita soil, clay comprises only 

0.113% of the soil. For the Maricopa site, it was found that 

the fine content (material passing the No. 200 sieve) 

generally varies from approximately 5.4 to 36.8%, the clay 

from approximately 0.44 to 7.5%. 

The discrepancy in the grain-size distribution curve 

for the Maricopa site was due to the preparation of the 

samples which were extruded into the tubes with diameter of 

2 to 3 inches, in this way, the samples were not well 

representative of the area features and the bias was obvious 

among the curves. 

3.3.3 Atterberg Limits Test 

The two most commonly used limits are the Liquid and 

Plastic Limits. The Liquid Limit is the water content at 

which a change from plastic to liquid behavior occurs and 

the Plastic Limit is that water content below which the 

material crumbles on application of stress. The range of 

water contents over which the material remains plastic is 

the difference between the Liquid and Plastic Limits and is 

called the Plasticity Index (PI). 

The liquid limit tests were performed using the 

standard ASTM device on soil samples from either the 

Sierrita or Maricopa site that had been passed through the 

No. 40 sieve. Three or four blow counts were generated from 

each soil sample; each count fell in the range of 15 to 40 



Table 3.3. Summary of the Classification Test Results 
on the Samples from the Sierrita and 
Maricopa Sites. 

SAMPLE SIEVE ANALYSIS HYDROMETER TEST Cu Cc 
- No.200 (%) (CLAY %) 

SIERRITA 5.0 0.113 12.3 1.0 
SOIL 

MD-6 14.5 3.44 6.7 1.3 
(25-30 FT) 

MD-6 19.9 7.5 38.3 7.2 
(50-55 FT) 

MD-6 5.4 0.84 10.4 1.0 
(75-78 FT) 

MD-6 31.2 7.48 48.5 8.5 
(248-253 FT) 

MD-7 36.8 4.49 46.5 3.3 
(0-15 FT) 

MD-7 18.4 1.94 62.7 1.6 
(25-30 FT) 

MD-7 18.3 0.44 38.7 1.9 
(40-45 FT) 

MA-2 18.1 2.36 42.7 2.7 
(50-55 FT) 

MA-5 13.8 1.37 54.3 1.6 
(60-65 FT) 



blows and were strong enough to close the standard groove of 

12.7 mm. These blow counts, with corresponding water 

content, yield a reasonably spread plot. The locus of points 

for any one soil tends to fall on a straight line on the 

semilogarithmic scale. The Liquid Limit is the water 

contant, at which 25 are requered to close the standard 

groove. 

The purpose of the plastic limit test is to measure 

the water content (i.e. the PL) at which a thread of soil 

just crumbles when it is carefully rolled out to a diameter 

of 3 mm (1/8 in). The Liquid Limit and Plastic Limit for the 

Sierrita and Maricopa site were determined according to the 

standard ASTM procedures mentioned above. In general, the 

Liquid Limits ranged from 21-50%, the Plastic Limits ranged 

from 20-27.8% and the Plasticity Index, therefore, ranged 

from 1-29%. The values are listed in the Table 4.3. 

3.4 The Classification of the Soil 

Since between 75% and 81% of the coarse fraction is 

smaller than the No.4 sieve size, the Cu is greater than 6, 

and the Cc is around 1, therefore, the soil is classified as 

SW, well graded sand, according to the Unified Soil 

Classification System (USCS). 

Soils having between 5% and 12% passing the No.200 

sieve are classed as "borderline" and have a dual symbol. 5% 

of the soil from the Sierrita site passed the No. 200 sieve; 

it has a Liquid Limit (LL) of 21.4, a Plastic Limit (PL) of 
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19.9, and a Plastic Index (PI) of 1.45. Therefore, the soil 

is defined as SW-SM, well-graded silty sand (the feature of 

the soil is shown in Figure 3.3), according to the Unified 

Soil Classification System. 

From the sieve analysis, the coefficient of 

uniformity Cu and the coefficient of concavity Cc were 

obtained for different kinds of soil samples. From the 

results of the previously described tests, the soils from 

different layers and drilling sites were classified 

according to the Unified Soil Classification System (USCS). 

