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EXECUTIVE SUMMARY

Geotechnical data on copper, uranium, and phosphate
tailings from 41 mines, as shown in the table below were
collected and analyzed to empirically establish the
variability in strength properties for tailings embankments.
These data were analyzed both from a geotechnical perspective
and from a statistical perspective to infer typical strength
parameters for slope stability analysis. This work is part
of a larger USBM program of research on the safety of
tailings embankments, which intends to provide improved
empirical information for both traditional and probabilistic
analysis of tailings materials.

Geotechnical Data Summary
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COMMODITY Number of mines with specific data Total number
SPT Cone penetration Lab tests of mines
Copper 12 15 12 16
Uranium 3 1 14 15
Phosphate 4 1 18 19
(Gypsum) .
41
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The results of these analyses indicate large variability
of strength properties both within and among tailings
embankments. However, this variability in most cases appears
statistically regular and tends toward normal distributions
when spatial trends are removed. The implication of this
finding is that probablistic technigues can be used to assess
the importance of strength property variability for
embankment stability, and that the assumption of common
distributional forms for input to such modeling is
appropriate.

Strength data determined from in situ tests show erratic
spatial variability; data fluctuate significantly over short
horizontal and vertical distances. From a probablistic
modeling view, this erratic variability manifests as short
autocovariance distances.

The strength data consist of in situ measurements by the
cone penetration test, and laboratory measurements of various
types, principally direct shear and triaxial compression.



Collateral data were collected where available on strength
index properties (water content, Atterberg limits, grain size
distribution) and on pore pressures within embankments. Many
of these data were kindly provided by a large number of
individuals and firms from their own files, most of whom have
requested confidentiality.

The data analysis proceded in seven (7) stages. In
Stage 1 data from each site were reviewed to form a concept
of the tailings materials and the structure of the
embankments into which they were formed. In Stage 2
individual soundings and borings were studied to identify
zonation in the embankments. In Stage 3 individual records
were reviewed to identify outlying data and to establish
whether weak features were continued between borings. In
Stage 4 data were digitized and stored in computer readable
format. 1In Stage 5 quality indices were assigned to reflect
geotechnical and strength considerations. In Stage 6
statistical analyses were performed to establish trends,
statistical moments, best fitting distributional forms,
autocorrelation structures and cross correlation. In Stage 7
all results were reviewed for consistency and accuracy.

The interpretation of in situ test data, primarily SPT
blow counts and cone penetration resistances, involved
consjderable effort, as the implications of such data are
more complex than routine interpretations suggest. Many
tailings materials are partially drained during testing and
thus neither drained ( c,$¢ ) nor undrained ( sy )
interpretation yields correct strength parameters. An
unsettling conclusion of the present work is that many, and
possibly even most, in situ strength data for tailings are
useless for estimating strength parameters, since drainage
conditions during testing are unknown. '

Data Quality Indices were assigned to all data to avoid
mixing meaningful data with data that were difficult to
interpret. A single attribute index was developed for
Laboratory data, reflecting test procedures and specimen
guality. A more involved, two attribute index was developed
for in situ data to reflect (1) the procedure used in
testing, and (2) whether sufficient information was provided
on pore pressures and other conditions to allow unambiguous
interpretation of test results. These indices were directed
at the clarity with which data could be interpreted in the
present project and not the "quality" of the data per se-
thus they do not reflect the care with which tests were
performed or the competence of the individuals or
organizations performing the tests.



Statistical Analyses were performed both within and
among sites principally to establish (1) means and variances
of data scatter (i.e., statistical moments), (2) empirical
distributional forms, and (3) the structure of spatial
variability within tailings embankments. To test
distributional forms the raw data were plotted on Pearson
diagrams and plotted with best fitting normal, lognormal,
gamma, exponential and beta cumulative distribution functions
(cdf). '"Best fitting" distributions were based on maximum
likelihood parameters. Residual data (raw data with trends
removed) were also plotted on Pearson charts and then plotted
against normal and beta cdf's. Spatial structure was
analyzed by estimating autocovariance functions for the
residual data from in situ measurements. Too few laboratory
data were available with which to estimate autocovariance
functions.

Results of the data analyses to establish means and
variances for the strength properties of copper, uranium and
gypsum tailings are summarized below. Compared to other
geotechnical materials and properties, the tailings are quite
variable both within embankments and from one mine to
another. This finding conforms to common wisdom about copper
and uranium tailings, but not about gypsum. Both direct and
indirect strength on gypsum show considerable scatter, a fact
that contradicts the widely stated view within the industry
that gypsum is relatively uniform in its properties.
Speculative causes of this variability include variations in
composition of the gypsum particles, variable effects of
excess pore pressures generated during field tests, and
variable effects of sampling and laboratory testing.



Average within site variability for various
strength measures and commodities

COMMODITY MEAN STRENGTH AVERAGE COEFFICIENT OF VARIATION

Copper
sSpPT 28 39%
Cone 388.4 76%
¢ 3.4 8%
Uranium
SPT 14 52%
) 35.8 17%
Gypsum
SPT 20 56%
Cone 161.9 52%
¢ 41.6 143

Raw strength data in most cases show skewed distributions
which become increasingly regular and symmetric when spatial
trends are removed. For many sites the residual data appear
by inspection to be well modeled by normal distributions,
although given the often large data sizes {e.g., n=1000)
they often fail to satisfy statistical goodness-of-fit
tests. For such large data sizes even minor variations from
a theoretical distribution of frequencies can be significant
from a statistical view. For the practical purposes of
geotechnical engineering these variations are often
unimportant. Beta distributions, principally due to their
increased number of parameters, in many cases also provide
an adequate fit.

Vertical autocovariance functions could be estimated
for a number of sites, and tended to display autocovariance
distances on the order of 1 to 3 meters. This is on the low
end of the range typical of both man-made and naturally
occuring soils on other projects and as reported in the
literature.

Conclusions

The data analyses reported here support several conclusions-

1. The variability of strength parameters for tailings materials
is similar across commodities. Coefficients of variation from
one mine to another are about 18% for copper and gypsum, and
slightly higher for uranium.



2. The variability of strength data within an embankment differs
considerably with type of measurement. For laboratory tests

coefficients of variation of 10-20% are typical. For in situ
measurements, such as SPT and cone penetration, 50-100% are
tvpical.

3. No one distributional form appears appropriate as a general
model of tailings strength variability. However, individual
data sets appear to follow regular distributions.

4. The armount of measurement noise (or small scale variability)
in in situ measurements can be large, often on the order of
50% of the data scatter, and differs significantly
with measurement procedure. SPT data display considerably
more noise than do cone penentration data.

5. The spatial variability of tailings properties is erratic,
leading to autocorrelation functions which decay rapidly in
both the horizontal and vertical directions. Vertical
autocovariance distances on the order of 1 to 3 meters are
typical- horizontal autocovariance distances may be about ten
times the vertical.

Our results show that at any specific site an
appropriate distributional form to serve as input for
reliability modeling must be verified against site specific
data. No universally best distribution was found to exist.
However, once spatial trends are removed, most of the data
sets studied displayed unimodal distribution which were more
or less symmetric. Highly skewed distribtions were
infrequent.

Two non-statistical conclusions are also supported by
the data analyses. For practical purposes these are as
important as the statistical conclusions which were the goal
of the study. The first is that many of the in situ data
collected in tailings materials are nearly impossible to
interpret because drainage conditions during testing are not
known. Therefore, the results can neither be interpreted to
infer undrained strength parameters, nor to infer effective
strength parameters. The piezocone may improve this
situation.

The second conclusion is that equilibrium pore
pressures in tailings embankments for which data are
available range from one half hydrostatic for inactive ponds
to twice hydrostatic for active ponds. The uncertainty in
pore pressure may be the most important of all the
uncertainties about geotechnical parameters.
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Recommendations

From this work we offer the following recommendations

for future activities that would improve methods for safety
analysis of tailings dams-

1.

2.

Extend the analysis reported herein to other commodities.

Evaluate the use of piezocones to assess in situ strength
of tailings.

Undertake an analytical and field study of uncertainty in
pore water pressure in tailings dams and the effect of that
uncertainty on a safety evaluation.

Conduct a comprehensive risk analysis for an existing
tailings dam to define the analytical tools necessary for
such a study, to isolate the principal uncertainties in the
safety of tailings dams and to illustrate the use and
benefits of reliability analysis to the mining industry.
This analysis should include systematic uncertainties as
well as spatial variation, multiple modes of failure,
subjective opinion, and economic aspects of construction,
instrumentation and failures. Earlier work by Anderson et.
al., 1982, sponsored by the USBM, could serve as a starting
point. '
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1. INTRODUCTICN

The engineering design of tailings embankments and
storage ponds, like most of geotechnical engineering, is now
performed on a deterministic basis. 'Safety' of these
facilities is sought by designing to sufficiently large
factors of safety such that probabilities of failure are
reduced to small, although unspecified levels. Recent.
interest has developed in both mining and geotechnical
engineering in the use of risk-based design, in which
uncertainties and probabilities are explicitly considered in
assessing safety and making decisions. Among other factors,
this trend is being supported by increased mining costs, the
introduction of more data intensiye site characterization
(e.g., through the use of continuous in situ profiling
devices), and improved statistical and probabilistic
procedures,

In response to this trend, the U.S. Bureau of Mines
sponsored research at Utah State University under Contraact
J0295029 to review current reliability models applicable to
tailings embankments, and to apply such models to a test
site. This work was reported in January 1982, One result of
this work identified the need for better information on the
variability of tailings properties, characterized in ways
useful for reliabiltiy analysis. The present report is a
direct result of that perceived need.

This report summarizes work conducted under, Contract
J0215028 entitled, "Critical Parameters for Tailings
Embankments." This work identified a number of sites for
which extensive field or laboratory data had been collected
on geotechnical properties of tailings, statistically
analyzedthose data, and drew conclusions on appropriate
distributional forms for use in reliability modeling of
geotechnical parameters. In addition, sufficient data were
available at several sites to allow inferences of the spatial
structure of data ariability, and for these data sets
attempts were made to determine spatial trends, infer
autocorrelation functons, and establish leyels of measurement
error (noise). the contract was limited to tailings from
copper, uranium and phosphate mining.

This report is organized in three parts. The first
part, comprising Chapters 2, 3, and 4, presents background
information on geotechnical and statistical issues, The
second part, Chapters 5, 6 and 7, summarizes the sites and
the problems of measuring geotechnical properties. The third
part, Chapters 8, 9, and 10, presents results and
conclusions. Detailed site descriptions and descriptions of
computer codes are presented in the Appendices.
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2. TATILINGS DAM CONSTRUCTION

Introduction

Most tailings are highly variable in their physical
characteristics. Differences in ore, milling processes and
storage facilities produce these variations. A good
understanding of the processes that produce tailings seems
essential for one to examine the variability in properties
of tailings. Therefore this section reviews the processes,
facilities and techniques by which tailings are produced and
stored.

Tailings

Mining and milling metal ores and phosphates produces
from several tons to several thousands of tons of waste
material per day at a given mill. Milling is accomplished
primarily by crushing and then grinding, with details of the
procedure depending on the properties of mineral and gangue.
The most important of these properties are mineral type,
specific gravity, hardness, particle size and mineral
disgemination. Following crushing, each ore fraction is
ground to free the metal. The wastes of this milling
consist of the ground remains of the host rock minus the
extracted minerals plus large quantities of water. The
wastes commonly known as tailings, are deposited in settling
basins. Several millions of tons of tailings can accumulate
during the life of an individual mine. In order to avoid
the spoilage of large land areas, to circumvent the physical
and chemical pollution of surface and or underground water,
and to minimize disposal costs, tailings are most commonly
confined by embankments constructed of the coarser fraction
of the host rock (see Figure 2.1).

Most copper is obtained from one or more copper sulfide
minerals, although native copper and copper oxides are also
mined. About 80% of copper mining is done by open pit.
Uranium mining, principally of oxides, uses similar
techniques.

Phosphate mining for agricultural chemicals produces
these tailings: sand, slimes and gypsum. Most United
States phosphate is mined as a gravel sized pellet of
apatite in a matrix of sand, silts and clay. The phosphate
rock is separated from the matrix mechanically, then ground
and mixed with sulfuric acid to produce phosphoric acid and
a by-product of gypsum. These gypsum tailings mixed in
water are pumped to ponds for disposal. Separation of
phosphate from the matrix produces two other waste products,
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coarse sized sand particles and fine grained silts and
clays. The fine grained components, slurried in water
(slimes). are discarded into a pond. The coarse sized
particles are typically used to construct retention
embankments for holding the slimes. Thus the waste products
found in a complete phosphate operation are waste gypsum
sand tailings and slimes.

Tailings Dams v. Traditional Dams

There are several important differences between
tailings dams and conventional earthen water retention
structures. First, the material stored is not water, but
soft, loose and relatively impermeable sedimented tailings.
Depending upon the grain size, the time elapsed since
deposition, and the location of the phreatic surface, the
consistency of the tailings may range from a solid to a
semi~fluid. Due to their method of deposition, most
tailings are candidates for liquefaction in the event of
severe seismic shock. Liquefied tailings become a fluid of
high unit weight and zero shear strength. A second major
difference results from the method of construction. Many
tailings dams use the coarser fraction of the tailings for
the tailings dam, as opposed to borrow and overburden used
in conventiconal dams- The tailings are placed without
compaction and zonation. Thirdly, tailings dam construction
is carried out by the mining operators as part of the mill
waste disposal process, with the dam's height increased as
needed to provide waste storage. Conventional water storage
dams, on the other hand, are generally completed before
filling. Finally tailings dams are of no economic value to
the owner. The owner wishes to dispose of the tailings in
the least expensive, acceptable way.

Initial Design Parameters

Little if any engineering went into tailings dam
construction until recent years. Several spectacular
failures (El Cobre and Aberfam) and regulatory actions have
brought change. Careful engineering is now done on most new
large tailings dams, particularly for uranium tailings.
Engineers responsible for waste storage now become involved
in long term planning of storage facilities, plant water
balance, transportation of wastes, location of waste storage
facilities and environmental controls, in addition to
geotechnical design of the waste retention facility.
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Dam Size

Dam size is initially estimated based upon the volume
of waste a particular mill produces over a given time. The
engineer must determine the availability of embankment
construction materials (overburden and borrow fill as well
as coarse tailings), the range in gquantity of tailings which
will need to be disposed, and the rate at which the tailings
will be produced as mining operations proceed in space and
time. Some tailings dams reach heights of 5800 feet or more.
Typical of these larger tailings dams is one in the
southwestern United States accepting 23,000 tons/day of
Copper tailings into a storage area of two sguare miles.

The present height of the dam is 264 feet, and has a
projected service life of an additional 26 years. Pond area
may be dictated by the required evaporation rate. Height
may be controlled by available storage area, foundation
conditions and pumping costs.

Dam Location

: With an estimate of pond area and regquired height one
can proceed to identify possible storage areas. The
location decision must balance tailings and fill
transportation costs with potential environmental risks,
topography and competing uses of the land. Examination of
topography of a site is facilitated by on-site inspection,
topographic maps and aerial photographs. The latter are
particularly useful for identifying dangerous geomorphic
features such as o0ld landslide fault scarps and other
features hidden by their scale. Both maps and photographs
are useful in identifying flood or floodplain features. For
copper and uranium extraction, milling uses toxic chemicals
and leaves toxic elements in slurry which must be stored
(e.g. arsenic, selenium, molybdenum and radioactive
elements. Thus it may be desirable to site the dam as
remote from people as possible. To reduce air pollution one
may locate the dam in areas most sheltered from wind. The
processing of unrefined copper and uranium ores also
produces quantities of toxic liquid in addition to tailings
solids and these must be stored or treated for release.
Pollution control regulations may require control of the
amount of water leaving the tailings pond area either
through the embankment or through the pond foundation. For
uranium, current Nuclear Regulatory Commission (NRC)
guidelines contreol the minimum distance between a dike and a
permanent flowing water course, allowable foundation and
embankment materials and treatments, dam freeboard level,
dike and pond seepage control methods, means of protecting
slope and pond surfaces against environmental release, and
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other engineering factors.

Tailings Transport

The classic method of transporting tailings from mill
to pond is by slurry in either pipes or open flumes.
Topography often dictates the most economical route.
Alternatively the tailings can be moved in "dry" form by
belt-conveyor or truck. <(learly the form of transport and
even operational details can have significant influence on
the construction and engineering properties of tailings
dams. Among these influences are the density and water
content of placement, separation or gradation by grain size,
zonation and heterogeneity of the dam, and degree of
consolidation. Each of these factors effects strength
behavior.

Dam Foundation

Given a site for tailings impoundment and a means of
transport from mill to pond, a geotechnical assessment is
made of foundation conditions as well as of materials
proposed for embankment construction. The foundation
investigation is typically carried out with borings and
sampling. This ascertains the location, thickness, and
areal extent of subsoil types. A combination of in-situ and
laboratory tests are used to determine shear strength,
stress-strain properties, grain size distribution,
permeability and moisture-density compaction-related
properties for the foundation and f£ill. These properties
may be improved by compaction. Compaction of cohesionless
sands, sand-gravel mixtures or fine rock mixtures is
achieved by using vibrating drum rollers or pneumatic-tired
rollers. For cohesive materials compaction is normally
achieved using grid rollers or sheep's foot rollers. For
most cohesionless materials water content may range a few
percentage points above or below optimum and still yield
satisfactory compaction.

Stability and Flow

A stability analysis for the dam design can be easily
done using any one of several methods (e.g. ordinary method
of slices, simplified Bishop's method of slices, method of
wedges, etc.). Iterative computer solutions (ICES-LEASE,
SSTAB, SLOPE) are available to search for the potential
failure surface with the lowest factor of safety. These
analyses require strength parameters and pore pressures for
the embankment and foundation.
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Undrained analyses are necessary to predict pore
pressures for stability analysis, to design against flow
related failures, and to predict the path and quantity of
seepage leaving the pond. Such analyses may show the need
for artificial drainage within the dam or foundation.

Drainage facilities, for example blanket drains or weep
tubes, can be used to control the height of the phreatic
surface within the embankment and to prevent seepage
breakout on the downstream face. Preventing seepage
breakout reduces the possibility of internal erosion,
piping, low effective stress and downstream failure. If a
drain is used, a filter is often required between the
embankment f£ill and drainage zone to avoid erosion of the
£ill into the drain.

The embankment and foundation for most tailings dams is
sufficiently complex that a hand drawn flow net using a
simplified section can give misleading results for quantity
of seepage and magnitude of pore pressures. One should make
conservative use of the results of these simplified analyses
or seek more complete solutions of flow through the dam and
its foundation. All of the flow and stability design
considerations discussed in the literature for water
retention dams apply to tailings dams.

Tailings Dam Construction

Construction Materials

Construction materials for a tailings dam may consist
of a combination of overburden, waste rock from the mining
pit, the solid fraction of the tailings slurry as well as
material from borrow pits close to the structure. The
economics of tailings disposal dictates that the tailings
themselves are usually the major material forming the
embankment. The low grade ores produce tailings which have
a grain size distribution significantly finer than those of
older, richer millings. Grain size data for the copper,
uranium and gypsum tailings analyzed in this study are shown
in Table 2.1. Generally the gypsum tailings were found to
be uniformly fine. The copper and uranium tailings while
also fine, tended toward well graded soils.



Table 2.1: TYPICAL GRAIN SIZE DATA

Material Tailings Dam % Passing #200 Sieve
Copper Chino 22
Magna 91-100
Mindola 75-99
Brenda 55-97
Japan Mine A 25-93
Japan Mine B 25-90
Japan Mine D 20-100
Japan Mine E 10-98
Japan Mine F 15-100
Japan Mine dJ 12-92
Gypsum Texas 78-93
Lousianal 90-100
Floridal 60--80
Vick Article 83-98
Florida4 100
LousianaZ2 80
FloridaZ2 50-100
North Carolina 70-95
Florida3 80-100
Piney Point 59-82
Uranium Colorado 19-87
Shiprock 22
Grand Junction 12-62
Ambrosia Lake 28-42
Durango 5-7
Falls City 22-32
Green River 15-29
Maybell 12-15
Monument Valley 9
New Rifle 11-37
01d Rifle 8-29
Riverton 35-48
Slick Rock 21
Spook 11-19

Tuba City 20-41
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Dam Geometry

Several embankment configurations are typical for
slurry ponds as dam geometry largely depends on local
topography. It is common to construct a tailings dam around
a hill thus using the hill as part of the containment
(Figure 2.2). Rectangular or ring dam geometries are used
in flat areas and are usually located close to the mining
pit. Given this greater flexibility in siting, the dikes
can be located to be less susceptible to erosion or flood.
Additional storage is developed by building side dikes out
from existing berms.

Construction Techniques

Regardless of the geometry an embankment is bequn by
the constructing a 14-20 feet high starter dike. The
starter dike is usually constructed from borrow at the dam
location. When the initial pond is nearly filled, the dike
is raised by borrowing materials from the dried surface of
previously deposited tailings or by hydraulically depositing
coarse tailings onto the crest. Successive stages follow
one of several schemes in raising the dam.

The Upstream Method

Tailings disposal adds to the cost of production,
therefore one would prefer to keep tailings operation as

inexpensive as possible. The "upstream method", less common
today than in earlier times, is the least expensive method
of constructing tailings dams. In common practice tailings

dams are raised progressively as needed for additional
storage over a periocd of years. Raising the dam by the
upstream method involves shifting the centerline of the
crest of the embankment toward the tailings pond as the
height of the berm is increased (Figure 2.3). The
downstream toe of each succeeding phase of dam building is
supported by the top of the previous stage. Thus the
majority of each dike cross-section is supported on tailings
that have been placed adjacent to the upstream face of the
previous stage and are thus weaker than the embankment
materials themselves. Dams built this way were rarely
engineered or designed.

The coarser tailngs or sedimented tailings are used as
construction material for raising the dam. Two methods are
commonly used to separate the coarser solids from the slurry
piped to the pond. The more traditional technigque
(spigoting) involves piping the slurry onto the surface of
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the tailings pond at a location adjacent to the upstream
face of the embankment, resulting in the formation of a
gently sloping beach. The coarsest tailing fraction is
deposited nearest the spigot discharge point while the finer
fraction (slimes) flows toward the center of the pond away
from the spigot. The density, permeablility and shear
strength of the settled solids decrease with increasing
distance from the dike (spigot).

If the grain sizes of the tailings are fine, adequate
separation of coarse and fine fractions may not occur by
releasing the slurry on a beach. The settled tailings
remain loose with low shear strength. Thus cycloning is
often used to separate tailings solids into coarse and fine
components. The coarse conmponent is placed at the
embankment, and the fine component is discharged into the
pond. For example, at a coppermine in Arizona, four-inch
plug valves are spaced at 26 feet intervals along the dike,
and feed through manifolds into 366 twelve-inch cyclones.
Each cyclone has a 608 foot, four-inch discharge pipe to take
the slimes fraction away from the dike. Deposition is
altered between the north and south sections of the dam.
One end is allowed dormant while the other end is fully
operational.

The upstream construction methed involves a great deal
of manual labor to maintain and continually relocate piping
and equipmemt. Also, the safety of a structure built by the
upstream method is hampered by thin layers of slimes that
tend to develop within the embankment. Potential stability
failure surfaces with the upstream method are located
progressively further away from the downstream face as the
dam increases in height. A larger proportion of the
critical failure surface passes through the lower strength
slimes, and thus the outer stronger sandy shell contributes
progressively less and less to dam stability as the dam is
raised. Shear failure becomes more likely as height
increases. Also the settlement of the slurry portion into
sedimented layers adds to the probability of embankment
failure by ligquefaction in the event of seismic shock. Thus
use of the upstream method for high tailings dams,
particularly in areas of scismic activity, has become less
common .

Sypsum dikes are typically constructed using the
upstream method. Sedimented gypsum is cast by dragline to
raise the perimeter of the dike. The cast gypsum is then
shaped and compacted with a bulldozer. The dragline used
for gypsum stack raising commonly has a working reach of 680
feet with 2-3 cubic yard buckets. Gypsum stacks in the
phosphate industry are generally built as steep as possible
to maximize storage capacity, often at the angle of repose
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of the material.

The Downstream Method

In contrast to the upstream method, in the "downstream
method" the embankment is shifted downstream as the
elevation of the crest of the dam is raised (Figure 2. 3).
Thus each subsequent phase of dike is built directly on the
crest and downstream slope of the previous stage.
Underdralnage systems are installed as required while the
dam is built. Underdrainage permits control of the phreatic
surface and increases dam stability. A further advantage of
the downstream method is that it allows the materials to be
compacted as they are placed within the embankment section,
and thus enables design and construction to engineering
standards. The major disadvantage of the downstream method
is cost; a larger volume of placed fill is required to
raise the dam. In the early stages of mill operation it may
not be possible to produce sufficient volumes of suitable
fill to maintain adequate freeboard between dam crest and
rising pond levels. 1In this case borrow fill is needed to
augment the available tailings, thus raising construction
costs.

The Centerline Method

The third principal construction technique is the
"centerline method" (Figure 2.3), basically a variation on
the downstream method. Instead of the dam c¢rest moving
downstream as the dam is built, it is raised vertically.
Thus the dam is raised by placing additional fill on the
crest as well as on the upstream and downstream shoulders.
When tailings are used in construction they must be
coarse-grained so they consolidate rapidly and are thus able
to support construction equipment.

Unlike the upstream method, both the downstream and
centerline methods can be used in seismic areas. For
liquefaction to occur, sands must be in a loose state and
must be saturated. Therefore the best protections against
ligquefaction are drainage and densification.
Well-compacted, unsaturated fills generally do not liquefy
and rarely suffer appreciable deformation during earthquake.
For dense sands liquefaction is unlikely regardless of
saturation. However in areas of low seismicity, it is more
economical to design for full drainage rather than maximum
density. TFor areas of high seismicity it is currently
thought best to be conservative by requiring both high
density and maximum drainage. The centerline method
requires less material than the downstream method does to
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raise the crest a given height. Thus a dam can be raised
quickly and can easily stay ahead of tailings pond growth
during early construction phases. One caution to be
exercised with centerline construction is to avoid unstable
upstream slopes which can initiate breach failures.

Pond Construction

Aside from the embankment, pond construction itself has
become routine. Heavy earth moving equipment is used to
clear plant growth and loose debris in the area below the
final pond level. Usually a basin is scooped out to a
surrounding slope at 1 on 3 or less. Rocks and roots are
removed before the pond base is compacted. Leak drains or
other protective devices are installed deep enough to be
undamaged by equipment used to compact the base or install
liners. A protective layer of screened earth or sand is
usually rolled in place before pond sealing operations are
begun.

The choice of pond sealer or liner is important and
must consider: (l)type of pollutants in the waste water:
{2)s0il characteristics (e.g. permeability, clay fraction,
sealer shrinkage or swell resistance); (3)geographic
location and climatic features {e.g. precipitation,
evaporation, wind velocity, temperature ranges, and
permafrost)- (4)geological structure underlying the site-
(5)prevailing restrictions on seepage rates set by
government agencies:; and (6)characteristics of the sealant
(e.g. type, performance effectiveness, durability and
resistance to decay and deterioration).

Pond Sealants

Pond sealants fall into nine general categories. The
most common is the compacted earth sealant. Compaction of
earth at the base of the pond results in reduced porosity.
This implies a reduced strength, stability and resistance to
erosion. Although minimum permeabilities are asociated with
maximum compaction several factors must be considered when
using an earth sealer: (1) permeability changes with time:
(2) minimum permeability with maximum compaction of a
particular soil may still be too high to meet government
standards; (3)pond seepage is often greater than pond
evaporation- (4)wastewaters may be beneficial or harmful to
a given sealer (e.g. alkaline wastes such as sodium
carbonates reduce soil permeability while acidic wastes
destroy expansive soil characteristics); and (5)physical
factors (e.g. freezing, thawing, drying and wetting) may
crack the liner, and linings should be kept moist to
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maintain stable conditions. Gravelly and sandy clays with
plasticity indices (PI) from 12-24 are best suited for thick
compact earth linings; c¢lays with PI>24 are sticky and hard
to handle while clays with low PI are susceptible to frost
damage. Choice of thickness also depends on the depth of
the tailings to be stored, but should not be less than 8
inches.

A second common type of pond sealant is the clay
sealant. The ability of a so0il to seal is proportional to
its silt and clay content. An increase of the quantity of
clay in a soil proportionately decreases its permeability.
Bentonite is widely used as a soil supplement to control
seepage due to its high swelling capacity caused by water
adsorption. Bentonite adsorbs five times its weight in
water and swells to 12-15 times its dry volume when fully
saturated. Clays with high ratios of sodium to calcium
absorb more water and swell more than low sodium clays.
Bentonite with 10% sodium saturation and high colloidal
content is often placed as a one-half inch layer on a
compacted base and covered with at least six inches of soil
to inhibit ion exchange with Ca++ or Mg++.

A third common sealant is the chemical sealant. Sodium
bearing chemicals (Na3C03 and NaSiO; ) are common. They
function as sealers by filling the interstices of the soil
or by reacting with soil constituents to form impermeable
precipitates or gels. Chemical sealants require retreatment
every 2~3 years. Other common chemicals sealers are waxes,
resins and various other polymers. One must consider the
effects on permeability of reactions between chemical
sealants and the permeating fluid.

A variety of other sealants are used in tailings ponds.
Among these are waste tailings slimes, asphalt membranes,
asphaltic concrete, soil cement, Portland cement, shotcrete,
stones and brick. Waste tailings {(industrial slimes) are
colloids produced by the mining and milling process.
Obviously, the ore tailings themselves increasingly seal the
pond bottom as they accumulate in the pond. Asphalt
membranes are resistant to low temperatures, and are tough
and durable. Soil sterilants are used to prevent the growth
of vegetation on the subgrade which could puncture the
asphaltic liner. Asphaltic concrete is useful for large
ponds where heavy equipment must be supported during
installation, c¢leaning and repairs. A six-inch thick layer
gives consistently good results. Soil cement satisfies the
same needs as asphaltic cement. Portland cement, shotcrete,
stones and brick perform poorly when exposed to freeze-thaw
cycles and also perform poorly in high sulfate soils as they
decompose.
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An increasingly common pond sealer is the synthetic
membrane liner. One popular product, the polyvinyl chloride
liner, ranges from 1@-68 mils in thickness with a life
expectancy of up to 28 years. It has the qualities of good
resistance to inorganic substances. excellent seepage
control, and low installation cost. Unfortunately PVC is
subject to attack by some organic substances. to
deterioration caused by sunlight and to tears and puncture.

Design of a pond sealer depends upon a balance between
economics and the demands of a particular tailings pond
site.

Instead of a sealer or liner, pollution contrecl may be
achieved by using a combination of injection and pumping
wells. Clean water is supplied to the injection wells while
contaminated groundwater is extracted through the pumping
wells. Provided the piezometric water elevation along the
line of the injection wells is maintained higher than along
the line of pumping wells, a hydraulic barrier will be
maintained which precludes the loss of pond seepage
downstream.

Tailings Management Systems

Continuing operations once an embankment and pond are
in place requires a construction control and managememt
system. Much more than with water retention structures, the
conditions of operation of a tailings dam can change
significantly during its operating life. Hydrological
conditions often differ from those assumed. The mill water
balance sometimes changes, resulting in either more or less
water being added to the pond and changing the phreatic
surface. Changes in mill grind may result in either more or
less sand being available for tailings dam construction.
Unforseen cycloning problems caused by a clay mineral
content in the ore may drastically reduce the recoverability
of suitable embankment sand and thus may require two-stage
cycloning. Unexpected or prolonged mill shutdown causing a
halt to dam building with pond levels continuing to rise
could threaten dam safety by overtopping. Climatic
conditions may combine an unusually long winter season
(which in turn shortens the dam construction period) with an
unusually heavy runoff endangering freeboard required to
store a flood discharge. These departures from assumptions
in design may lead to serious failures if the dam is not
properly managed.

Many activities during construction and operation may
violate assumptions made in the design. For example, the
ponding of water from cyclone underflow should not be
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permitted on the dam £ill. This ponding results in the
deposition of lenses of fine relatively impervious tailings
which creates perched water due to interference with flow.
This may result in exit of water on the downstream face
rather than through the underdrain. Another common problem
is in the use of water to place tailings on the dike. Water
and sand should be added in any one area for short periods
only. This aveoids saturation of large masses of sand
starting from the crest and reaching to the base of the dam
and avoids possible instability. In general it is best to
work along the entire line of the dam when raising the
crest. This procedure reduces seepage flow and sloughing
along the downstream tcoce. It should be noted that fill
should be placed in uniform lifts--usually 8-12 inches.
Thicker lifts are possible for cohesionless granular
materials. The rate of dam construction must be adequate to
maintain a safe freeboard with respect to a continually
rising tailings pond. It is advisable to periodically
recompute the rate of dam building, the rate of pond rise,
runoff volumes, evaporation rates and reclaimed water
volumes. The original design must be flexible and capable
of change. Dam operators must keep adeguate records to
facilitate ongoing design changes responsive to changing
design variables. To this end the site should be
sufficiently instrumented. Well-placed piezometers give
information to predict flow and stability conditions by
monitoring water pressures and phreatic surfaces in the
embankment. Settlement gauges should be used on dams built
on compressible foundations. Time settlement data gained
from them can indicate average rates of pore pressure
dissipation within the foundation. Ideally all relevant
gecotechnical data (permeability, dry unit weights, pore
pressure, shear strength) should be measured periodically
for comparison with values used in the original design.

A flexible design allows the control of aspects of
several critical factors of dam maintenance. First, the
volume and location of the fines or slimes can be controlled
by the manner of distribution and segregation of the
tailings solids within the impoundment. Second the amount
of tailings kept underwater is a direct control on potential
air pollution problems. Third, within limits, the density,
compressibility, permeability and shear strength of the
tailings in various zones of the pond can be affected by the
manner in which the tailings are distributed. Fourth, the
control of the amount of water stored in the pond during the
operating period affects seepage, head, and the probability
of failure. It also represents the total amount of fluid
that can be lost in the event of a failure. Surface erosion
by waves and rain can endanger dam stability. If gullying
does occur it is best to use coarser, erosion-resistant
rock, gravel or even sand bags for stabilization. Generally
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if the tailings contain iron pyrites in excess of about £1.7%
by weight, a relatively hard erosion-resistant crust often
develops. Cement or lime slurries or vegetation (grass,
sod) are frequently used to stabilize embankments and
thereby also control erosion. A final crucial control
variable is regulation of maximum freeboard variability to
prevent overtopping.

Overtopping of the dam could result in a breach, water
and ground contamination, loss of property and possibly loss
of life. Since earthfill structures generally can't
withstand overtopping, decant systems are used to keep the
water surface safely below the embankment crest. A decant
system must have a capacity great enough to maintain the
water surface in the tailings pond below crest level and to
be able to handle the maximum expected inflow into the
tailings pond from surface runoff, precipitation, and the
tailings slurry. Generally there are three basic types of
decant systems:- decant towers, syphon systems, and pump
systems mounted on floating barges. A decant tower is a
vertical structure complete with stop logs or decant holes.
Pond water level is controlled by placing stop logs or
plugging decant holes. These openings in the decant tower
function as a weir over which the tailings water flows,
drops to the tower bottom and exits via a decant pipe
through the base of the embankment. One advantage of a
decant tower is that since it operates by gravity forces it
is not vulnerable to the breakdown of mechanical equipment.
However there are disadvantages to the tower system. For
large dams the decant tower requires a large capital
investment. Further, tower walls must be designed to
withstand the maximum horizontal force exerted by tailings.
In seismic areas it may be assumed that adjacent tailings
may liquefy producing hydrostatic pressures. Stop logs and
plugs must be fail-safe as they are difficult to repair at
great depths. Design loads for the tower and its footings
should also consider tower weight. negative skin friction
loads from consolidation and settlement of the tailings,
wind forces and hydrostatic uplift forces on the base. The
tower and decant pipe must be immovably supported on
foundations to guard against line distortions and
differential settlement between tower and pipe. Rupture of
pipe-tower joints can initiate internal erosion in the
embankment, leading to piping and dam instability.

Unlike decant towers, syphon decant systems are used to
move tailings effluent water over the dam crest and to the
downstream toe of the dam. Such a system can be installed
inexpensively. However, it must be maintained close to the
upstream face of the embankment with the attendant
possibility of wave erosion on the upstream face. Most
syphon systems require daily inspection.
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Pumps mounted on flecating barges permit pond water to
be maintained at a considerable distance from the
embankment. They are easily moved, allowing reclamation of
the clearest tailings effluent water. The disadvantage of
the pump-barge system is the possibility of mechanical
breakdown and the requirement of periodic maintenance.

A final issue to be addressed by an adequate tailings
management system is cold weather operations. Winter
construction is undesirable during severe freezing
conditions. The operation of cyclones, slulceways and
spigots becomes difficult and often results in an unsuitable
embankment. Snow and ice from cycloning or sluices become
buried in the dam. When warmer temperatures arrive these
melt leaving holes or causing sloughing or sliding in the
slopes. Voids can thus be created which concentrate seepage
flows and lead to possible piping failures. In winter cold
the compaction of cycloned sands and other materials can not
be achieved, and can result in an extremely loose fill. The
best practice during cold months is to discharge
unclassified tailings directly into the pond by end-spilling
at convenient locations.
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3. STRUCTURAL STABILITY OF TAILINGS EMBANKMENTS

Engineering Behavior

The principal design criteria in the engineering of
tailings embankments is that (1} they retain tailings
materials, and that (2) they control seepage. In certain cases
minimizing fluid loss is a principal design criterion, as fluid
wastes may by harmful to water supplies or to plant and
wildlife, These criteria may be violated through a variety of
geotechnical failures, the commonest of which are (1) strength
instability (i.e., slope or bearing capacity failures), (2)
excessive or differential settlement, and (3) high
permeability. The present report deals only with the first of
these failure modes, and specifically with the gquestion of
estimating tailings strength parameters from which to analyze
structural stability.

This section considers the engineering analysis of
embankment stability, the role of strength parameters in those
analyses, and recent moves toward reliability-based design.
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Embankment Stability

Stability analyses determine whether the strength of
soils in an embankment is sufficient to resist shearing
stresses developed by gravity and other applied Zorces-

Most methods of stability analysis define factor of safety
as the ratio of the resisting moment along the most critical
potential failure surface through the embankment;

} strength x area x moment arm

FS =
} shear stress x area x moment arm

Figure 3.1 illustrates the key variables for calculating
factor of safety. 1In any stability analysis three things
must be determined to obtain the minimum factor of safety:

(1) the strength acting along a trial failure surface

(2) the shear stress mobilized along that trial failure
surface

(3) the trial failure surface with a minimum factor of
safety

The critical surface is found by analysing many trial
failure surfaces until the minimum acceptable failure
surface is located. The mobilized shear stress is found by
using equations of static equilibrium applied to the
potential sliding mass to find the shear stress reguired to
maintain equilibrium. Mobilized shear stress depends on
slope geometry, unit weight of soil, seepage forces, and
other applied forces.

By far the most difficult factor to assess is soil

strength. Most stability analyses model strength by the
Mohr-Coulomb failure criterion,

S =c + 0 * tan ¢ (3.2)

where:
£ =shear strength

qvf=the stress normal to the failure plane at
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failure for the point under consideration

¢ =the cohesion intercept of the soil or
strength at GNf of zero

¢ =the friction angle of the soil, tan ¢ equals
the coefficient of friction of the soil.

u =pore water pressure

Two measures of stress are commonly used for soils.
effective and total stresses and confusion often develops
over whether ONg in ELguation 3.2 should be effective stress
or total stress. Fundamentally. the strength of soil is
related to the effective stresses (see. e.qg., Lambe and
Marr, 1979). Thus Eguation 3.2 is correctly written as

S=c¢c+ o0 * tan ¢ (3.3)
£

where the bar signifies effective stress. Making use of the
relation between effective and total stress, g.g= u
Equation 3.3 can also be written

S = c + (oNf - uf) * tan ¢ (3}4)

where ur 1is the pore pressure at failure.

To determine ¢ and ¢, tests must be performed in which
strength at different values of Oy is measured (Figure
3.2). Values of ¢ and § with the bar indicate that they
have been determined from tests with known values of -
Equations 3.3 and 3.4 become

S = c + 0O - tan ¢ = ¢c + (o

N - uf)'tan & (3.5)

£ Ne

and

Q

N (3.6)

I
al

S - u

Nf £

Uﬁf and uf along the sliding surface are required to
complete a determination of strength. In all common methods

of stahility analysis, a simplification is used: ONg 1S
assumed equal to oy determined from static equilibrium
under existing conditions. If the sliding mass is at

failure with a factor of safety of 1, Oyx- equals g, - One
can not determine ONg easily for conditions other tﬁan

failure.
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Similarly we may know pore pressure for existing
conditions or from field measurements or analysis of flow
may be known, but these may not equal pore pressures at
failure. If failure results from some increase in shear
stress along the critical surface and that increased shear
stress induces changes in pore pressure which can not
rapidly dissipate, uf no longer equals the steady state pore
pressure.

Two approaches are used to handle this question. One
approach considers ug = ug - The stability is then made by
determining & and ¢ from tests, determining wu, from flow
analyses or field measurements and calculating oy and
shear stress from the equations of static equilibrium. This
procedure, called "the effective stress approach", finds
widespread use in stability problems where changes in shear
stress are slow enough to allow complete drainage of shear
induced pore pressure. The second approach secks to
circumvent the difficulty of predicting uf by interpreting
strength in terms of total stresses. Strengths measured at
different values of oy, are used to determine ¢ and ¢, as
shown in Figure 3.3. s in the effective stress approach,
most analyses of this type employ a simplification- that
Ons ©quals gy determined from considering equilibrium
with existing conditions. With this simplification, one can
determine ¢ and ¢ from tests and calculate oy and shear
stress from the equations of equilibrium. This procedure is
commonly called "the total stress approach." It appears
simpler to use than the effective stress approach because it
does not need to consider urf . However there is a drawback.
This approach works only when the soil samples used for
strength testing are consolidated to the same effective
stresses prior to shear as exist in the field and when shear
in the test and in the field occur with no change in volume
of the soil. The second requirement is met when changes in
shear stress occur so rapidly that no drainage of shear
induced pore pressures can occur, the so-called undrained
condition. The first requirement is met by some but not all
strength testing equipment and procedures. The total stress
approach finds widespread use in stability problems where
changes in shear stress are rapid enough to preserve
undrained conditions and one can recover undisturbed samples
for the strength tests. Other assumptions on the
distribution of forces within the sliding mass enter when
developing the equations of static equilibrium. However
these assumptions are relatively unimportant to determining
the minimum factor of safety when using and considering
common methods of analysis. Lambe and Whitman (1969) and
Wright (1969) review the importance of these assumptions.
One common error in stability analysis results from using
total stress strength parameters, c and ¢ ., in an effective
stress analysis. This error can produce serious
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consequences including unexpected failure.