The classification of the Maricopa soil is clayey sand or 

silty sand. The results are presented in the Table 3.4, and 

should be interpreted with caution because non-

representative samples may have been studied. 
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Table 3.4 Summary of the Classification Test Results 
on the Samples from the Sierrita and 
Maricop Sites 

SAMPLES ATTERBERG LIMITS SOIL 
LL PL PI CLASSIFICATION 

SIERRITA 21.4 19.9 1.45 SW-SM 
SOIL 

MD-6 42.2 20.6 21.6 SC 
(25-30 FT) 

MD-6 44.1 20 24.1 SC 
(50-55 FT) 

MD-6 50.6 21.6 28.9 SC 
(75-78 FT) 

MD-6 28 25 3 SM-SC 
(248-253 FT) 

MD-7 33.6 22.2 11.4 SC 
(0-15 FT) 

MD-7 39.3 22.8 16.5 SC 
(25-30 FT) 

MD-7 31.9 23.7 8.2 SM 
(40-45 FT) 

MA-2 30.9 20.6 10.3 SC 
(50-55 FT) 

MA-5 36.1 27.8 8.3 SM 
(60-65 FT) 



Figure 3.3 The Alluvium Overburden at the 
Sierrita Site 
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3.5 The Soil Properties Testing 

3.5.1 Compaction Test 

In order to get maximum density and the optimum 

moisture content (OMC) of the soils, both the standard 

compaction test and the modified compaction test were 

performed. The essentials of both tests were the same: about 

3 kg of soil which had been passed through the No. 4 sieve 

was taken, water was added and the soil was compacted into 

a 944 cm mold either in three layers for the standard test 

or five for the modified test with 25 blows per layer, the 

hammer was either 24.5 N or 44.5 N dropping either 0.305 m 

or 0.46 m respectively onto the soil, water-content samples 

were taken, more water was added, the soil was thoroughly 

remixed, and the process of compacting a mold of soil was 

repeated. This sequence was repeated a sufficient number of 

times that a curve of dry density vs. water content could be 

drawn. The curve had a zero slope with sufficient points on 

either side of the maximum density point to adequately 

define its location. 

The moisture-dry density relationship for the 

Sierrita Soil is illustrated in the typical compaction curve 

shown in Figure 3.4; and for the Maricopa soil in 

Figure 3.5. 

The standard compaction curve of the Sierrita site 

indicates a standard maximum compacted dry density of 127.3 

pcf at an optimum molding water content of 10%. The maximum 
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dry density represents an increase of about 6% over the 

natural dry density. This increase in the dry density had 

been expected; furthermore, a higher increase could be 

attained by increasing the compactive effort using the 

modified compaction method (ASTM D-1577). The modified 

compaction curve indicates a modified maximum compacted dry 

density of 132.2 pcf and an optimum molding water content of 

8.3%. 

The compaction test for the Maricopa soil shows 

similar results. The standard proctor curve shows a maximum 

dry density of 124.3 pcf at an optimum moisture content of 

11.2 % while the modified curve shows 131.3 pcf as the 

maximum dry density at an optimum moisture content of 8.7 %. 

The results show very similar compaction 

characteristics between the Sierrita soil and the Maricopa 

soil. The shape and relative position of the compaction 

curve is related to the gradation of the soil and the type 

of the soil. From the above tests, it reflects that the 

Sierrita soil and the Maricopa soil tend to have similar 

gradations and to be the similar types of soil except for 

the natural cementation. 

3.5.2 Consolidation Test 

The laboratory consolidation test was performed on a 

25 mm thick specimen placed in a confining metal ring with a 

diameter of 62 mm. The apparatus was of the floating-ring 

type. The test was run by applying loads according to a 
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sequence as follows: 

0, 1/4, 1/2, 1, 1/2, 1, 2, 4, 8, 16, 8, 16 tsf 

for the Sierrita soil; 

0, 1/4, 1/2, 1, 2, 0, 2, 4, 8, 16, 4, 8, 16 tsf 

for the Maricopa soil. 

At a convenient starting time, the load increment was 

applied and the deformation readings, at elapsed times of 

0.25, 0.5, 1, 2, 4, 8, 15, 30, 60, 120 minutes, were taken. 

A new load sequence was started when there was little change 

in the dial reading-that is, when the change of height of 

the sample between two readings was negligibly small. 