Summarizing, the Mohr-Coulomb strength criterion with
the equations of static equilibrium are commonly used to
determine factor of safety along a potential sliding mass.
Factor of safety is defined either as the ratio of strength
times area to mobilized shear stress times area or as the
ratio of associated moments. In the commonly used effective
stress analyses the following simplifications and
assumptions are made

(1) & and $ define strength in terms of effective
stress using ONg

(2) aNf equals G (the effective normal stress for
existing conditions)

(3) uf equals ug (the steady state pore pressure)

In the commonly used total stress analyses the following
simplifications and assumptions are made-

(1) ¢ and ¢ define strength in terms of total stress
using

(2) Oyg equals Oy (the total normal stress for
existing conditions)

{3) strength parameters are determined from tests
consolidated to the field effective stresses and
sheared with no volume change

(4) shearing in the field occurs with no volume change.

Next we consider ways of determining drained and undrained
strength parareters.
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Reliability Analysis of Embankments

The extension of geotechnical analysis to include
reliability assessments, particularly in embankment stability
calculations, requires information on engineering properties
that heretofore has seldom been systematically gathered.
Specifically, reliability analysis attempts to assess the
uncertainty in predictions of engineering performance, and in
so doing, requires a quantification of uncertaities in the
geotechnical parameters used to predict stability. This
section briefly summarizes reliability approaches to embankment
stability analysis, focusing on the input reguirements that
differ from traditional practice. A more complete discussion
of reliability-based design of tailings embankments is found in
Anderson, et al, (1982},

Fundamentals of Reliability Analysis

Reliability analysis, as considered here, specifically
addresses the influence of uncertainties in geotechnical
properties, boundary and initial conditions, external loads,
and other identifiable aspects of engineering modeling on
predictions of facility performance. That is, it translates
input uncertainties in engineering calculations to
uncertainties in the results. As defined here, reliability
analysis does not deal with all the uncertainties of
engineering practice, nor does it seek to balance uncertainties
against costs to achieve optimal designs. These latter
activities, which might more accurately be described as risk
analysis, involve qualitative information, subjective
estimates, and value judgements. While important they are
outside the scope of this report.

Schmematically, an embankment stability model can be
reduced to a simple mathematical function of the form,

Y = g(Xx) (3.7)

in which ¥ is a vector of performance variables to be predicted
(e.g., factor of safety, deformations, pore pressures), X is a
vector of parameters, and g(.) is some function based on
engineering mechanics. If X is uncertain, then Y, too, must be
uncertain. However, if the joint probability distribution of
X={xy;, +¢. , Xp} is specified, the joint probability
distribution of ¥ can be calculated as
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£,00) = £,097 (V)] I(X,Y) (3.8)

in which fy(.) and fx(.) are probabiltiy density functions and
J(X,Y) is the Jacobian of the transformation from X to Y, This
transformation is shown schematically in Fig. 3.4 for scalar x
and vy.

In essence, reliability analysis reduces to specifying the
joint probability function of the input variables X, and in
performing the calculations leading to the probability
distribution of the predicted variables Y. The results of
reliability analysis are typically expressed either as a
so-called probability of failure or as a so-called reliability
index. The probability of failure Pf is the probabilty that
the calculated performance variable y exceeds some specified
limit, as for example, the probability that a calculated factor
of safety, FS, of less than 1.0 obtains, Pf = Pr(FS5<1l.0).
Clearly, this is not a probability of failure in the true sense
that it might be congruent with observed frequencies of
failure, because the calculation omits many factors
contributing to the possibility of failure (e.g., construction
procedures). Pf is more appropriately called a nominal
probability. The reliability index B is a measure of the
distance of the expected value of v (i.e., the best estimate)
from the limiting criterion or failure value expressed in units
of the standard deviation of y. For factor of safety this
becomes, ’

E(FS) - 1.0
B = (3.9)
S (FS) '

B is related to Pf, but not uniquely. It is an index of
safety.

The calculation of Pf requires a full probability
distribution oyer Y. Thus, it is called "£full distribution
analysis.” The calculation of 8, on the other hand, requires
only that means, wvariances, and coVariances of the terms of X
be specified, and leads only to means, variances, and
covariances of the terms of Y, Therefore, first-order
approximations can be used, and the result is said to be a
first-order second-moment analysis.

Variance Components

As described more fully in Section 4, uncertainty in the
estimation of tailings properties in an embankment can be
divided into three variance components, one due to spatial
variability, one due to measurement bias, and one due to
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statistical estimation error. Random measurement error, as
long as it can be identified, can be removed from the variance
components of estimated properties because its influence is
important only to statistical estimation error. Thus, two
related aspects of data analysis for reliabiltiy modeling are
important, establishing the magnitude and nature of spatial
Variability of tailings properties, and establishing the
fraction of total data scatter due to measurement error. For
first order second moment (FOSM) analysis these need only be
specified to means, variances, and covarinaces. For full
distribution analysis they must be specified in probability
distribution functions.

Spatial Variation

In most geotechnical modeling the spatially varying
properties of tailings in an embankment are idealized as having
instead some uniform vyalue, with "random" fluctuations about
it. Clearly, the tailings properties are not in fact
random-~-for with an infinite amount of testing they could in
principle be known precisely--but since testing effort is
limited it is convenient to model the spatial variability with
the mathematics of random process theory. This allows
interpolation errors to bhe predicted, and the implications of
spatial yariability to be studied.

An important aspect of spatial variability is that it
introduces a strong scale effect, not on expected performance,
but on the uncertainty of performance predictions. Under this
scale effect the precision with which a stability prediction
can be made depends on the size of the failure surface.
Mechanisms of failure that depend on average strengths within a.
large volume of tailings materials are less uncertain than
those within a small volume. Fluctuations about the average in
an embankment ever more cancel as volume increases.

Conversely, mechanisms of failure that depend on extremes
within an embankment, as say piping, are more uncertain in
larger volumes of materials because they depend on the worst
element of soil within the embankment. The importance of such
scale effects has been demonstrated by Anderson, et al. (1982)
in their analyses of probable lengths of tailings embankment
failures.

The most common way to characterize spatial variability
for the purpose of reliability analysis is through the
autocovariance function Cx(r). Cx(r) measures the decay of
correlation of tailings propterties as a function of spatial
separation. This function and its estimation are considered in
Section 4.
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Cross Correlations of Tailings Properties

Correlation among engineering properties is simply a
measure of the degree of association among the uncertainties of
those properties. When two properties vary in similar ways
about their means, that is, when they tend to be simultaneously
above or simultanecusly below their respecti e means, they are
said to be positi ely correlated. Similarly, when they tend to
vary in dissimilar ways they are said to be negatively
correlated. Although fregquently ignored, correlations among
geotechnical properties are important determinants of the
reliability of earth structures. When these correlations are
positive, as they usually are, the actual uncertainty in
predictions can be much larger than that implied by an analysis
assuming independence.

Correlations among geotechnical properties are principally
introduced in three ways. They may be introduced by physical
factors, as for example, dense s0ils are simultaneously
stronger and less permeable than loose soils. They may be
introduced through statistical estimation error, as for
example, Mohr-Coulomb strength parameters ¢, phi are negatively
correlated because they are regression parameters., Finally,
they may result from systematic modeling errors, as for
example, field measurements of strength and deformation are
both inferred using elastic stress distributions which
introduces similar errors in each.

In the present work correlations were analyzed when data
permitted. The results are presented as correlation
coefficients between pairs of properties x,vy,

E[(x = m_)(y - m_)]
r = X b4 (3.10)
S(X)Ss(Y)

in which m_ my are the means of x and vy.
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4. STATISTICAL DESCRIPTION AND INFERENCE

Concepts of Statistical Descriptions

Due to limited numbers of samples, testing errors and
spatial variability, estimations of engineering profiles for
tailings materials are always subject to some error. The
magnitude of these errors can be specified in a number of ways,
using upper and ‘lower bounds for example, but has an important
influence on the reliability with which predictions of
engineering performance of tailings embankments and ponds can
be made. This section summarizes techniques for describing the
amount of error in engineering profiles using simple
statistical methods, and serves as a background for later parts
of this report.

Statistical Description of Data Scatter

Data as collected in the field or as a result of
laboratory testing invariably display some amount of scatter
(Fig. 4.1). For typical tailings materials, this scatter can
be many tens of percents of the data averages.

Statistical Moments

Given a time series or distance dependent set of data, the
simplest way to describe data scatter is with a set of two
numbers, one specifying the central magnitude of the
measurements, and one specifying the dispersion of measurements
about that center. While there are many candidates for these
two measures, the most useful and the most common are the
so-called first two moments of the data scatter, specifically
the average or mean and the wvariance. :

The mean of a set of observations,

X = Xy, ... , X (4.1)

mo= =] x (4.2)

From a physical point of iew the mean is analogous to the
center of gravity of the data along the axis of measurement,
The variance of the data is defined as the mean squared
variation of the data about m, or
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Figure 4.1
Plot of cone penetration v. depth
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Vi) = =t I (x; - m? (4.3)

Again, from the physical point of view, this is analogous to
the moment of inertia of the data about m(x). Together, the
mean and Vvariance are said to constitute a second-moment
description of the data scatter.

For many purposes a convenient measure of dispersion is
the square root of the variance, or rms variation, usually
called the standard deviation,

S(x) = VV(x) (4.4)

The standard deviation is measured in the same units as the
data themsel es, rather than the square of those units, and can
be used to describe proportionate dispersion through the
coefficient of variation,

Covi(x) = 8S(x)/m (4.5)

Distribution Functions

While moments of the data scatter describe the location
and dispersion of the data, a complete description of the
scatter is more easily obtained by the so-called distribution
function. Arranging the data in order of increasing magnitude,
the fraction of the observations less than some value x is
summarized in the cumulati e distribution function F(x),
sometimes abbreviated cdf. Cdf's (or their complements) are
widely used in soil engineering to describe grain size
distributions. They may be used to describe the variation of
engineering properties (i.e., strength, deformation and flow)
data as well. Fig. 4.2 shows the histogram of the residual
data of Fig. 4.1, and Fig. 4.3 shows the cdf of these data.

The derivative of the cdf,
f(x) = dF(x)/dx ' (4.6)

describes the density of data along the measurement axis, and
might be loosely described as a smoothed wversion of the data
histogram. This derivative is typically called the probability
density function (pdf), and has the property that its integral
between two values of x givyes the fraction of observations
within the interval (i.e., the probability that a randomly
chosen datum would lie in the interwval).

Continuing the physical point of view, the moments of the
data scatter are related to the pdf in the same way that



NC. OF OCCURRENCES

30

13

L

[ 1

300

- 280

-180

Q

100

200

€110/

400

CONE PENETRATION RESISTANCE (PSID

Figure 4.2 - Histogram of residual data of Figure 4.1

S0

LS



DISTRIBUTION
SIISESISSISISES IS

,_
b

CUMULATIV

010

01 //ﬂ

-4 . -2 7. 0. 4.

CONE PENETRATION RESTISTANCE (PSI)

Figure 4.3 -~ CDF of the data of Figure 4.1

85§



59

mechanical moments are related to a continuous solid,

p
m = J x f{x) dx (4.7)

Vi(x) = j (x - m)2 £(x) dx (4.8)

Distribution Theory

The preceding sections have concerned themselves with the
description of observed data. The cdf's or pdf's
characterizing those observations are said to be the sample
distribution functions. Analytical forms, however, are also
avalilable with which to model sample distribution functions,
and such models are of convenience both for statistical
inference and for engineering modeling.

Certain analytical functions play a central role in
statistical theory and data analysis. The more common and
useful of these are described in this section.

Analytical Forms

Exponential Form

The most common analytical distribution functions are those of
the general exponential form,

f(x) = N exp(a + bx + cx2) xd (4.9)
in which a,b,c, and d are constants, and N is a normalizing
term to insure that the integral of f£(x) over the complete
measurement axis is unity. The better known distributions
having this form are the normal, lognormal, exponential, and

gamma.

The NORMAL DISTRIBUTION, recognized by its characteristic
bell-shape (Table 4.1), is the most common of all
distributions. It is observed in sample data with such
frequency that Galton, in his early work on the distribution of
features in human populations, coined its common name, at least
for the English literature. 1In non English literatures the
distribution is more commonly called the Gaussian, in honor of
Gauss' original proof of the central limit theorem, which says
that variables composed of the sum of independent perturbations



Table 4.1 -- Common Distributional TForms

Distribution Equation Mean Variance

x-m, 2 2
Normal < exp[- (=) ] m s

Inx -m,?2 gl 2
Lognormal o« exp[—(———§w-0 ] exp(m+jf) exp(2m+s”©)

lexp(s2)-1]

Beta o xr—l(l—x)t"r_1 T/t r(t—r]/tz(t+l)
Exponential « a exp(-bx) 1/a (l/a)z
Gamma e x2 exp (-bx) (a+1)/b (a+1)/b2

09



61

necessarily tend toward normal distributions as the number of
pertubations becomes large. Thus, through the central limit
theorem there exists theoretical justification for the
widespread use of the normal form, and for the central position
occupied by this form in statistical sampling theory.

The LOGNORMAL DISTRIBUTION is that which describes the
distribution of a variable, the logarithm of which is normally
distributed. Thus, the lognormal is closely related to the
normal, and by an extension of the central limit theorem to
show that the lognormal distribution describes a variable
formed by the product of independent pertubations as the number
of perturbations becomes large.

The EXPONENTIAL DISTRIBUTION, sometimes called negative
exponential, is a one parameter function and is arguably the
simplest of common distributions. While this distribution is
often observed in geometric data, as for example the spacings
among rock joint traces in outcrop, it is not commonly
encountered in strength, deformation and flow data.

Theoretical arguments can be made that certain types of data
should be exponentially distributed, for example spacings
between random events in time or space, but in the general case
its use is primarily one of conyenience.

The GAMMA DISTRIBUTION is positi ely skewed, as is the
lognormal, and although derived from theoretical arguments
pertaining to discrete measurements, its use with continuous
measurements is often based on its similartiy to the lognormal
and its greater convenience.

Non-Exponential Forms

Only a limited number of non-exponential forms have been
proposed for use with geotechnical data. Perhaps the most
publicized of these is the beta distribution, which has been
advocated by some geotechnical researchers.

The BETA DISTRIBUTION is a four parameter pdf, and is thus
very flexible and often appears to model empirical data gquite
well. A danger in this observation is that, due to the large
number of parameters required to specify a beta distribution,
"the degrees of freedom in fitting empirical data is reduced.
Thus, with limited data sets the statistical uncertainty in
estimated parameters can be large. With large data sets
degrees of freedom is seldom a problem, but many geotechnical
data sets are not large.

The beta distribution is defined oyver a segment of the
measurement axis rather than the entire axis. Thus, upper and
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lower bounds on x must be estimated or fixed a priori. This is
usually difficult to do, and presents statistical problems. It
also taxes geotechnical intuition for there are often no cogent
reasons for specifying bounds that a variable cannot exceed.
The distribution is also mathematically difficult to use in
reliability modeling--unless one resorts to simulation=--and
difficult for statistical inference.

Systems of Distribution Functions

Given the large number of analytical forms for
distribution functions, attempts have been made to develop
systems of distributions to bring order to the taxonomy of
functions. The principal attempt in this direction was made by
Pearson, and his chart of distributional types is used
extensively in later sections of this report. Other systems
are mentioned for completeness. Ord (1972) presents a more
comprehensive discussion.

Pearson Family

Pearson's family of distributions comprises the solutions
to the differential equation

f(x) (x-a) f(x)
= (4.10)
dx 2

bo + blx + b2X

in which a, bg, by, and bp are constants. Among others, these
solutions include the normal, lognormal, gamma, exponential,
and beta distributons. They also include other common or useful
distributions which are not extensively considered in this
report, e.g., Student's.

Members of the Pearson family are usually identified by
study of their low order moments, specifically those of order 1
through 4. These moments are calculated from data by extension
of the discussion of section 4. The third order moment is
the average of the cubes of the observed data. The fourth
order moment is the average of the fourth powers of the
observed data. These moments may be combined in the two

statistics,
2 3
L(x5-m) 7] (4.11)

E3[ (x-m) 2]

E

B, =
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E [(xi—m)4]
B, = ' (4.12)

Ez[(xi~m)2]

which can be used to distinguish among members of the Pearson
family. The simplest use of the B. and B, statistics is Vvia
the Pearson Diagram, shown as Fig. 4.4, with which
distributional forms may be identified by inspection. The
Pearson Diagram has been used throughout this study as a means
of summarizing distributional information.

Other Families

Other systems of distributions have been studied,
primarily by representing frequency functions as series
expansions, or by considering the transformations of frequency
functions to common shapes (e.g., to normal distributions).
These are briefly listed here for reference. Discussions of
these families can be found in Ord (1972) or in Kendall and
Stuart (1977, v.1l). The principal series expansion systems
of distributions are (1) the Chebyshev~Hermite polynomials,
based on polynomial multipliers of the error function integral;
(2) Edgeworth's Type A series, and the (3) Gram—-Charlier Type A
series, each based on series of normal integrals or their
derivatives; (4) the Tetrachoric function series, due to K.
Pearson; and (5) Charlier's Type B series, based on derivatives
of the Poisson pdf.

The principal transformation systems are (1) polynomial
tranformations to normality, and (2) general (non-polynomial)
transformations to normality. 1In each case a freguency
function is catagorized by the nature of the transformation
that changes it to a normal

Statistical Inference

The discussion above refers to descriptions of data sets.
The present study addresses inferences of actual tailings
properties from the description of limited numbers of data
(i.e., finite samples) collected at a site. Since samples may
vary, one from the other, inference always introduces some
uncertainty., Therefore, estimates drawn from a sample must be
reported with error bands, and conclusions (as e.g., on
distributional shape) must be tested statistically. This
section describes the techniques used in the present study to
guantify estimation errors and to test conclusions on
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distributional forms.

Estimates of Moments

Given a set of data X = (Rys oee xn), any mathematical
function of X,

T™(X) = fn(xl, vee g X)) (4.13)

n

is said to be a statistic of the data X, or more simply a
sample statistic. To estimate properties of the population
from which the data came, some sample statistic, or combination
of statistics, may be used to form an estimator. Here, an
"estimator" 1s the mathematical function used to make an
estimate from data, and an "estimate" is the numerical result
of applying the estimator to a set of data.

For any set of data an essentially infinite number of
estimators may be defined with which to make estimates of
population properties. Thus, criteria must be established for
choosing one estimator o er another. In traditional
statistics, such criteria are based on the so-called sampling
distributions of the estimators, that is, on the distribution
of estimates made with a given estimator o er the possible
samples that might be randomly taken from some population. Two
important properties of an estimator are its mean and its
variance over these possible samples. If the mean equals the
parameter to be estimated, then the estimator is said to be
unbiased. If the wvariance is the least of all alternative
estimators, the estimator is said to be minimum variance {or
miniumum squared error for biased estimators). The imprecision
associated with an estimate is conwveniently summarized by the
standard deviation of the sampling distribution of the
estimator, which is traditionally called the standard error.

Moment estimators use moments of the sample as estimators
of the moments of the sampled population from which the sample
is taken. For example, the sample mean is used as an estimate
of the population mean and the sample variance is used as an
estimate of the population variance. The sample mean is an
unbiasesd estimator of the population mean, with sampling
variance,

V(m) = V(x)/n (4.14)

in which n is the number of independent measurements (i.e.,
sample size). The sample variance, defined as
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2
) (x;-m)
g2 = 1 (4.15)
n—-1

is also an unbiased estimator, with sampling wariance
approximately equal to*

9 2 Vz(x)
V{8®) L — (4.16)
n-1

Distribution Parameters

Parameters defining a distribution may be estimated in
ways similar to those for estimating moments. In certain
cases, as e.g., the normal distribution, the moments are
themsel wes the parameters defining the distribution. Twoc types
of estimators have been used in this work, moment estimators
and maximum likelihood estimators.

Moment estimators of distribution parameters use the
functional relation between distribution parameters and
distribution moments to estimate the parameters, essentially by
back calculation. Such estimators are easily calculated, but
may be far from efficient, in the sense of having small
sampling variances. Maximum likelihood estimators use the
conditional probability of having observed the sample X as the
criterion of estimation, taking those values of the
distribution parameters that maximize this probability as
estimates. Such estimates are always efficient, but may be
difficult to deriwve for certain sampling plans.

Tests of Distributicnal Forms

Since sample data ary from sample to sample, the shape of
their frequency distribution (i.e., the sample pdf) also
varies. Thus, the sample pdf may appear similar to some common
analytical form when in fact the population pdf does not; or
conversely, the population pdf may have some common form, but
the sample data fail to reflect it. For this reason, the
goodness—-of-fit of an analytical form to the sample data must
be tested statistically.