Compression indices, Cc, were obtained as follows: 

for the Sierrita soil, Cc = 0.13; for the Maricopa soil, Cc 

=0.23. It is known that the higher the value of Cc, the 

higher the compressibility of the soil. Soils with Cc < 0.2 

are regarded as low compressible soils. Therefore, the soil 

at the Sierrita site is of low compressibility, and the soil 

from the Maricopa site is of low-to-moderate compressibility 

soil. 

3.5.3 Permeability Test 

In determining the coefficient of permeability, the 

falling-head test was conducted. Several factors may 

influence the reliability of the permeability test in the 

laboratory. The degree of saturation may have been less than 

100%, which would effect the test results significantly. For 

example, two permeability tests were conducted for the 
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Sierrita soil. The soil samples in the first test were 

saturated for 6 to 10 hours before the tests were conducted. 

The other were saturated only for 1/2 to 1 hour. The 

coefficients of permeability are much different from the 

results. The coefficient of permeability in the first case 

is higher than the one in the second case. 

3.5.4 Specific Gravity Test 

To determine the specific gravities for the two 

soils, the vacuum deairing method was used with the 

volumetric flask according to the ASTM D854 standard. The 

average of the specific gravity of the Sierrita site soil 

solids was 2.69, which is in agreement with the approximate 

value, 2.65 to 2.69, used for sandy soil. The average of the 

specific gravity of Maricopa site soil solids was 2.65. 

3.5.5 In Situ Density and In Situ Water Content Tests 

For the field density of the soil in the Sierrita 

site, the dry and undisturbed samples were coated with wax 

of known volume. The sample was put into a glass with water 

of known volume to measure the total volume. The increased 

reading of the water-volume was regarded as the volume of 

the sample. Since the weight of the sample without wax was 

already known, the field density can be obtained. 

Determining the field density of the soil from the 

Maricopa site was simplified because of the samples' 

cylindrical shapes. After measuring the dry and undisturbed 
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samples and weighing the samples, the field density could 

be obtained. The disturbance from the drilling to the sample 

may have effect to the field density, here it is ignored. 

The in situ dry density of the selected soil from the 

Sierrita site was determined four times. The average value 

was found to be 120 pcf. The dry density of 120 pcf is 

equivalent to a natural void ratio (e) of 0.39, or a 

natural porosity (n) of 28%. For the practical ranges, the 

natural void ratio for sand ranges from 0.3 to 1.0; the 

natural porosity for sand ranges from 25% to 45%. Such a low 

value of e and n for the Sierrita site indicates a very 

dense state, nearly as dense as the state of dry density 

obtained from the standard compaction test (dry density of 

127 pcf, e = 0.32, n = 24%). 

The in situ dry density of undisturbed soil from the 

Maricopa site was determined nine times. The volumes of the 

nine samples were easy to measure since the samples had been 

shaped by the plastic or metal tube used for drilling. The 

average value was found to be 116 pcf, which is equivalent 

to a natural void ratio of 0.42, or a natural porosity of 

29.6%. 

The in situ water contents of the Sierrita and 

Maricopa sites were determined. The range was from 3% to 5% 

for the Sierrita site. These figures were based primarily on 

samples taken from the failure planes of the field slope 

testing and above the ground water table. The range of the 
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water content was from 3.95% to 6.7% for undisturbed samples 

used in the unconfined compression tests for the Maricopa 

site. 

3.6 The Strength Testing 

3.6.1 Direct Shear Test 

Direct shear tests are one method of determining the 

shear strength characteristics of soil. Basically, direct 

shear tests consist of determining the shear loads necessary 

to shear material along a predetermined plane while a 

constant force is applied normal to the shear plane. To 

define the shear strength parameters (<t> and c), a number of 

tests must be performed with different normal loads on 

similar samples. 

A series of direct shear tests were performed on 

disturbed soil samples from the Sierrita site and the 

Maricopa site. Several specimens were trimmed in order to 

obtain intact undisturbed samples for direct shear testing. 

The hand-saw method was tried. However, the metastable 

fabric and the presence of relatively coarse gravel 

particles made it impossible to prepare undisturbed samples 

for direct shear testing, which required that the samples 

fit the dimensions of the shear box on the instrument. The 

samples were remolded and compacted to the two maximum 

densities obtained from the Standard and Modified compaction 

tests. The shear box on the test machine had a square size 

10 cm by 10 cm. Values of cohesion c and friction angle <t> 



5 0  

were obtained from the graphs produced from the data of the 

tests. 

3.6.2 Direct Shear Tests on Samples From the Sierrita Site 

For the Sierrita site soil, the direct shear tests 

were on two kinds of remolded samples: one with a dry 

density of 132 pcf and water content of 8.3%; another with 

a dry density of 127 pcf and water content of 10%. Both the 

dry density and water content results came from the standard 

and modified compaction tests. On the basis of these tests, 

the following strength parameters were obtained: 

1) Dry density of 132 pcf, water content of 8.3% 

c = 360 psf, <p= 38 degrees 

2) Dry density of 127 pcf, water content of 10% 

c = 0 psf, <t>= 37 degrees 

According to the in situ field density and water 

content tests, the in situ field density ranges from 114 to 

130 pcf, and the average value is 120 pcf. In situ water 

content ranges from 3% to 5%. It was observed that the 

densities of the samples for the direct shear tests were 

almost within the range of the in situ field density. 

In 1970, the Engineering Testing Laboratories 

performed the direct shear tests on disturbed samples in the 

in situ field density. Their average remolded strength 

values are: 

c = 330 psf, </>=39 degrees 

Compared with the values of ETS, c = 360 psf and <f> =38 
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degrees can represent the remolded strength values in the in 

situ density of the research. However, these measured c 

values are too low to explain the existence of the 1 50-foot 

high benched vertical slopes in the alluvium at the Sierrita 

site. For example, according to Golder Associates, a soil 

with a friction angle of 40 degrees requires a cohesion of 

at least 2400 psf for a 400 feet cut with slope angle of 63 

degrees to be stable and have a factor of safety of 1 . The 

major part of the in situ cohesive strength, therefore, was 

already destroyed in the remolding procedures. 

3.6.3 Direct Shear Tests on Samples from the Maricopa Site 

For the Maricopa site, the direct shear tests were 

also on two kinds of remolded samples: one with a dry 

density of 131.3 psf and water content of 8.7%; another with 

a dry density of 124.3 psf and water content of 11.2%, 

obtained from the standard and modified compaction tests. On 

the basis of these tests, the following strength parameters 

were obtained: 

1) Dry density of 131.3 psf, water content of 8.7% 

c = 320 psf, <t> = 39 degrees 

2) Dry density of 124.3 psf, water content of 11.2% 

c = 100 psf, 0 = 36 degrees 

3.6.4 Unconfined Compression Test 

Besides direct shear tests, the unconfined 

compression tests were conducted to evaluate the shear 

strength of the soil from the Sierrita site and the Maricopa 
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site. The test samples of the Sierrita site were remolded 

using the Harvard miniature compaction apparatus. The 

samples were of the two optimum molding water contents and 

maximum compacted dry densities obtained from the standard 

and modified compaction tests. The test samples of the 

Maricopa site were undisturbed and tube-recovered from the 

drilling. 

The "Soiltest Chicago U-160" hydraulic testing 

machine was used for all compressive strength testing. 

Loading was achieved by applying a constant stress rate. 

Continuous loading at this constant rate was applied to each 

sample to a point considerably beyond the ultimate strength. 

Using the unconfined compressive strength of the 

soil, qu, the Mohr1s circle can be constructed. Assuming 

that the soil has an angle of internal friction, or taking 

the friction angle from the direct shear test, the cohesion 

of the soil can be computed. The results of the unconfined 

compression tests are in the Table 3.5. 

If the angle of internal friction is assumed to be 

zero, <p=0, then the cohesion, c, for the Sierrita sample is 

c = qu/2 = 1002 to 1139 psf 

from the Morhr's circle. While for the Maricopa sample 

c = qu/2 = 1091 to 1259 psf 

However, as it has been shown from the direct shear tests, 

the angles of internal friction are not zero for both 

Sierrita and Maricopa soil. Instead, the friction angle for 
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the Sierrita soil is 38 degrees, and 36 to 39 degrees for 

the Maricopa soil. 

Table 3.5 Summary of the Results of the Unconfined 
Compression Tests . 