In the present work, chi-squared and Kolmogoroy-Smirnov
goodness-of-fit tests hawve been used on all data sets to assure
statistical confidence. The chi-squared test is based on the
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squared difference between observed cell freguencies in
histograms and those predicted from an analytical form., It is
a widely used and accepted procedure for establishing levels of
confidence for distributional forms (see, e.g., Kendall and
Stuart, .2, 1973). The Kolmogorov-Smirnov test is based on
the maximimum deviation between observed cumulative frequencies
of data and those predicted by an analytical cdf. The K-S test
is also widely used and accepted, particularly as a graphical
check when using probability grid.

The chi-sgquared test uses the test statistic

(0-P) 2

e (4.17)

summed over the number of histogram intervals, in which O is
the observed number of data and P is the number predicted from
the analytical form for the distribution. For data actually
sampled from the presumed distributional form the pdf of
chi-square can be calculated. Thus, the observed chi-square
can be compared with the distribution of values chi-square
should have and a conclusion drawn on whether the presumed
parent distribution is reasonable Fig. 4.5 shows calculated
values of the chi-square statistics for the 1 and 5 percent.
confidence levels as a function of the degrees of freedom of
the data. Obseryed chi-square values have only a 1l or 5
percent chance of occurring, respectively, were the actual
distribution of the population that supposed. Therefore, if
the observed chi-square statistic exceeds these critical values
the conclusion is drawn that the supposed distribution is not
supported by the data at the respective confidence levels.,

In the present work the histograms were divided into 15
intervals, implying 14 degrees of freedom. For this case the
95th fractile of the theoretical distribution of chi-square is
23.685. Therefore, the observyed chi-square would exceed this
value with only 5% probability if the data actually came from
the presumed parent pdf, so if the observed value does exceed
this value the hypothesis that the presumed parent pdf is
correct is alsc deemed unlikely, and said to be rejected at the
5% confidence level.

The K-S test uses the test statistic
Dm = max(|F(x) - G(x)|) (4.18)

in which F(x) is the analytical cdf and G(x) is the sample cdf.
For data actually sampled from a population with cdf F(x), the
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distributional form of the pdf of Dm can be calculated. This
distribution depends on the sample size (i.e., the number of
data), but it does not depend on the form of F(x). Thus, the
observed Dm can be compared with the distribution of yalues Dm
should havVe and again a conclusion drawn on whether the
presumed parent distribution is reasonable. Critical values of
Dm for one and five percent confidence limits are shown in Fig.
4.6.

Probability Paper

A convenient way to display data and to draw conclusions
about distributional forms by inspection is through the use of
probability paper. Probability paper is simply a specialized
grid on which cumulative distribution funcions plot as straight
lines. Such paper is widely available for normal and lognormal
distributions, and can be straightforwardly generated for most
other distributions. To reduce the large number of figures
which would be required in the present work to plot data to
four or five different grids, the data are plotted only once on
normal grid and alternative theoretical cdf's are shownh as
continuous curves on these plots.

Profile Estimation

For engineering purposes uncertainty in tailings
properties is summarized in a geotechnical design profile.
This uncertainty comprises three parts: spatial yariability,
measurement or model bias, and statistical estimation error.
Random measurement error--noise--affects profile uncertainty
only to the extent that it increases statistical estimation
error and possibly to the extent that it is partly confused
with spatial wvariability.

As a first approximation data scatter in in situ
measurements can be divided into two parts, a spatial or innate
part, and a measurement error or noise part. Thus,

Spatial variation
Data scatter = + (4.19)
Measurement noise

The spatial part is the part that the exploration program
intends to characterize. The noise part is spurious. Thus, it
is important to distinguish these two types of scatter.
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Since spatial variability and measurement error combine to
produce data scatter, they can not be directly separated.
However, at least three indirect methods can be used. The
first is replicate measurement on the same or similar
materials, the second is multiple profiling with different
instruments, and the third is through the structure of spatial
variability. The last is inexpensive and often the most
practical method.

The spatial structure of data scatter about a mean trend
is conveniently summarized by an autocovariance function (or
equivalently, a variogram). Adopting the simple, but common
model,

z{t) = x(t) + e(t) (4.20)

in which z(t) is the measurement at point t in the tailings,
x(t) is the actual geotechnical property at t, and e(t) is a
corrupting measurement noise, the autocoVariance function of
z(t) is

Cz(r) = E[(z(t)-m) (Z(t+r)-m)] (4.21)

in which m is the mean or mean trend of z(t). Assuming
stationarity (i.e., statistical homogeneity of the tailings),
Cz(r) simply expresses the covariance of the cbservations as a
function of their spatial separation. Typically, Cz(t) is
anisotropic, smaller vertically than horizontally; and
sometimes also anisotropic in the horizontal plane, depending
on the method of placing or depositing the tailings.

Similar autocovariance funtions can be defined for x(t)
and e(t), and these are related to Cz(r) by

Cz{r) = Cx(r) + Ce(r) (4.22)

Cx{r) takes on the spatial variance of x at r=0 and decays to
zero as r 1increases (Fig. 4.7a). On the other hand, e(t) is
presumably independent from one measurement to another; thus,
Ce(r) must be a spike of height V{(e) at r=0, and zero elsewhere
({Fig. 4.7b). Thus, Cz(r) should look like Fig. 4.7c.
Extrapclation of the observed Cz(r) back to r=0, as in Fig.
4.7d, allows an estimate of V(e) to be made.

In addition to data scatter, which is associated with
ariation about the mean trend, two systematic errors affect
the estimation of the mean trend itself. First, the
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measurement procedure may introduce a systematic bias, B,

(4.23)

z(t) = B x(t) + e(t)
2
+ V{e(t)) (4.24)

viz(t})) = B" v(x(t))

the total number of measurements is limited, thus

Second,
statistical fluctuations introduce estimation errors.
the total wariance in an estimated profile becomes

Combining,
Variance about the mean

vV(z{t)) = + (4.25)
Variance of the mean
in which the caret over x signifies an estimate.
Mathematically,
V(R(E)) = R V(x(£)) + v(B)mZ + BV (m) (4.26)

is the spatial variance
and

in which R is a scale factor, V(x(t))
of the data, V(B) is the variance of the measurement bias,
V(m) is the statistical estimation error on the mean trend.

For n widely spaced measurements,

Vix(t)) + Vie(t))
(4.27)

v{m) =
n

For closely spaced measurements

(1¢,1%) + v(e(e))
(4.,28)

vim) =
' n

in which
(4.29)

i = {l’ « s r

is the covariance matrix of the x{(t).

and C
Based on the above dewvelopment, mean profile and standard
Note, however,

deviation envelopes are easily constructed.
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that the standard deviation envelopes, which express the
uncertainy in engineering parameters for analysis, must reflect
mode of behavior and scale. This dependency is summarized in
the factor R. For example, circular shear instability depends
on total resistance over a surface of sliding. Thus, spatial
variation in part averages out. For very small instabilities R
approaches 1, but for very large ones R approaches zero.

* This eguation is based on an assumption of normality of the
sampled population. For non normal populations the sampling
variance is inflated by the term k4/n, in which k4 is Fisher's
fourth cumulant (Cochran, 1963). This term increases the
sampling variance if the population has positive kurtosis, and
decreases it 1f the population has negative kurtosis.
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5. DESCRIPTIONS OF STRENGTH TESTS ANALYZLD

Three general types of strength tests were used in the
cases cited in this renort: Standard Penetration Testing
(SPT), Dutch Cone testing, various types of drained and
undrained (with pore pressurc measurem~nts) triaxial tests
and direct shear (DS) tests. Only data from the triaxial
tests which gave effective friction angles were considered.
Table 5.1 summarizes the sites with enough information to
obtain strength paramecters. Many sites were evaluated but
excluded from this report as having insufficient or suspect
data.
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Table 5.1:

Uranium
Uranium
Uranium
Uranium
Uranium
Uranium
Uranium
Uranium
Uranium
Uranium
Uranium
Uranium
Uranium
Uranium
Uranium

SUMMARY TABLE OF SOIL STRENGTH TESTS ANALYZED

SITE SpPT DUTCH CONE LAB TEST
Colorado 26% no Triaxial
Shiprock 1 no no
Grand Jct. 1 no Direct Shear
Ambrosia Lake no no Direct Shear
Durango no no Direct Shear
Falls City no no Direct Shear
Green River no no Direct Shear
Mavbell no no Direct Shear
Monument V11y. no no Direct Shear
New Rifle no no Direct Shear
0ld Rifle no no Direct Shear
Riverton no no Direct Shear
Slick Rock no no Direct Shear
Spook no no Direct Shear
Tuba City no no Direct Shear
Morenci no 5 Triaxial
Chino 3 no Triaxial
Magna 3 3 Triaxial
Mindola no 42 Triaxial
Chingola no 22 no
Brenda no 1 no
Chambishi no 30 no
Chibuluma no 24 no
Japan Mine A ves 1 Triaxial
Japan Mine B ves 1 Triaxial
Japan Mine D ves 1 Triaxial
Japan Mine E ves 1 Triaxgial
Japan Mine F ves 1 Triaxial
Japan Mine G ves 1 Triaxial
Japan Mine I yes 1 Triaxial
Japan Mine J ves 1 Triaxial
Texas 6 no Triaxial
Louisianal 11 no Triaxial
Fioridal 12 no Triaxial
Vieck Article 1 no Triaxial
Florida4 no no Triaxial
Louisiana?2 no no Triaxial
FloridaZ2 no no Triaxial
North Carolina no no Triaxial
Florida3 no no Triaxial
Piney Point no 7 Triaxial

*number indicates number of borings
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Gypsum Tailings Sites

For the ten gypsum sites analyzed in this study. one or more
of SPT., cone resistance and triaxial testing were done. SPT
testing was done using standard procedures at all sites. At
Texas the SPT work was done by drilling with truck-mounted
and portable drilling rigs which bored to depths ranging
from 18.1 to 151.5 feet to obtain samples for laboratory
testing. SPT *testing was performed each time a sample core
was removed from the drill hole. This was accomplished with
a two inch split barrel. At Louisianal SPT testing was
performed by following ASTM D 1586-67. The borings were cut
to specified depths at intervals o 2.5-5 feet by a rotary
drilling process which used viscous bentonite drilling mud
to flush the cuttings and stabhilize the hole. At the
appropriate depths the drill bit was removed to allow the
SPT to be done with a 2-inch sampler {(0.D.=2 inches:
I.D.=1.4 inches) driven with "N" blows of a 140 pound hammer
falling 30 inches until either 18 inches of penetration or
50 blows of the hammer resulted. Louisianal data from 1977
showed an increase of SPT N values over tests run at similar
depths in 1973. The Floridal SPT data were sampled at
depths ranging from 40-75 feet using a Failing 1500 rig, and
with sampler dimensions similar to those used at Louisianal.
In the Vick repoert the abandoned 80 feet high embankment was
tested following ASTM specifications using equipment as
described Ifor Texas.

Triaxial testing for gypsum varied little from case to
case being generally either a drained test or an undrained
test with pore pressure measurements. As we were primarily
interested in effective stresses, other types of undrained
testing were not analyzed Friction angles ( ¢) and
cohesion intercepts (c ) were generally calculated using a
least squares regression based on plotted Mohr circles or
stress paths. The test specimens were prepared by trimming
1.5 -inch diameter by 3-inch high samples on a soi' lathe-
When mounted in the triaxial cell, effluent water
representat .ve of a particular tailings pond was used for
cell pressure and sample back pressure thus avoiding
dissolution of the gypsum particles Each sample was
consclidated until excess pore pressure digssipated. On
shearing, the rate of strain was controlled so that in the
drained case, one would achieve complete pore pressure
dissipation while in the undrained case one would achicve
pore pressure equalization. Texas. Loulsiana2, and
Lousianal used only isotropically consolidated undrained
tests with pore pressure measurements while North Carolina
exclusively used isotropically consolidated drained tests
Florida2, Florida3 and Florida4 used both types of triaxial
testing.
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Uranium Tailings Sites

SPT testing at the two DOE sites (Grand Junction,
Colorado and Shiprock, New Mexico) and at Colorado site was
accomplished in a fashion similar to that described in the
previous section. Triaxial testing was performed at
Colorado while strength data at 13 DOE sites was obtained by
drained direct shear (DS) testing.

Copper Tailings Sites

At Chino SPT testing was done within the upper 100 feet
of the borehole. The test consisted of driving a 2-inch
split spoon through 18 inches with a 140 pound hammer
(recording blowcount of the last 12 inches). The blows of a
diesel-powered 8000 foot-pound Becker hammer drill
performing the borings were alsc recorded for possible
correlation with the SPT blowcount. At Magna dam SPT were
performed in all drill holes after every interval from which
undisturbed samples were obtained. The split spoon sampler
used fit ASTM specifications.

At Brenda dam the cone used had a 60 degree point with
a 3.5 centimeter diameter. A fifty pound hammer dropping 38
inches drove the 1 1/4-inch diameter cone with l-inch
diameter rod. At the four Zambian tailings dams (Chingola,
Chambishi, Chibuluma and Mindola) the penetrometer was a
hydraulically operated Dutch Cone using an automatic
recording meter and having a capacity of 20080 kilograms. At
Magna dam the Dutch Cone penetrometer consisted of a
hardened steel cone. The thrust required to cause a bearing
capacity failure beneath the cone was measured every 6-8
inches by a hydraulic load cell, while a special friction
sleeve above the cone measured side friction.

Triaxial testing was used at the eight Japanese mines,
at Magna dam (CIU,CKoD) and at Chino dump. Due to the large
grain size of the stack material at Chino dump, 6-inch
diameter fabricated triaxial samples were used which were
failed at a rate of about 4% strain per hour. At Magna
strength data from CU tests (with pore pressure
measurements) for samples from depths of 1@-74 feet were
analyzed. The values from these samples were thought {(by
Wahler and Associates) to be a bit high for a material with
a dry density of 80 PCF containing over 80% fines (particles
smaller than No. 200 US sieve). However, under microscope,
the particles exhibited a high degree of angularity induced
by ore crushing prior to flotation which influences
intergranular shear strength thus perhaps explaining the
higher observed strength. This trend was also reflected in
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the SPT and Dutch Cone testing for this site.

Triaxial tests were performed on undisturbed samples
from each of the Japanese tailing deposits. Samples were
anisotropically consclidated to the estimated in situ
stresses and sheared undrained.
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Strength Results from Field Tests

Chapter & described procedures to transform results
from indirect field tests to strength parameters. The
predominant field test data consist of cone penetration
resistance and standard penetration test resistance.

Table 6.3 assigns a Quality Index and an Interpretation
Index. We have attempted to infer strength parameters from
field data with a Quality Index of A or B and an
Interpretation Index of I or II. However this reduces the
number of cases to infer strength parameters to 15: 8
Japanese sites, Morenci, Chino, Floridal, Texas, Chingola,
Louisianal and Vick.

The detailed data on static pore pressures and excess
pore pressures generated by pushing the cone allow reliable
interpretation of most of the Japanese data. Where
measurements show no excess pore pressures during
penetration we have used the approach described in an
earlier section to calculate ¢ . Where the measurements
show large excess pore pressures during penetration we have
determined values of S_ /o0 . Parts of the Japanese cone
profiles are intermediate ‘and we have ignored these. Table
8.33 summarizes results for the Japanese data. Values of
Su/U vary from .87 to #.3@¢. These values seem possible
for such materials. Figure 8.164 shows that Su/aﬁ- tends to
decrease with increasing percent of material passing the
number 2¢00 U.S. sieve. This expected trend tends to add
credibility to our ability to obtain realistic strength data
from the Japanese cone data. No significant trend exists
between ¢ from the cone data and fines content since three
of the four available points have about the same fines
content.

Table 8.33: Summary of Japanese Cone Data

e — i oo, n i i L . L S . S S WAS. § i R sk . i —— tu i i Lo . s o b e e e ok . s

NA NA 2.30 18
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Of all the Zambian cone penetration data, only those from
the Chingola mine allow inference of strength parameters.
All other mines show cone data either highly variable with
depth or intermediate between drained and undrained. Figure
8.29 shows the histogram of friction angles calculated from
the mean trend line for each cone sounding at Chingola. The
2387 values have a mean of 518 psi and a standard deviation
of 324.

Table 8.34 gives values of ¢ calculated from SPT
results. These were determined from the mean trend line at
mid-depth of the dam, assuming static pore pressures below
the ground surface and using Figure 6.5. These values
generally fall within the range of values found by direct
measurement; however, if we interpreted individual data
points we would obtain a much larger variation in ¢ than
generally obtained by direct measurement.

Table 8.34: Values of Calculated from SPT Results
SITL COMMODITY FROM SPT

Morenci copper 38

Chino copper 44

Colorado uranium 35

Floridal gypsum 34

Texas gypsum 35

Louisianal gypsum upper-25
lower-—-40

Vick gypsum 49

Both direct and indirect strength measurements on
gypsum show considerable scatter, a fact that contradicts
the widely stated view within the industry that gypsum is
relatively uniform in its properties. Speculative causes of
this variability include variations in composition of the
gypsum particles, variable effects of excess pore pressures
generated during field tests, and variable effects of
sampling and laboratory testing. An extreme example is the
Louisianal site where N values in the lower half are much
less than those in the upper half. This behavior suggests
that details on pore pressures before and during the SPT may
be important to interpreting the results.

All lab tests show effective friction angles greater
than 35 degrees. The relatively high friction angle
combined with gypsum's tendency to develop a slight cohesion
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with time and its relatively high permeability may combine
to make it a relatively strong tailings material.



83

6. STRENGTH MEASUREMENT

An earlier section described the use of the
Mohr-Coulomb envelope to obtain strength for stability
analysis. This section considers means of obtaining the
parameters for the Mohr-Coulomb envelope, specifically ¢ and

¢ for total stress analysis and ¢ and ¢ for effective
stress analysis.

Some Basic Factors Affecting Strength

Effective Stress Strength Envelope

Figure 6.1 shows a typical strength envelope determined
from laboratory tests. Several points are worth noting.
First the envelope may be curved. A straight line of best
fit through the test data may give a substantial cohesion
intercept. But this cohesion is an artifact of fitting a
straight line to the curved envelope.

The parameters ¢ and ¢ in Figure 6.1 apply only to the
range of effective normal stress covered by the tests. At
an effective normal stress of zero the soil may have zero
strength and thus zero cohesion. The important point is
that the strength parameters c and may apply only to a
specific range of effective stresses.

For a given soil the effective stress strength envelope
depends on the density, the degree of overconsolidation, the
stress level, the presence and action of cementing agents,
the direction of failure through the sample, and details of
the test used to measure the envelope. If one must
reconstruct a sample for testing, the method of sample
preparation also affects the strength envelope.

_Usually the peak effective friction angle can be
reliably determined to within 3 degrees (for ¢ ) if one is
testing a representative sample at a representative stress
level and correctly determining the effective stresses in
the test. Practical means of accomplishing this task
include direct shear tests, drained triaxial tests and
undrained triaxial tests with pore pressure measurements.
Direct shear tests and drained triaxial tests must be
sheared slowly enough to allow complete drainage at all
times with the sample having free access to water. Many
such tests on tailings appear to be run too rapidly.
Undrained triaxial tests must be sheared slowly enough to
obtain accurate readings of pore pressure and use equipment
of low compressibility to measure pore pressure.
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If the above criteria are satisfied and one tests a
representative sample at the representantive stress level,
the resulting strength data should correlate well with in
situ effective stress strength parameters.

Other means exist to measure effective stress strength
parameters, including plane strain shear boxes, true
triaxial tests, borehole shear devices and pressuremeters.
These are rarely used on tailings and thus are not
considered here.

Total Stress Strength Envelope

Figure 6.2 shows a typical total stress strength
envelope determined from undrained laboratory tests on one
sample of soil in its field condition. At higher total
stress levels the envelope becomes horizontal, i.e. ¢
becomes zero and c equals the strength. Strength becomes
independent of total normal stress. At lower levels of
total normal stress, the envelope may curve downward. This
curvature results from internal changes in volume of the
sample during shear caused by the presence of air or gas.
These conditions may exist in the field or result from
sampling and testing procedures.

Unlike the effective stress envelope which can usually
be uniquely determined within 3 degrees, the total stress
envelope depends on many factors. Restricting our attention
to fully saturated undrained conditions so that ¢ =0 and
o= Su_we can examine what factors affect Su . Ladd and
Foott (1971) give a thorough summary of the important
factors. These include sample disturbance, effective stress
to which the sample is consolidated prior to shear, natural
anisotropy in Eﬂl-of the sample, stress-induced anisotropy,
stress history of the sample and rate of shear. With these
many influences it is not surprising that different tests
for 5%1 give different values. Laboratory and field tests
to measure S, including triaxial, direct simple shear,
field vane, cone penetrometer, and others, may start at
different initial effective stresses, create failure on
different planes and at different rates of shear. Figure
6.3 shows typical differences in undrained strength reliably
determined by a variety of tests. The engineer's task is to
select a type of test which will induce failure under
conditions similar to those he expects in the field. The
"correct" test to measure S, will vary from one situation to
another. Figure 6.4 from Ladd and Foott (1971) shows that
the "correct" test to measure 5  can vary in a given
situation with location along the failure surface.
Unconfined compression tests should not bhe used to obtain
strength for design. Unavoidable sample disturbance leads
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Strip load PSC = Plane Strain Compression
NN

/ PSE = Plane Strain Extension
+ DSS = Direct Simple Shear
pSC -’PSE Olen Dir'ecf.ion of major

. principal stress

at failure

DSS

FIGURE 6.4 STRESS SYSTEMS ALONG A FAILURE
SURFACE (AFTER LADD, 1978)
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to measured strengths which are too low.

Triaxial compression, triaxial extension, and direct
simple shear equipment all provide undrained strength data
useful for tailings deposits. The engineer should determine
that each test reflects the correct stress history, the
sample represents in situ conditions and his interpretation
of the test corresponds to conditions at failure in the
field.

Strength Parameters from Standard Penetration Tests

The SPT gives a crude indication of strength. Clearly,
material with a low blow count can be expected to have a low
strength relative to a material with a high blow count.
Figure 6.5 reproduces a relationship among effective stress,
SPT, and effective friction angle developed by DeMello
(1971). DeMello's chart agrees with the widely used table
developed earlier by Meyerhof (1956). Figure 6.5 applies to
coarse to fine sands. It does not work for silty sands,
silts and clays. Therefore its usefulness in design of
tailings dams is limited. Table 6.1 reproduces a crude
relationship between SPT and undrained shear strength. . This
relation works only for clays and gives a strength
comparable to that determined in an unconfined compression
test.

Interpreting Strength Parameters from Cone Penetration
Resistance

The cone test measures the resistance to penetration of
a circular conical tip pushed into the soil at a constant
rate. Penetration resistance is related to the strength of
the soil. 1If the rate at which the soil drains excess water
is fast compared to the rate of cone penetration, then the
penetration resistance should relate to drained strength.
Also no excess pore water pressures develop during
penetration by the cone. If the rate at which the soil
drains excess water is slow compared to the rate of cone
penetration, then the penetration resistance should relate
to undrained strength. Large excess pore pressures may
develop during penetration by the cone.

Unfortunately it is not easy to determine the rate of
drainage of the soil. Whether to interpret the penetration
resistance as a measure of drained strength, undrained
strength, or something in between becomes a difficult
question.
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Very | Very |
Consistency soft ' Soft Medium i Stiff stiff |
] | i T

g, . ksf 0 05 10 20 40 80
N, standard

penetration "

resistance .0 2 4 8 16 32
Prean » PEF 100-120 110-130 120-140

(kN/m?) (16-19) (17-20) ] (19-22)

* These values should be used as a guide only. Local cohesive samples should be tested, and the
relationship between N and the unconfined compressive strength g, established as g, = KN.

Table 6.1 SPT v. undrained strength for
cohesive soils (after Bowles,
1977)
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Numerous methods exist to translate penetration
resistance to strength. Sangerlat (1972) contains many
examples. For this work we selected an effective stress
method described by Janbu and Senneset (1974) to obtain
drained strength parameters and a total stress method
described by Baligh, Vivatrat and Ladd (1978) to obtain
undrained strength parameters. These two approaches employ
current concepts of geotechnical engineering and are
relatively easy to apply.

Effective Stress Interpretation

Janbu and Senneset (1974) review the theory leading to
this interpretation. We summarize only the essential parts.
Defining the following terms:

q cone penetration resistance

c
a attraction component of strength=c/tan
¢ effective stress cohesion intercept

¢ effective stress friction angle

o total vertical stress

o.. effective vertical stress

u steady state pore pressure

we can obtain the following expressions:

d9c "%
— T N -1 = Np (6.1)
Oy ug q.
and
_ 2 7 ¢ — -
Ng = tan (Z + 5) exp (0.64 7 + 1.8¢) tan ¢ (6.2)
where m is in radians. (Note we have replaced Figure 3.2

in Janbu and Senneset's paper with the approximate equation
B =@.11m -@.9 to obtain one equation relating N _to
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9 -) These expressions assume no excess pore pressures

develop during cone penetration. Equation 6.1 indicates
that cone resistance plotted as (gg=0y, ) versus ( Oy=Ug)
should fall on a straight line with a slope of Iﬂz-l and

intercept the ( 0,- ug) axis at a value of "a" as
illustrated in Figure 6.6.

Total Stress Interpretation

One can relate penetration resistance to undrained
shear strength by the following relationship

qg =N -8 +03 Oy (6.3)

where
Nc is a bearing capacity factor

s is the undrained strength of the soil
a is the total vertical stress at the point of
v measurement
Baligh et. al. (1978) review theoretical derivations of

Equation 6.3. Other sections reviewed the difficulties in
selecting the appropriate value of S from the many methods
of measurement. Thus assessing the accuracy of theoretical
relations for Ngpis difficult. Baligh et. al. (1978)
reviewed 18 cases where actual stability failures or
in-depth exhaustive studies of strength allowed
determination of the field strength. They used these
strengths with measured penetration resistance to determine
values of N, from equation 6.3. All cases were soft to
medium clays with plasticity indices from 4-70%. Values of
No vary from 9-23 with an average of 14. While several
factors may affect Ny, including plasticity, sensitivity,
overconsolidation, strain rate and strength anisotropy, a
constant value for a given deposit seems to apply.

We shall use a N, of 14 to translate the penetration
data to undrained shear strength.
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Effective Stress or Total Stress?

The standard rate of penetration of a cone, 1 to 2
cm/sec is considered to produce no excess pore pressures in
sand and no drailnage in clays. However with only the
penetration resistance, one can not determine soil type to
know how to interpret the test. Many tailings sites contain
variable materials about which little is known. An engineer
usually studies all available information about the site
materials before choosing a method to interpret the cone
data.

To extract as much useful information as possible from
the large quantities of cone data available for tailings we
have made some simplifying assumptions. We assume the mean
trend with depth found from linear regression represents
mean strength. We then convert the mean trend line to
equivalent strength parameters using both an effective
stress and a total stress interpretation. We then select
the parameters most likely to represent strength at that
location based on (1) whether the above results make
engineering sense, (2) shape of the cone profile, and (3)
any other available data that helps interpret the profile.
This procedure should work except where distinct differences
in strata exist. Such differences sometimes show up in a
drastic shift in the pattern of cone resistance. We have
excluded such records from this interpretation.
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Quality Index

Much of the geotechnical data collected for tailings
dams does not yield meaningful values of strength for
assessing safety. This condition usually results from
inappropriate testing equipment and procedures, tests on
unrepresentative samples, or an index test which can not be
uniquely interpreted. To aveoid mixing high quality data
with guestionable data in our discussions and conclusions,
we developed a rating system for laboratory tests and one
for field tests.

Table 6.2 gives our criteria for rating laboratory
tests to measure strength. Note that a C rating does not
necessarily mean low quality testing was performed. It may
mean we had insufficient information to determine if the
conditions necessary for an A rating existed.

Tables 6.3 gives our criteria for rating field tests.
Because most available data from field tests give only an
indirect measure of strength, we use two scales. One rates
the quality of test in terms of equipment and procedures.
The second rates our ability to interpret the test to obtain
a ¢ or a g, For example a cone test performed using
accepted procedures rates a QualLity Index of A but if the
soil is such that penetration 1s between drained and
-undrained it will have an Interpretation Index of III. It's
a good cone test but we can't extract a meaningful estimate
" of strength. We have rated all lab and field tests with the
results shown in Table 6.4.
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Table 6.2: Lab Testing Qualitv Index

A accepted testing standard equipment and procedures
followed and documented; acceptable undisturbed
samples or samples recompacted to representative
in situ conditions

B non-standard equipment or procedures but deviations
documented so one can interpret test; remoulded
or disturbed samples of representative soils

C unclear equipment or procedures for test; little or
no documentation; inappropriate equipment or
procedure; unknown characteristics for sample



Table 6.3a: Field Test Quality Index

A accepted testing equipmemt and procedures followed
and documented; test intervals less than or
equal to 5 feet for SPT and less than or equal
to 10 em for Dutch Cone

B non-standard equipment or procedures followed but
deviations documented; test intervals > 5 feet
for SPT and > 10 c¢m for Dutch Cone

C ntnclear equipment or procedures for test; little
or no documentation; inappropriate equipment or
procedure

Table 6.3b: Interpretation Index for Field Tests

I in situ pore pressures available; or supporting
data on grain size, permeability and/or excess
pore pressures during test available; available
data indicate test is either drained or
undrained; test quality A or B

II only depth to free standing water is known;
little or no supporting data (grain size,
limits or sample descriptions); available data
make determination of drained or undrained test
fuzzy or subject to interpretation; test
qualityv A or B

III no other data known,; test results ambiguous;
available data indicate test in between
drained and undrained;
test quality C
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MINERAL SITE IN-SITU TEST QdALITY INTERP. LAB TEST QUALITY

Ur Colorado SPT* A II TRIAXIAL B

Ur Shiprock SPT A I NONE NA
Ur Grand Junction SPT A I DS** c

Ur Ambrosia Lake NONE NA NA DS c

Ur Durango NONE NA NA D3 C

Ur Falls City NONE NA NA DS [

Ur Green River NONE NA NA bs C

Ur Maybell NONE NA NA DS C

Ur Monument Valley NONE NA NA ps C

Ur New Rifle NONE NA NA DS C

Or 0ild Rifle NONE NA NA DS C

Ur Riverton NONE Na NA DS C

Ur Slick Rock NONE NA NA DS [

Ur Spook NONE NA NA DS c

Ur Tuba City NONE NA NA DS C

Cu Morenci Dutch Cone A I1 TRIAXIAL A

Cu Morenci SPT NA NA TRIAXIAL NA
Cu Chino SPT A 1I TRIAXIAL A

Cu Magna SPT A II1X TRIAXIAL A

Cu Magna Dutech Cone A pt TRIAXIAL NA
Cu Mindola Dutch Cone A I11 TRIAXIAL A

Cu Chingola Dutch Cone B II NONE NA
Cu Brenda Dutch Cone A II NONE NA
Cu Chambishi Dutch Cone B II1 NONE NA
Cu Chibuluma Dutch Cone B 11 NONE NA
Cu Japan Mine A Dutch Cone A I TRIAXTAL A

Cu Japan Mine B Dutch Cone A I TRIAXIAL A

Cu Japan Mine D Dutch Cone A I TRIAXIAL A

Cu Japan Mine E Dutch Cone A I TRIAXIAL A

Cu Japan Mine F Dutch Cone A I TRIAXTAL A

Cu Japan Mine G Dutch Cone A 1 TRIAXIAL A

Cu Japan Mine I Dutch Cone A I TRIAXIAL A

Cu Japan Mine J Dutch Cone A I TRIAXIAL A

G Texas 3PT A I TRIAXIAL A

G Louisianal SpT NA I TRIAXTAL A

G Floridal SPT B II TRIAXIAL c

G Vick Article SPT A III CD-DS,CU A

G Florida4 NONE NA NA TRIAXTAL A

G Louisiana2 NONE NA NA TRIAXIAL A

G FloridaZ2 NONE NA NA TRIAXIAL A

G Nerth Carolina NONE Na& NA ¢ TRIAXIAL A

G Florida3 NONE . NA NA TRIAXIAL A

G Piney Point Dutch Cone A I TRIAXIAL B

*Standard Penetration Test **Direct Shear Test

Table 6.4: SUMMARY OF QUALITY AND INTERPRETATION RATINGS OF
FIELD AND LABORATORY TESTS
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7. DATA ANALYSIS PROCEDURE

The data analysis procedure followed seven (7) steps,
with certain varitions given the unigueness of each data set.

STEP l1--Data from the entire site were reviewed to form
a concept of the tailings materials and the structure of the
embankment or pond in which strength measurements were made.
Materials processing and handling techniques were reviewed
for their influence either on physical properties or on
spatial variation, zonation, and other structural aspects.

STEP 2--Individual borings, penetrations or cother
soundings were studied to identify zonations within the
embankment that from an engineering point of view would be
treated as homogeneous for the purposes of stability
analysis. Clearly, even within such zones the tailings
materials can be quite variable. The intent was to perform
statistical analyses on units of the same type as are used in
geotechnical analysis, and in this way to have the
statistical results be of use in common applications. As
most people recognize, the spatial scale over which
statistical analyses are made influences results. Typically,
the less a site is divided into zones, the greater the
variability in material properties that results. For the
same reason, when stability analyses are performed without
first differentiating the profile cor embankment into
"homogeneous” zones, the uncertainty or wvariability in
material properties is large. Thus, the statistical analysis
to infer wvariability and the engineering analysis in which
that wvariability is used must be compatible.

STEP 3--Indiwvidual data records were reviewed to
eliminate outliers, small scale inhomogeneities (e.g., small
sand layers in silty or clayey materials), and other
corrupting features in the data sets, Careful attention was
paid to the importance of such features for stability, and
attempts were made to interpret the connectivity of such
features from one boring or penetration to another.

STEP 4--The data were digitized using an electronic
digitizer and were stored within a computerized data bank.
Computer graphics figures of the data profiles were drawn at
the same scale as the original data plots and owverlayed on a
light table to assure the quality of the digitization.
Tabulated data were entered by keyboard.

STEP 5--Data quality indices were assigned to all data
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after inspection and study, as described in section 6.6.

STEP 6—--Statistical analyses were performed on the data
from each site., These analyses consisted of (1) spatial
trends, (2) statistical moments for raw and residual (i.e.,
deviations from trend) data, (3) fitting and testing of
analytical distribution forms to raw and residual data, (4)
estimation of autocovariance functions where data permitted,
and (5) estimation of cross correlations among different

physical properties where data permitted.

STEP 7--Results of the statistical analyses were
reviewed for consistency and accuracy.
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8. RESULTS

The results presented in this section summarize the data
analyses performed on each site. The results are organized
by commodity, beginning with a summary table of average
strengths and the variability of strengths from one site to
another. This summary is intended to describe the sometimes
large differences among materials at different sites, and is
not intended to provide guidance in selecting strength
properties a priori. This summary is followed by data and
plots for each individual site.

The results for each site begin with an aggregate
profile and data summary table. The aggregate profile shows
the mean trend of the data with depth taken (1) as a linear
regression, and (2) as depth interval means. The envelopes
about the depth interval means indicate depth interwval
standard deviations., For profiles where only a few data were
available the data themselves are plotted rather than means
and standard de iations. These cases are clear from context.
The data tables summarize the data base for each site, basic
statistics of the data, and the results of goodness-of-fit
testing. Two goodness-of-fit statistics are given for each
distribution tested, the chi-sgquare and the
Kolmogorov-Smirnov maximum deviation from the theoretical
frequency curve. For the raw data five distributions are
tested; for the residual data (i.e., deviations from a linear
trend with depth) two distributions are tested (pdf's defined
on zero-infinity are inadmissable for residuals).

Pearson diagrams {(Fig. 4.4) for individual borings or
penetrations follow the profile and summary table. In each
case, the first diagram summarizes raw data; the second
diagram summarizes residual data.

Histograms and cumulative frequency plots for raw and
residual data from the entire site follow the Pearson
diagrams. The cumulative frequency data are plotted on
normal probability grid, with best fitting theoretical
distributions plotted as continuous curres, and denoted,
respectively,

N ... normal (not shown on figs.)
B ... beta

E ... exponential
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L ... lognormal

G ... gamma

Where in situ data were sufficiently numerous and
appropriately arrayed to allow estimation of autocovariance
functions, these estimates follow the histograms and cdf's.
For convenience, these estimates are presented both as
autocovariance and as variograms. With the exception of the
Mindola site, the autocovariances pertain to Vertical
variations. 1In general, either too few in situ data were
collected, the spacings among data were too great, or the
data were too noisy to allow horizontal autocovariances to be

estimated.



SITE Commodity: Copper

DATA TYp¢ Inferred friction angle

Number 26

Quality Index

TREND WITH DEPTH N/A

DATA SCATTER

mean SD Sl 82
Raw Data 30.4 2.56 0.0015 2.17
Residual Data - - —-— -
GOODNESS OF FIT STATISTICS
Raw Residual
2 2
X b, X D,
normal
beta
exponential
lognormal
gamma

5% confidence
limit

INTERPRETED STRENGTH PARAMETERS

Table 8.2 - Table of copper global
averages for inferred
friction angles
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Figure 8.1 - Pearson diagrams of raw and residual
inferred friction angles for global
copper averages



105

g - _
—
; |
<
= 4 |- -
o !
(& S
= (
5 |
: |
=
@ { J
Figure 8.2 - Histogram of inferred friction angles
for copper global averages
@.899
g.osn | _ _
|
| "
Z ]
S gooo | .. e
2 ©.600 ! i e
e N 17/ I +
IQ:- %6@% e o mim——a .::_-.::'—J"‘____‘_"
57 :
o L’ﬂrjﬂ I
S e 7 2 N Sl
W 0208 | |
2; Z.1e6 F‘f?;/i *J
o 6.8 | ‘

275 200 32.5 350
FRICTION ANGLE (DEG.)

Figure 8.3 - CDF of inferred friction angles for
global copper averages compared to
standard CDF plots



106

SITE Commodity: copper
DATA Type . friction angle
Number 16

Quality Index

TREND WITH DEPTH N/A

DATA SCATTER

mean sD Bl 62
Raw Data 35,7 2.9 0.75 3.99
Residual Data - - - —
GOODNESS OF FIT STATISTICS
Raw Residual
2 2
X D X D,
normal 15.25 0.15
beta 21.4 0.18
exponential 277 0.48
lognormal 14.7 0.14
gamma la.9 d.14
5% confidence 23.7 0.33

limit

INTERPRETED STRENGTH PARAMETERS

Table 8.3 - Table of copper global
averages for friction

angles
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Figure 8.4 - Pearson diagrams of raw and residual friction
angle data for global copper averages

LOT



108

5k ] -
4 L ! -
%)
&
= 3
(W]
&
o
3
3] 2+
O
L
<
. 1 -
O
b
Q.9

Figure 8.5 - Histogram of friction angles for
copper global averages

0.9449

T

@.990

N 8 QREREE &
(9]}
[N
[NN]
+

CUMULATIVE DISTRIBUTION

[N
SN
—
(&S]
T

28 .0 32.0 36.0
FRICTION ANGLE (DEG.)
Figure 8.6 - CDF of friction angles for global

copper averages compared to
standard CDF plots



(M)

‘DEPTH

S

4

S

%
¥l % e % be by

b

%

16117

0. 1200 .

CONE PENETRATION (PSI)

109

Figure 8.7 - Cone penetration resistance v.

depth for Chambishi copper
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SITE Chambishi (Copper)
Zambia

DAT2Z Type 30 Cone Penetrations

Number 697
Quality Index B

TREND WITH DEPTH qc(psi) = 178 - 0,4z (m)
DATA SCATTER
mean sDh Bl 82
Raw Data 175.4 164 1.55 6.20
Residual Data -- 163 1.57 6.26
GOODNESS OF FIT STATISTICS
Raw Residual
2 2
X D X D,
normal 48.8 0.142 47.7 0.138
beta 85.9 0.132 85.6 0.023
exponential 143 0.168 —— -
lognormal 569 0.24 - -
gamma 160 0.181 - - .