SIERRTA SITE 

Sample with the maximum 
dry density and optimum 
water content from 

Unconfined compressive 
strength, qu 

Standard compaction 
Modified compaction 

2005 psf 
2278 psf 

MARICOPA SITE 

Undisturbed sample 1 
Undisturbed sample 2 

2181 psf 
2519 psf 

With the assumption of the friction angle of 38 

degrees, the cohesion for the disturbed sample of the 

Sierrita site is 450 to 510 psf using the Mohr's circle. It 

is observed that this result does not contradict the result 

if c = 370 psf, obtained from the direct shear test. The 

result of c = 450 to 510 psf is 21% to 38% more than the 

result of c = 370 psf for the disturbed samples. Therefore, 

the strength parameter c for the disturbed samples in the 

Sierrita site is within a narrow range of 370 psf to 510 psf 

for the different types of strength testing. 

While the cohesion for the undisturbed sample from 

the Maricopa site is 510 to 600 psf with the assumption of 

friction angle as 37 degrees. This suggests the undisturbed 

samples from the Maricopa site are weakly cemented. 
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CHAPTER 4 

BACK ANALYSIS OF THE SLOPE FAILURE 

4.1 Small-scale Field Slope Test 

In addition to the laboratory testing, several small-

scale field slope tests were conducted using existing slopes 

at the now inactive Twin Buttes Mine. Because the friction 

angle of the natural soil had been inferred through direct 

shear testing in disturbed samples, the field test permitted 

the cohesive component of the shear strength to be 

established. An evenly distributed surface surcharge was 

applied at the crest of an existing slope by means of a 

hydraulic jack. A huge mine scraper (Fig. 4.1) was used as a 

reaction support. The steel plate (6 in.*6 in.) was placed 

at the crest. The seventy-ton hydraulic jack with a pressure 

gage attached was centered upon the plate. The load at 

which the slope failed, along with the dimensions of the 

failure wedge, were recorded (Fig. 4.2 and Fig. 4.3). Then 

established analytical techniques (Appendix A) were used to 

back-calculate the cohesion of the soil. In the field, the 

actual slope failure occurs within a limited length because 

the loaded area is not long enough to achieve plane strain 

conditions. In the field test, therefore, the long loaded 



Figure 4.1 The Setting Up of the Field Testing 

Figure 4.2 The Failure Plane of the Testing 
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Figure 4.3 The geometry of the failure plane 
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area was not used. 

Another method was tried before the above method. The 

procedure was to find the vertical trenches of about 4 to 5 

feet high at the Sierrita site. A rectangular hole, big 

enough to put the hydraulic jack standing in, was dug into 

the exposed face. The bottom of the hole then served as the 

reaction support. The upward force was applied by the jack 

to the steel plate on the roof of the hole (Fig. 4.4). When 

the load reached a certain point, the failure plane 

developed from the roof of the hole to the surface of the 

trench (Fig. 4.5). The load at which the failure plane 

reached the surface of the trench, i.e. at that time the 

upper part of the trench collapsed as a result of the direct 

shearing force, the depth and the width of the failure plane 

were recorded. During the testing, failure took place at 

extremely low loads, which suggests that the soil was 

disturbed and the major part of the in situ cohesive 

strength was destroyed in digging the rectangular hole. 

Therefore, the pressure gauge mounted to the jack did not 

show the reading of the force necessary for the trench to 

fail, this method failed to give the final results. 

4.2 Three-Dimensional Limit Equilibrium Analysis 

Existing methods of analysis for cohesive slopes 

subjected to surcharge loads are mostly based on two-

dimensional (plane strain) modes of failure where the 

surcharge load is of infinite extent. In cases where the 
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loaded area and/or the failure zone are not "long enough", 

such as in the above field testing, three-dimensional 

effects become important, and plane strain analyses are no 

longer justified. 

Azzouz and Baligh (1975) showed that for a cohesive 

soil, the three-dimensional end effects can lead to a 4 to 

40 percent increased in the factor of safety. Certainly, 

errors associated with the assumption of two-dimensionality 

can be at least as significant as variations between various 

two-dimensional limit equilibrium methods. 