5% confidence

1imit 23.7 0.052

INTERPRETED STRENGTH PARAMETERS

IT1

Table 8.4 - Table of Chambishi

copper cone
tion data

penetra-
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Figure 8.8 - Pearson diagrams of raw and residual Dutch Cone data for
Chambishi copper
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Figure 8.11 - Histogram of cone penetration

resistance for residual Chamishi
copper data
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Figure 8.13 - Vertical correlation for
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SITE Chibuluma (Copper)
Zambia

DATA Type 24 Cone Penetrations
Numbexr 488

Quality Index B

TREND WITH DEPTH ¢ (psi) = 220 + 2.7z(m)

DATA SCATTER

mean sD Bl 82
Raw Data 235 170 0.29 2.77
Residual Data - 169 0.28 2,73
GOCODNESS OF FIT STATISTICS
Raw Residual
2 2 '

X Dm X Dm
normal 41.4 0.08_ 65,6 0.07
beta 22.4 0.04 27.4 0.03
exponential 111 0.11 - -
lognormal 920 0.15 - -
gamma 127 0.09 - -

5% gonfidence 23.7 0.062
limit

INTERPRETED STRENGTH PARAMETERS 11

Table 8.5 - Table of Chinbumuma copper
cone penetration data
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SITE Chino Dam (Copper)
DATA Type SPT (Combined)
Number 12

Quality Index A

TREND WITH DEPTH N = 13.1 + 0.462z(ft)

DATA SCATTER

mean SD Bl 62
Raw Data 38.4 19.2 0.61 3.00
Residual Data - 12.8 0.88 5.76
GOODNESS OF FIT STATISTICS
Raw Residual
2 2
X Dm X D,
normal 13.2 0.15 22.1 0.18
beta 13.9 0.12 54.0 0.17
exponential 28.3 0.23 - -
lognormal 10.9 0.08 —_ —
gamma 10.8 0.09 — -

5% gonfidence 23.7 0.30
limit

INTERPRETED STRENGTH PARAMETERS II

Table 8.6 - Table of Chino copper
SPT data
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Figure 8.24 - Pearson diagrams of raw and residual SPT data for
Chino copper
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SITE Chingola (Copper)
Zambia

DATA Type Cone Penetration
Number 2387

Quality Index B

TREND WITH DEPTH 9. = 142 + 31z (m)

DATA SCATTER
mean 5D Bl B

2
Raw Data 518 324 0.29 3.83
Residual Data - 230 0.10 3.82

GOCDNESS OF FIT STATISTICS

Raw Residual

X2 D X2 D,
normal 262 0.08 52.3 0.04
beta 98.9 0.05 234 0.04
exponential 645 0.13 _— _
lognormal 5060 0.11 - .—-
gamma 317 0.06 - -

5% confidence 23.7 0.028 —-— -
limit

INTERPRETED STRENGTH PARAMETERS IT

Table 8.7 - Table of Chingola copper
cone penetration data
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Figure 8.28 - Pearson diagrams of raw and residual cone data
for Chingola copper

LCT



NO. OF OCCURRENCES

700

320

4]

1

129

Figure 8.31 - Histogram of cone penetration resistance
for residual Chingola copper data
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SITE Japanese Sites (Copper)

DATA Type

Number 21
Quality Index A

Friction Angles

TREND WITH DEPTH N/A

DATA SCATTER

mean
sD Bl 82
Raw Data 36.2 4.35 0.10 3.01
Residual Data - — - _—
GOODNESS OF FIT STATISTICS
. Raw Residual
2 2
X D X D,
normal 17.2 0.17 - -
beta 21.8 0.20 - -
exponential -= -= - -=
lognormal - - - -
gamma o - - -
5% confidence 23.7 0.28 __ L

limit

.INTERPRETED STRENGTH PARAMETERS

Talbe 8.8 - Table of Japanese copper
friction angle data
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Figure 8.36 - Histogram of Japanese copper friction angle
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SITE Japanese Copper all sites

DATA Type Piezocone (drained portion)

Number 726
Quality Index A

TREND WITH DEPTH d,(psi) = 302.6 + 7.95z(m)

DATA SCATTER

mean SD 481 62
Raw Data 360 246 0.14 2,10
Residual Data - 244 0.03 1.97

GOODNESS OF FIT STATISTICS

Raw Residual
2 2
X D X Pn
normal 117.6 0.08 117.6 0.09
beta 86.5 0.05 148.6 0.09
exponential 247.2 0.14 — -
lognormal 2213.8 0.17 _— -
gamma 372.8 0.12 — —_—
5% confidence 23.7  0.050 - -

limit

INTERPRETED STRENGTH PARAMETERS 1

Table 8.9 - Table of Japanese copper
piezocone resistance data
(drained portion)
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Figure 8.40 - Histogram of Japanese copper drained
piezocone raw data

Figure 8.41 - CDF of Japanese copper drained piezocone
raw data compared to standard CDF plots
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SITE Magna (Copper)

DATA Type Cone penetration
(3 individual holes)

Number 378
Quality Index A

TREND WITH DEPTH 9, (psi) = =37.6 + 22.1+ z(m)

DATA SCATTER
mean SD Bl 82

Raw Data 445.8 352.4 0.881 3.22
Residual Data - 253.9 0.282 2.82

GOODNESS OF FIT STATISTICS

Raw Residual
x° b X Dy,
normal 80.3 0.102 44.2 0.071
beta 12.7 0.045 31.9 0.050
exponential 33.¢ 0.051 T -
lognormal 179.4 0.128 - -
gamma 25.8 0.054 - -

5% §onf1dence 23.7 0.07
limit

INTERPRETED STRENGTH PARAMETERS I

Table 8.10 - Table of Magna copper cone
penetration resistance

data
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Figure 8.46 - Pearson diagrams of raw and residual cone
penetration resistance data for Magna copper
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SITE Magna {Copper}
DATA Type Water Contents (2 borings)
Number 74

Quality Index NA

TREND WITH DEPTH w/c(%) = 43.9 - 0.27z(m)

DATA SCATTER

mean SD Bl 82
Raw Data 39.3 8.04 0.129 2.97
Residual Data - 7.5 1.45 5.14

GOODNESS OF FIT STATISTICS

Raw Residual
X2 Dm X2 D
normal l4.4 0.088 31.4 0.119
beta 15.7 0.067 25.4 0.113
exponential 269 0.440 - —_
lognormal 24.2 0.119 - -
gamma 18.3 0.106 - -

5% confidence

limit 23.7 0.158 -- -

INTERPRETED STRENGTH PARAMETERS NA

Table 8.11 - Table of Magna copper
water content data
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SITE Magna (Copper)
DATA Type Field Vane
Number 80

Quality Index NA

TREND WITH DEPTH Su(psf) = 188 + 25z (ft)

DATA SCATTER
mean SD Bl 82

Raw Data 999 609 0.85 3.24
Residual Data - 431 1.27 4.17

GOODNESS CF FIT STATISTICS

Raw Residual
X2 D X2 Dy
normal 45.0 0.136 34.6 0.127
beta 35.4 0.0% 27.7 0.117
exponential 48.8 0.227 - -
lognormal 24.8 0.088 — _—
gamma 21.4 0.07 —_ —_—

5% confidence 23.6 0.152 - -
limit

INTERPRETED STRENGTH PARAMETERS NA

Table 8.12 - Table of Magna copper
field vane data
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SITE Magna (Copper)

DATA Type Dry density

Number 154
Quality Index NA

TREND WITH DEPTH Yd(pcf) = 75.8 + 0.75z(ft)

DATA SCATTER

mean SD Bl 82
Raw Data 79.8 7.45 0.117 3.22
Residual Data - 6.91 1.21 5.19

GOODNESS OF FIT STATISTICS

Raw Residual
X2 Dm X2 D,
normal 17.2  0.069 162 0.134
beta 112 0.049 3045 0.113
exponential 1154 0.548 —_— —_—
lognormal 10.4 0.052 — ——
gamma 11.7 0.058 - -

5% confidence
Limit 23.7

INTERPRETED STRENGTH PARAMETERS NA

Table 8.13 - Table of Magna copper
dry density data
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SITE Mindola (Copper)
Zambia

DATA Type 43 Cone Penetrations
Number 6593

Quality Index A

TREND WITH DEPTH qc(psi) = 234 - 1.6z (m)

DATA SCATTER

mean SD Bl 52
Raw Data 222 198 1.13 3.77
Residual Data —~— 198 1.14 3.79
GOODNESS QF FIT STATISTICS
Raw Residual
2 2
X D X Dy,
normal 703  0.133 761 0.120
beta 123 0.053 108 0.056
exponential 399 0.070 - —_
lognormal 3477 0.166 - -
gamma 552 0.080 - _

5% confidence 23.7 0.017 - —
limit

INTERPRETED STRENGTH PARAMETERS TIII

Table 8.14 - Table of Mindola

copper cone penetration

resistance data
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SITE Morenci (Copper)
DATA Type Cone Penetration
{4 individual holes)
Number 564

Quality Index A

TREND WITH DEPTH qc(psi) = 108.3 + 3.96z(m)

DATA SCATTER
mean
5D Bl 82

Raw Data 202.4 228 2.19 '4.87
Residual Data - 219.6 2.69 5.60

GOODNESS OF FIT STATISTICS

Raw Residual
XZ D X2 D,
normal 89.2 0.187 341.7 0.181
beta 120.3 0.196 220.2 0,150
exponential 50.6 0.195 - —--
lognormal 169.5 0.229 - -
gamma 29.0 0.174 - --

5% confidence 23.6 0.057 — —_
limit

INTERPRETED STRENGTH PARAMETERS NA

Table 8.15 -~ Table of Morenci copper

cone penetration resistance

data
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SITE Morenci Copper
DATA Type Standard Penetration
Number 60

puality Index NA

TREND WITH DEPTH N = 6.9

6 + 0.63z{m)

DATA SCATTER

mean sh Bl 62
Raw Data 17.2 10.6 0.131 2.46
Residual Data - 7.49 0.462 3.85
GOODNESS OF FIT STATISTICS
Raw Residual
2 2
X D X D,
normal 14.9 0.113 8.90 0.103
beta 14.7 0.073 14.3 0.098
exponential 35.5 0.152 - —_—
lognormal 75.6 0.158 - -
gamma 18.9 0.125 - ——
5% ?onfidence 23.7  0.176 - __
limit
INTERPRETED STRENGTH PARAMETERS NA

Table 8.16 - Table of Morenci copper

SPT data
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SITE Morenci {Copper)
DATA Type density (combined)
Number 62

Quality Index NA

TREND WITH DEPTE Y(pPci) = 99.6 + 0.07z(m)

DATA SCATTER

mean SD Bl 82|
Raw Data 101.1 3.83 0.008 2.61
Residual Data -~ 3.70 0.013 2.92
GOODNESS OF FIT STATISTICS
Raw Residual
2 2
normal 10.2 0.054 18.9 0.088
beta 8.44 0.053 19.9 0.091

expenential 1249.2 0.577 —— -
lognormal 10.9  0.047 - -
gamma 10.9 0.049 -— -

5% ?onfidence 23.7 0.173
limit

INTERPRETED STRENGTH PARAMETERS NA

Table 8.17 - Table of Morenci copper
dry density data
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SITE Morenci (Copper)

DATA Type Water Content (combined)

Number 64
Quality Index NA

TREND WITH DEPTH w/c(%) = 2.26 + 0.02z(m)

DATA SCATTER

mean SD Bl Bz
Raw Data 22.8 2.24 0.017 2.66
Residual Data - 2.21 0.0001 2.41
GOODNESS OF FIT STATISTICS
Raw Residual
2 2
X DX D,
normal 10.4 0.049 12.3 0.075
beta 16.7 0.079 13.6 0.079
exponential 457.1 0.518 | - -
lognormal 9.75 0.051 - -
gamma 9.83 0.047 - -
5% confidence 23.7 0.17 L L

limit

INTERPRETED STRENGTH PARAMETERS NA

Table 8.18 - Table of Morenci
copper water content
data
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Table 8.19 - Uranium tailings summary data

*Cpefficient of Variation #3tandard Penetration Test



SITE Global (Uranium)
Triaxial Friction Angles, ¢

DATA Type Triaxial Tests

Number 23
Quality Index

TREND WITH DEPTH N/A

DATA SCATTER

mean SD Bl 82

Raw Data 35.8 6.04 0.202 3.02

Residual Data - - -_ _—

GOODNESS QF FIT STATISTICS

Raw Residual

X2 D 2 D

normal 11.2 0.150 -- -
beta 16.2  0.157 -- -~
exponential 115 0.459 —_— _
lognormal é.88 0.115 - —
gamma 9.44 0.125 —_ -

5% confidence

Limit 23.7 0.284 - -

INTERPRETED STRENGTH PARAMETERS

Table 8.20 - Table of uranium global
averages for triaxial
friction angles
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SITE Colorado (Uranium)
Ush

DATA Type 26 SPT Borings
Number 785

Quality Index A

TREND WITH DEPTE N = 7.21 + 0.131z(m)

DATA SCATTER

mean sD Bl 82
Raw Data 13.6 8.18 0.88 3.82
Residual Data - 7.08 1.18 4.80

GOODNESS OF FIT STATISTICS

Raw Residual
X2 o X2 D
normal 252 0.074 182 0.094
beta 153 0.090 141 0.102
exponential 300 0.254 - -
lognormal 183 0.118 -- -
gamma 38.1 0.091 -- -

5% gbnfidence 23.7 0.049
limit

INTERPRETED STRENGTH PARAMETERS II

Table 8.21 - Table of Colorado uranium

SPT data
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Table 8.22 - Gyvpsum tailings summarv data

SITE DATA TYPE NO. TESTS MEAN COVv*
Texas SPT# 40 24.7 0.42
Louisianal SPT 89 4.3 0.50

(lower)

Louisianal SPT 01 21.2 0.66

(upper)

Floridal SPT 111 12.7 0.65
Vick SPT 20 33.9 0.58
Piney Point CPT& 92 161,0 0.52

*Coefficient of Variation #Standard Penetration Test
&Cone Penetration Test



SITE Commodity: Gypsum

DATA Type

Number 15
Quality Index

Site Average Friction Angles

TREND WITH DEPTH N/A

DATA SCATTER

mean sD Bl 82
Raw Data 41.6 5.8 0.146 2.68
Residual Data - - - -
GOCDNESS OF FIT STATISTICS
Raw Residual
2 2
X Dm X D
normal 15.0 0.158 -~ -
beta 6.7 0.137 -- -
exponential 157 0.484 — _
lognormal 13.9 0.153 - -
gamma 4.2  0.154 -~ -
5% confidence 23.7 0.30 - -

limit

INTERPRETED STRENGTH PARAMETERS

Table 8.23 - Table of gypsum global

averages for site average
friction angles
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Figure 8.123 - Histogram of raw global gypsum
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Figure 8.124 - CDF of raw global gypsum site
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SITE Commodity: Gypsum
Global Data

DATA Type Peak Friction Angles

Number 34

Qguality Index

TREND WITH DEPTH N/A

DATA SCATTER

ean
m sSD 81 62
Raw Data 45.6 5.61 0.752 2.84
Residual Data - - - -
GOCDNESS OF FIT STATISTICS
Raw Residual
2 2
normal 34.4 0.144 - -
beta 35.2 0.166 - -
exponential 316 0.526 - -
lognormal 28.3 0.133 - -
gamma 30.1 0.136 -- --
5% confidence 33.7 0.23 L .

limit

INTERPRETED STRENGTH PARAMETERS NA

Table 8.24 - Table cof gypsum global
data for residual
friction angles
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SITE Commodity: Gypsum

DATA Type

Number 18
Quality Index

Residual Friction Angles

TREND WITH DEPTH N/A

DATA SCATTER

mean SD Bl 62

Raw Data 42.2 4.71 0.683 2.90
Residual Data - - - —

GOODNESS OF FIT STATISTICS
Raw Residual
2 2

X Dm X D

normal 12.7 0.109 - -
beta 11.7 0.121 - -
exponential 179 0.471 - —_—
lognormal 13.9 0.112 - -
gamma 13.4 0.112 - -
5% confidence 23.7 0.31 - -

limit

INTERPRETED STRENGTH PARAMETERS

Table 8.25 - Table of gypsum global
data for residual -

friction angles
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SITE Texas . (Gypsum)
DATA Type SPT Borings
Number 40

Quality Index A

TREND WITH DEPTH N = 22.2 + 0.032 (ft)

DATA SCATTER

mearn SD Bl 32
Raw Data 24,7 10.5 0.834 4,25
Residual Data - 10.4 1.13 4.42
GOCDNESS OF FIT STATISTICS
Raw Residual
2 2
X Dm X Dm
normal 20.3 0.099 23.8 0.143
beta 30.0  0.102 27.9  0.092
exponential 51.2 0.281 - -
lognormal 11.0 0.064 -- -
gamma 16.3 0.070 - -
5% confidence 23.7 0.21 __ .

limit

INTERPRETED STRENGTH PARAMETERS

Table 8.26 - Table of Texas gypsum
SPT data
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SITE Texas (Gyvpsum)
Texas
DATA Type Dry density

Number 87
Quality Index NA

TREND WITH DEPTH Yd(pcf) = 83.5 + 0.183z(ft)

DATA SCATTER

mea D
ean s Bl 82
Raw Data 97.2 13.5 0.037 2.00
Residual Data - 11.3 0.001 2.76
GOODNESS OF FIT STATISTICS
Raw Residual
2 2
X D, X D,
normal 39.4 0.093 9,37 0.057
beta 23.6 0.061 20.5 0.059
exponential 531 0.495 - -
lognormal 44.1 0.097 - -
gamma 41.9 0.095 - -

5% confidence

Limit 23.7 0.146 -- -

INTERPRETED STRENGTH PARAMETERS NA

Table 8.27 - Table of Texas gypsum
dry density data
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Figure 8.138 - Histogram of residual Texas
gypsum dry density data
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SITE Louisiana 1 Data-Gypsum

Lower Strata (55 to 100 ft)

DATA Type 11 SPT Borings

Number 89
Quality Index A

TREND WITH DEPTH N = 2.9 + 0.018z(ft)

DATA SCATTER

mean sD Bl BZ
Raw Data 4.28 2.14 1.14 5.05
Residual Data - 2.12 1.19 5.18
GOODNESS OF FIT STATISTICS
Raw Residual
2 2
X Dm X Dm
normal 121.2 0.153 139 0.095
beta 602 0.114 658 0.0587
exponential 82.9 0.182 - -
lognormal 12.5 0.125 — -
gamma 17.0 0.119 - -

5% confidence

limit 23.7 0.144

INTERPRETED STRENGTH PARAMETERS

Table 8.28 - Table of Louisianal
gypsum SPT data (lower

strata)
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SITE Louisiana 1 Data-Gypsum
Upper Strata (0 to 50 ft)

DATA Type 11 SPT Borings

Number 91
Quality Index A

TREND WITH DEPTH N = 22.2 - 0.034z(ft)

DATA SCATTER

mean SD Bl 62
Raw Data 21.2 14.0 0.093 2.01
Residual Data —— 13.9 0.102 2.01

GOODNESS OF FIT STATISTICS

Raw Residual
X2 Dﬁ X2 P
normal 14.8 0.095 10.5 0.099
beta 14.3 0.049 7.63 0.047
exponential 37.6 0.134 - -
lognormal 241 0.183 - -
gamma 46.1 0.134 - —

5% ?onfidence 23.7 0.143 _— —_—
limit

INTERPRETED STRENGTH PARAMETERS 40

Table 8.29 - Table of Louisianal
gypsum SPT data (upper
strata)
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Figure 8.144 - Histogram of residual Louisianal
gypsum SPT data (lower strata)
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SITE Florida 1 Data-Gypsum
Gypsum Stack

DATA Type 4 SPT Borings

Number 111
Quality Index B

TREND WITH DEPTH N = 10.7 + 0.072z(ft)

BATA SCATTER

D

mean S Bl 82
Raw Data 12.7 8.41 1.17 4,23
Residual Data - 8.31 0.98 4.10

GOODNESS OF FIT STATISTICS

Raw Residual
¥ T X Dy
normal 96.9 0.13 82.4 0.11
beta 90.8 0.056 138 0.073
exponential 47.1 0.13 - -
lognormal 22.2 0.11 - -
gamma 18.4 0.07 - -

5% confidence

23, . - --
Timie 3.7  0.129 |

INTERPRETED STRENGTH PARAMETERS 340

Table 8.30 - Table of Floridalgypsum
data
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Figure 8.149 - Pearson diagrams of raw and residual SPT data
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SITE Piney Point (Gypsum)
Florida
DATA Type Cone Penetration
(Combined in one hole)
Number 92

Quality Index NA

TREND WITH DEPTH d,(psi) = 191 - 0.124z(m)

DATA SCATTER

mean sh Bl 82

Raw Data 16l 85.6 %.98 5.49
Residual Data - 83.9 2.65 5.9

GOODNESS OF FIT STATISTICS

Raw Residual
2 D_ x> D,
normal 49.8 0.17 54.3 0.194
beta 64.0 .13 61l.0 0.16
exponential 87.1 0.31 - —_
lognormal él.Z 0.086 - -

ganma 24.5 0.105 - -

5% ?onfidence 23.9 0.142
limit

INTERPRETED STRENGTH PARAMETERS NA

Table 8.31 - Table of Piney Point
gypsum cone penetration
data
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SITE Vick (Gypsum)
DATA Type SPT (combined}
Number 20

Quality Index A

TREND WITH DEPTH N = 31.95 + 0.72z(m)

meahn

Raw Data 33.9 19.6 0.389 2,309
Residual Data - 13.6 0.454 2.412

GOODNESS OF FIT STATISTICS

Raw Residual
2 2
X Dm X Dm
normal 11.3  0.143 10.5 0.146
beta 12.7 0.085 9.70 0.068
exponential 20.02 0.240 - _
lognormal 16.6 0.197 -- -
gamma 12.9 0.152 - -
5% confidence 237 0.29 . _

limit

INTERPRETED STRENGTH PARAMETERS TIIT

Table 8.32 ~ Table of Vick gypsum
SPT data
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Figure 8.160 - Histogram of raw Vick gypsum
SPT data
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Figure 8.162 - Histogram of residual Vick
gypsum SPT data
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9. DISCUSSION OF RESULTS

Distribution Functions

As a general rule, both the in situ and laboratory data
display well behaved frequency distributions. The
distributions are unimodal, often symnmetric, and decay more
or less uniformly away from the modes. However, from a
statistical view about one-quarter of the data sets do not
verify any of the common analytical forms tested in the
present work. There is some supporit, as evidenced by Table
9.1, that removing a mean trend from the data increases
normality. This seem unsurprising, given that trends are fit
by regression which are usually based on a least-squares or
similar criterion.

By inspection, many of these latter data sets haye
frequency distributions which closely approximate analytical
forms. However, the numbers of measurements constituting
most of the data sets are so large that eyen apparently minor
deviations from the analytical forms are statisticlly.
significant and thus refute the hypothesis that the data did
in fact arise from the theoretical distribution. The K-S
goodness-of-fit test, which is somewhat more forgiving of
large data sizes than the chi-square, does show more
distributions providing adequate fits to the data,
particularly for residuals off the mean trend. Secondly,
while central frequencies (i.e., those say within two
standard deviations of the mean) in many cases appear to
closely conform to analytical distributions, the extreme
values of the data sets (i.e., the tails) often vary
considerably. This has the effect of refuting the oyerall
hypothesis that the analytical form is appropriate to the
data, even though for certain purposes it may conyeniently
be used.

Inspection of Tables 9.1, 9.2, and of the Pearson
diagrams for individual borings shows that beta distributions
of one form or another often provide reasonable models of
data frequencies. The principal reasons for this obseryation
are that (1) the mixing of data from different types of
materials (particularly in copper tailings which are known to
be extremely heterogenecus and difficult to zone) increases
the kurtosis of resulting frequency distributions thus
favoring beta shapes, and (2) the Beta is a four-parameter
function which as a result is quite flexible. The beta
distribution can be specified to take ¢cn a variety of shapes
from unimodal to bimodal, from quasi-exponential to "J"
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Table 9.1
DISTRIBUTIONS PASSING CHI-SQUARE GOCDNESS-OF-FIT TEST AT 5%

COMMODITY SITE MEASUREMENT RAW DATA RESIDUALS
Copper Chambishi cone penetration none none
' Chibuluma cone penetration beta none
Chino SPT normal normal
beta
lognormal
gamma
Chingola cone penetration none none
Magna water contents normal none
beta
field ane ganmma none
dry density normal none
beta
Mindola cone penetration none none
Uranium Colorado SPT none none
gamma
triaxial phi normal
beta
lognormal
’ gamma

continued on next page
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Table 9.1 -- Continued

COMMODITY SITE MEASUREMENT RAW DATA RESIDUALS
gypsum Texas SPT normal normal
beta
lognormal
gamma
unit weight beta normal
beta
La. 1 SPT(0 to 50ft) normal normal
beta beta
SPT(55 to 100ft) lognormal none
: , gamma
Florida 1 SPT lognormal none
gamma
Piney cone penetration lognormal none
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Table 9.2
DISTRIBUTIONS PASSING KCLMOGOROV-SMIRNOV GOODNESS-OF~FIT TEST
AT 5%
COMMODITY SITE MEASUREMENT RAW DATA RESIDUALS
Copper Chambishi cone penetration none none
Chibuluma cone penetration beta normal
beta
Chino SPT all normal
Chingola cone penetration none none
Magna water contents normal normal
beta beta
lognormal
gamma
field ane normal normal
beta beta
lognormal
gamma
dry density normal none
beta
lognormal
gamma
Mindcla cone penetration none none
Uranium Colorado SPT none none
triaxial phi normal none
beta
lognormal
gamma

' continued on next page
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Table 9.2 -- Continued

COMMODITY SITE MEASUREMENT RAW DATA RESIDUALS
gypsum Texas SPT normal - normal
beta
lognormal
gamma
unit weight normal normal
beta beta
lognormal
gamma
La. 1 SPT(0 to 50ft) normal normal
beta beta
lognormal
gamma
SPT(55 to 100ft) beta normal
lognormal beta
gamma
Florida 1 SPT beta normal
lognormal beta
gamma
Piney cone penetration beta none
Point lognormal

gamma
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shaped. For these two reasons, 1t comes as little surprise
that the beta distribution in general appears to fit
experimental data more closely that do other pdf‘'s.

The conclusion should not be drawn upon first
inspection, however, that the beta distribution should be
chosen over other analytical pdf's for the purposes of
engineering analysis and reliability modeling. First,
because the beta requires that four parameters rather than
two be estimated from strength data, the statistical
uncertainty of the parameter estimates can be large for
limited numbers of data. Seccond, and more importantly, the
beta distribution is defined over a doubly limited domain.
That is, a beta distributed random variable, such as
strength, has minimum and maximum values which it cannot
exceed. Friction angle, for example, might be defined only
between 20 and 30 degrees. There is usually no cogent
physical reason for this limitation, and in fact the
limitation seldom makes physical sense. Adopting "natural"
limits, such as 0 and 90 degrees for friction angle, usually
leads to distribution functions that do not fit the bulk of
the data. Using common statistical criteria to estimate the
limits usually leads to unuseful results. For example, the
maximum likelihood estimators of the upper and lower bounds,
respectively, are the maximum and minimum measurements in the
data set. 1In reliability modeling, beta distributions
preclude any possibliity that strengths or other geotechnical
properties turn out to be less than the lower bound specified
a priori, and thus ignore extreme tail behavior of
geotechnical properties.

Given the diversity of distributional forms that appear
to model emprical strength data, and the unsuitability of any
one distribution across all or eyen the majority of sites, no
one distributional form can be recommended for reliability
modeling of tailings embankments. At the present state of
practice either (1) distributional forms will have to be
verified on a site-by-site basis, or (2) second-moment
techniques using only means, variances, and covariances will
have to be used. Given the large numbers of data necessary
to verify the tail behavior of strength data and the
relatively ad anced development of second-moment reliability
analysis, the second option appears the better of the two.

Spatial Correlation

Autocovariance functions for geotechical data pertain to
that part of the spatial variation which is not included in
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the estimation of spatial trends. Thus, the nature of the
autocovariance function and its extend cannot be separated
from decisions made in modeling spatial trends. If no trends
are removed from the data, autocovariances can extend yery
far. If very intrecate trends are identified and removed,
then autocovariances will decay rapidly. In the present work
linear trends with depth were estimated by regression
analysis and thus the Vertical autocovariance functions refer
to residuals off this linear trend. As can be seen in Table
9.3, typical autocovariance distances {i.e., the distance at
which the autocovariance decays to a factor of 1/e, the based
of the natural logarithms) for each of the three commodities
studies are in the range of one meter. These are clearly
evident in the cone resistance and index property data, but
are somewhat masked by measurement error for SPT blow count
data. This observation is consistent with others reported in
the literature, which show correlation decaying fairly
quickly in the vertical direction.

An interesting although problematic discoyery was that
very few site in estigation programs collect sufficiently
many oOr appropriately arrayed data to allow estimation of
horizontal autocorrelation functicns. In the present work
only one such site was found. While the lack of data with
which to estimate horizontal autocorrelations has been
recognized for a long time, the extent of the problem was
somewhat surprising. The implication is that, if reliability
modeling is to be used on tailings embankments then field
in estigation programs will have to be modified. These
modifications need not entail greatly increased costs, but
they will have to include explicit consideration of the
placement of borings or penetrations with respect to
statistical data analysis.

The horizontal correlation structure estimated at the
one site shows a decrease of correlation of cone resistance
to about 30% at one meter, and to about 10% at ten meters.
As a first approximation, this might mean an autocovariance
distance on the order of a few meters, possibly 2 to 5.
Spacings among borings in the range 2 to 9 meters were nhot
arailable at the site. This autocorrelation distance is
somewhat lower than those commonly reported in the literature
for more uniform soils (e.g., marine clay), which typically
are in the 10 to 50m range, once any obviocus spatial trends
are removred. Giwven the heterogeneity of copper tailings,
this small autocovariahce distance seems appropriate.

Using the procedure described in earlier sections to
infer measurement error, the noise associated with the cone
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Table 9.3
VERTICAL AUTOCOVARIANCE DISTANCES

COMMODITY SITE MEASUREMENT COVARIANCE DISTANCE
Copper Chambishi cone resistance im
Chibuluma cone resistance 2
Chino SPT <1
Chingola cone resistance <1
Magna water contents 0+
field ane 1
dry density 0+
Mindola cone penetration 2
Morenci cone penetration 1
Uranium Colorado SPT 3
Gypsum Texas SPT 0+
unit weight i
La. 1 SPT 0+
Florida 1 SPT -~ 0+
Piney Point cone penetration 0+
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penetration measurements analyzed here appears small. The
noise associated with field vanes, although only analyzed for
one site, appear to be moderate (say, in the range of 30 to
40%). The noise associated with SPT blow counts appears vyery
large. 1In part, these differences are caused by the
differences in spacings among the three types of
measurements, for example, blow counts recorded on one meter
inter als do not reflect smaller scale correlations. 0On the
other hand, the relative ranking of these measurement errors
conforms to common wisdom. As discussed earlier, measurement
noise inferred via the autocowariance function does not
distinguish between errors introduced by the measurement
procedure and those very small scale fluctuations that
actually exist in the tailings materials. Howeyer, for the
purposes of common stability modeling the distinction is
unimportant.
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Uncertainty in Factor of Safety

Several factors influence uncertainty in the computed
factor of safety for a critical sliding mass. For an
effective stress analysis uncertainty in slope geometry,
s0il unit weight. applied body forces and external loads,
and pore pressure affect the driving moment. In addition to
these, uncertainty in strength parameters affects the
resisting moment.

Alonso (1976) illustrated the influence of these
factors (excluding applied body forces and external load)} on
variance in moments used to calculate factor of safety for
the Green Creek slide reproduced in Figure 9.1. His results
for the critical surface reproduced in Figure 9.2 show that
two parameters contribute the primary uncertainty in factor
of safety--pore pressure and cohesion. Uncertainty in
geometry and unit weight are of secondary importance. Two
important qualifications apply to his results. He
determined variance in pore pressure by taking the maximum
differences in measured pore pressure at several points in
the slope and considering these differences as belonging to
the same population centered about a constant mean value.
This assumption is not very realistic for a tallings deposit
where flow and differences in elevation produce a distinct
variation in pore pressure. Alsoc he considered strength
parameters as two independent variables. Since by
definition ¢ and ¢§ are dependent, his conclusion on the
greater importance of ¢ compared to ¢ is misleading. A
simplified way to consider variation in strength is to
assume C eqguals zero and represent strength with ¢ only.
This simplification is acceptable when considering a
particular value of effective stress and using strengths
measured in different tests for that stress level.

To measure the relative importance of uncertainty in
strength and pore pressure for tailings deposits, a typical
example using Japanese copper data illustrated in Figures
9.3 and 9.4 was evaluated. Considering an important sliding
mass (not necessarily the critical one) the variance in TS
was calculated from variance in pore pressure and friction
angle as

_ aFsS, 2 oFS (9.1)
V(FS) *(&Eﬁ) V(o) + (—ga) V{u)
aF'S aFS
The derivatives ~gu and ad were found for this surface

by performing stability analyses with different values of ¢
and u.
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Figure 9.3 - Standard case input (Japanese copper tailings
dam "C") with increased pore pressure (u)
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Meaningful descriptions of variations of pore pressure
in these analyses are difficult. Here the distribution of
pore pressure along the failure surface was determined from
a typical flow net fitting the measured pore pressures in
the Japanese data. All values of pore pressure along the
failure surface were then considered to increase or decrease
by the same percentage. This approximation matches the
actual, systematic uncertainty faced in predicting field
pore pressures for stability analysis. For the surface
conditions shown

AFS. 2 _ -3
(~55)° = 2.3 x10

AFS, 2 _ -2 =2
(—Zﬁ) = 4,67 x 18 m

Field measurements of steady state pore pressure in Japanese
copper tailings were used to establish Var(U) as #.85 m .
Table 9.4 summarizes the measured data leading to this
value. Note that the steady state values of pore pressure
are about one-half of those obtained by assuming static
conditions below the measured ground water surface. V(u)
was calculated as the difference between measured pore
pressures and those predicted using one-half of hydrostatic
values.

The Japanese data include 17 strength tests performed
on high quality undisturbed samples. These tests were
consolidated to the in situ effective stresses and the
resulting strength envelope expressed as a friction angle.
Insufficient data exist to establish V(¢ ) for each site.
Instead values measured at all sites were used to estimate
V( ¢$). This should exceed the variance in V(¢)for any
individual site. For the eight Japanese sites V( § ) equals
14.65 and the variance in FS becomes

3

V(FS) = (2.3 x 18 ~ )(14.85) + (.0467)(9.85)

V(FS) = 0.072

Variance in pore pressure has a slightly larger influence on
variance in FS than variance in friction angle obtained from
all Japanese sites. It appears that for most tailings
deposits, variance in pore pressure is likely to be the
largest contributor to variance in factor of safety.
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Table 9.4: JAPANESE COPPER DATA: PORE PRESSURE COMPARISONS

MINE PHI DEPTH hp ug u u_~u MEAN VAR.
A 30 1.30 .30 3.0 1.0 +0.5 0.183 0.118
A 38 4.45 3.45 3.5 2.0 -0.25

A NA 5.05 4.05 4.1 2.2 -0.15

A NA ¥.61 8.61 8.6 3.8 +0.5

A 32.5 10.45 89.45 9.5 4.3 +0.45

A NA 13.05 12.05 1.21 6.0 +0.05

B DR* 7.60 1.60 1.6 1.5 ~0.7 -1.325 1.9884
B DR 10.30 4.30 4.3 3.6 -1.45

B DR 13.57 7.57 7.6 6.2 -2.4

B DR 14,25 8.25 8.3 6.3 -2.15

D 45.5 4,35 -2.15 -2.2 -1.0 -0.1 0.068 0.724
D NA 9,00 +2.50 2.5 +1.1 +0.025

D 42 9.35 2.85 2.9 3.0 -1.55

D NA 11.86 5.36 5.4 1.4 +0.80

D NA 17.42 10,92 11.0 4.9 0.60

D 34 18.35 11.85 11.9 5.0 0.95

D NA 20.00 13.50 13.5 7.0 ~0.25

E NA 4.70 1.20 1.2 1.2 -0.60 =0.129 1.911
E NA 6.75 3.25 3.3 3.2 -1.55

E 37.5 7.91 4.41 4.4 3.0 ~0.80

E 38 8.39 4.89 4.5 3.0 -0.75

E NA 8.59 5.09 .1 2.9 -0.35

E NA 10.23 8.73 6.7 2.9 +0.45

E NA 12.48 8.98 9.0 1.8 2.70

F NA 6.42 3.92 3.8 0.9 1.05 0.619 0.593
F NA 7.91 5.41 5.4 2.4 0.30

F NA 9.83 7.33 7.3 2.6 1.05

F 37 12.40 9.90 9.9 3.7 1.25

F 38.5 12.44 9.94 9.9 3.7 1.25

F NA 13.65 11.15 11.2 4.5 1.10

F 37.3 15.34 12.84 12.8 6.8 -0.40

F NA 15.41 12.91 12.0 7.1 -0.6%

G 37.5 14.30 2.80 2.8 0.5 +0.90 1.419 0.217
G 37 16,30 4.80 4.8 0.6 1.80

G NA 17.70 6.20 6.2 2.0 1.10

G 38.5 17.90 6.40 6.4 2.5 0.70

G NA 19.25 7.75 7.8 2.0 1.90

G NA 23.10 11.60 11.86 4.0 1.80

G 31 24.30 12.80 12.8 5.0 1.40

G NA 27,00 15.50 15.56 6.0 1.75

1 N& 5.57 4,24 4.2 " 2.8 -0.70 -0.853 0.398
i 35.5 #8.45 7.12 7.1 4.0 -0.45

1 NA 8.749 7.46 7.5 4.7 -0.95

I NA& 14.89 13.56 13.6 8.6 -1.80

1 NA 19.16 [18.83 18.8 11.0 -1.80

I 39 23.90 22.57 22.6 13.5 -0.,22°

TOTALS: MEAN OF MEAN=-0.017; MEAN OF VAR.=0.849; VAR. OF VAR.=0.806

*only drained friction angle available
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The Japanese data taken on inactive mines consistently
show pore pressures less than hydrostatic values. Limited
data from active mines (Mittal and Morgenstern, 1975) show
pore pressures up to 180 percent greater than those
calculated by assuming hydrostatic conditions below the
measured ground water level. Without field measurements of
pore pressure, the engineer may be faced with large
uncertainties in what pore pressures to use in a
deterministic or reliability analysis. We believe more
study of wvariability in field pore pressures is essential to
improving our ability to assess safety of tailings dams.
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16. CONCLUSIONS

This study examined data from 41 tailings dams storing
gypsum, uranium and copper tailings. We evaluated data from
64 borings with standard penetration tests, 142 soundings
with Dutch cone tests and laboratory samples from 36 sites.
The work reported here supports five general conclusions:

(1) The variability of strength data for tailing
materials is similar across commodities. Coefficients
of variation of average strength parameters from one
mine to another are about 18% for copper and gypsum
tailings and about 28% for uranium. The uranium number
may be influenced by limited data, however.

(2) The variability of strength data within an
embankment differs considerably across types of
strength measurement. For laboratory measurements
coefficients of variation on the order of 16-2¢% are
common. For in situ measurements such as SPT and cone
penetration resistance, coefficients of variation from
58 to 1@0% are common.

(3) No one distributional form appears appropriate
as a general model of tailings strength variability;
however individual data sets appear to follow fairly
regular frequency distributions.

{4) The amount of measurement noise (or microscale
variability) in in situ measurements can be large,
often on the order of 50% of the data scatter and
differs significantly with measurement procedures. SPT
data display considerably more noise than do cone
penetration data.

(5) The spatial variability of tailings properties
is erratic, leading to autocorrelation functions which
decay rapidly in both the horizontal and vertical
directions. Vertical autocovariance distances on the
order of 1 to 3 meters are typical- horizontal
autocovariance distances may be about ten times the
vertical.
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Our results show that at any specific site an
appropriate distributional form to serve as input for
reliability modeling should be verified against site
specific data. However, once spatial trends were removed,
most of the data sets studied displayed unimodal
distribution functions which were more or less symmetric.
Highly skewed distributions were infregquent, but many of the
empirical distributions displayved more kurtosis (broader
shoulders) than do normal distributions.

Measurement errors and small scale variability mask
much of the spatial structure of tailings properties, but
correlation functions appear to be identifiable in cone
penetration profiles and other high quality data. Due to
the heterogeneity of tailings, particularly copper tailings,
these correlation distances are small. Less than one or two
meters in the vertical direction and perhaps two or three
times that in the horizontal direction appear typical.
Removing spatial trends reduces correlation distances
correspondingly.

Two non-statistical conclusions derive from the present
work, dealing respectively with the interpretation of
Mohr-Coulomb strength parameters from cone penetration
measurements, and the prediction of pore fluid measures in
tailings embankments. The short correlation distances
require measurement of properties over a close vertical
spacing. The Dutch cone with measurements every 10 cm seems
ideally suited. However, due to the heterogeneity of
tailings particularly those associated with copper mining,
drainage conditions during cone penetration differ
throughout the profile, and are difficult to interpret
without direct measurement. Thus, with cone penetration
resistances alone (i.e. when not using a piezocone) the
measurements recorded may be associated with drained
failure, undrained failure, or something in between. This
makes the calculation of appropriate strength parameters
difficult. Piezocone measurements which include direct
measurements of pore pressures during penetration as well as
equilibrium pore pressures circumvent this difficulty.

Secondly, equilibrium pore pressures in the tailings
embankments for which direct measurements were available
differ significantly from those predicted assuming
hydrostatic conditions below the measured ground water
surface. Observed pore pressures in older inactive ponds
averaged about half those predicted for hydrostatic
conditions. Other measurements on active ponds show pore
pressures as much as 100% greater than hydrostatic values.
These discrepancies result from the complex flow patterns
that develop in most tailings dams. Given the sensitivity
of stability prediction to pore pressures, this represents a
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major source of uncertainty which is often undervalued in
deterministic and reliability analyses.

From our work we make the following recommendations for
further work which would help meet the USBM objective of
improving methods for safety analysis of tailings dams-

(1) Extend the data analysis reported herein to
other commodities such as iron, lead, silver and zinc.
From our experience this might be most successful if
the Bureau of Mines initiated a cooperative arrangement
with mining companies where the companies provide data
and the Bureau provides the analysis and evaluation.
This cooperation would circumvent the problem of
confidential data we repeatedly encountered.

(2) Undertake a program to evaluate the use of
piezocones to assess in situ tailings strength. Much
of the regqular cone data gathered for tailings is
useless in that unknown drainage conditions make it
impossible to interpret the test. Piezocones allow one
to measure in situ pore pressures and those generated
by the test so that one can better interpret the test.
The piezocone may give the industry a reliable tool to
economically determine strength and pore pressure in
existing dams and measure changes in strength with
time.

{3) Undertake a study of the uncertainty in pore
pressure in tailings dams and the effects of such
uncertainty on safety evaluation. Uncertainty in pore
pressure probably provides the largest component to
uncertainty in the safety evaluation of a tailings dam.
Present practice usually considers hydrostatic pore
pressures below the phreatic surface. Theoretically
pore pressures may vary from zero to more than twice
the hydrostatic values depending on details of the dam.
Measured pore pressures reported herein vary from 58
percent less than to 108 percent greater than
hydreostatic values. Such uncertainties dominate a
reliability analysis. A cooperative effort with
industry involving field measurements of pore pressures
in several dams, analytical studies to predict such
pore pressures, and studies to formulate
recommendations for obtaining and using uncertainties
in pore pressures in deterministic and reliability
analyses would in our opinion provide the largest
contribution to improved safety evaluations of tailings
dams.
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(4) Conduct a comprehensive risk analysis for an
existing tailings dam to define the analytical tools
necessary for such a study, to isolate the principal
uncertainties in the safety of tailings dams and to
illustrate the use and benefits of reliability analysis
to the mining industry. This analysis should include
systematic uncertainties as well as spatial variation,
and economic aspects of construction, instrumentation
and failures. Earlier work by Anderson et. al., 1982,
sponsored by the USBM, could serve as starting point.
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APPENDIX A: Site Descriptions

Introduction

Tailings dam sites from all over the world were
analyzed in this study. Figure A.l locates these sites on a
world map. Figure A.2 locates sites in North America to a
larger scale.
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Gypsum Data: Piney Point

A 1969 study by T. William Lambe and Associates for
the Borden Chemical Company produced seven cone penetration
soundings and CD triaxial results. The Borden tailings
ponding system at the time of the study entailed 119 acres
of gypsum retained by a 1¢,000-foot perimeter storage
embankment constructed from sands found at the site. The
sloping natural ground surface was used where possible as
part of the embankment. Between 1500-2008 tons of gypsum
were produced each day. When an existing dam was filled at
some point in time, its storage capacity was increased by
removing gypsum from the pond and then placing, drying and
compacting it on the crest and slopes of the existing dike.
It was estimated that the dam’'s height would have to have
been increased 5 feet/year to have maintained adequate
freeboard.