Prior to 1977, three-dimensional stability analyses 

were limited to cohesive soils. Hovland (1977) presented a 

three-dimensional analysis for soil ' with cohesion and 

friction, based on the same assumptions as in the Fellenius 

or Ordinary method. That is, all inter-slice forced were 

neglected. Pore-water pressures were also not taken into 

account. Two special cases were analyzed; i) a cone-shaped 

shear surface on a vertical slope, and ii) a wedge-shaped 

shear surface. It was shown that three-dimensional factors 

of safety (i.e. F3) were always higher than two-dimensional 

factors of safety (i.e. F2) for cohesive soils. It was also 

shown that this need not always be the case for cohesionless 

soils. The ratio of F3/F2 was shown to be quite sensitive to 

magnitudes of cohesion and angle of friction, as well as to 

the geometry of the three-dimensional slip surface. 

Azzouz, Baligh and Ladd (1981) performed back 
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analyses on 4 embankment failures using two- and three-

dimensional, undrained shear strength analyses. Their 

results indicated that the end or edge effect (i.e., the 

addition of the third dimension) increased the two-

dimensional factors of safety by a maximum of 30 percent and 

a minimum of 7 percent. Therefore, the results from two-

dimensional, back analyses will overestimate the strength 

and can lead to an unsafe situation when these values are 

used in design. 

Chen and Chameau (1982) presented a three-

dimensional, limit equilibrium method that is similar in 

formulation to Spencer's two-dimensional method, that is, 

the interslice forces are assumed to be at a constant 

inclination throughout the soil mass. The soil can have 

cohesion and a friction angle, and pore-water pressures can 

be taken into account. The moment and force equilibrium 

equations are solved to give the inclination of the 

resultant interslice forces and the factor of safety. Their 

results can be summarized as follows: i) the three-

dimensional effects are more significant when the length of 

the sliding mass is small; ii) for gentle slopes, the two-

dimensional effects are more significant for soil with a 

high cohesion intercepts and a low angle of internal 

friction; iii) the three-dimensional factor of safety may be 

less than the two-dimensional factor of safety for soils 

with a low cohesion intercept and a high angle of internal 
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friction; and iv) the pore-water pressure may cause the 

three-dimensional effects to be even more significant. 

The differences of three-dimensional stability 

analyses to cohesive soils and cohesionless soils can be 

explained using following derivation. 

In Figure 4.6, Fac is the actual shear stress and is 

constant, Fav is the available shear strength, Fav =J t ds = 

L*1*"C for one unit length, and ~C = c +<T * tan#. 

The definition of the safety factor (SF) is the ratio 

of available shear strength to the actual shear strength. 

SF = Fav/Fac 

For cohesionless soil, 

c = 0, Fav = L* cf*tan$ = L*P/( 1 *L)*tan<# = P*tan0, 

SF = P*tan<£/Fac = constant. 

From above, the area of the failure plane (L*1=L) is 

not a factor for the cohesionless soil. Therefore, when the 

area of a failure plane in three-dimensional analysis is 

larger then the area in two-dimensional analysis, the safety 

factors are the same for both cases. 

On the other hand, for cohesive soil, <t> = 0, 

Fav = L*c. 

SF = L*c/Fac. 

Therefore, when the area of a failure plane in three-

dimensional analysis is larger then the length in two-

safety were always higher than two-dimensional factors of 

safety for cohesive soils. 
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Fac 

Fav 

S F = Fav/Fac 

S3 > S2 

2-D Failure 
plane area 
(S2) 

3-D Failure 
plane area 
(S3) 

Figure 4.6 The simplified demonstration of the safety 
factor and the difference of the failure 

plane in 2-D and 3-D analyses 
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The results of the field slope testing, including the 

back-calculations for cohesion c, are contained in Appendix 

A. The average strength parameters obtained through these 

back analyses are: 

COHESION (psf) FRICTION ANGLE 

2170 37 degrees 

These results are consistant with the typical 

properties of Class 2 soils of the Engineering 

Classification of Calcareous soils of the Southwestern 

United States, mentioned in Chapter 2. Class 2 soils are 

moderately cemented with cohesion of 1000 to 3000 psf and 

friction angle of 33 to 37 degrees. Therefore, the soil in 

the Sierrita site is moderately cemented. 