The Piney Point site is in a highly cultivated region
near US highway 41. Subsoils in the dam foundation are:
dense sand at the surface underlain by a 10 feet thick layer
of sand with gravel and shells; below 18 feet in depth is
found a dense slightly plastic silt ending at bedrock at -50
feet.

Prior to the 1969 investigation by Lambe several
sections of the dam had experienced local failure due to
piping and excessive seepage. As a result of the study
several remedial strategies were suggested.
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Gypsum Data: Florida2, Florida3, Florida4, Louisiana2 and North
Carolina

Strength data from triaxial CIUC with pore pressure
measurements and CIDC tests from five separate gypsum sites
in Florida, Louisiana and North Carolina formed the basis
for two data sets analyzed here: ultimate effective
friction angles ( éu) and peak effective friction angles

( cbp)-

The largest of the five studies, Florida4, was done in
1988 for a power company to determine properties of waste
gypsum as a by-product from the power plant's stack
scrubbers which daily produce 12-26 tons of gypsum. The
waste gypsum is moved from the power plant in a 10-20%
solids slurry to a settling pond to sediment out within
perimeter dikes. The slurry discharge pipe is moved about
the ponding area to uniformly raise the gypsum elevation to
an eventual height of fifteen feet. Decant pipes are
located in the pond to remove the process water. Gypsum is
the only mineral present in the pile, occuring both in
sedimented and cast forms in non-plastic, coarse silt-size
particles grading out as 180% fines. The pile overlies a
foundation of 3-13 feet of clayey sand, which overlies 3-7
feet of soft plastic clay which in turn overlies hundreds of
feet of limestone and dolomite.

Two other Florida gypsum studies concerned a gypsum
stack at a phosphate complex near Bartow, Florida (Florida3)
and a gypsum stack in Polk County, Florida (Florida4).
Analysis of the Florida3 stack revealed a mineralogy of
gypsum with some quartz and hydrous calcium-aluminum-sulfur,
with 80-18d%2 of the non-plastic silt size gypsum particles
passing the US No. 200 sieve. At Florida4 the tailings dam
is a result of processing Florida phosphate rock. Waste
gypsum here contained only 3-5% quartz with 25-50% of the
sample retained on a US No. 200 sieve. Lab analyses for
Florida4 used one coarse and one fine sample to get a range
of material properties.

A study for a chemical plant tallings dam in North
Carclina yielded extremely high strength values from CIDC
testing: maximum effective friction angles ( ¢ ) ranging
from 53-57 degrees. Gypsum crystals in the pile contained
only a trace of quartz. In contrast the gypsum pile at a
phosphate company in Louisiana, (Louisiana2) contained only
pure gypsum as a by-product from Moroccan phosphate rock.
The Louisiana2 gypsum contained predominantly non-plastic,
coarse silt-szed particles, 80% finer than the US No. 208
gsieve. Strength data for Louisiana2l gypsum was obtained
from CU tests with pore pressure measurements.
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Gypsum Data: Louisianal

Eleven SPT data sets run on a Louisiana gypsum stack.
The gypsum pile at an average height of 48 feet, covers a
1300 feet by 2300 feet rectangular area. Eventual gypsum
storage capacity is expected to be 2,000,008 cubic yards.
The combined settlement rate of the clays and gypsum will
average about 12 inches per year providing approximately
50,088 cubic yards of additional storage capacity each year.
This stack is composed of a sandy-silty gypsum of firm to
stiff consistency. Foundation soils include 40-50 feet of
silts and silty clays (very soft to firm) including some
fibrous materials, overlying a 2-14 foot laver of sand.
Strength data came from CU triaxial tests with pore pressure
measurements.
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Gypsum Data- TFloridal

Twelve SPT cases run on by-product gypsum from Floridal
were analyzed. No other information is available.
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Gypsum Data: Texas

Engineering evaluations of Texas have supplied six SPT
data sets, eight holes with dry density determinations and
two sets of effective strength parameters from CU tests with
pore pressure measurements. The gypsum pile covers an area
of fifty-five acres stacked to a height of 20-100 feet.

This stack has been used to store waste gypsum from a
chemical plant and has been unused for several years. The
stack is founded on ten feet of silty-sand, sandy-silt fill
overlying five feet of stiff gray clay {(with occasional
slickensides) which in turn overlies 95 feet of stiff, silty
Beaumont clay.



271

Gypsum Data: Southeastern Idaho Abandoned Site (Vick)

One additional SPT gypsum dataset was made part of this
study by referring to an article by Vick {(1977). Vick
reviewed the properties of an unnamed abandoned gypsum
tailings disposal area in southeastern Idaho. The tailings
pile was begun in 1955 and was raised using the upstream
construction method over the course of nine years until
1964. This dam experienced repeated failures and was noted
to have side slopes of about 1:1. The phosphate plant which
had used the tailings dump site in gquestion, decided in 1975
to begin a new embankment to be built at the rear of the
abandoned dam. At the time of decommission the dam was
nearly 80 feet in height with a retaining pond covering
about 6£ acres.

Thirty foot layers of silts and gravelly silts underlay
much of the embankment. In some toe areas the tailings were
built upon alluvial sands and gravels. Underlying the
natural soils were porphrytic latites and rhyolitic tuffs of
the Tertiary Starlight Formation. The tailings themselves
consist of non-plastic silt (ML) with quite angular
needle-like grains. The abandoned embankment displays
severe settlement cracking, polygonal dessication cracking
and exposed cavities. As a result Vick noted that careful
design was essential if the new embankment was to last.
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Copper Data: Brenda

An article published by Klohn and Maartman (1979)
reviewed the construction of two large sand dams in British
Columbia, and included one set of Dutch Cone data (gc v. z)
from Brenda Dam. Brenda Mine is located on a mountain
plateau in south central British Columbia near Kelowna, B.C.
Owners of the Brenda Coppermine completed a review of dam
performance in 1978. This open pit mine produces
24,000-34008 tons/day of tailings from low-grade copper and
molybdenum which will eventually total well over 225 million
tons of tailings over the twenty years of the mines
predicted life. The mine is situated in the Okanagan Valley
which is a prime tourist and recreation region in British
Columbia. Thus strict requirements for tailings disposal
were made from the beginning.

A high dam (458 feet) was required in that the valley
is very steep and narrow in the area near the mine pit. The
main dike is being built from cycloned sand over a 125 feet
high starter dike constructed from rockfill and impervious
blanketing. The structure has a free-draining rock toe, as
well as under-drainage provided by an upstream blanket drain
connecting to finger drains running up under the dam. The
dam has been designed with a maximum crest length of 6580
feet and base width of 1880 feet at a height of 450 feet
with downstream gradient of 3.5 on 1. Brenda Dam is being
raised using the centerline method of construction with an
upstream face composed of intermized cycloned sand and
slimes. Total sand required is projected to be about 32.5
million cubic yards.

Brenda Mines utilizes a relatively coarse grind which
allows about 50% of the total tailings to be used in
embankment construction. The bulk of other material used
was basically pit waste rock while natural borrow was
obtained for constructing impervious blankets and underdrain
filters.

Decanting at Brenda for water reclaim was done by
floating pump barge. A reclamation dam downstream catches
seepage from the main tailings dam. No pond water is
permitted to migrate beyond the reclamation dam.

Tailings are transported 2008 feet to the pond in a 30
inch wood stave pipeline by gravity. Dam building sand from
the pipeline discharge is created by two-stage cycloning
(single stage cycloning yielded an unsatisfactory
construction material) which is then hydraulically moved
through an additional pipeline to spigot onto the dam. The
spigotting process forms a wide low permeability slimes
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beach upstream between the pond and the sand beach. This
process resulted in very flat (10 on 1) slopes due to a
large amount of excess water in the sands due to water added
to facilitate transport to a final pipeline after second
stage cyclconing. Thus the dam raising rate was eXtremely
slow and was thus judged to be unsatisfactory. As a result
later raising utilized conventional hydraulic fill
placement. This was done by the construction of cells and
the pouring of the diluted sand parallel to the dam axis.
The cells are made by bulldozer by pushing sand dike
barriers 6-8 feet high covering an area 300 feet by 100
feet. The sand water cyclone discharge is thus spigotted
onto the cell forming a 25:1 slope. Excess water is either
decanted by syphoning through plastic pipes or exits through
seepage to finger drains in the base of the dam. When a
cell is full, a bulldozer scrapes off the top 2 feet to form
the perimeter dikes for the next cell to be filled thus
permitting the next round of hydraulic tailings dam raising.
Due to the limited storage capacity of the dam initially,
winter construction was a necessity during the early
building phases. Also due to local failures in the first
cells built, cell filling time for a single cell has been
limited to 6-8 hours to avoid over-saturation of the loose
perimeter dikes.

Brenda Dam is considered to be in an area of low
seismicity. The relatively loose cycloned sand is securely
held in place by a large rockfill toe dam.. Here the
density of the sand with respect to possible liquefaction is
not considered to be critical as long as the sand is kept
drained. 1In addition the design calls for an extra amount
of freebecard to accomodate any settlement resulting from a
seismic event.

Piezometers on the site monitor internal dam flow and
saturation conditions. Observations have shown the
saturation and seepage amounts to be low with most observed
water resulting from the dam raising operation. Thus it has
been predicted (in spite of hydraulic tailings placement)
that Brenda Dam will have a low phreatic surface with
seepage safely exiting almost entirely from finger drains
upstream of the dam toe.
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Copper Data: Eight Japanese Sites

An article (March 1981) entitled "Soil Properties of

Mine Tailings Deposits in Japan" included geotechnical data
summaries for eight Japanese copper mines. The article was
based on an original report by OYO Corporation which was
prepared for the Subcommittee on the Stability of Mine
Tailings Deposits. Thus this report has furnished two data
sets for probabilistic analysis: SPT N values versus depth
and triaxial test results {phi with respect to depth).
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Copper Data: Chino

W.A. Wahler and Associates 1974 investigation of
Kennecott Copper Company's Chino Leaching Dump in Santa Rita
in north central New Mexico, 1s the source of 3 SPT data
files and one dry density data set. Chino dump reaches a
maximum height of up to 300 feet while occupying an area of
28 million square feet. Trucks transport about 7¢,@@¢ tons
daily to the site. Dump material transported consists of
coarse waste and low grade ore excavated by blasting from
benches in open pits. Host rock here is granodiorite
porphyry with chalcocite as the principal copper mineral.
This site is located in the physiographic province known as
the Mexican Highland of the Basin and Range. Chino leaching
dump is generally built directly upon relatively impervious
quartz diorite porphyry bedrock, while tailings here are
distribute around the dam perimeter by wood stave pipe with
spigots. Chino's dump leaching method involves the recovery
of copper from waste material or low grade ore by
introducing piped sulfuric acid to dissolve the copper into
solution in the leaching ponds. Copper is then precipitated
out of solution by the introduction of free ferric iron
(Fet++) after the solution has been pumped to the
precipitation plant. Dump material generally consists of
silty to slightly clayey, sandy-gravel with approximately
20% fines, 20% sand and 60% gravel. Texture of this
material ranges from angular blocks of hard silicified rocks
to highly weathered fine-grained soils grading to a mixture
of soils and rocks. Wahler used triaxial testing to obtain
strength data for the Chino tailings.
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Copper Tailings Data: Four Zambian Sites

A 1981 study of four copper tailings dams in the
Zambian copperbelt have yielded Duteh Cone strength data
files (gc v. depth). The Dutch Cone penetrometer was
hydraulically operated with an automatic recording meter and
a capacity of 208@ kg. The study by W.A. Marr for
Watermever, Legge, Piesold, and Uhlmann was done on Mindola,
Chingola, Chambushi and Chibuluma tailings dams.

Mindola East Beach is founded on clay: a slightly
sandy clay overlain by lateritic clay and a layer of
laterite. Chambishi Dam No. 6 has a wall founded on dark
red sandy clayey silt. Chibuluma No.l is underlain by
residual soils and laterites from 3-12 meters thick. 1In the
dam's toe the soft orange brown clayey silt overlies a
transition zone to laterite which becomes hard at depths up
to two and one-half meters. No water table is encountered
at this depth. The soil at the Chingola Tailings Dam No. 2
is notably less lateritic and considerably more
free-draining than at the other sites. Beneath a thin upper
layer of sandy silt the soil is the decomposition product of
the feldspathic gneiss country rock.
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Copper Tailings Data: Magna

Several data sets were gained for analysis from the
1974 W.A. Wahler and Associates study of Kennecott Copper
Company's Magna Tailings Dam in Magna, Utah: analysis of
grain size, of water content with respect to depth, of dry
density versus depth and triaxial strength data.

Magna Dam is located west of Salt Lake City and
southeast of the Great Salt Lake about fifteen miles north
of Kennecott's open pit copper mine in the northern Oquirrh
Mountains. This dam covers an area of eight square miles
and is situated in the Basin and Range physiographic
province. Located on partially indurated lake sediments of
the Great Salt Lake (and the former Lake Bonneville) the
tailing deposit is thus founded on a 300-100¢ feet thickness
of bluish clay, sand and gravel. The tailings themselves
are byproducts of ore rock crushed to obtain copper. These
tailings are generally 89% finer than the US No. 200 sieve.
This degree of fineness is necessary to facilitate a copper
flotation recovery process. Thus the tailings are found as
fine to medium sands with some clayey silts. Steel pipe
transports and distributes the tailings under pressure to a
diked pond where two steel syphons and vacuum pumps are
available for decanting. Strength data was obtained by
Wahler from CIU and CKoD tests in which the angularity of
the crushed ore particles has influenced intergranular shear
strength.
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Copper Tailings Data: Morenci

The 1974 W. A. Wahler and Associates' study for the
tailings embankments at Morenci, Arizona yielded datasets:
five SPT, five Dutch Cone as well as triaxial data. The
Morenci mining site consisted of mine, mill, concentrator,
smelter, refuse dumps and tailings dams. Morencl is located
in eastern Arizona in a geologic setting in transition
between the Colorado Plateau and the Basin and Range.
Basically this area is a volcanic faulted plateau underlain
by sedimentary layers, igneous intrusives and metamorphic
rocks. The faulting has controlled the overall surface
design and greatly influenced the region's drainage pattern.
An old erosion surface of the Gila Conglomerate is the main
physiographic feature of the Morenci area. Deep,
steep-walled canyons have been carved into this erosion
surface. At the tailings dam site the Gila Conglomerate
displays a thickness of nearly 700 feet, while depth to
volcanic bedrock here is about 1208 feet. The Gila
Conglomerate is composed of irregularly bedded conglomerate,
continental indurated sandstone and siltstone. Within the
sedimentary rocks are basalt layers. At the Morenci site
the Gila Conglomerate is seen as alluvial fan deposits
consisting of grayish-white boulders, coarse~grained
conglomerate sandstone beds with interbedded lenses of sand,
silt and clay. The conglomerate also contains fragments of
older area rocks which are partially cemented by calcareous
material and gypsum. In some regions these cemented rocks
are intractable and require blasting to be workable. As a
result the conglomerate is a very strong, stable foundation.

The Copper Mcuntain fault crosses the Morenci site and
is noted to have displaced the area some 208 feet in Late
Tertiary time. In general the area is considered to one of
low seismicity today.

Morenci produces about 68,809 tons/day of tailings
which are transported through concrete launders. The
launders in turn feed into 3¢-inch diameter manifold
pipelines which connect to 6-inch diameter spigots spaced at
30 feet intervals. The spigotted tailings are deposited on
the pond surface in a slurry of 45% water. Dam crests are
raised in 1@ foot increments by dragline. Free water in the
pond is decanted by vertical decant towers. A pumping
system moves 11,080 gallons/minute of decanted water back to
the Morenci smelter and concentrator sites for reuse.
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Uranium Tailings Data: Colorado

Twenty-six borehocles from a Colorado tailings dam have
provided SPT data for analysis. The dam near Uravan,
Colorado is located in the western part of the state near
the Utah border south of Grand Junction. Standard
Penetration Testing was done in 1979. Stratigraphy of the
area generally includes the tailings as overlying 19¢ feet
of interbedded sandstone and shales (Saltwash Formation):
which overlies fifty feet of light green sandstone and
siltstones {Summervillle Formation); which overlies 3480
feet of light brown sandstone (Entrada Formation and Kayenta
Formation); finally overlying massive brown sandstone
(Winngate Formation).

Here there are three pond areas utilizing a single
point discharge which is regularly moved about, being
alternately placed in ponds 1, 2 and 3. The major design
criteria for the Colorado site has been based on Nuclear
Regulatory Guide 3.11. These ponds are routinely raised by
the upstream construction method. Stabilization here is
chiefly due to the beach sands which are deposited near the
surrounding dike. Dikes surrounding the ponds are raised by
bulldozer excavation and compaction of coarse tailings when
tailings are not being deposited. Height of the dam is
currently about 160 feet.

In 1978 it was decided that the existing pondings were
potentially unstable in the event of a seismic event. As a
result it was determined to stabilize the existing piles.
In 19792 a program was implemented to stabilize the older
dikes. The strategy used was to install a rockfill berm
overlaying a drainage layer. Once a minimum amount of berm
and drain are installed, a pond can be reactivated.
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Uranium Tailings Data: DOE Report--22 Sites

A 1988 Department of Energy (DOE} progress report,
"Pollution of Groundwater Due to Inactive Uranium Mill
Tailings Piles", by Francois Heuze et. al. was the source
of two SPT case studies (Grand Junction, Colorado and
Shiprock, New Mexico) as well as effective friction angles
from 13 sites obtained from drained direct shear tests.
Twenty-two inactive uranium mill tailings sites specified by
DOE for remedial treatment and/or stabilization. Of 22
sites surveyed eight of the tailings piles are considered
stable, five are targeted for partial stabilization (seeding
is often used to stabilize slopes) while eight others are
considered to be unstable. The sites generally fall into
five geographical areas: (l)scattered sites not yet
analyzed (Fairview, Oregon; Lowman, Idaho; and Ray Point,
Texas); (2)sites in the northern Utah, northern Colorado
and central Wyoming area (Salt Lake City, Utah; Riverton,
Wyoming; Maybell, Colorado; and Spook, Wyoming):; (3)sites
in the "four corners" area; (Shiprock, New Mexico;

Durango, Colorado; Mexican Hat, Utah; Ambrosia Lake, New
Mexico; Monument Valley, Arizona; Slick Rock/North
Continent, Colorado; Slick Rock/Union Carbide, Colorado and
Tuba City, Arizona); (4)sites in central Colorado and Utah
(Grand Junction, Colorado: Gunnison, Colorado; New Rifle,
Colorado; 014 Rifle, Colorado and Green River, Utah); and
finally (5)other scattered initially visited sites
{Canonsburg, Pennsylvania and Falls City, Texas).
Preliminary testing of soil properties was done at eighteen
of these sites with detailed sampling done at three sites.

A 1968 study of the Durango tailings pile by Woodward-Clyde
and Associate's Denver office for Foote Mineral Company
(Shiprock, New Mexico) is indicative of the uranium piles in
the western United States. The Durango pile is
approximately 160 feet in height, built of tailings of
gradation 30% finer than US No. 200 sieve with side slopes
ranging from 2.3:1 to 1.5:1. This pile, considered by
Woodward-Clyde to be one of the most stable in the western
United States, had not been used since 1963 at the time of
their 1968 study. Tailings material at Durango primarily
consisted of fine to medium sands built upon natural
overburden. When the Durango mill was operative, the pile
was raised by pumping tailings from the mill to the ponds
and distributing them from a single flexible pipe.
Detachable sections of the pipe allow the discharge point to
be moved around the ponds' perimeters. Water is removed
from the largest pond by a launder, which is then directed
to an agitator tank and then to a second launder. The water
finally is routed to either a water treatment building or to
a small pond where it is allowed to soak into the pond
itself or to evaporate without decanting. Tailings sand is
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pushed around the perimeter of pile tops with bulldozers.

At Durango no drainage provisions were engineered into the
construction of the piles. Nor were any initial toe dams or
retainer dams considered. Once one of the tailings ponds
overtopped sending tailings and water into the mill area.
However it was not a major problem. The tailings pile is
graded so as not to trap water on the pile top, thus
avoiding erosion damage to the pile's sides. Sites other
than Durango have been scheduled for more detailed
samplings.



282

APPENDIX B+ Computer Codes

Two computer programs, CORL and PROB, were used in the
analyses as described in this report. The program CORL was
used to read digitized strength data which in turn was used
to perform linear regression analyses. It then calculated
the estimated means, standard deviations, and betal and
beta2 parameters for Pearson Diagrams for both original and
residual data. Finally CORL plotted and estimated data
correlations and variograms.

The program PROB performed statistical testing: the
chi-square test and the Kolmogorov test on the original and
residual strength data. In the chi-square test, the data
was divided into ten or fifteen equal intervals. In the
case of original data, Beta, Normal, Lognormal. Exponential
and Gamma probability distributions were tested. While for
residual data, testing was done only for Normal and Beta
distributions. Two sets of figures were generated for each
run, with each set containing two figures: a histogram and
a normal probability plot. The normal probability plot,
while containing data points, also illustrated all of the
probability distributions tested.