Compared with the results of the strength studies 

reported in Chapter 3, i.e. the average strength parameters, 

c = 360 psf, <p = 37 degrees, it is obvious that the major 

part of the in situ cohesive strength was destroyed in the 

remolding procedures. This in situ cohesion is considered to 

be the result of cementation and grain interlocking, and it 

also suggests that cementation plays a significant role in 

the very high and steep slope performance at the Sierrita 

site. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

The results of the research, the analyses described 

in this thesis, and the significant accomplishments are 

briefly reviewed. 

1. The soil at the Sierrita site is well-graded. The 

grain size distribution is nearly identical at all locations 

within the study area. According to the Unified Soil 

Classification System, the soil is defined as SW-SM, a well 

graded silty sand. 

2. Soil making up the very high and steep slopes in the 

Sierrita site is strongly cemented. By hydrometer analysis, 

it appears that the soil at the Sierrita site is comprised 

of only 0.11% clay. This indicates that cementation plays a 

significant role in the slope performance. 

3. The laboratory experimentation on disturbed and 

remolded soil from Sierrita site determined the shear 

strength of the soil as: 

c = 360 psf, <b = 38 degrees 

The field slope testing and computer-based back-

calculations of shear strength yields the values: 
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c = 2170 psf, <J> = 37 degrees 

It is obvious that the major part of the in situ 

cohesive strength was destroyed in the laboratory 

experimentation. This in situ cohesion is considered to be 

the result of cementation and grain interlock. 

4. The direct shear tests, the compaction tests, the 

consolidation tests and permeability tests on both samples 

from the Sierrita site and the Maricopa site indicate that 

their soil properties are very similar to each other except 

for the natural cementation. 

5. Because of the strong cementation of the soil in the 

Sierrita site, the cut and cover method becomes more 

economical as the steepness of the side slopes is increased 

high. 

5.2 Recommendations 

1. Laboratory direct shear tests and in situ shear 

testing should be undertaken to gain insight into the 

effects of sample size and material gradation on shear 

strength. 

2. The effects of the overburden weight surcharge, 

seismic loading from blasting operations and the ground 

water to the cementation of cemented soil should be 

investigated. 

3. The variation in depth of cementation in the Sierrita 

site should be clarified. 
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4. The disturbance caused by the cut and cover method to 

the cementation of the Sierrita soil should be investigated. 
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APPENDIX A 

With the three-dimensional consideration, the shear 

strength parameters were determined by the field strength 

testing and back-calculating analysis. 

The approach of Wedge-Shaped Shear Surface Analyses 

by Hovland (1977) were used. The wedge shaped failure mass 

for the calculation is shown in the end of Appendix A. 

Hovland's equation for the F3, 3-D Factor of Safety, was 

rearranged and solved for the unknown value of cohesion: 

c = (F3 - tan<£/(B*tani ) ) * ( /e*b*sini/( 3*B) ) 

where B = ( 4*(b*F3/w)2 * ( sini )2 + 1)^ 

c is the cohesion of the soil. 

F3 is the 3-D factor of safety, which is equal to one 

at failure condition. 

<f> is the internal angle of friction, here it is 37 

degrees obtained from laboratory testing. 

i is the angle of inclination of the central axis of 

the failure wedge shown in the end of Appendix. 

The external load at failure, Pf, is expressed by 

increasing the unit weight of the soil, /=120 pcf (the in 

situ dry density of the Sierrita soil obtained in Chapter 

3), to an effective unit weight, /e. The /e is calculated 

as following: 
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h = (V*/ +Pf )/V 

where V is the volume of the failure wedge, here V = 

b*h*w/6. 

The parameters and the results for the four tests is 

shown as following. 

Pf w b h V 
(lb) (FT) (FT) (FT) (FT3) 

TEST 1 7800 2 0.75 1 .7 0.425 

TEST 2 8600 2 0.83 1 . 1 0.299 

TEST 3 9500 4 0.83 2 0.919 

TEST 4 8250 4 0.42 2 0.556 

i 
(degrees) 

e 
(pcf ) 

B c 
(psf ) 

TEST 1 66 18473 1 .212 2517 

TEST 2 53 28883 1 . 1 92 2738 

TEST 3 67 1 0463 1 . 070 1746 

TEST 4 78 14958 1 .042 1689 

The average cohesion is, therefore, 2170 psf. 



a* s 

&d> 

tO* 
tfv© 

ca-
V* 

o^ 

1 *  


